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Ch'eface 

Semiconductors have emerged as the most promising class of materials that can 

convert sunlight directly into electrical energy. Currently, a wide range of 

semiconductors are being explored for their potential use in photovoltaic (PV) 

applications. Lowering the cost of solar cell production is one of the most 

important intentions in PV research. Recent developments in solar cell research 

proved that CulnSe2 (and its alloys) and CulnS2 a~e promising absorber layers for 

high efficiency large area solar cells. Efficiency up to 19.2% has been achieved 

with ZnO/CdS/CuInGaSe2 (CIGS) cell structure. Commercially available solar 

cells use CdS as the buffer layer which is toxic and carcinogenic. A lot of 

research is going on for the replacement of the CdS buffer layer by Cd-free, 

wide band gap materials like Inx(OH,S)y, ZnO, ZnSe, In2Se) and In2S). In2S3 films 

deposited using Atomic Layer Chemical Vapor Deposition (ALCVD) yielded an 

efficiency of 16.4% in CIGS based cells. 

In batch or large area thin film growth process reliability, repeatability and 

unifonnity require robust non-destructive tools which can be used in-situ so that 

material, time and labor loss on defective wafers can be avoided. Growth 

techniques evolve towards obtaining defect free materials. Photo-luminescence 

(PL) is one such tool which is now being used industrially and has shown 

tremendous usefulness to the light emitting device (LED) and PV industry. 

Defects are useful because they provide alternative routes to probe the materials 

band structure by acting as radiative recombination centers or as traps or as 

donor/acceptor levels. Their presence affects the carrier generation

recombination paths and effectively modulates carrier lifetime which is the most 

important parameter for device application. The opto-e1ectronics industry that 

drives most of the material investigations is concerned with optical and 

electronic properties. PL spectroscopy provides optical characterization and is a 

selective and extremely sensitive probe of discrete electronic states. 

Chapter 1 provides an introduction to the general theory of PL and PC in 

semiconductors, its characteristics and its application in the semiconductor opto

electronic industry. The chapter begins with the description of various kinds of 

PL, their characteristics and their temperature and excitation intensity 

dependence. The effect of recombination centers and shallow traps on the PL 
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and PC is described. A detailed review on the application of PL and PC as a 

diagnostic tool for semiconductor devices and thin films is presented as separate 

sections in the chapter. The chapter concludes with a discussion on the impact of 

simultaneously using PL and PC studies for characterization, quality and failure 

analysis in the opto-electronic industry. 

Chapter 2 describes the setting up of a Low Temperature Opto-electronic 

characterization unit for PL mapping and PC studies which was the starting point 

of this thesis work. A low temperature fiber optic laser induced PL and PC set up 

was assembled by integrating the required components. This system primarily 

consists of five subsystems: optical excitation system, cooling system, opto

electronic system, mechanical system, and data acquisition system. The 

resolution of the PL system was found to be 1.67 nm in the 350-900 nm 

wavelength range while it was found to be 2.34 nm in the 900-1730 nm 

wavelength range. 

Chemical Spray Pyrolysis (CSP) teclmique is suitable for solar cell production, 

because of the possibility of large-area deposition of thin films in any required 

shape, convenience in doping and/or variation of atomic ratio and economic 

nature of the technique. Chapter 3 describes the analysis of CulnS2 thin films 

deposited by CSP teclmique using PL. PL was studied on CulnS2 thin film 

samples grown as a function of the exact composition in tenus of the deviation 

from molecularity and stoichiometry. The near band edge (exciton) emissions 

were investigated for various material compositions as a function of temperature. 

From these investigations the exciton ionization energy (20 meV) was 

determined. The peak position of the "A" free exciton transition was found to be 

directly related to the composition of the film. For Indium rich films the "A" free 

exciton emission was located around ~ 1.559 eV, for Copper rich films it was 

locate at ~ 1.535 eV and for stoichiometric films it was located at ~ 1.550 eV. 

Based on temperature (12-300 K) and excitation intensity dependent 

measurements, donor-acceptor transitions were identified. In this chapter defect 

levels of vacancy of Sulphur ( Vs ), vacancy of Copper ( VCu ), vacancy of 

Indium ( V'n ) and Copper interstitials ( CUi) / Copper at Sulphur sites ( CUs ) 

has been identified using dependence of PL on film stoichiometry in CuInS2 thin 

films. The critical dependence of substrate temperature on film composition was 

identified by carrying out PL study of samples prepared by spraying the same 

molar ratio solution on to substrates maintained at different temperatures. 

Samples obtained with substrate temperature maintained at 350 QC and with 

spray precursor solution containing CU/In molar ratio of 1 and S/Cu molar ratio 
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of 5, showed band edge emission at room temperature indicating very good 

crystalline quality and absence of defects in the films. Thus precursor solution 

and substrate temperature could be standardized for the spray pyrolysis of 

CuInS2 thin films. 

Chapter 4 describes the PL studies on CuInSe2 thin films. In the search for a 

simple, eco-friendly low temperature thin film deposition process for 

stoichiometric CuInSe2 thin films, PL was used as a tool to identify a standard 

deposition process for the growth of stoichiometric films. CuInSe2 thin films 

grown using Selenium deposited by Chemical Bath Deposition (CBD) showed 

free-to-bound emission involving the V Cu acceptor level, bound-ta-free emission 

involving the V Se donor level. and donor-acceptor pair (DAP) recombination 

involving Incu donor levels and deep acceptors. When the films were grown 

using Physical Vapor Deposition (PVD) technique sharper PL emission lines 

were recorded which indicated improvement in crystallinity and decrease in 

defect density. Also in these films the PL intensity was lower compared to films 

grown using the former technique. The number of emission lines was also 

reduced in films deposited using this technique. Stoichiometric films grown, 

showed only bound-to-free transitions with the smallest full width at half 

maximum. Ease of stoichiometry control in films grown by this process enabled 

the identification of defects like Copper interstitial ( CUi), Copper at Indium anti

site ( CU[n) , vacancy of Selenium ( V Se) and vacancy of Indium ( V1n ). 

Chapter 5 describes the defect analysis on P-In2S) thin films; an 1lI2-VI} 

semiconductor prepared using CSP technique using PL and PC studies. The 

study showed the material to be highly luminescent and thus the potential to use 

this material in a wide variety of opto-electronic device application was realized. 

The material was found to show two luminescence bands one in the green region 

- 540 om and another in the red region - 690 om. The luminescence at these 

regions could be quenched when the film stoichiometry was changed and in 

effect PL tuning was achieved. Temperature and excitation intensity dependent 

studies revealed that the PL emissions were DAP kind. PC complements PL and 

hence PC studies were carried out to understand the defects in this material. 

Excitation energy, excitation intensity, illumination time and temperature 

dependent PC studies were carried out. The films were found to highly 

photosensitive and the speed of response was found to be controlled by the 

defects. P-In2S3 was found to possess two defect bands: one spread from 0.82 

eV to 0.89 eV above the valence band and another spread from - 0.21 to 0.51 eV 
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below the conduction band (CB) edge. Based on the PL and PC studies this 

material was identified to possess defect bands within the forbidden band gap. 

Chapter 6 is a summary of the entire work. The defect band model for CuInS2, 

CuInSe2 and In2SJ is proposed in this chapter based on the results obtained from 

the PL and PC studies of the samples. The chapter ends with future scope of the 

present work. 
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CHAPTER! 

Photo-luminescence and Photo-conductivity in Analysis 
of Semiconductors 

Most semiconductor devices opemte by the creation of charge ca/Tiers 

in excess of thermal equilibrium. These excess carriers can be 

generated by optical excitation or electron bomba/·dment or injection 

across a forward biased p-n junction. When the excess carriers arise, 

they can dominate the conduction process in the semiconductor 

material. This chapter deals with the creation of excess carriers by 

optical absorption and the resulting properties of photo-luminescence 

and photo-conductivity. A detailed study on the different mechanisms 

of electron-hole pair recombination as well as effect of carrier trapping 

and temperature on these physical processes are included in this 

chapter. Finally, a discussion on the possible application of these 

effects in the opto-electronic industry for characterization and 

application is attempted. 

1.1 An introduction to photo· electronic properties in 
semiconductors 

Opto·electronics deals with interaction of electronic processes with light. Such a 

process is accompanied by an energy conversion (either electrical to optical or 

vice·versa). Devices which can interact in this way are made with 

semiconductors and the present work aims at understanding these properties in 

some of the binary and ternary compound semiconductors. Semiconductors are 

materials having electrical resistivity in the range 10-2 to 109 ohm·cm, 

intermediate between good conductors (10.6 ohm·cm) and insulators 

(10
14 

to 1022 ohm.cm).1 The characteristic feature that distinguishes 

semiconductors from metals and insulators is their band gap. The electrons in 

semiconductors can have energies only within certain bands lying between a 

ground state, [corresponding to electrons tightly bound to the atomic nuclei of 



the material} and the free electron energy, [corresponding to the energy needed 

by an electron to escape from the interactions inside the atoms]. Each 'energy 

band' corresponds to a large number of discrete and closely packed quantum 

states of valence electrons. In most semiconductors, the bands are filled up to a 

particular one called valence band (VB), above which the bands are almost 

empty at low energy conditions. The band lying just above the VB is called the 

conduction band (CB). Energy difference between the two bands is referred to as 

the band gap of the material. If energy greater than the band gap of the material 

is supplied to electrons, the electrons in the VB can cross the band gap and reach 

the CB. 

1.1.1 Optical absorption in semiconductors 

Optical absorption is described qualitatively through the absorption 

coefficient u. In the simplest case, neglecting reflection or interference effects, if 
light of intensity 10 is incident on a material of thickness d with absorption 

coefficient a , the intensity of the transmitted light I is given approximately by 

Beer's law as 2 

1= 10 exp(-ad) (1.1) 

The phenomenon of optical absorption in semiconductors can be divided 

into two: 1) Intrinsic and 2) Extrinsic optical absorptions. 

I.I.1A Intrinsic optical absorption 

Intrinsic optical absorption corresponds to photo-excitation of an electron 

from the VB to the CB. If the minimum of the CB is at the same position as the 

maximum of the VB in the k -space, a vertical transition takes place, involving 

the absorption of a photon only (Fig. 1.1). Such a transition is called 'direct 

optical transition'. The minimum photon energy for absorption is given by 
no; = EGD , where EGD represents the direct band gap of the material and the 

change in k upon making the transition, is given as t'3.k = 0 .This is because the 

momentum associated with the photon is very small compared to the width of the 

Brillouin zone and can effectively be neglected. 

According to quantum mechanical calculation, during direct absorption, the 

effect of light is treated as a first order perturbation. For a direct absorption, the 

transition probability depends on the square of the matrix element involving only 

the interaction of light with electrons and hence it is a first order process. The 

variation of the absorption coefficient u is given by 3 



(1.2) 

A plot of a 2 versus tu» gives a straight line whose intercepts with the hOJ 

axis corresponds toEGD • Direct optical transitions are characterized by a rapid 

increase in the value of a when incident energy becomes greater than the band 

gap. If the minimum of the conduction band is at a different k-value compared 

with the highest point in the VB (Fig. 1.1), the process should involve the 

absorption of a photon and simultaneous emission or absorption of a phonon. In 
this case, EG[ = nOJmill ± E p/IO/JO/J where EO! is the indirect band gap of the 

material and E pJlOnoll is the energy of the phonon involved in the process. Here a 

positive sign corresponds to phonon absorption while negative sign corresponds 

to phonon emission. The change in 'k' upon an indirect optical transition is 
given by Ak = k pho/lOn • In this case, the matrix element depends on the interaction 

of photons and phonons with electrons and hence is a second order process. The 

magnitUde of a is smaller than that obtained in direct optical absorption. 

Figure 1.1(a) shows a typical plot of a 2 vs. nOJ for a direct band gap 

material. The point of intersection of the straight line with thenOJ axis 

corresponds to the band gap of the material above which the optical absorption 

increases many fold. Figure l.1(b) shows a typical plot of a li2 vs. nOJ for an 

indirect band gap material. For the indirect band gap material the plot gives two 
straight lines. If these two straight lines intersect the liOJ axis at li0J1 and 

li0J2 with li0J1 < li0J2 , then 

(1.3) 

Several effects dependent on the type of optical excitation may be 

summarized as follows 3 

1. For direct band gap materials (GaAs, CdTe etc) optical absorption 

occurs near the surface of the material; for indirect band gap material 

light penetrates much deeper into the material. 

2. For direct band gap materials the magnitude of intrinsic photo

conductivity (PC) depends critically on the surface lifetime; in indirect 

band gap materials surface lifetime is less important 

3. If a direct band gap material is used in a p-n junction type of device, 

where junction collection of photo-excited carriers is important, a 

shorter diffusion length is required for carrier collection by the junction. 



In an indirect band gap material a larger length is necessary if all excited 

carriers are to be collected. 

4. Direct band gap materials are associated with greater luminescence 

efficiency because of a shorter radiative recombination lifetime whereas 

indirect ones have lower intrinsic luminescence efficiency due to longer 

radiative recombination lifetime, which allows other competing non

radiative process to become important. 
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Fig. 1.1: Optical absorption in semiconductors (a) Direct and (b) Indirect. 

1.1.1 B Extrinsic optical absorption 

In semiconductors, imperfections in the crystal may introduce in the 

forbidden energy gap, discrete energy levels with localized wave functions. 

Absorption involving such imperfection levels are called 'extrinsic optical 

absorption'. The optical absorption can raise the electrons from the valence band 

to these localized states or from these states into the conduction band. The 

absorption constant is proportional to the density of absorbing centers, N by 

relation 3 

(1.4) 

where S Q is called the optical cross section for the absorption process. 

Optical absorption coefficient reaches appreciable value at energies 

corresponding to the transitions taking place between the levels or imperfections 

situated within the band gap. The magnitude and dependence on photon energy 
on S Q have been calculated by a variety of quantum mechanical approximation. 



1.2 Recombination in semiconductors 

Many interesting photo-electronic phenomena are associated with 

semiconductors. It includes optical absorption, by which free carriers are created, 

electrical transport by which free carriers contribute to electrical conductivity of 

semiconductors and capture of free carriers leading to recombination or trapping. 

The different photo-electronic processes associated with semiconductors are 

illustrated in the Fig. 1.2. Intrinsic optical absorption (a) corresponds to the 

raising of an electron from the VB to the CB; Extrinsic optical absorption (b) & 

(c) corresponds to raising of an electron from an imperfection to the CB or 

raising of an electron from the VB to an imperfection; (d) & (e) represent 

capture and recombination of electrons and holes; (f) represents trapping and de

trapping. A study of all these processes is very important as they all contribute to 

the photo-electronic analysis of materials. Such methods are useful in the 

investigation and analysis of the properties of materials dominated with 

imperfections, replacing standard approaches as photo-Hall, photo

thennoelectric and photo-capacitance measurements.2 

The excess electrons and holes created by optical absorption are eliminated 

by the recombination. It is therefore the recombination process which determines 

the lifetime of free carriers. Recombination processes can be classified according 

to the answers of the following two questions: (1) How is the energy of the 

excited carriers dissipated in the recombination process? (2) Is the recombination 

direct or indirect? 
r-------------------------~----_. 
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Fig. 1.2: Photo-electronic processes in semiconductors. 

When an electron or hole is photo-excited to a higher energy state, there are 

three fundamental processes by which the energy can be given up when the 

carrier returns to its thennal equilibrium state: (1) Radiative recombination: by 

emitting photons, commonly called 'luminescence'; the energy of the emitted 

photon is equal to the energy difference between the two carriers before 



recombination (2) Non-radiative recombination: emitting phonons either 

simultaneously or sequentially and (3) raising other free carriers to higher energy 

states: another non radiative effect, called Auger recombination, after which they 

may relax by the emission of phonons which is a three body collision process. 

1.2.1 Radiative recombination-by emitting photons: Photo
luminescence 

The tenn luminescence was first introduced by Eilhardt Wiedemann in 1888 

and comes from the Latin word lumen, which means light. Physicists, chemists 

and biologists think and talk about 'light induced processes' which can be used 

to study systems / materials, because of the wealth of infonnation that can be 

extracted from such experiments. When electron-hole pairs (EHP) are generated 

in a semiconductor, or when excess carriers are excited into higher impurity 

levels from which they fall to their equilibrium states, light can be given off by 

the material. Many of the semiconductors are well suited for light emission, 

particularly with direct band gaps. The general property of light emission is 

called luminescence. The category can be sub-divided based on the excitation 

mechanism: if carriers are excited by photon absorption, the radiation resulting 

from the recombination of the excited carriers is called photo-luminescence 

(PL); if the excited carriers are generated by high energy electron bombardment 

of the material, the mechanism is called cathode-luminescence (CL); if the 

excitation occurs by the introduction of current into the sample, the resulting 

luminescence is called electro-Iuminescence (EL). Figure 1.3 shows a typical 

energy-level scheme used in PLo The emitting system is raised by optical 

excitation from the ground statefto the excited state e. The system returns to the 

ground state with the emission of light at time T after excitation, T being the 

lifetime of the excited state. 
~~~------------------------~ 
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Fig. 1.3: Schematic representation of fluorescence. 



Figure 1.3 describes direct recombination, where light equivalent to the 

difference in energy of the final and initial stage is given off. For steady state 

excitation, the recombination of EHP occurs at the same rate as the generation, 

and one photon is emitted for each photon absorbed. Direct recombinat.ion is a 

fast process where the mean lifetime T is typically of the order of 10.8 s or less. 

Thus emission of photons stops within approximately 10-8 s after the excitation is 

tumed off. Such fast processes are called fluorescence. One of the criteria for an 

emission to be called fluorescence is that the system must remain in the excited 

state for a time T , large compared with the frequency of the emitted radiation.4 In 

the previous system, if a meta-stable level m (trap or trapping state) is included 

then it could lead to emissions which continue for periods up to seconds or 

minutes after the excitation is removed. Such delayed emissions are called 

phosphorescence and the materials are called phosphors. Figure lA describes 

this slow emission. 

--~~~~-----r---e 
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Fig. 1.4: Schematic representation of phosphorescence_ 

In Fig. lA the system on excitation to the state "e" can make a transition to 

the state "m", which by definition is meta-stable, will not allow further transition 

"m" -4 ''f'. Thus the system will not change from the state "m" unless it 

receives energy "E" lifting it again to the excited state "e". Then 

phosphorescence occurs (if there is no return to the state "m" - recapture into the 

trap) identical in emission with fluorescence. The relative intensities of the 

various emission bands may be different and is delayed in time by an amount 
T m equal to the time spent in the state "m". 

If the energy E (usually called the trap depth) is provided by thermal 
activation, then in general 5 

(1.5) 



where 1'm» 1', S is a constant, k B is Boltzmann' s constant and T is the 

absolute temperature. Thus a luminescence emission with a lifetime of about 10-8 

s can be defined as fluorescence, where as if an emission persists for an order of 

1 second, or a longer duration even after the excitation ends, it is called 

phosphorescence. In the inte~ediate time range say 10-1 to 10-5 s, it is difficult 

to distinguish between a long fluorescence (forbidden transition) and short 

phosphorescence (due to very shallow traps). The easiest method to distinguish 

between the two is to study the variation of luminescence decay with 

temperature. The decay of fluorescence is little dependent on the temperature 

while the decay of phosphorescence is strongly temperature dependent 

(determined by a Boltzmann function). 

Operation of almost an opto-electronic devices is based on creation or 

annihilation of EHPs_ In semiconductors, if an energetic particle can impart at 

least energy equal to the band gap energy, it will lead to creation of pairs.6 Pair 

formation is equivalent to breaking a covalent bond, with respect to the bonding 

in the lattice. The electron from the VB is raised to the CB, leaving behind a hole 

in the VB. This process is called absorption.7 The annihilation of the pair by 

giving up its excess energy is called recombination. There are two recombination 

paths that can be followed by the excess carriers generated: 1) a non-radiative 

recombination transition where excess energy due to recombination is given to 

phonons which get dissipated as heat and 2) a radiative recombination where the 

excess energy is dissipated as photons [which are the luminescent processes 

classified on the basis of the method by which EHPs are generated]. 

Hence no description of the luminescence process is complete without the 

corresponding absorption process_ The reverse of all absorption processes can 

occur to produce radiation. An absorption process couples a broad energy range 

of filled and empty states which gives rise to broad absorption spectrum, while 

the emission process couples a narrow band of non-equilibrium filled states with 

a narrow band of empty states, to give a narrow emission spectrum. Usually 

shoulders in the absorption spectrum correspond to narrow emission peaks. The 

absorption and spontaneous emission processes are related by the principle of 

detailed balance. Absorption expressed in terms of absorption coefficient 
a(h v) , defined as the relative rate of decrease in light intensity L(h v) along its 

propagation path can be written as 8 

a = (1/ L(h v» * (d[L(h v)]/ dx) (1.6) 



The absorption coefficient a(h v) for a given photon energy h v is proportional 

to the probability Pif for transition from the initial state to the final state and to 

the density of electrons in the initial state ni' and to the density of available 

(empty) final states n f' and this process must be .summed for all possible 

transitions between states separated by an energy difference equal to h v : 

(1.7) 

where A is a constant given by 8; 

2 •• • • 3/2 2' 
A ~ q (2(m"m. I(nt" + m.» / nch me (1.8) 

where q is the electronic charge, m; and m;' are the electron and hole 

effective mass, n the refractive index, c the velocity of light and h the Planck's 

constant. 

Under the condition of thennodynamic equilibrium, the number of radiative 

recombination of electrons and holes in an interval d v is equal to that of the 

generation of electrons and holes by thennal radiation. At tbennodynamic 
equilibrium, the rate of spontaneous photon emission Rsp (v) at a frequency v in 

an interval d v is given by 

Rsp (v)dv = Pabs (v)Cl>(v)dv (1.9) 

where Pabs (v) is the probability of absorbing a photon of energy h v per unit 

time and rjJ(v)dv is the radiation density of frequency v in an interval dv. This 

is obtained from Planck's radiation law as 

t/J(v)dv =; «8IT v 3 n;) I c 3 )(1 I( exp(hV i *BT ) -l)dv 

The absorption probability ~bs(v) is given as 

Pabs (v) = a(v)v g 

where Vg is the group velocity of photons expressed as 

Vg =cdvld(nv) 

The mean lifetime of the photon is given by 

rCv) = 11 a(v)v g 

and hence the absorption probability becomes 

Pabs (v) = IIr(v) = a(v)v g = a(v)(c / n) 

(1.10) 

(1.11 ) 

(1.12) 

(1.13) 

(1.14) 



Substituting equations (1.10) and (1.14) in equation (1.9) yields 

Rsp (v)dv = (a(v)8Jlv 3n 2
) /(c 2 [explJ vlkBT -l])dv (1.15) 

which ~ields the desired relation between absorption and emission spectra. 

This equation (1.15) is called the van-Roosbroeck and Shockley relation. The 

total emission rate per unit volume is obtained by integrating equation (1.15) 

over all frequencies or energies as 

Rsp = {(SJZJ,2(k BT)2)/ c2h 4}fo\a(v)u3 /(e ll -l»du (1.16) 

where u = hv / k 8 T . This equation expresses the fundamental relation 

between absorption and emission spectra for any means of excitation. The 

fonnulation is valid for any transition between a higher energy and lower energy 

state. 

As generation and recombination involve transition of carriers across the 

energy band gap, this must be different for direct and indirect band gap 

semiconductors.8 In direct band gap semiconductors the VB maxima and CB 

minima occur at the zone center (k = 0) and an upward or downward transition 

of electron does not require a change in momentum or the involvement of a 

phonon. Thus, in direct band gap semiconductors, an electron raised to the CB 

by photon absorption remains in the CB for a very short duration of time and 

recombines with a VB hole to emit light of energy equal to the band gap. Thus 

the probability of radiative recombination is very high in direct band gap 

semiconductors. 

In indirect band gap semiconductors the CB minima are not at k = 0, because 

of which an upward absorption or a downward transition of carriers requires a 

change in momentum by either absorbing a phonon or emitting a phonon.9 Here 

an electron in the CB minima at k *- 0, cannot recombine with a hole at k = ° 
until a phonon with the right energy and momentum is available. In order for the 

right phonon collision to occur, the dwelling time of the electron in the CB 

increases. Most of the semiconductors have impurities and defects in the lattice 

that manifest themselves as traps and recombination centers. Thus most of the 

electrons and holes will recombine non-radiatively through such defect centers 

and the excess energy is dissipated into the lattice as heat. The competing non

radiative processes reduce the probability of radiative recombination in indirect 

band gap semiconductors, making them not suitable for realization of light 

sources such as light-emitting diodes and laser. 

10 



In a semiconductor at equilibrium (Le., with no incident photons or injected 

electrons) the carrier densities can be calculated from an equilibrium Fermi level 

by using Fermi-Dirac or Boltzmann statistics. 1O When excess carriers are 

generated non-equilibrium conditions ':lre generated and concept of a Fermi level 

is no longer valid. The non-equilibrium distribution function for electrons and 

holes can be defined as 

In (6) = 1/(1 + exp{& - C fn} 1 k BT) (l.17) 

(1.18) 

These distribution functions define & fit and &.fp, the quasi-Fermi levels for 

electrons and holes respectively. When the excitation source creating excess 
carners is removed, & fn = &.fp = & f' The non-equilibrium earner concentration 

can be written as 

(1.19) 

p = Nv exp( {&" - c.(p} / k BT) (1.20) 

If we consider the case of an n-type semiconductor with an equilibrium 
electron density no uniformly irradiated with above band gap light, so as to 

produce !1n electron-hole pairs with a generation rate G • the electrons and holes 

are created and annihilated in pairs and depending upon G , a steady state excess 
density !1n = !1p is established. This equality is necessary for the maintenance 

of overall charge neutrality and when the excitation is removed the density of 
excess carriers returns to the equilibrium values no and Po' The decay of the 

excess carriers follow an exponential law with respect to time ~ exp( -/ / r) , 

where r is defined as the 'lifetime of the excess carriers'. The lifetime is 

determined by a combination of extrinsic and intrinsic parameters and the 

performance characteristics of most opto-electronic devices depend upon it. 

Excess carriers decay by radiative or non-radiative recombination in which the 

excess energy is dissipated by photons and phonons. Radiative recombination is 

important for operation of luminescent devices. The total lifetime r of the 

excess carriers can be written as 

1Ir=1Ir +1Ir r nr (1.21) 
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where T rand T RT are the radiative and non-radiative lifetimes, respectively. 

The internal quantum efficiency or radiative recombination efficiency is defined 

as 

(1.22) 

To achieve high internal quantum efficiency, the ratio T r / TnT should be as 

small as possible or t' nr should be as large as possible. The value of T nr is 

controlled by properties of defects, which produce levels in the band gap of the 

semiconductor. The excess energy of carriers recombining at these levels is 

dissipated by phonons. Under steady state conditions, the recombination rate 

must be equal to the generation rate i.e. 

G=R (1.23) 

From which it follows that 

(1.24) 

Thus it can be seen from relation (1.24) that the excess carrier concentration 
is determined by the radiative recombination lifetime T r . PL which results from 

the radiative recombination of EHPs created by injection of photons can be 

divided into two major types in semiconductors namely intrinsic and extrinsic 

luminescence. The former is divided into three types: band-to-band 

luminescence, exciton luminescence and cross-luminescence. Extrinsic 

luminescence is divided into two: 1) Un-localized (DAP and iso-electronic traps) 

and 2) Localized types (allowed and forbidden transitions between ions) 

depending on whether excited carriers [electrons and holes] of the host lattice 

participate in luminescence process or whether the luminescence excitation and 

emission processes are confined to localized centers. 

1.2.2 Exciton photo-luminescence 

1.2.2A Free excitons 

In very pure semiconductors, where the screening effect of free carriers is 

almost absent, electrons and holes formed by the absorption of a photon of near 

band gap energy pair up by Coulomb interaction. Each EHP is called an 

"exciton" because the electron orbits about the hole fonning a Hydrogen-like 

atom and hence these are also named free excitons. The binding energy of the 
exciton & ex is calculated by analogy with the Bohr atom for an impurity center 

and is quantized. It is expressed as 



(1.25) 

Here / is an integer and m; is the reduced effective mass of the exciton given by 

Um; =(1/m;)+(lIm~) (1.26) 

where m; and m;' are the electron and hole effective masses respectively. 

The exciton can wander through the crystal as the electron and hole are 

associated as a mobile pair. Because of their mobility they do not have a well 

defined potential in the semiconductor's energy diagram and hence are not 

spatially localized. Customarily the CB edge is used as a reference level and this 

edge is considered as the continuum state (I = co ). Such excitons are also known 

as effective mass or Wannier excitons. 

~ Indirect } 
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Fig. 1.5: Direct and Indirect exciton recombination. 

When a free electron and free hole have the same momentum k, they move 
with different velocities: n(dEc / dk) for electron and n(dEv / dk) for the hole. 

Since the electron and hole have to move together in the crystal, their translation 

velocities must be identical. This places a restriction on the region in (E - k ) 

space where excitons can be found, namely at "critical points": 

[dE / dk ]electron = [dE / dk hole (1.27) 

Since the effective mass of the hole is many orders smaller than that of the 

proton, the analogy to the Hydrogen atom has to be modified: the center of 

gravity of the exciton may be located many lattice spaces away from the hole. 

The moving exciton has a kinetic energy 
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The addition of kinetic energy means that exciton levels are slightly 

broadened into bands. The total energy of the exciton is hence given by 

Ge:< = {1i 2 k;x /2(m; + m:)} - G~ (1.29) 

When the exciton dissociates it creates a free electron and a free hole. 

Recombination of the EHP results in emission of photons with energy 

(1.30) 

where E g is the band gap of the semiconductor and G e)s given by relation 

(1.29). Exciton luminescence peaks are very narrow in nature at very low 

temperatures. The high energy side of the exciton emission line is approximated 

by the Boltzmann factor. Hence as the temperature is raised their width increases 
and for k BT > G ex the exciton dissociates and the luminescence emission 

merges with the band to band emission. Thus in very pure crystals emission lines 

corresponding to the ground state and higher-order may be seen. The intensity of 

higher order peaks decreases rapidly (-r3
) and is difficult to observe in the 

presence of other radiative processes. ll In an indirect gap semiconductor, 

momentum conservation requires that a phonon be emitted to complete the 

transition. Then the energy of emitted photon is 

hv=E -e -me g ex p (1.31) 

where Gp is the energy of the phonon involved and m the number of optical 

phonons emitted per transition. The larger m is, lower is the transition 

probability and weaker the emission line. Although the transition with phonon 

emission is less probable than the direct recombination, the resulting photon has 

a greater chance of escape because it occurs at a lower photon energy than the 

direct recombination, i.e., in a region of the spectrum where the semiconductor is 

more transparent. 

1.2.2B Bound excitons 

In semiconductors with impurities- donors and/or acceptors, the free exciton 

couples with the impurity atoms to produce bound excitons. Here a free hole 

combines with a neutral donor to fonn a positively charged excitonic ion, and the 

electron bound to the donor travels in a wide orbit about the donor. The 

associated hole which moves in the electrostatic field of the fixed dipole also 

travels about the donor and for this reason this complex is called a bound 

1.1 



excitons. An electron associated with a neutral acceptor is also a bound exciton. 

Both of these types of bound excitons were first reported observed in Si.'2 Bound 

excitons produce sharp peaks at photon energies lower than that of free exciton. 

Th~ line width of the bound exciton emission line is much smaller than that of 

the free exciton almost by a factor of 10. Often both free exciton and bound 

excitons emission are found from the same semiconductor, and are identified on 

the basis of its energy and line width. 

The bound exciton is characterized by very large oscillator strengths, known 

as "giant oscillator strengths" so that the lifetime of the bound exciton is very 

short. The concentration of bound excitons decreases with increase in 

temperature because of which the intensity of the luminescence emission line 

also decreases. The temperature dependence of the emission intensity follows the 

relation: 

L(T)/ L(O) = lI{1 + CT3/2 exp(-sj / kBT)} (1.32) 

where L(T) is the emission intensity at a temperature T , L(O) is the emission 

intensity at absolute zero, C is a constant related to the capture cross-section of 

the defect and Si is the ionization energy for the bound exciton given by 

(1.33) 

where S b is the additional energy binding the free exciton to the defect 

center. 

J .2.2C Excitonic molecules 

Three or more particles combine to fonn ion-like or molecule like 

complexes.13 An exciton molecule consists of two holes and two e1ectrons. 14
, 15 In 

this process as an EHP recombines, a photon is emitted with energy 

hV=E -2e -E -e 
g ex XI Pm (1.34) 

where E Xl is binding energy of two excitons and £ Pm the energy of the a 

phonon of mode m. The remaining electron and hole of the quartet are either 

ejected into the conduction and valence bands and fonn a new exciton or remain 

as an exciton. The characteristic of an excitonic molecule emission line is that its 

intensity increases as the square of the intensity of the exciton line, proving that 

two excitons are needed to produce the molecular complex. If the exciton 

complex contains two electrons bound to one hole or two holes bound to one 

1" 



electron, then its intensity would grow as the (3/2) power of the exciton 

emission line intensity. 

Wannier excitons, created in high densities by high-intensity excitation, lead 

to rapid collision among them and can also lead to formation of excitonic 

molecules (or biexcitons). These are stable because of the attractive covalent 

interaction between two excitons, analogous to the formation of a hydrogen 
molecule. The energy of the excitonic molecule Em is given by 

(1.35) 

where h v is the energy of the exciton, and e", is the binding energy of the 

molecule. The binding energy of the exciton complex Cm should be within the 

limit O.055Ej < cm < 0.35Ej , where E; is the binding energy of the impurity 

(Donor or acceptor). The lower limit corresponds to the removal of an electron 

from the Hydrogen like ion, while the upper limit corresponds to the dissociation 

of the hydrogen like molecule. 16 The luminescence of the excitonic molecule is 

the process in which a molecule emits a photon of energy hv - Em, leaving a 

single exciton. 

The energies of an exciton and an exciton molecule as a function of k can 

be written as 

(1.36) 

and 

hvlll (k) = 2hvex -6", +(1i 2k 2 14M) (1.37) 

where M is the effective mass of the excitonic molecule. Thus the photon 

energy of the M line is written as 

(1.38) 

Since the third term in equation (1.38) has a negative sign, the low energy 

side of the M line (excitonic molecule emission line) spectral shapes is 

approximated by the Boltzmann factor contradictory to the case for the exciton 

line described in previous section. The high energy side of the M line-shape is 

broadened and is suggested to be due to the elastic collision between excitonic 

molecules and between the exciton molecule and a single exciton. 

Exciton molecules can be formed directly by two-photon absorption with 

photon energy of hv - (Em 12). The probability of this two-photon absorption is 

high because of two positive effects: the first that the exciton state acts as an 

intermediate. virtual state in the two-photon resonant condition and the second 



that the transition from the exciton to the molecular state has giant oscillator 

strength.9 The two-photon absorption line is very sharp and is hence useful for 
determination of the value of Em' 

1.2.3 Photo-luminescence due to band-to-band recombination 

Excitons are formed easily only in purest materials and at low temperatures. 

A fraction of the excited electron-hole pairs remain as free carriers occupying 
band states at temperatures such that k BT > Eex and also in less pure or less 

perfect crystals.7 When the temperature of the sample is high enough so that 
k BT > 6 g or if there are sufficient number of free carriers in the semiconductor 

which produce local fields to dissociate the exciton, then most photo-generated 

carriers exist as separate electrons and holes in the bands. The electrons 

recombine with the holes, conserving their momentum. Luminescence owing to 

the band-ta-band transition, i.e. to the recombination of an electron in the CB 

with a hole in the VB can hence be observed in pure crystals at relatively high 

temperatures. This has been observed in Si, Ge 6. and some IIIb-VIb compounds 

like GaAs.6
, 17 Band to band luminescence is observed in only very pure 

materials. If there are impurity levels within the forbidden band gap, electrons 

and/or holes get trapped by these impurities. These carriers then recombine via 

the defect levels radiatively giving low energy luminescence emission different 

to band-to-band luminescence or non-radiatively emitting a large number of 

phonons. 
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Fig. 1.6: Direct band-to-band radiative transition and radiative indirect transition. 

The radiative recombination cross section a is given by 



a=Blv (1.39) 

where B is a constant and v is the velocity of thermal motion of the 
electrons and holes and is obtained from (mv 2 12);;:: kBT. Value of a for direct 

transition type semiconductors such as GaAs and GaSb are (0.5-10) x 10.17 cm2• 

Values of the capture cross section of impurities depend upon the nature of the 

impurities, i.e., if they are neutral, positively charged or negatively charged. The 

values are roughly given by the size of the atomic cross sections, i.e. 10-15 cm2
• 

Since this is nearly two orders larger than radiative recombination cross sections 

in direct transition type semiconductors this explains as to why band-to-band 

luminescence is seen only in very pure materials. 

1.2.3A Direct transitions 

In direct band gap semiconductors, momentum conserving recombination 

occur between electrons in the CB and holes in the VB. States having the same 

k value are connected by these transitions. The emission spectra can be 

mathematically represented as 7 

R(v) = A(h v - Eg )1/2 (1.40) 

As the excitation intensity or the temperature is increased, states deeper in 

the band become filled, permitting emission at higher photon energies. Thus the 

recombination is characterized by a temperature dependent high energy tail, 
while the low energy edge is abruptly cut off at hv = E g' At low excitation 

intensity the full width at half maximum (FWHM) of the emission peak is 

approximately equal to O.7kBT. The schematic for direct band-to-band 

luminescence is shown in Fig. 1.6. Band-to-band transition can also terminate on 

the light hole sub band. However since the transition probability is proportional 
to (m ')3/2 for direct transitions, and sincem;'2 < m;'1 ' the transition probability to 

the light hole sub band is lower than a transition to the heavy hole states. 

1.2.3B Indirect transitions 

In indirect band gap semiconductors aU the occupied upper states are 

connected to all of the unoccupied empty lower states. The transitions are 

mediated by an intermediate process of phonon emission which conserves 

momentum (Fig. 1.6). The emission of phonons by electrons which are in the 

high energy state is highly probable. Hence the optical transition assisted by 

phonon occurs at lower photon energy than the band gap energy. The minimum 

energy ofthe emitted photon in such transitions will be 



(1.41) 

In an indirect band gap material, as the excitation intensity increases, the 

quasi-fenni level moves deeper into the bands, causing the emission spectrum to 

comprise all the possible transitions between any pair of states separated by hv , 

regardless of the difference in crystal momentum between the initial and final 

states. Hence the emission spectrum can be described by 

(1.42) 

where the transition probability coefficient A· is much smaller than that for 

the direct transition. The indirect transition rises much faster (quadraticaIIy) with 

the excess energy above a threshold for emission compared to the square-root 

dependence for direct transition as shown by relation (1.40). 

1.2.3C Effect of doping 

If a material is heavily doped, the Fermi level is somewhere inside the band 

(conduction band for n-type material, valence band for p-type material). In a p

type semiconductor, if we introduce some electrons in the CB, an emission 
spectrum with a lower energy threshold at E g results and grows as (I1V - E g) 1/2 • 

Thus at 0 K the peak position will occur at 

hv peak = Eg + (1 + (m; / m;')qn 

where 

';n == (31r 2 n)2! 3 (n 2 / 2m;) 

( 1.43) 

(1.44) 

The factor m; / m: expresses the restriction imposed by momentum 

conservation. If this restriction is relaxed by processes like electron-impurity 

scattering or electron-electron scattering, all the occupied states in the CB can 

make radiative transitions to empty states in the VB and the emission at 0 K are 
centered at 

hVp~ak =Eg +qn +qp 

where 

( 1.45) 

(1.46) 

and where Po is the hole concentration due to doping before excitation and 

6p the increase in hole concentration due to excitation. The spectral distribution 

is described by 



(1.47) 

Since the emission spectrum is a convolution of all the upper and lower 
states that are connected by the samehv. Equations (1.43) and (1.47) hold true 

for indirect gap semiconductors also, where momentum conservation does not 

involve phonons.7 The emission peak and high energy edge shift to higher 

energies as doping increases due to penetration of Fenni level into the band. The 

structures at lower photon energies arise due to transitions involving impurity 

bands and tail states. 

1.2.3D Carrier interaction assisted emission III 

It is possible, in semiconductors, to absorb photons of energy lower than the 

gap energy, the additional energy needed to satisfy energy conservation comes 
from simultaneously absorbed phonon. A photon of energy hv = E g - till may 

not be absorbed (Fig. 1.7) because of the energy deficiency. But if the deficiency 

is small the photon can promote an electron from the valence band to a virtual 

state a where it receives the additional energy till and momentum 13.k to 

complete the transition. The additional increment can be obtained from a phonon 

emitted by another hot electron in the conduction band. IS The converse of this 

absorption process is the 'carrier interaction assisted emission'. The process can 

be illustrated as follows: an electron in the CB band makes a transition to a 

virtual state a at a potential till below the CB and excites an electron to a higher 

energy state inside the band causing the momentum to be changed. The first 

electron then completes the transition from the state a to the VB by emitting a 

photon of energy hv . In direct band gap semiconductors this process is difficult 

the transition a three ste of occurrence . .-__ ~ __________ W-__ ~ ____ L-____ ~ 
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Fig. 1.7: (I) Emission of a photon with energy hv = E g - till by heating another electron 

such that k BTe = !lE and (2) Three step recombination in direct band gap semiconductor. 



In indirect band gap semiconductors, the recombination is a two step 

process. The interaction with the third carrier reduces the transition probability. 

The recombining electron heats up another electron in the conduction band and 

thus changes its energy by !lE and its momentum by Ilk. To complete the 

transition to the valence band, the recombining electron emits a photon hv and a 
phonon E p. Thus it leads to either the acoustic or optical phonon selected from 

the phonon dispersion curves. Hence the photon energy emitted is 

hv=Eg -Ep-/lE (1.48) 

With the increase in temperature of the carriers a low energy tail is found 

which grows with the excitation intensity. But along with increase in injected 

carrier density, a shift of this emission edge occurs towards lower energy side 

due to shrinkage of energy gap arising from the Coulomb interaction between the 

carriers. 
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Fig. 1.8: lUustration of the indirect emission due to carrier interaction and phonons. 

1. 2.4 Photo-luminescence due to transitions between a hand and 
impurity level 

The transition between a neutral donor and the CB or between the VB and 

the neutral acceptor can occur by absorption of low energy photons. The photon 
energy for this must be at least equal to the ionization energy E; of the impurity. 

This energy corresponds to the far Infrared region of the spectrum. The transition 

between the valence band and an ionized donor (the donor must be empty to 

allow this transition) or between an ionized acceptor and the conduction band 

occur at photon energy greater than the difference between the band gap 
en~rgy Eg and ionization energy E j • The transition between a band and an 



impurity level involves the whole band of levels and hence this transition 

manifests itself as a shoulder in the optical absorption edge at a threshold lower 
than the energy gap by an amount E j • In low energy transitions between the 

impurity level and the nearest band edge there is no problem with momentum 

conservation because the band edge is the excited state of the impurity. Phonon 

emission or absorption may be needed to complete the high energy transition 

from the VB to the ionized donor or from the ionized acceptor to the CB if the 

transitions are indirect or other scattering processes are absent. The 

luminescence arising from the reverse of the transitions described above are 

illustrated in Fig. 1.;..::.9..:.... _____________ .-, 
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Fig. 1.9: Radiative transitions between a band and impurity level. 

1.2.4A Shallow transitions 

Shallow transitions to neutralize ionized donors or acceptors usually cause 

emissions in the far Infrared (IR) region. The possibilities of such transitions 

were calculated based on the probabilities of transition by photon emission. 19 It 

was proved that phonon emission process is much more probable. The 

recombination process, considering a donor as an example, can be described as 

follows: at first, an electron gets trapped in the excited state of the donor; then 

the electron cascades to the lower lying states, emitting a phonon at each step. 

Thus the excess energy is dissipated as heat in the lattice. 

1.2.4B Deep transitions 

This recombination process includes electron transition from neutral donor 
level to the valence band (Do, h) and/or transition from the conduction band to 

the neutral acceptor level (e, AO). Recombination through the transition from 

donor level to the valence hand will emit photons of energy 

(1.49) 



where Epw is the PL peak energy of the (Do ,h) emission and ED is the 

ionization energy of the donor impurity. The PL emission peak energy related to 

transitions between the conduction band and acceptor level is described by 

(1.50) 

where E PIA is the PL peak energy of (e, A 0) emission, EA is the ionization 

energy of acceptor impurities and Te is the effective temperature of electrons in 

the conduction band. This effective temperature can be obtained from the high

energy side of the exponential tail of the emission band. The binding energies of 

various acceptor impurities can also be determined by analyzing the PL emission 

spectra, using equation (1.50). As the temperature increases, the 
(e,Ao) transition becomes more intense because of the thermal ionization of 

shallow donor states. The (e, AO) emission exhibits a shift in the PL peak 

position towards the higher energy side, with an increase in excitation power and 

temperature due to band filling.20 The shift in energy due to increasing 

temperature can be offset by the band gap-narrowing, with the increase of 
temperature. The line shape of (e, A O

) transition is given by 

(1.51) 

where C is approximately a constant. The FWHM of a transition of 
(e, A 0 ) kind is theoretically l. 8 ks T. 

These radiative transitions between impurity levels and band edges are 

limited to semiconductors with relatively low concentration of impurities. When 

the impurity concentration is large enough to form an impurity band, which 

merges with the nearest intrinsic band, the identification of the process becomes 

ambiguous. If there are electrons in the CB and in the donor states and holes in 

the VB and acceptor states, quantum mechanical calculations have showed that 

the band to band transition would be 4 times more probable than the transition 

between the impurity and the band.21 If the radiative transition occurred from the 

CB to the acceptor states, the emission peak would shift to higher energy side, as 

the excitation is increased, driving the quasi-Fermi level for electrons deeper into 

the conduction band. As the quasi-Fermi level for holes moves deeper into the 

VB under increased excitation, the donor to valence band transition would 
produce an emission spectrum with a threshold at E g - E D and emission peak 

would shift to higher energy. Ultimately under increased excitation, this leads to 
a shifting band to band emission.9 



1.2.4C Transitions to deep levels 

Deep levels in the forbidden energy gap of semiconductors act as carrier 

recombination or trapping centers that adversely affect device performance.6 

Radiative transitions between these states and the band edge cause emission at 
hv = E g - E;. Native defects in the lattice such as vacancies, interstitials or 

substitutional impurities or impurity-vacancy complexes, can give rise to deep 

levels in semiconductors. The excess energy of the carriers recombining at these 

levels is carried away by single or multiple phonons because of which, these are 

also called "killer centers". A correlation has been found to exist between the 

depth of these centers and the Frank-Condon shift.22 As the ionization energy of 

the impurity increases, the orbit of the electrons and holes becomes more 

localized. The increased localization of the carrier, trapped in the potential of the 

impurity, leads to a stronger interaction with the surrounding ions and therefore 

to a larger lattice relaxation. Thus the Frank-Condon shift of deep levels 

increases with increase in ionization energy. In the configuration diagram a 

larger Frank-Condon shift implies a stronger phonon interaction. 

1.2.5 Luminescence due to donor-acceptor pair recombination 

1.2.5A Spectralfeatures 

Donors and acceptors can act as stationary molecules embedded in the host 

crystal by fonning pairs. When the neutral donor and the neutral acceptor come 

close, the electrons of the donors become increasingly shared by the acceptor, 

making the donor and acceptor ionized. In the fully ionized state, the binding 

energy is zero and the corresponding level lies at the band edge. This lowering in 

binding energy is simply due to the Coulomb interaction between the electrons 

and holes at the donor and acceptor levels. Thus it becomes clear that the 

emission energy of the DAP luminescence depends on the spatial separation 

between the donor and acceptor in a pair as shown in Fig. 1.10. In the initial state 

from which the emission starts, an electron is located at the donor level with a 

hole located at the acceptor level. The energy of this state is given by 

(1.52) 

This is true if the origin of the energy scale is taken to be the position of the 

acceptor level. As the distance between the pair decreases, finally no electron is 

left with the donor level so that an effective charge of +1 remains with the 

?d 



donor, while in the acceptor an effective charge of -1 is left. As a result, the 

coulomb attractive force works between the donor and acceptor, so that the 

energy of the final state is given by 

El = -(e~ / t:r) . (1.53) 

where 8 is the dielectric constant for the static field and r the intra-pair 

separation then the emission energy as a function of r (Fig. 1.10(b» can be thus 

expressed as 

(1.54) 

If we consider only the Coulomb and van der Waals interaction and 

designate the distance between the donor and acceptor of the n'h pair as ;'/1 , the 

f h . b' 23 energy 0 t e paIr can e wntten as 

En{rn):=Eg -(ED +EA)+(e2 /t:rIl )-(e
2 /6)(a/r/l)6 (1.55) 

where a is the constant of van der Waals interaction. Since the quantities 
En (rn) and r" assume discrete values, the absorption and luminescence spectra of 

donor-acceptor pairs (DAP) in principle should consist of individual lines. The 

distance between the lines decreases as number of pairs n increases. The line 

structure of absorption and luminescence of DAPs are observed only on the short 

wavelength side of corresponding bands.26 This is opposite to the exciton 

absorption and luminescence properties, whose fine structure appears on the long 

wavelength side of the band (section 1.2). Shallow DAP luminescence is 

characterized by the Poisson distribution. Here one pair is regarded as one 

localized center to which the 'Configuration-Coordinate (CC) model' is applied. 

The strongest peak is an assembly of numerous unresolved zero-phonon lines of 

DAPs, with different intra-pair separations. The low energy edge of the emission 

spectrum extends over a large range and consists of a series of phonon-emission 

replicas of the main band. The high energy side of the zero phonon peak contains 

numerous sharp lines, whose energy separation are well represented by equation 
(1.55). 

From equation (1.55) it can be found that the peak position of the DAP 

luminescence will shift towards lower energies with increasing rn. For distant 

pairs, the Coulomb and van der Waals interaction are very small and the lowest 

possible photon energy is emitted. Between impurities separated by distances 

more than the Bohr radius, the transitions are assisted by tunneling process. A 

transition between nearer pairs is more probable than between distant pairs; 



hence the emission intensity increases as pair separation decreases. But 

simultaneously the number of possible pairing decreases as r decreases. Thus 

the emission intensity goes through a maximum as the separation r is varied. 

Because of this dependence on r, discrete line structures are obtained only for 

pair separation in the range 10 to 40 A. At larger values of r (r > 40 A), the 

emission lines overlap forming a broad spectrum. 
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Fig. 1.10: Ca) Donor-acceptor pair transition and Cb) effect of Coulomb interaction on 
emission energy. 

Different pairings occur depending upon the sites occupied by the 

impurities. If the donor and acceptor occupy similar substitutional sites, type I 

pairing occurs. If the donor and acceptor occupy opposite sites, type II pairing 
occurs. The number of possible pairings N, and the Coulomb interaction term 

can be calculated as a function of r for each type. The Coulomb interaction term 

for near pairs drives the donor and acceptor levels out of the energy gap. 

Recombination between donor and acceptor states located inside the intrinsic 

bands would compete with band-to-band transitions; since bands have very high 

density the donor-acceptor transitions would have to be extremely efficient to 

contribute to an emission line. The transition probability between donors and 

acceptors, neglecting the Coulomb interaction and the tunneling factor, has been 

calculated. 28 Assuming the donor and acceptors to be forming Gaussian band 

states with a characteristic distribution width Eo, the transition probability turned 
out to be proportional to 1/ Eo. For small Eo the donor-to-acceptor coupling is 

stronger than the band to band or band to impurity transitions. The transition 

probability of the DAP luminescence also depends on r. The probability is 

considered to be proportional to the square of the overlap of the donor and 

acceptor wave functions. Spread of the wave function of a donor is generally 



much larger than that of the acceptor. The transition probability as a function of 

r, using the Bohr radius ra of the donor, is given as 

W(r) :::;; Wo exp( -2r / rH) (1.56) 

J.2.5B Emission energy dependence on time 

The transition probability is expressed as the reciprocal of the pair lifetime. 

From equation (1.55), it is clear that, with decrease in the intra-pair separation r, 

the energy position shifts to higher energy and thus the resultant transition 

probability becomes larger i.e. the luminescence decay becomes more rapid. 

Hence the recombination at low photon energies will be slower than the high 

energy transition i.e., the more distant pairs live longer.· The peak of a narrow 

emission band composed of many unresolved pair lines would shift towards 

lower energies during decay. The high-energy edge of the DAP luminescence 

spectrum decays much faster than the low-energy edge. 

1.2.5C Emission energy dependence on excitation intensity 

The peak position of the DAP radiative transition is independent of the 

position of the quasi-Fermi levels. For donor states close to the CB edge, the 

density of states overlaps with the tail of the CB. When the transition 

probability between the donors and acceptors is greater than the CB to acceptor 

transition probability, the dominant recombination will be from the donors to 

acceptors. At excitation rates sufficient to observe an emission, the quasi-Fermi 

level for electrons is above the donor states. The electrons will leak out of the 

CB through the donors and the quasi-Fermi level for electrons will not affect the 

emission spectrum. The variation of PL intensity J with excitation intensity can 

be fitted using the relation 29 

(1.57) 

where J 0 and r are constants and P is the excitation intensity per unit area. 

For excitation with photons of energy exceeding the band gap energy E g' the 

coefficient r is generally I < r < 2 for the free- and bound exciton emission, and 

A. :s; I for free-to-bound and DAP recombination. The dependence of PL peak 

energy hoop on the excitation intensity J for DAP emission can be fitted with the 
relation 30 

(1.58) 



where D is a constant, 

hw", =Eg -EA -ED 

and 

(1.59) 

(1.60) 

Equation (1.58) holds well in case of compensated semiconductors. The 
coefficient Eb - 2(1iw p -liw",,) depends on the compensation and becomes very 

small in non-compensated samples in which case no shift in emission peak will 

be observed. 

1.2.5D Luminescence due to iso-electronic traps 9 

In a semiconductor an atom of an element belonging to the same column of 

the periodic table as that of the constituent atom of that semiconductor can 

replace the constituent atom and attracts an electron or hole because of the 

difference in electron affinity. Such an atom is called an "iso-electronic trap". If 

the electron (hole) affinity of the introduced atom is larger (smaller) than that of 

the constituent atom, that atom becomes an electron (hole) trap. If an electron 

(hole) is trapped then a hole (electron) is attracted through Coulomb interaction, 

resulting in formation of a bound exciton which can produce luminescence. 

Lwninescence from iso-electronic traps is important in indirect-gap materials. 

Iso-electronic traps attract electrons or holes by short range force which is 

resultant of the difference in electron affinities. The wave function of the trapped 

electrons or holes is thus extremely localized in real space; but is widely spread 

out in k - space. 

1.2.6 Intra-band luminescence 

At the zone cent er, the VB structure of most semiconductors consists of the 

light hole (LH), the heavy hole (RH) band and the split-off (SO) band. These 

three bands are separated by spin-orbit interaction. In a p- type semiconductor, 

the valence band is filled with holes and the occupancy of the different bands 

depends on the degree of doping and position of the Fermi level. Absorption of 

photons of right energy can lead to transition from LH to HH, SO to HH and SO 

to LH bands, depending on the temperature and doping of the sample. These 

transitions are seldom observed in n- type semiconductors. Radiative intra 

valence band transitions have been observed in Ge. 31 These transitions are also 



c8Iled "emission by hot light holes" because an electric field is used to produce a 

non-equilibrium distribution between the light and heavy holes.4 Radiative 

tranSition from the HH sub band to the LH sub band have been observed whose 

energy lies in the far Infrared region of t~e spectrum. The Peak position of this is 
in the region of the ECk) - space where the two sub bands become parallel. 

1.3 Photo-conductivity 

If the energy of the incident photon is greater than the energy difference between 

the lowest point of CB and highest point of VB, then each photon absorbed in 

the material has a high probability of producing an EHP i.e., a photon is 

absorbed by ionizing an electron originally in the VB. In this case, the electron in 

the CB and the hole in the VB contribute to the electrical conductivity of the 

material under an applied bias. The increase in the electrical conductivity of a 

material caused by irradiation is termed as Photo-conductivity. 2 The first paper 

on PC dates back to 1873, in which William Smith reported the change in 

resistance of Selenium under illumination. This was even before the knowledge 

of existence of bands in solids. Guddenand PoW were the major contributors in 

this field. PC enjoys a pivotal position in the field of optical studies of 

semiconductors and is the basis for the branch termed "Opto-electronics". It 

reaches both into semiconductors and insulators by giving the details of the 

internal electronic process in these materials. PC involves several basic 

processes like the generation, transportation and recombination of charge 

carriers. The phenomenon of PC vary tremendously with material, temperature, 

doping level, presence of donors, acceptors and traps and their concentration, 

capture cross section, mobility of charge carriers, types of electrical contacts and 

potential barriers created near them and unintentionally created defect states in 

the growth process. In the field of phosphors, the measurement of PC helps to 

identify the steady state Fermi level, the key parameter, needed to understand 

their complex recombination kinetics. 

1.3.1 Theoretical background 1 

In a semiconductor with free electrons and/or free holes the electrical 
conductivity in dark is given by 

(1.61) 



where no, Po are the equilibrium concentrations of electrons and holes 

respectively and P"o, P pO are the electron and hole mobilities respectively. 

When the semiconductor is illuminated with light, its conductivity is increased 

by the charge carriers generated due to illumination called PC, represented as 

t!J.a, 

Thus the conductivity under illumination can be given as 

(To + t!J.a = (no + t!J.n)q(J.i"o + LiJ.i,,) + (Po + t!J.p)q(J.i pO + LiJ.i p) 

(1.62) 

(1.63) 

which indicates that photo-excitation can change both the carrier density 
(.1n / t!J.p) and the carrier mobility (p). Then considering the case of one-carrier 

transport for simplicity 

(1.64) 

Since carriers are being generated due to photo-excitation, it is generally true 

that 

(1.65) 

where G is the photo-excitation rate (m-3s'!) and 1'" is the electron lifetime, 

so that 

(1.66) 

This is the general expression for PC for a material with one-type of charge 

carrier. Photo-conductivity Mr can be approximated to 

t!J.(T ~ qG(J.i,,01' n + J.i pO' p) (1.67) 

so that the "figure of merit" for a single-carrier photoconductor can be 

defined as 

/la / qG = J.i1' (1.68) 

Thus the lifetime-mobility product is a measure of the photoconductor's 

sensitivity to photo-excitation. 

1.3.2 Measure of photosensitivity 

Two major definitions of 'photosensitivity' are found in literature. One of 

these simply describes photosensitivity by the magnitude of ~a. where as the 
other is more device-oriented. That definition is in terms of the ratio ~a / a 0 • 



Some of the scientific definitions of parameters related to photosensitivity are 

the following 

Specific Sensitivity: 

'Specific Sensitivity' is a measure of the material's actual sensitivity in 
termS of the pr product. It is cited for large signal PC (f1 a » a 0) in insulators 

as 

S· :=: Md 2 / (JP m2n- tW-t (1.69) 

where M:; f1aA rp / d , d is distance between the two electrodes across which 

a bias rp V is applied and A is the area of illumination. P , the input light power 

is given as p:=: Gh I-tiA . Using these two definitions eq. (1.69) can be rewritten as 

S· = (q / h v)rJ.l (1.70) 

Detectivity: 

"Detectivity" is applied to small signal AC - f1a situations where f1a $ a 0-

Most commonly this definition finds application in the case of an IR detector, 

where signal is to be detected in the presence of background noise 

DO = (Af1v)1/2 NEP 0.71) 

where A is the area of the detector, f1 v is the bandwidth used for 

measurement of noise and NEP represents the radiation power needed to 

produce a signal equal to the noise. 

Photo-conductivity Gain: 

The gain of a photo-detector can be defined as the number of charges 

collected in the external circuit for each photon absorbed_ If F is the total number 

of photons absorbed, so that the photo-excitation rate G:=: F / Ad then the gain 

GO can be expressed as 

G· ;;:. (M / q)/ F;;:. rJ.lfJ/ d 2 (1.72) 

where A is area of the detector and d the distance between the electrodes. 
This can be rewritten in the fonn GO ;;:. T /(d 2 

/ ptjJ) which represents the ratio of 

the carrier lifetime to the carrier transit time. If both electrons and holes 
Contribute to PC, then 



(1.73) 

PC gain can be physically pictured as following: photo-excitation creates 

free electrons and holes. If the lifetime of a carrier is greater than its transit time, 

it will make several effective transits through the material between the contacts, 

provided contacts are ohmic and are able to replenish carriers drawn off at the 

opposite contact. 

1.3.3 Model of a pllOtoconductor 2
, 32 

In the simplest model of a photoconductor, it is assumed that EHPs are 

produced uniformly throughout the volume of the material by irradiation with an 

extemallight source. Recombination of the EHP is postulated to occur by direct 

recombination. The rate of change of the electron concentration n is given by 32 

dn / dt =; L - Anp =; L - An 2 (by using n = p) (1.74) 

where L is the number of photons absorbed per unit volume per unit time, 
A is the recombination coefficient; Anp gives a recombination rate proportional 

to the product of hole and electron concentrations. A similar expression for hole 

concentration can be written as 

dp/dt = L - Anp (1. 75) 

In the steady state, the concentrations are constants and we have the relation 

no =; (L / A)I/2 (1.76) 

The associated PC can be written as 

(1.77) 

This relation predicts that the photocurrent will vary as the light intensity to 

the power, 1/2. The exponent value is usually between 0.5 and 1.0. If the 

illumination is cut off suddenly, the decay of carriers is described by 

dnl dt = -An2 (1. 78) 

which has the solution 

n = no /(1 + Atno) (l.79) 

where no is the concentration at time t = 0 when the illumination is switched 
off. The carrier concentration would drop to (l/ 2)no in the time 

to = 11 Ano = no / L (1.80) 

1? 



• v r The above elementary theory predicts that, for a given illumination level L, 

the response time is proportional to the photoconductivity (Eq.1.80). Sensitive 

photoconductors would have longer response times. Sensitivity or Gain factor 

[0] cafl be defmed as the ratio of the number of carriers crossing the specimen to 

the number of photons absorbed in the specimen. If the thickness of the 

specimen is d and the cross section area is unity, then the voltage V produces a 

particle current 1= J, the current density, as the cross sectional area is unity. 

J ~ I ~ aE = nepE (1.81) 

Or 1/ e = noflV / d , where we take the steady state value n = no. Thus 

J = Vf1ld /(d 2 (AL) 1I 2) 

The gain can hence be expressed as 

G=W,u)/(d 2 (AL)1/2 ) 

(1.82) 

(1.83) 

The transit time between the electrodes for a carrier is given 
byTd = d /(Vp / d). If we take the lifetime of the electron equal to the response 

time (Eq.1.80), to = To we have 

0.84) 

If To is taken as the observed response time, it is found that the gain thus 

calculated is very much larger than that observed experimentally. A study of the 

above phenomenon of direct recombination in terms of extrinsic materials results 
in modification of Eq. (1.74).33 If no and poare the equilibrium concentrations 

of both electrons and holes at t:; 0, the excess carrier concentration can be given 
as ~o and CPo and the instantaneous excess carrier concentrations can be given 

as ~(/) and cp(t) for any time t . Hence we have 

(1.85) 

We assume that the excess carrier concentrationsbno, ~o are both equal. If 

we consider the material to be p - type Po »no and neglect higher order tenus 

of minority carriers the equation becomes 

d/in / dt = -AePOOn(t) 

whose solution is of the form 

biz(t) = bizo exp(-AePot) 

(1.86) 

(l.87) 



Excess electrons in a p- type semiconductor thus recombine with decay 
constant r = 1/ Aepo. This can also be called as the 'minority carrier lifetime' as it 

depends on electrons which are minority carriers in p- type materials or as the 

recombination lifetime. Similar is the case of excess holes in an n- type 
semiconductor, where the decay time becomes t = 1 I Aeno . 

1.3.4 Effect of traps 

If we consider a crystal with N electron trap levels per unit volume, the 

effect of traps modifies the Eq.{1.74) as 34 

dnl dt = L - An 2 
- AnN +Bn, (l.88) 

where n is the electron concentration in the conduction band. The last term 

represents the rate of thermal evaporation of trapped electrons back to the 

conduction band. Here we consider this to be negligible as the temperature is 

sufficiently low. In the steady state 

(1.89) 

There are two limiting cases to be discussed. It is difficult to grow crystals 

with trap concentrations N less than 1014 cm,3 and secondly at low illumination 
level, the concentration of carriers no is very much less than this. If no «N Eq. 

(1.89) changes to 

no = LI AN (1.90) 

so that photocurrent is now proportional to the illumination L. At high 
levels of illumination ifno »N the equation (1.90) becomes 

no = (LI A)1/2 (1.91 ) 

as found in Eq. (1.76) in the absence of traps. The three major effects of 

traps in a semiconductor can be summarized as (1) decrease in speed of 

response, (2) decrease in drift mobility, and (3) a decrease in the 

photosensitivity. 

1.3.4A Decrease in speed a/response 

The speed of response of a material is inversely proportional to the time 

constant associated with the increase of PC to its steady state value after turning 

on the photo-excitation (the rise time) and the time constant associated with the 

decrease of PC to its dark value after turning off the photo-excitation (the decay 

time). In the absence of traps in the material the free carrier lifetime in the 



material detennines the value of these time constants. However in the presence 

of trapS, additional time dependent processes are involved with trap filling 

[during the rise] and trap emptying [during the decay]. This leads to an increase 

in the observed decay time of the photocurrent making it longer than the carrier 

lifetime. So the 'measured' lifetime, which we take as time for photocurrent to 

decay to 1 I e of initial value, cannot be less than the actual lifetime (without trap 

effects), but can be much larger. The speed of response is inversely proportional 

to the experimentally measured lifetime, so that, the speed of response decreases, 

as lifetime increases. Thus, the presence of traps leads to a decrease in the speed 

of response.2 If the intensity of illumination is so high or the density of excess 

carriers is larger than density of traps, then the observed decay time will be equal 

to the carrier lifetime (Eq. 1.91). 

1.3.4B Decrease in mobility 

The drift mobility is determined by the time taken by the carriers at one 

point to travel to a distant point under an electric field. If there are no traps, the 

injected carriers are free and the drift mobility is same as the conductivity 
mobility J1 • If traps are present, the carriers spent some amount of time in the 

traps which increases their time of travel and hence a decrease in mobility. 2 We 

modify drift mobility as I'd = YJi. where ris the average time spent by the carriers 

in the traps divided by the average time to escape from a trap and I' the mobility 

in the absence of traps. Now the drift mobility can be written as 2 

)id = [uexp(-Et f KT)lvStNtJ.u (1.92) 

where v is the attempt-to-escape-frequency, v the thermal velocity, El is the 

energy difference between the lowest part of conduction band and the trap level, 
S, is the capture cross section of the trap for electrons and NI, the density of 

traps. 

l.3.4C Decrease in photosensitivity 

From Eq. (1.65) we can write 2 

G == n / , == nS vN t r (1.93) 

where N r is the density of available empty recombination centers with cross 

section Sr. For every free electron there is a corresponding hole either in the 

valence band, p or in N r' so that n = N r + p and it is reasonable to assume 

thatNr » p. Hence from Eq. (1.93), the lifetime without traps can be written as 



(1.94) 

In the presence of traps N, = n + NI == NI where NI is the total density of 

trapped electrons and the lifetime is given by 

(1.95) 

It is evident, by comparing the two equations, that the lifetime is reduced by 
the factor n / NI' Thus in the presence of traps the photosensitivity of the 

materials gets reduced. 

1.3.4D Temperature dependence a/photo-conductivity 

In many photoconductors, the photocurrent is essentially independent of 

temperature. For an exponential trap distribution, the expected variation of 

photocurrent is rapid and photocurrent increases with temperature. The change 

in photocurrent with temperature can be used to predict the activation energy of 

levels involved in the PC. This is done with the help of the Arrhenius relation 2 

I ph (T) = 10/(1 +cexp(-Ea / KT» (1.96) 

where I ph (T) is the photocurrent at a temperature T, 10 is the photo current 

at temperature 0 K, c is a constant related to the capture cross section of 

traps/defect levels and Ea is the activation energy of the respective traps/defect 

levels. The plot obtained for variation of photocurrent with temperature can be 

fitted with the above equation and the activation energy of the trap involved can 

be predicted. 

1.3.4E Effect 0/ excitation intensity on photo-conductivity 

Variation of the photocurrent with intensity gives the information regarding 

the recombination process existing in the material. In general, the photocurrent -

excitation intensity relation is given by 

(1.97) 

where I ph is generated photocurrent, I ex is the excitation intensity and r a 

dimensionless constant. Evidently, the induced photocurrent depends on the 

value ofy. When y = 0.5 the emission is due to bimolecular recombination where 

the photo current varies as the square root of incident light intensity.2 A model 

has also been developed stating that when y ;:: 0.5, the bimolecular recombination 

is at the surface and when y = 1.0 it represents monomolecular reaction in the 

bulk. In the model that does not deal with traps, y =1 for low light intensities and 



f ... 0.5 for high light intensities where surface recombination becomes 

important. 

1.3.5 Fermi level in photoconductor 2 

The thermal equilibrium Fermi level is useful because knowledge of its 

location permits the description of the occupancy of all other levels in the 

semiconductor. Even under illumination, the concept of a Fenni level can be 

usefully retained. A solution of equations considering the trapping and 

recombination processes and optical excitation helps in detennining the position 

of Fermi levels in dark and under excitation. The position of Fermi level in the 

dark and under excitation is shown in the Fig. 1.11. The steady state F enni level 

describes the occupancy of those levels that are still in effective thennal 

equilibrium with the bands i.e. with those imperfections whose occupancy is 

determined by thennal exchange with the bands rather than by recombination. 

An alternate way of expressing this is to say that the steady state Fenni level 

continues to describe the occupancy of traps during illumination, but not of 

recombination centers. 
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Fig. 1.11: Energy band diagram showing (a) the thermal equilibrium Fermi level and (b) 
the steady state electron and bole Fermi levels under optical excitation. 

The position of the electron Fermi level from the CB is given by the 
equation 32 

(1.98) 

where Ne the effective density of states in the CB, T the absolute temperature 

and J.I the mobility. Similar definition can be made for the 'hole Fermi level' too. 

It is also considered that the defect levels which are lying above the electron 

Fenni level or below the hole Fermi level can act as a trapping center and the 



levels in between the Fermi levels can act as a recombination center. So a 

recombination center can act as a trap at another condition of light level and 

temperature as the Fermi level varies with light level and temperature. As 

evident from equation (1.98) as the temperature increases the electron Fermi 

level shifts down and the hole Fermi level moves up. 

1.4 PL in analysis of semiconductors 35 

PL measurement is a standard technique to observe defects and impurities in 

semiconductors. The study of luminescence processes can, not only show the 

content as well as the behavior of defects and impurities in semiconductors, but 

also improve the operational characteristics of semiconductor devices based on 

radiative recombination. The PL spectrum and its dependence on the irradiation 

intensity and device temperature can deliver important information for device 

characterization. In particular, PL spectra and their energy/intensity dependence 

can be used 

• to determine the band gap energy and/or the wavelength of maximum 

gam 

• to determine the composition of ternary or quaternary layers 

• to determine impurity levels 

• to investigate recombination mechanisms 

If multiple excitation wavelengths are available, this property of PL can be 

used to distinguish surface and bulk contributions. Garcia-Garcia et al. have used 

such an approach to study the surface layer of chemically etched CdTe.36 When 

the surface structure is poor, the PL spectrum changes with increasing excitation 

energy; the strength of defect-related lines increases relative to bulk features. 

Correlation of these changes with penetration depth indicates the location of 

near-surface defects. Furthermore, the authors found that the PL spectrum of a 

high-quality surface is independent of excitation energy. In an extension of this 

technique, Wang et al. used the widely divergent penetration of one and two 

photon absorption processes to distinguish surface and bulk effects.37 In contrast 

to relatively slow recombination with two-photon excitation, a fast recombination 

mechanism dominated the one-photon excitation experiment. Their results 

indicated the presence of rapid recombination sites near the surface of the 

semiconductor, where the single-photon excitation is absorbed. 



t· Dangling bonds on a semiconductor surface or interface give rise to 

dectronic states within the band gap. These mid-gap states fill up to the Fermi 

level with electrons that originate in the bulk of the material. The accumulation 

of charge at the surface creates an electric field - a depletion region - that leads 

to bending of the valence and conduction band edges. According to a simple 

dead-layer model, EHPs that are generated in this region are swept apart by the 

electric field, prohibiting radiative recombination.38 The phenomenon is 

described quantitatively by a depletion thickness that characterizes this "dead 

layer". Although the dead-layer picture of carrier kinetics at the surface of a 

semiconductor overlooks the complicated role of surface states in the 

recombination process, it is useful when PL quenching has an electrostatic 

origin. Ryswyk and Ellis studied the effect ofI! on n-GaAs using this model. 39 

They used PL depth profiling with multiple excitation wavelengths to detennine 

the depletion thickness in the Irtreated sample. Uosaki et a1. have used a similar 

experimental approach to characterize p- GaAs/electrolyte interfaces.4o Results 

were analyzed within the context of the more sophisticated model proposed by 

Mettler, which accounts for changes in charge separation and surface-state 

recombination.41 

The intensity of the incident light controls a critical property of the PL 

experiment: the density of photo-excited electrons and holes. When the incident 

excitation intensity is low the generated carrier density is low, and the PL 

measurements are dominated by discrete defect and impurity sites at the 

interfaces and within the bulk of the material. Recombination at these 

energetically favored sites is frequently referred to as Shockley-Read-Hall 

(SRH) recombination. The SRH rate is proportional to the dominant carrier 

density n. In systems with high interface-to-volume ratio and active layers that 

are thin relative to the carrier diffusion length, interface effects dominate SRH 

recombination. In planar structures, the interface-to-volume dependence of SRH 

recombination can be separated from actual interface phenomena via the 

interface recombination velocity S. The interface recombination rate is defined 

as Rs = (Sld)*n, where d is the thickness of the optically active layer. When two 

interfaces are present, as in a double hetero-structure, the two interface 

contributions are combined: S is replaced by SI and S2 (or 2S for equivalent 

interfaces). Because S is independent of carrier density and layer thickness, it 

can be used to compare interface recombination in a variety of materials. S 

depends strongly on the nature of the interface. For example, S is of the order of 

10
7 

cm S-I at the interface of GaAs and air, whereas high-quality GaAs/GaInP 



interfaces can have S < 10 cm 5.
1
.
42 This reduction of the interface 

recombination velocity at the edge of a material is called surface passivation. 

Because the performance of many opto-electronic devices is limited by 

interface recombination, interface passivation has been studied extensively. 

Passivation techniques include epitaxial growth of lattice-matched 

semiconductor alloys and a variety of chemical surface treatments. Qualitative 

evaluation of these techniques is straightforward: an increase in the PL signal 

indicates a decrease in non-radiative interface recombination. Quantitative 

information on S requires more sophisticated techniques. many of which 

involve investigations of the excitation intensity dependence of PL. 

Komiya et al.measured the excitation intensity dependent PL signal from a 

series of InGaAsP/InP double hetero structures.43 Although the PLsignal was 

usually linear with excitation power, some samples showed super-linear 

dependence under intermediate excitation, indicating a transition between non

radiative and radiative recombination regimes. The lack of such a transition in 

the other samples suggested that radiative recombination dominated at all 

excitation levels, which gave an upper limit for S. In a very different approach, 

Mullenborn and Haegel studied single AlGaAs/GaAs and GaInP/GaAs hetero

structures where the buried GaAs layer was excited indirectly via either carrier 

diffusion or recycling (i.e. re-absorption and emission) of photons.44 The 

excitation intensity dependence of PL from both layers was used to distinguish 

between the two mechanisms for carrier generation in the buried layer. Saitoh et 

a1. have argued that the simple picture of an excitation-independent surface 

recombination velocity is not sufficient to describe the excitation dependence of 

the PL signa1.4s In particular, when the excitation is intermediate between the 

SRH and radiative recombination dominated regimes. the quasi-Fenni levels for 

electrons and holes split away from the low-excitation pinned position and move 

towards their respective band edges. The quasi-Fenni levels determine the 

energy range of surface-states that contribute to recombination. Thus, the PL 

efficiency in this transition region is very sensitive to the density and energy 

distribution of surface-states. The authors developed an elaborate model of 

carrier behavior near the surface of the semiconductor that accounts for carrier 

transport, surface-state occupation, band bending, and recombination. Analysis 

of the excitation intensity dependent PL signal in the context of this model is 

referred to as Photo-luminescence Surface-State Spectroscopy (PLS).38 

The shape of the radiative efficiency curve in the SRH and radiative 

recombination transition region, depends on the distribution of surface-states that 



p;rticipate in recombination. If the distribution consists of a discrete set of states 

with similar energetic positions within the gap, complete saturation of the SRH 

recombination process will lead to a PL efficiency slope of unity. Efficiency 

curves with slopes less than unity indicate that the surface-state distribution is 

continuous. More over, an increasing number of surface-states are participating 

in recombination as the quasi-Fenni levels move through the band gap. Hence, 

variation in the slope of the efficiency curve with increasing excitation can be 

used to map the surface-state distribution within the gap. Since its development 

in 1991, PLS has been applied to a wide number of semiconductor systems.38 

Although some of these studies have uncovered surface-states with discrete 

energies, most have revealed that the surface-state distribution is V-shaped, with 

increasing density near the band edges.45 

Excitation intensity dependent PL can also be used to study the properties of 

QWs. Ding et a1. measured the excitation intensity lex dependence of the 

integrated PL signal from asymmetrically coupled QWS.46 They noted that the 
PL intensity varied as I;x when recombination is dominated by nearly-saturated

interface traps. But it was proportional to I ex when radiative recombination was 

more prominent. They used the transition intensity to estimate the non-radiative 

decay time, which suggested that traps were located at the interface of the 

coupling banier and the larger well. Excitation-dependent saturation of PL can 

also be used to determine the relative density of different radiative states. When 

splitting is observed in the PL from QWs, the lower energy peak often saturates 

with increasing excitation because of state filling. In this case, the saturation 

intensity can be used to estimate the size of interface islands in the QW, where 

the low energy PL is believed to originate.47 

The third application of excitation intensity dependent PL is in the 

evaluation of interface band alignment. Vignaud et al. observed a dramatic 

excitation-dependent blue shift in the PL from lnAlAs/InP hetero-structures. 

They attributed this blue shift to spatially indirect type n transitions across the 

interface.48 They explained the blue shift as follows: when the conduction band 

minimum and valence band maximum occur on opposite sides of a 

Semiconductor interface, electrons and holes are trapped in different regions of 

the hetero-structure. Because the electrons and holes are attracted to each other, 

narrow QWs are fonned adjacent to the interface. As the excitation is increased, 

carriers accumulate in these wells, increasing the confinement energy of the 

wells and the dipole energy across the interface. Both of these mechanisms lead 

to substantial blue shifts in the PLo It is interesting to note that type II transitions, 



which occur across the interface itself, are especially sensitive to interface 
quality. 

Surfaces and interfaces usually contain a high concentration of impurity and 

defect states. As the physical termination of the sample, the surface represents a 

drastic interruption of the material itself. Dangling bonds often provide 

numerous mid-gap states that facilitate rapid non-radiative recombination. They 

also act as getters for ambient impurities. Dangling bonds can be accommodated 

by a variety of surface treatments and lattice-matching semiconductor epilayers. 

Even so, impurities accumulate on surfaces before treatment and during growth 

interruptions. In addition, interface defects due to slight lattice mismatch at 

semiconductor hetero-junctions are inevitable. In systems where the interfaces 

and bulk material contribute to the PL, the two components can be distinguished 

via depth profiling. Thewalt et a1. combined PL with Spreading Resistance 

Analysis (SRA) depth profiling to identify the type and location of several 

impurities in ultrahigh-purity epitaxial silicon.49 Destructive depth profiling can 

be accomplished by step-etching and measuring the PL vs. etch depth. Akimoto 

et a1. used this approach to connect specific PL peaks with vacancy complexes at 

a GaAs/AlGaAs interface.50 Some good examples ofPL spectral analysis in the 

characterization of bare surfaces are in the field of semiconductor etching. 

Reactive Ion Etching (RI£), where etching is accomplished by bombarding the 

surface with energetic reactive ions, is an important procedure in the fabrication 

of opto-electronic devices with sub-micron features. However, RIE can produce 

various types of defects in the near-surface region. For optimal device 

performance, the damage and contamination caused by RIE should be 

minimized. PL analysis is very useful in identifying and controlling RIE-induced 

defects. Henry et a1. used PL to study the effects of various plasmas on exposed 

surfaces of phosphorus- and boron doped Silicon.51 

Broad and deep PL emission is a common characteristic of damaged 

semiconductors. Foad et a1. investigated changes in the PL spectrum of 

ZnTe/GaAs epitaxiallayers, after RIE and subsequent annealing. 52 RIE reduces 

the near-band edge emission by a factor of 100 and is accompanied by the 

appearance of new features, well below the gap. One of the low-energy peaks 

coincides with a specific defect found in bulk ZnTe, but the peak is much 

broader than the one observed previously. Upon annealing, near-band edge PL 

recovers by one order of magnitude and the deep emission shows more 

structures, revealing that the very broad, deep emission seen prior to annealing 

was actually composed of several phonon involved transitions (transitions 



lSisted by one or more phonons). The annealing results suggest that the strain 

around RIB induced defects is reduced. 
Deep emission has also been attributed to dislocation networks at the 

interface of lattice-mismatched hetero-structures. The effects of strain apd 

dislocations can be separated in InGaAs/GaAs hetero-structures, where 

acconunodation of lattice mismatch depends on the InGaAs layer thickness. 

Joyce et a1. observed broad, deep PL in the InGaAs/GaAs system and measured 

the spectrum as a function of InGaAs thickness. 53 They found that the intensity 

of the deep emission increased rapidly above the critical thickness, suggesting 

that interface dislocations were responsible for the broad, sub-band gap PLo 

As with surface damage, relative changes in surface state and band edge 

emission can be used to evaluate surface passivation. XU et a1. used PL to study 

the properties of CuSe coatings on CdSe nanocrystals.54 The uncoated CdSe 

nanocrystals produced broad, sub-band gap PL, which they attributed to 

recombination at deep surface traps. With increasing CuSe fraction on the CdSe 

cores, they observed a monotonic decrease in this emission accompanied by 

steadily increasing band edge PLo NornialIy; materials with larger band gaps are 

required for surface passivation so that carriers see potential barriers at the 

interface, shielding them from the surface. Because CuSe has a smaller band gap 

than CdSe, surface passivation with this material is unusual. The authors suggest 

that the CuSe coating is very thin so that the CuSe gap is enhanced by quantum 

confinement. 

Spectral analysis of sub-band gap emission is useful for characterizing 

interfaces. The peak position of the band edge PL itself provides important 

information on atomic inter-diffusion and interface alloying. The band gap of a 

semiconductor alloy depends directly on alloy composition. When hetero

junctions are not abrupt, unintentional alloy layers are formed at the interface. 

Depending on composition, such layers can have band gaps larger, smaller, or 

intermediate between the adjoining materials. Guimaraes et al. observed an 

anomalous emission band, below the GaAs and GaInP gaps in GaInP/GaAs 

hetero-structures.55 They postulated that this was due to recombination in 

GaInP As intermediate layers, and confirmed their hypothesis by observing an 

enhancement of the band with an As-rich growth interruption at the interface. 

The intensity of the PL signal has received the maximum attention as it can 

be utilized in the analysis of interfaces. This interest is due to the fact that, 

although several important mechanisms affect the PL response, it is generally 

found that large PL signals generally occur as a result of good interface 



properties. A useful review of the dominant mechanism and the relationship 

between them has been provided by Chang et a1. 56 In particular, they discuss the 

roles of surface recombination velocity S and band bending at the surface as seen 

through the PL measurement. Because surface recombination is usually non

radiative, and band bending can iead to the formation of a depletion region or 

"dead layer" [where PL is effectively quenched], both the phenomena tend to 

reduce the PL intensity. It is difficult to distinguish between the two effects and 

usually a supplementary measurement of the surface potential is required. All 

other parameters remaining constant, the surface recombination velocity is 

proportional to the density of surface states. However, changes in the surface

state density can affect the accumulation of charge at the surface, thereby 

altering the depletion thickness: Conversely, if the space-charge region is 

reduced by an increase in the density of surface states, the two mechanisms 

will have opposite effects on the PL signal and tend to cancel each other out. 

In-situ PL has been used to assess InP surfaces during various cleaning, 

etching steps, oxidation, ambient gas flow, plasma exposure, and heating. 56, 57 In 

some cases, laser-induced interactions were found to alter etch rates, surface 

morphology, and surface contamination. 57 The results are explained by the 

availability of photo-excited electrons and holes that catalyze chemical reactions. 

In-situ PL has also been used to probe the passivation of GaAs with hetero

epitaxially deposited AIGaAs monolayer.58 Timoshenko et a1. extended the in

situ PL technique to evaluate electrochemical treatments of indirect 

semiconductor surfaces, where pulsed excitation is required to obtain a sufficient 
PL signal. S9 

PL intensity is an indicator of interface quality; measurement of the PL 

signal vs. position provides information on the spatial uniformity of interface 

properties. The non-destructive and environment-insensitive features of PL make 

this application particularly useful in the evaluation of substrate surfaces, where 

detection of electrically active features may help to control problems in epitaxial 

devices. Such features might be overlooked in mechanical investigations of 

surface morphology. Although the spatial resolution in a PL scanning application 

is ultimately dictated by surface area and scan time, the diffraction limit of 

approximately 1 ~m can be achieved in the best experimental arrangements. 

These high-resolution schemes must address carrier diffusion, which can smear 

images on a much larger scale. Spatially resolved PL measurements are usually 

accomplished by scanning the optical excitation spot relative to the sample 

surface and detecting the PL signal in the far field. One of the first 



imonstrations of this approach was made by Krawczyk et a1. in an investigation 

of JnP surface treatments.6O By coupling the excitation into one end of an optical 

liber and scanning the other end relative to a focusing objective, they achieved 

resolution of the order of a few microns. They observed wide variation in the PL 

signal on a microscopic scale. 
Although spatially resolved PL usually focuses on the band edge or 

integrated PL signal, spectral selectivity can be incorporated to map the 

distribution of particular surface-states. Tajima used this approach to plot the 

deep-level distribution in the near-surface region of GaAs and Si wafers.61 As 

these states tend to saturate at high excitation, he emphasized the importance of 

using a low laser power and stabilizing the system mechanically to accommodate 

long dwell times. He also pointed out that the surface finish must be controlled 

carefully to avoid surface-treatment-related phenomena like those discussed 

above. The spatial dependence of the PL spectrum itself can be used to evaluate 

wrifonnity of alloy composition, epilayer thickness, and a variety of other 

material properties that affect PL spectra. The PL spectrum has been recorded as 

a function of position, to look for signs of dislocations or residual stress in 

laterally overgrown InP on InP-coated Si substrates.62 Dislocations are expected 

to reduce the PL signal while stress tends to shift and broaden PL peaks. Hence, 

the spatially resolved InP/Si PL was compared with that of lattice-matched InP 

layers grown homo-epitaxially on InP substrates. The measured PL peak was as 

strong and narrow as that of the homo-epitaxial InP with little shift in peak 

wavelength, suggesting that the overgrown layer was free from dislocation and 

stress. In addition, the PL spectrum was independent of position, indicating good 

uniformity in layer quality. 

Fong et a1. used confocal PL to study a GaAsI AlGaAs QW grown on a 

grooved substrate.63 The improved spatial resolution pennitted them to profile 

abrupt fluctuations (on a scale of 1 Jlm) in alloy composition and QW thickness. 

In the confocal measurement, if the detection aperture is translated laterally in 

the image plane, the corresponding detection spot can be maneuvered relative to 

the excitation spot. This technique can be used to monitor the diffusion process 

itself. Hubner et al. measured the diffusion length along semiconductor quantum 

wire structures.64 A variation in carrier transport with wire width is explained by 

changes in side-wall recombination due to different surface-to-volume ratios. 

A more popular technique, known as 'Near-Field Scanning Optical 

Microscopy' (NSOM) utilizes the tip of an extruded optical fiber to excite and/or 

collect the PL emission. NSOM probes are made of silica fibers designed for UV 



transmission, by pulling and subsequent coating with AI to make 100 run optical 

aperture. Tip height regulation is achieved by electrical shear-force detection.65 

The sample is excited through the tip with the 325 nm line of a He-Cd laser. The 

emitted light is collected on the other side of the sample with a high numerical 

aperture microscope objective. The microscopic optical property associated with 

the defect distribution of InGaN alloys, using NSOM has been very well

established.66
-
69 Excitons in narrow quantum wells and wires tend to be localized 

by width fluctuations. This picture was put forth relatively early on the basis of 

observed inhomogeneous and homogeneous PL line widths.70 This picture was 

affirmed using NSOM, where optical spectroscopy of individual excitons was 

carried out.7I
-
77 Based on these PL experiments, it is now clear that narrow 

quantum wells and wires are usually better described as an inhomogeneous 

distribution of zero-dimensional (OD) quantum dots. 

In the characterization of discrete low-energy states, quantitative analysis of 

the decrease in PL intensity with temperature helps to measure the depth of the 

trap. Plotting the log of the PL intensity vs_ the reciprocal of the temperature, the 

slope yields the activation energy for exciting carriers out of the traps. These 

graphs, often referred to as Arrhenius plots, have been used to study interface 

alloy formation in ZnSe/CdSe QWS.78 Temperature is also an important 

parameter in carrier dynamics. At the lowest temperature, excitons dominate 

radiative transitions and thermal energy in this regime leads to difficulties in 

momentum conservation. Because photons have small momentum, only low

momentum excitons can directly recombine. Rising temperatures confound 

recombination by increasing the fraction of excitons with excessive momentum. 

Beyond this regime, the excitons themselves begin to dissociate and the 

oscillator strength of free carriers is usually much smaller than that for 

excitons. In this case, recombining carriers must have equal and opposite 

momentum, a condition that decreases in likelihood as the average energy 

increases. In contrast, non-radiative recombination processes tend to accelerate 

with increasing temperature. In particular, non-radiative interface 

recombination usually involves thermally activated multi-phonon events. 79 

Single photon above-gap excitation takes place very close to the surface, 

whereas two-photon excitation penetrates deep into the bulk. In the former 

experiments, the transient PL indicates short carrier lifetimes that diminish with 

increasing temperature, as expected for non-radiative surface recombination. In 

contrast, relatively long lifetimes are observed under two-photon excitation and 

the lifetime is extended at higher temperatures, indicating that radiative 



tranSitions dominate in the bulk. A good example of this behavior is the single 

and two-photon excitation studies of ZnSe conducted by Wang et al. 36 

polarization is another important parameter in optical measurements. In PL 

experiments, the emission polarization depends on the orientation of the dipole 

oscillators. Ordinarily, all orientations of electron-hole pair recombination 

events are equally probable, and hence the PL is not polarized: However, a 

variation in PL intensity with electric field orientation is sometimes observed. 

The maxima and minima in the polarization-angle-dependent PL signal usually 

occur for electric fields aligned with crystallographic axes. Polarization 

anisotropy in PL can be attributed to bond asymmetries, alloy composition 

modulation, and strain. Vignaud et a1. observed large polarization anisotropy in 

the PL from InAIAslInP hetero-structures.48 They found that the polarization 

angle yielding the maximum PL signal depended on the specific interface 

structure. The polarization anisotropy was tentatively attributed to local 

interface bond asymmetry. Another system that has displayed marked PL 

polarization anisotropy is ZnCdSe/ZnSe QWs, grown on GaAs(llO) surfaces.so 

The . ratio of maximum to minimum polarized PL signals can be calculated 

using Luttinger parameters, which describe the valence band dispersion in the 

semiconductor. Assuming that the Luttinger parameters of ZnCdSe are similar 

to those of ZnSe, the calculated ratio is much smaller than that found 

experimentally. The enhanced polarization anisotropy in this system is 

attributed to compressive strain in the well layer. This interpretation was 

consistent with the observation of a very narrow PL line width in this sample. 

1.5 PC in analysis of semiconductors 

PC is really a complex field since it involves several basic processes such as 

generation, recombination and transport of charge carriers. In order to 

understand these, one requires knowledge of other parameters that are not easy 

to control as these vary tremendously with the material, temperature, doping 

level, presence of donors, acceptors and traps, their concentration, capture cross

section, mobility of the charge carriers, type of electrical contacts, potential 

barriers created near them and unintentionally introduced defect states in the 

growth process. Because of the presence of these parameters and complex 

relationships between them, PC technique alone is not enough and other 

complementary techniques such as Hall- effect and photo-Hall effect, optical 



absorption, reflection and emission data are necessarily needed to interpret the 
results. 

After the very first report on PC in bars of Se, rapid in roads were made in 

this branch of science.sl The next significant publications came from Bube, in 

which many of the typical photoconducting properties of CdSe and CdS crystals 

were explained in terms of the presence and location of particular set of energy 

levels, probably associated with the characteristic crystal defects. 32
, 82, 83 Super

linear PC [a phenomenon where the photo current increases according to a power 

of the excitation intensity greater than unity] was observed in CdSe.84 The 

movement of Fenni level through the region of forbidden gap occupied by a 

class of levels located within the same range was identified to be the cause of the 

super-linear PC.85 Other major contribution came from Moss who studied the 

basis of PC in PbS, PbTe and PbSe and their application in highly sensitive 

Infrared (IR) detectors.86 His major conclusion was that potential barriers are not 

theoretically necessary to achieve very high sensitivities. Ge and Si, which 

where widely being used in transistors and diodes, were little probed for PC. 

Their intrinsic response extending throughout the entire visible region and even 

into the near IR, could be made very effective into the far IR portion of the 

spectrum also upon doping, as reported by Morton et a1.87 IR quenching and a 

slow S-shaped growth of photocurrent in CdS and CdSe were explained based on 

the shift of Fenni level across a defect band lying 0.8-0.6 eV below the 

conduction band in CdS and 0.6-0.3 eV below the CB in CdSe.32 

Characteristic parameters of minority carriers in semiconductors [mainly the 

recombination constants and mobility of minority carriers] were worked by 

Ravich.8s Conclusive results on electron and hole capture rate in Ni doped Ge 

using Photomagnetoelectric (PME) and PC methods were reported.89 The role of 

traps on the PME and PC were theoretically modeled by Zitter.90 His important 

conclusion was that when carriers recombine through traps the excess 

concentrations of mobile electrons and holes were not characterized by a single 

lifetime T . Ryvkn et a1. carried out transient PC studies to investigate the 

kinetics of impurity PC as a method to determine parameters of locallevels.91 A 

theoretical model of impurity centers, distributed below the conduction band, 

was proposed in their report. Recombination and trapping kinetics from the 

application point of view to analyze transient PC decay measurements in 

semiconductors was reviewed by Streetman.92 The role of minority carrier 

trapping in transient measurement was discussed along with the effect of 

recombination in the trapping center. Methods for the calculation of trap density, 



Japture cross-section and level position from the transient measurements at a 

teroperature were proposed.93
, 94 

Fourier transform of the relaxation curves obtained from the PC process was 

used to detect the presen.ce of the delayed component and its parameter, uniquely 

in single crystals of CdTe.9s Time of flight (TOF) type of transient PC 

measurements in studying the nature of charge transport in a-Si:H were reported 

in large volumes.9
6-99 Interrupted transit time (lIT) TOF was successfully used in 

identifying two species of a trap and extracting the hole trapping and release 

times in a-Se layers. 100 Monte-carlo methods were used to study PC transients in 

GaAs. IOI Their results demonstrated that an appropriately designed experiment 

can be used to observe sub-pico second carrier transport transients. 

PC in GaAs-GaAlAs super lattices, grown by molecular-beam-epitaxy, 

showed series of peaks of photon energies corresponding to transition between 

quantum states in the valence and conduction bands. They observed that the 

photocurrent exhibited negative differential conductance when the potential 

energy difference between two adjacent wells of the super lattice exceeded the 

band width of the quantum states. 102 High photoconductive gain in Ge"Sil.JSi 

strained super lattice detectors grown by MBE was demonstrated and the gain 

mechanism was interpreted in terms of preferential hole trapping in the Ge"Sil_x 

wells.lol TOF techniques were applied to study transport of electrons in the 

GaAs/ AlGaAs hetero-structures. 103 By applying a constant background 

illumination, they were able to distinguish between lateral transport processes 

and effects of perpendicular transport processes across the GaAs/AlGaAs 

interface. It was shown that the initial part of the PC signal was due to lateral 

transport only. The in-plane PC response of quaternary InGaAsP/InP super 

lattice was studied by Helgesen et a1. 104 They observed two transitions between 

the confined hole (electron) ground state in the well and the electron (hole) 

continuum. The transition energies gave direct determination of the band offset, 

both in the CB and in the VB. Temperature dependence of current due to photo

excited carriers in p-i-n single quantum well optical modulators was carried out 

to ascertain the transport processes.105 Their model described temperature and 

field dependence of thermal emission, tunneling, mobility and the recombination 
rate. 

Rakhshani measured the planar PC as a function of the incident photon 
en d·ffi 106 ergy at 1 erent temperatures for CdS. From the fit of experimental results 

to the existing models, various opto-electronic parameters, including those 

related to the temperature dependence of band gap, the Urbach tail and the donor 



concentration, were evaluated. In addition to the existing models, the PC model 

was extended to account for the effect of incident light in lowering the grain

boundary potential barrier. This allowed the measurement of both the grain

boundary potential barrier and the energy of the dominant defect level at grain 

boundaries. 

The density of states map in the band gap of a-Si:H was determined by the 

measurement of the photo-transport properties of its majority and minority 

carriers. 107 Their comparison of the observed temperature dependence of the 

photo-transport properties of this material with model simulations suggested that, 

while the conduction-band tail has an exponential distribution of states, the 

valence band tail states have a Gaussian-like distribution. They suggested that 

this distribution is associated with the route through which the transport and 

photo-transport take place. Hence we could conclude that both the recombination 

and transport in undoped single-phase IJ.c-Si:H take place in the disordered layer 

that wraps the crystallites. 

The local photo conductance in polycrystalline CdS films using 

Conductance Atomic Force Microscopy (CAFM) under illumination was 

studied. This revealed that PC along the grain boundaries was excited at photon 

energies significantly smaller than the CdS band gap, Eg, whereas photo

transport through the grains is detected only above Eg• In addition, they observed 

a rather strong persistent PC effect at both conduction channels. 1U8 Balberg et aI., 

applied CAFM to measure the local current routes in ensembles of CdSe nano

crystallites of diameters in the range of 8-12 nm, and found that the electrical 

transport takes place through the crystallites themselves rather than along their 

grain boundaries. 109 Single grain boundaries in CuGaSe2 were grown epitaxially 

by Siebentritt et a1. 110 Their Hall measurements indicated a barrier of 30-40 meV 

to majority carrier transport. However, local surface potential measurements 

show the absence of space charge around the grain boundary; i.e., they were 

neutral. 

Using near-field optical beam induced current, spatially resolved 

photocurrent in polycrystalline CdTe/CdS solar cells were observed and it was 

found that an increased photocurrent collection at grain boundaries (relative to 

the intra-grain volume) occurred. This observation supported previously reported 

hypothesis that grain boundaries present a hole-barrier, thereby assisting in 

charge separation at the grain boundaries in these devices. The results offer 

compelling evidence of the role of grain boundaries in explaining the 

surprisingly high performance of these highly defected devices. 111 Local probe 



study in undoped hydrogenated microcrystalline Silicon [J.1C-Si:H] clearly 

indicated that the dominant transport route in this material was in the disordered 

11 · 1 112 Th· I· tissue that encapsulated the crysta Ites co umns. IS conc USlon seems to 

expl$ the fundamentals of the transport phenomena observed in this system 

and provides a general approach for the evaluation of electrical transport in other 

semiconductor composites. 

1.6 Conclusions 

PC complements PL and hence finds immense application in this new era of 

opto-electronics. The opto-electronics industry that drives investigations on 

layer~ structures, surfaces, interfaces their quality and performance is 

ultimately concerned with the optical and electronic properties. PL spectroscopy 

though an optical tool provides electrical characterization. Although a number 

of experimental techniques can provide detailed mechanical information about 

the samples they typically require more sophisticated excitation or detection 

schemes. PL signal is characterized by three essential features: energy, intensity, 

and polarization. Because PL is the result of optical transitions between 

electronic states, the PL spectrum gives precise information on the energy levels 

available in the material. The intensity of the PL signal depends on the rate of 

radiative and non-radiative events, which in turn, depends on the density of non

radiative interface states. PL measurements are not sensitive to the pressure in 

the sample chamber and can be performed at virtually any temperature. These 

features make PL an excellent in-situ probe of surface or interface modification. 

Variation of the PL signal with external parameters such as temperature and 

applied bias can provide additional information on the nature of interfaces. 

Temperature-dependent thermal activation of electronic states can be used to 

estimate their depth below the intrinsic bands. An applied bias shifts the bands at 

the surface, permitting evaluation of the zero-bias band bending. Applications of 

PL analysis range from simple spatial scans of epitaxial wafers to exhaustive 

investigations of excitation-intensity-dependent PL in novel materials. 

Furthennore, new PL techniques continue to emerge, expanding the arsenal of 

PL analysis. Interfaces are increasingly important in new opto-electronic 

materials where layered structures are becoming thinner and more complex. 

Although PL measurements have been useful for the characterization and 

refinement of such materials, they can be expected to play an even greater role in 
the future. 



PL and PC serve as the ideal combination for the Photovoltaic industry. 

Tools which are fast and powerful in quantifying flaws in the wafers in the 

production line are sought after as it will lead to reduction in loss of material, 

energy and man power on defective wafers. Investigations on photonic devices 

have convincingly proved that there are dramatic changes in optical and 

electrical properties when the dimension of the system is changed from three to 

two to one (quantum wire). PL and PC have many applications in devices which 

are fine combination of art, science and technology. The next season of advances 

in PL and PC will be based on studying biological systems and micro-or 

nanostructures or a combination of both using these tools. 

1.7 Reference 

1. Charles Kittel, Introduction to Solid State Physics, 7th ed. John Wiely and 

Sons, Inc. (Asia) (1996). 

2. Richard Bube, H., Photo electronic Properties of Semiconductors, 

Cambridge University Press, Cambridge (1992). 

3. Richard Bube, H., Electronic Properties of Crystalline Solids, Academic 

Press, NY (1974). 

4. Vavilov, S. L, J. Phys. U.S.S.R., 10,499 (1948). 

5. Curie, D. and Garlick, G. F. J., Luminescence in Crystals, John Wiley and 

Sons Inc, NY (1963). 

6. Pallab Bhattacharya, Semiconductor Opto-electronic Devices, 2nd ed. 

Pearson education, Singapore (2002). 

7. Pankove, J. L, Optical Processes in Semiconductors, Dover Publication, Inc. 

NY (1971). 

8. Bardeen, J., Blatt, F. J. and Hall L. H., Proc. of Atlantic city 

Photoconductivity Conference (1954), 1. Wiley and Chapman and Hall, p. 

146 (1956). 

9. Vij, D. R., Luminescence of Solids, Plenum Press, NY (1998). 

10. Keer, H. V., Principles of Solid State, Newage International (P) Ltd, New 

Delhi (2000). 

11. Elliott, R. J., Phys. Rev. 108, 1384 (1957). 

12. Haynes, J. R., Phys. Rev. Lett. 4, 361 (1960). 

13. Lamperrt, M. A., Phys. Rev. Lett. 1,450 (1958). 

14. Haynes, J. R., Phys. Rev. Lett. 17, 860 (1966). 



IS. Benoit-a-la-Guillaume, C., Salvan F. and Voos, M., Bull. Am. Phys. Soc. 14, 

867 (1969). 

16. Hopfield, J. J., Proc. 7 th Int. Conf. Phys. Semiconductors, Paris (Dunod) 

p.72S (1964). 

17. Pankove, 1. I., Proceedings of the International Conference on the Physics of 

Semiconductors, Kyoto (1966). 

18. Ryvkin, M., Phys. Stat. Sol. 11, 285 (I 965). 

19. Ascarelli, G. and Rodriguez, S., Phys. Rev. 124, 1321 (1961). 

20. Jayakrishnan, R., Deepa, K. G., Sudha, Kartha, C., Vijayakumar, K. P., J. 

Appl. Phys. 101,046104 (2006). 

21. Dumke, W. P., Phys. Rev. 132, 1998 (1963). 

22. Williams, E. W. and Brit, 1. Appl. Phys. 18,253 (1967). 

23. Hopfield, 1.1., Phys. Semicond. Paris. p. 725 (1964). 

24; Thomas, D. G., Gershenzon, M. and Trumbore, F. A, Phys. Rev. A, 133, 

269 (1964). 

25. Dean, P. J., Progress in Solid State Chemistry (Pregamon, Oxford), vol 8, 

(1973). 

26. Williams, F., Phys. Stat. Sol. 25, 493 (1968). 

27. Radomsky, L. Y., Yi G. 1. and Neumark, G. F., Appl. Phys. Lett. 64, 1027 

(1994). 

28. Callaway, J., 1. Phys. Chem. Solids 24, 1063 (1964). 

29. Zott, S., Leo, K., Ruckh, M. and Schock, H. W., Appl. Phys. Lett. 68 (8), 

1144 (1995). 

30. Eliam Zacks, H. and Halperin, A, Phys. Rev. B, 6, 3072 (1972). 

31. Pankove, J.1., J. Phys. Chem. Solids. 6, 100 (1958). 

32. Richard Bube, H., Phy. Rev. 99(4),15 (1955). 

33. Ben Streetman, G., Solid State Electronic Devices 5th Ed. Prentice-Hall Inc, 
(2000). 

34. Thyagi, M.S., Introduction to Semiconductor Material and Devices, John 

Wiley & Sons (1991). 

35. Timothy Gfroerer, H., Photoluminescence in Analysis of Surfaces and 

Interfaces, Encyclopedia of Analytical chemistry, John Wiely & Sons Ltd., 

Chichester, p. 9209 (2000). 

36. Garcia-Garcia, J., Gonzalez-Hernandez, J., Mendoza- Alvarez, J. 

G., Cruz, E.L. and Contreras-Puente, G., 1. Appl. Phys. 67, 38lO (1990). 

37. Wang, H., Wong, K. S., Foreman, B. A, Yang, Z. Y. and Wong, G. K. L., 1. 

Appl. Phys. 83,4773 (1998). 

53 



38. Hollingsworth, R. E. and Sites, J. R., J. Appl. Phys. 53,5357 (1982). 

39. Van Ryswyk, H. and Arthur Ellis, B., J. Am. Chem. Soc. 108, 2454 (1986). 

40. Uosaki, K., Shigematsu, Y., Kaneko, S. and Kita, H., J. Phys. Chem. 93, 

6521 (1989). 

41. Mettler, K. Appl. Phys. 12, 75 (1977). 

42. Olson, J. M., Ahrenkiel, R. K., Dunlavy, D. J., Keyes, B. and Kibbler, A. E., 

Appl. Phys. Lett. 55, 1208 (1989). 

43. Komiya, S., Yamaguchi, A and Umebu, 1., Solid State Electron. 29, 235 

(1986). 

44. Mullenborn, M. and Haegel, N. M., J. Appl. Phys. 74, 5748 (1993). 

45. Yoshida, T., Hashizume, T. and Hasegawa, H., Jpn. J. Appl. Phys. 36, 1453 

(1997). 

46. Ding, Y. J., Guo, C. L., Khurgin, J. B., Law K. K. and Men, J. L., Appl. 

Phys. Lett. 60, 2051 (1992). 

47. Ding, Y. J., Reynolds, D. C., Lee, S. J., Khurgin, J. B., Rabinovich, W. S. 

and Katzer, D. S., Phys. Lett. 71, 2581 (1997). 

48. Vignaud, D., Wallart, X., Mollot, F. and Sermage, B., J. Appl. Phys. 84, 

2138 (1998). 

49. Thewalt, M. L. W., Steele, A G. and Huffman, J. E., Appl. Phys. Lett. 49, 

1444 (1986). 

50. Akimoto, K., Tarnamura, K., Ogawa, J., Mori, Y. and Kojima, C., J. Appl. 

Phys. 63, 460 (1988). 

51. Henry, A., Monemar, B., Lindstrom, J. L., Bestwick, T. D. and Oehrlein, G. 

S., J. Appl. Phys. 70, 5597 (1991). 

52. Foad, M. A, Watt, M., Smart, A P., Sotomayor Torres, C. M., Wilkinson, 

C. D. W., Kuhn, W., Wagner, H. P., Bauer, S., Leiderer, H. and Gebhardt, 

W., Sernicond. Se!. Technol. 6, AIl5 (1991). 

53. Joyce, M. J., Gal, M. and Tann, J., J. Appl. Phys. 65, 1377 (1989). 

54. Xu, L., Huang, X., Huang, H., Chen, H., Xu, J. and Chen, K., Jpn. J. 

Appl. Phys. 37, 3491 (1998). 

55. Guimaraes, F. E. G., Elsner, B., Westphaien, R., Spangenberg, B., Geelen, 

H. J., Balk, P. and Heime, K., J. Cryst. Growth, 124, 199 (1992). 

56. Chang, R. R., Iyer, R. and Lile, D. L., J. Appl. Phys. 61,1995 (1987). 

57. Frenck, H. J., Kulisch, W. and Kassing, R., Proc. SPIE, 1144,250 (1989). 

58. Sandroff, C. J., Turco-Sandroff, F. S., Florez, L. T. and Harbison, J. P., J. 

Appl. Phys. 70,3632 (1991). 



59. Timoshenko, V. Yu., Rappich, J. and Dittrich, Th., Appl. Surf. Sci. 123/124, 

111 (1998). 

60. Krawczyk, S. K., Garrigues, M. and Bouredoucen, H., J. Appl. Phys. 60, 392 

(1986). 

61. Tajima, M., J. Cryst. Growth, 103, 1 (1990). 

62. Naritsuka, S. and Nishinaga, T., J. Cryst. Growth, 174,622 (1997). 

63. Fong, Y. -C., Annour, E. A, Hersee, S. D. and Brueck, S. R. J., J. Appl. 

Phys. 75,3049 (1994). 

64. Wolford, D. J., Gilliland, G. D., Kuech, T. F., Smith, L. M., Martinsen, J., 

Bradley, J. A, Tsang, C. F., Venkatasubramanian, R., Ghandi, S. K. and 

Hjalmarson, H. P., J. Vac. Sci. Technol. 89,2369 (1991). 

65. Brunner, R., Bietsch, A, Hollricher, O. and Marti, 0., Rev. Sci. Instrum. 68, 

1769 (1997). 

66. Liu, Perkins, J., Horton, N. R., Redwing, J. M., Tischler, M. A and Kuech, 

T. F., Appl. Phys. Lett. 69, 3519 (1996). 

67. Crowe11, P. A, Young, D. K., Keller, S., Hu, E. L. and Awschalom, D. D., 

Appl. Phys. Lett. 72, 927 (1998). 

68. Vertikov, A, Kuball, M., Nurmikko, A V., Chen, Y. and Wang, S. Y., 

Appl. Phys. Lett. 72, 2645 (1998). 

69. Jeong, M. S., Kim, J. Y., Kim, Y. -W., White, J. 0., Suh, E. -K., Hong, C.

H. and Lee, H., J. Appl. Phys. Lett. 79, 976 (200 I). 

70. Hegarty, J., Sturge, M. D., Weisbuch, C., Gossard, A C. and Wiegmann, W., 

Phys. Rev. Lett. 49, 930 (1982). 

71. Hess, H. F., Betzig, E., Harris, T. D., Pfeiffer, L. N. and West, K. W., 

Science, 264, 1740 (1994). 

72. Zrenner, A, Butov, L.V., Hagn, M., Abstreiter, G., B6hm, G. and Weimann, 

G., Phys. Rev. Lett. 72, 3382 (1994). 

73. Gammon, D., Shanabrook, B. V. and Katzer, D. S., Appl. Phys. Lett. 57, 

2710 (1990). 

74. Gammon, D., Snow, E. S., Shanabrook, B. V., Katzer, D. S. and Park, D. 

Phys. Rev. Lett. 76, 3005 (1996). 

75. Ghaemi, H. F., Goldberg, B. B., Cates, C., Wang, P. D., Sotomayor Torres, 

C. M., Fritze, M. and Nurmikko, A, Superlattices Microstruct. 17, 15 
(1995). 

76. Bonadeo, N. H., Gang Chen, Gammon, D., Katzer, D. S., Park, D. and Steel 

D. G., Phys. Rev. Lett. 81,2759 (1998). 



77. Hasen, J., Loren Pfeiffer, N., Aron Pinczuk, Song He, Ken West, W. and 

Brian Dennis, S., Nature (London) 390,54 (1997): 

78. Zhu, Z., Yoshihara, H., Takebayashi, K. and Yao, T., J. Cryst. Growth, 138, 

619 (1994). 

79. Molenkamp, L. W. and van't Blik, H. F. J., J. Appl. Phys. 64,4253 (1988). 

80. Ko, H. -c., Park, D. -C., Kawakami, Y. and Fujita, S., Semicond. Sci. 

Technol. 11, 1873 (1996). 

81. Willoughby Smith, Nature 7 (173), 303 (1873). 

82. Richard Bube, H. and Thomsen, S.M., J. Chem. Phys. 23, 15 (1955). 

83. Richard Bube, H., J. Chem. Phys. 23, 18 (1955). 

84. Swith, R. W., RCA Rev. 12,350 (1951). 

85. Richard Bube, H., Photoconductivity Conference, p. 575 (1954). 

86. Moss, T. S., Proceedings of the IRE, 43 (12), 1869 (1955). 

87. Sehultz, M. L. and Morton, G. A, Proceedings of the IRE, 43(12), 1819 

(1955). 

88. Ravieh, Yu. 1., Soviet Physics-Solid State, 3(5), 1162 (1961). 

89. Tseng, H. F. and Li, S. S., Phys. Rev. B, 6(8); 3066 (1972). 

90. Zitter, R. N., Phys. Rev. 112(3), 852 (1958). 

91. Ryvkin, S. M., Paritskii, L. G., Khansevaov, Vu. R., and Yaroshetskii, 1. D., 

Soviet Physics-Solid State, 3( 1), 185 (1961). 

92. Streetman, B. G., J. Appl. Phys. 37 (8), 3137 (1966). 

93. Baicker, J. A, Phys. Rev. 129,1174 (1963). 

94. Joshi, N. V. and Martin, J. M., Phys. Lett.113A (6), 318 (1985). 

95. Marshall, J. M., Street, R. A and Thompson, M. J., J. Non-Cryst. Solids, 66, 

175 (1984). 

96. Spear, W. E., J. Non-Cryst. Solids, 59-60, 1 (1987). 

97. Street, R. A, Appl. Phys. Lett. 41, 1060 (1982). 

98. Tiedje, T., Abeles, B., Morel, D. L., Moustakas, T. D. and Wronski, C. R., 

Appl. Phys. Lett. 36, 695 (1980). 

99. Kasap, S. 0., Thankur, R. S. P, and Dodds, D., J. Phys. E: Sei. Intsruments, 

21, 1195 (1988). 

lOO. Chamoun, S. N., Joshi, R., Amold, E. N., Grondin, R. 0., Meyer, K. E., 

Pessot, M., and Mourou, G. A, J. Appl. Phys. 66 (1), 236 (1989). 

101. Tsu, R., Chang, L. L., Sai-Halasz, G. A and Esaki, L., Phys. Rev. Lett. 

34(24), 1509 (1975). 

102. Temkin, H., Bean, J. c., Pearsall, T. P., 0lsson, N. A. and Lang, D. V., 

Appl. Phys. Lett. 49(3), 155 (1986). 



103. Zwaal, E. A. E., Gorissen, W. T., Haverkort, J. E. M., van Hall, P. J., and 

Wo Iter, J. H., Solid-State Electronics, 32(12), 1109 (1989). 

104. Zachau, M., Helgesen, P., Kux, A., Koch, F., Grutzmacher, D., Meyer, R., 

Jurgensen, H. and Balk, P., Super-lattices and Microstructures, 5(1), 1921 

(1989). 

105. Vickers, A. J., Wicks, V. R., Rivers, A, Roberts, J. and Mistry, P., J. 

Modern Optics, 37(4), 653 (1990). 

106. Rakhshani, A E., J. Phys.:Condens. Mater. 12,4391 (2000). 

107. Balberg, I., Dover,Y., Naides, R., Conde, J. P. and Chu, V., Phys. Rev. B, 

69,035203 (2004). 

108. Azulay, D., Millo, 0., Silbert, S., Balberg, I. and Naghavi, N., Appl. Phys. 

Lett. 86, 212102 (2005). 

109. Toker, D., Balberg, I., Zelaya-Angel, 0., Savir, E. and Millo, E., Phy. Rev. 

B, 73, 045317 (2006). 

110. Susanne Siebentritt, Sascha Sadewasser, Mark Winuner, Caspar Leendertz, 

Tobias Eisenbarth and Martha Ch. Lux-steiner, Phy. Rev. Lett. 97, 146601 

(2006). 

111. Snith, S., Zhang. P., Gessert, T. and Mascarenhas, A, Appl. Phys. Lett. 85 

(17), 3854 (2004). 

112. Azulay, D., Balberg, I., Chu, V., Conde, J. P. and Millo. 0., Phy. Rev. B, 

71, 113304 (2005). 

57 



CHAPTER 2 

A System for Low Temperature Photo-luminescence and 
Photo-conductivity Studies 

Whole wafer processing for the fabrication of opto-electronic devices 

provides significant advantages in terms of ease of handling and 

increased potential yield_ Howeva it imposes a stringent demand on 

the development of non-destructive and spatially resolved analytical 

methods to characterize substrates, epitaxiallayers and devices_ In the 

present work, a photoluminescence (PL) system has been developed 

which allows quantitative study of semiconductor thin films through 

spectral information. This leads to the optimization of material 

quality related to electrical and/or optical properties and helps in 

standardizing conditions required for the deposition of higher quality 

and highly uniform thin films. This system with surface scanning 

facility has the capacity to quantitatively map films as large as lcm2 

at 12 K and 5 cm X 5 cm at 300 K, with a minimum sampling grid 

size of 0.225 pm. PL signals in the wavelength range from 350 to 1730 

nm can be measured with appropriate choice of spectrophotometer. 

Excitation energy can be selected by selecting the required laser source 

while the excitation intensity can be varied using neutral density 

filters. Sample temperature can be varied by keeping it on the cold 

head of a closed cycle liquid He- cryostat. Facilities for spatial 

measurement at a single wavelength (topography), spatial mapping of 

PL peak wavelength and excitation/intensity dependent studies are 

provided in the system. In addition to this, the system can also be used 

for the low temperature PC characterization. The details of the 

experimental set up are described in this chapter. 



2.1 Characterization using photo-luminescence mapping and 
photo-conductivity: An introduction 

Optical spectroscopy experiments require three basic elements: a light source, a 

light dispersing element and a light detector. Rapid development in 

spectroscopic instruments occurred in the 19th century, as a result of 

understanding the nature and properties of light. l Kirchhoff realized that each 

element shows a characteristic absorption and emission line and hence the 

technique could become a powerful tool in qualitative analysis of elements. The 

Sun was replaced by different arc sources, which could be used as light sources. 

Theory of diffraction inspired Fraunhofer to invent a new light dispersing 

element: the grating. Invention of photo-emissive cell with a number of electron 

multiplier steps, led to the development of the Photo Multiplier tubes (PMTs), 

which could be used as a sensor from ultraviolet (UV), to near IR regions. 

Success in optical spectroscopy grew with rapid technological development 

occurring on the three elements, mentioned earlier. The field of luminescence 

spectroscopy expanded after World War 11, partly because of the wide 

application of luminescent materials in devices like fluorescent tubes, color 

television screens, night viewers, X-ray photography and scintillators. 

The spatial dependence of optical properties of materials is often neglected 

which can result in two of the following ways. One is the case in which atomic 

composition or structure is not homogenous. (In this case the spatial variation 

can be analyzed using mapping2
) In the other case, there exists a spatial 

correlation in solids. If there is a migration of energy or particles in solids, the 

spatial dependence can appear in macroscopic optical properties.3
• 4 Both optical 

(luminescence) and electrical (transport) properties are important in materials 

used for opto-electronic devices. PL has been used as a non-destructive tool for 

the evaluation of quality of semiconductor substrates and thin films. 5
.
7 PL 

spectroscopy is widely used to characterize impurities and defects in 

semiconductors. The PL measurement at low temperature makes the spectral line 

very sharp and strong. This is specifically important for the case of band edge 

PL, related to shallow impurities. PL characterization using band edge PL 

emission at low temperature has been standardized for impurity analysis in Si by 

'American Standards for Testing and Materials'.s The band edge PL is 

detectable at room temperature under strong excitation condition. Mapping of 

the band edge PL has been shown to be useful to characterize the homogeneity 

of the crystalline quality of semiconductor wafers.
9

•
11 Deep level PL 

spectroscopy has been applied on GaAs and Si crystals and a direct correlation 



'between deep level PL and micro-defects have been recognized.12
• 13 The thennal 

quenching and broadening effects are much smaller in deep-level PL than those 

for band edge PL; therefore, the fonner dominates the spectrum with the spectral 

shape similar to that at low temperature. This makes the radiative recombination 

process very simple, leading to semi-qualitative mapping of defects responsible 

for deep-level pL,14 
Photoconductivity [PC] is a phenomenon usually observed in semiconductor 

materials. Its measurement pennits one to obtain important information about the 

lifetime and diffusivity of radiatively excited carriers. IS Since PC is observed in 

semiconductors, the measurement methods deal with high-resistivity samples 

(tens to hundreds of Ocm).16 PC decay experiments, in particular the decay of 

photo current from the steady state after an abrupt termination of illumination, 

allow calculation of drift mobility of minority earners, which is an important 

parameter describing the opto-electronic quality of crystalline and amorphous 

semiconductors.17 Measurement of PC at different incident photon energies and 

intensities at different temperatures provide valuable infonnation on the opto

electronic properties of the material. 18 Opto-electronic properties are very 

sensitive to the presence of impurities. A significant concentration of undesired 

impurities and defects that give rise to recombination centers which control the 
minority carrier lifetime (r) have decisive influence on the perfonnance of 

devices based on these excess carriers. The minority carrier lifetime provides 

information on fast or slow nature of the recombination of the carriers, taking 

place in that semiconductor material. Since impurities present in the 

semiconductor lead to creation of recombination centre directly or by causing 
defects in the semiconductor, the value of (r) is intimately related with the 

concentration of the impurities. Alternately, value of (T) provides a direct 

assessment of the quality of the material for various device applications. 19 

PL mapping system has been developed by the Hewlett-Packard Opto

electronics Division, for the measurement of III-V semiconductor epitaxiallayer 

uniformity in light-emitting diode (LED) device structures. It has been used as an 

aid in the development of new epitaxial growth processes and as a quality 

screening method for cost reduction in a 'high volume' production line.20 The 

high production cost of the conventional Si solar cells makes it essential· to 

search for cheaper methods and materials for solar energy conversion. Cheaper 

methods and materials must be complemented with cheaper and robust tools to 

characterize in-situ the production as well as to diagnose faults. This would cut 

short production cost by eliminating material and labor loss on faulty panels. PL 

technique has practical advantages of being non-destructive, capable of 



delivering high spatial resolution and lacks the requirement of a special 

environment (low temperature, high vacuum etc.) for measurement. Correlating 

the operational characteristics of semiconductor devices, based on the radiative 
recombination and carrier lifetime (T), will yield industry related processes an 

advanced characterization tool where quality analysis and testing of each wafer 

in a batch process can be done using PL and PC. 

2.2 Requirements for the fabrication of a PL mapping and PC 
measurement system 

The PL system basically requires four elements: Excitation source, Light 

dispersing system, Signal collection system and Detection system. 

Characteristics of these fundamental elements have changed over the years, but 

the basic experimental principles have remained the same. 

A) Excitation System 

Excitation System used in optical spectroscopy has evolved over time. The 

Sun was originally used as the light source, which got replaced with different 

kinds of arc lamps and many of these are today replaced by laser systems. 

(A. 1) White light source: White light source has broad optical bandwidth. 

There are two kinds of white light sources: incandescent and arc. The former one 

acts as black body radiator in which high temperature is achieved by using a 

Tungsten filament in combination with halogen in the bulb, to regenerate the 

slowly evaporating Tungsten wire. These lamps can be used as excitation 

sources in the visible and IR region. But these can not be used in the UV range 

where arc lamps have to be used. Arc lamps create radiation by discharging 

energy through ionized gases. In low pressure discharge lamps, the characteristic 

lines of atoms in the discharge are emitted. At high pressure and temperature, a 

continuous background is there owing to broadening of the spectral lines. The 

most widely used arc lamps are those of high pressure Xenon, Mercury and 

Deuterium.21 Xe and Hg lamps give a continuous background between 220 to 

2000 nm. On top of the background, the line spectrum is visible which is 

undesirable for a continuous excitation source. For Hg, the line spectra are more 

prominent and hence Xe lamps are more prominently used in spectro

flurometers. Deuterium lamps produce a good continuous spectrum at short 

wavelengths and can be used for measurements below 240 nm. 



(A.2) Lasers: Lasers are the perfect excitation sources which are highly 

monochromatic, having very high power density, small divergence, high 

coherence, and capable of emitting very short pulses. Different kinds of lasers 

food application in different areas of optical spectroscopy. Three kinds of laser 

systems are commonly~) Gas lasers 22.23 (b) Dye lasers 24 and (c) Solid (. 

state lasers.25 In gas lasers, an electric current is discharged through a gas to 

produce light. The first gas laser constructed was Helium-Neon laser. Carbon 

dioxide laser, Argon ion laser etc. come under this category. A dye laser uses an 

organic dye as the 'lasing medium', usually as a liquid solution. Compared to 

gases and most solid state lasing media, a dye can usually be used for a much 

wider range of wavelengths. The wide bandwidth makes them particularly 

suitable for tunable lasers and pulsed lasers. A solid-state laser is the one that 

uses a solid gain medium. Generally, the active medium of a solid-state laser 

consists of a glass or crystalline host material to which a dopant is added such as 

Neodymium, Chromium, Erbium, etc. Many of the common dopants are rare 

earth elements, because the excited states of such ions are not strongly coupled 

with thermal vibrations of the crystalline lattice (phonons), and the lasing 

threshold can be reached at relatively low brightness of pump. Most common 

type is Neodymium doped Yttrium Aluminium Garnet (Y AG).26 

B) Light Dispersing Elements: 

Light dispersing elements in luminescence spectroscopy are necessary due to 

the following requirements: 

l.To produce monochromatic light from a continuous light source 

2.To analyze the wavelength distribution in the emitted light. 

The commonly used light dispersing elements are monochromators based on 

gratings or pristns and interferometers.27 In luminescence spectroscopy, the most 

commonly used light-dispersing element is the grating monochromator. 

(B.l) Grating monochromator: Among the monochromators with flat 

gratings (Ebert, Czerny-Turner, and Littrov) and with curved grating (Rowland, 

Passchen-Runge and Wadsworth), the most popular design is the Czerny-Tumer 

(C-T) configuration as shown in Fig. 2.1. In C-T configuration, the broad band 

illumination is focused to the entrance slit. The amount of light energy available 

for the system depends on the intensity of illumination and the acceptance angle 

of the optical system. The slit is placed at the focal point of a curved mirror so 

that light reflected from the mirror is collimated (focused at infinity). The 

collimated light is made incident on the diffraction grating. Gratings are made by 

ruling or etching a series of lines onto a polished reflecting surface. The number 



of lines varies from 300 to 3600 lines/mm. A diffraction grating is basically an 

optical component with surface covered by a regular pattern of parallel lines, 

typically the distance between the lines is comparable to the wavelength of light. 

The intensity distribution function is given by 28 

(2.1 ) 

where f3 = (1/2)kh sin Band r = (l/2)kh sin ~, and N is the number of lines 

in the grating of width b and separation h. Principal maxima occur within the 
envelope at y = nJi , n = 0,1,2 ... that is, 

nA = hsinB (2.2) 

which is the grating formula, giving the relation between wavelength and 

angle of diffraction. The integer 'n' is called the "order of diffraction". Also, 

resolving power of the grating is equal to the number of grooves/mm 'N' 

multiplied by the order number n. The diffracted light is then focused on to the 

exit slit with the help of another curved mirror. The dispersed beams appear on 

the exit slit, at a particular wavelength. The angle of incidence on the diffraction 

grating can be controlled from outside. Rotation of the dispersing element causes 

the band of colors to move relative to the exit slit. Thus light output at a 

particular wavelength can be adjusted by controlling the angle of incidence at the 

grating element. 

Fig. 2.1: Arrangement in a C-T Mounting. 

The angular dispersion of a grating IS an important parameter for its 

performance which is given as 29 

(2.3) 



In practice, the linear dispersion is more important, which represents the 

linear distance between two diffracted wavelengths at the exit slit. The linear 

dispersion depends on the focal length of the monochromator and is given by 29 

dxld).=njldcosOd [mmlmm] (2.4) 

where dx / d)' is the linear dispersion at the exit slit and f is the focal length 

of the monochromator. In order to improve the efficiency of the light throughput 

in a monochromator, gratings are ruled at a specific angle with the grating 
surface, Ob' known as the 'blaze angle'. The intensity of the diffracted light is 

highest in the direction for which the grooves act as a mirror (angle of reflection 

from the grating surface). The blaze angle is related to the blaze wavelength by 29 

(2 .. 5) 

The efficiency remains high for several hundreds of nanometers around the 

'blaze wavelength'. Another important aspect of the monochromator is its 
f number. The f number of a monochromator is defined as f / W, the focal 

length divided by diameter of the focusing optics in the monochromator. The 
highest collection efficiency and resolution are achieved if the f number of the 

light collecting optics (lens) matches with that of the monochromator. The 
f number of a lens is defined as the focal length divided by the diameter of the 

lens. If the f numbers of the lens and monochromator match, the light exactly 

fills the grating. If the f number of the focusing lens is too small then the light 

over fills the grating and causes lowering of efficiency by loss of light and if the 
f number is too large, the grating will only be partially filled and number of 

rulings used will be smaller and lead to lower resolution. 

C) Signal Collection System: Fiber optic collimator 

An optical fiber (or fibre) is a glass or plastic fiber, designed to guide light 

along its length, by confining as much light as possible along its axis. In fibers 

with large core diameter, the confinement is based on total internal reflection.28 

In core fibers with small diameter, (widely used for most communication links 

longer than 200 meters) the confinement relies on establishing a waveguide.29 

Light can be guided along the fibre if it enters at an angle, less than the critical 

angle. For step index fibre, light entering the fibre will be guided, if it falls 

within the acceptance cone of the fiber. The term 'optical fiber' covers a range 

of different designs including graded-index optical fibers, step-index optical 

fibers, bi-refringent polarization-maintaining fibers and more recently photonic 

crystal fibers. The fiber consists of a core surrounded by a cladding layer. To 



confine the optical signal in the core, the refractive index of the core must be 

greater than that of the cladding. The boundary between the core and cladding 

may either be abrupt, [as in step-index fiber] , or gradual, [as in graded-index 

fiber]. For step-index multimode fiber, the acceptance angle is determined only 

by the indices of refraction 30 

(2.6) 

where nj is the refractive index of the fiber core, n2 is the refractive index of the 

cladding and half-angle of the acceptance cone is called the acceptance angle, 

8max• The same relation holds for the numerical aperture (NA) for any kind of 

fiber. For maximum signal collection, there has to be a match between the NA of 

the fiber and the lens or system of lenses used. 

The angular acceptance of a lens is expressed by the f number (jl#), and for 

a thin lens, imaging an object at infinity, it is given by 31 

f /#~ l/2NA (2.7) 

This approximation holds well when the numerical aperture is small. The f

number describes the light-gathering ability of the lens. In optical design, the 

finite distance between the object and the lens must often be considered. In these 
cases, the "working f number" is used instead. The working f number is 

defined by making the approximate relation above exact: 

f /# w = 1 / 2NA ~ (1- m)(f /#) (2.8) 

where f /# w is the working f number and 'm' is the lens's magnification for 

!'. i 

i\< 
11/ 
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Fig.2.2: Propagation of light through a multi-mode optical fibre. 

PL signal is emitted maximum at an angle 90° to the incident beam where 

there is minimum scattering. The emitted radiation can be collected by using a 



system of lens and optical fibers which constitute the signal collection system 

(Fig. 2.2). Emission signals are allowed to fall in the acceptance cone with the 

help of a lens or a combination of lenses. This combination of the lenses and 

optic fibre is called "fibre optic collimator". 

DJ Detection System 

Success of the PL experiment depends on the ability to detect weak signals. 

The most commonly used detection systems are Photo Multiplier Tubes (PMT), 

Diode Detectors and Charge Coupled Devices (CCD). Of these, PMT is the most 

widely used one because of its high sensitivity and ability to do even single

photon counting. Progress in CCD technology has made it very sensitive today 

which competes with the conventional PMT in their signal-to-noise detection 

limit. Various detection techniques such as lock-in amplifier and boxcar 

averaging can be used to improve the signal-to-noise ratio. 

(D.I) Photo Multiplier Tube (PMT) 33: Photo multiplier tubes or PMTs are 

extremely sensitive detectors of light in the UV, visible and near IR region. 

These detectors multiply the signal produced by incident light by as much as 108
, 

from which single photons can be resolved. Incident photons strike the 

photocathode material, which is present as a thin deposit on the entry window of 

the device; this results in emission of electrons as a consequence of the 

photoelectric effect. These electrons are directed by the focusing electrode 

towards the electron multiplier, where electrons are mUltiplied by the process of 

secondary emission. 

The electron multiplier consists of a number of electrodes, called 'dynodes'. 

Each dynode is held at a more positive voltage than the previous one. The 

electrons leave the photocathode, having the energy of the incoming photon 

(minus the work function of the photocathode). As they move towards the first 

dynode they are accelerated by the electric field and arrive with much greater 

energy. On striking the first dynode, more low energy electrons are emitted and 

these, in turn, are accelerated towards the second dynode. The geometry of the 

dynode chain is such that a cascade occurs with an ever-increasing number of 

electrons being produced at each stage. Finally the anode is reached where the 

accumulation of charge results in a sharp current pulse, indicating the arrival of a 

photon at the photocathode. 

(D.2) Diode Detector or Photodiode 34: Beyond 900 run, where the 

sensitivity of the PMT is poor, the photodiodes, which are photovoltaic 

detectors, are used. A photodiode is a semiconductor diode that functions as a 

photo-detector. Photo diodes are having either a window or optical fibre 

"" 



connection, in order to let in the light to the sensitive part of the device. They 

may also be used without a window to detect vacuum UV or X-rays. A 

photodiode is a junction, having either p-n or p-i-n structure. When a photon of 

sufficient energy strikes the diode, it excites an electron thereby creating a 

mobile electron and a positively charged 'hole'. If the absorption occurs in the 

junction's depletion region, or one diffusion length away from it, these carriers 

are swept from the junction by the built-in field of the depletion region, 

producin a hotocurrent. 

Incident 
photon 

~ Scmtillator 

light 
photon 

Electrical 
connectors 

Photo multiplier tube (PMT) 

Fig. 2.3: Schematic of a working of a Photomultiplier tube. 

The highest sensitivity is obtained when the signal from the photodiode is 

amplified with an operational amplifier. Photodiodes suffer from a relatively 

high noise. Photodiodes can be used under either zero bias (photovoltaic mode) 

or reverse bias (photoconductive mode). In the former case, light falling on the 

diode causes a current across the device, leading to forward bias which in turn 

induces "dark current" in the opposite direction to the photocurrent. Reverse bias 

induces only little current (known as 'saturation' or 'back current') along its 

direction. But a more important effect of reverse bias is widening of the 

depletion layer (hence expanding the reaction volume) and strengthening the 

photocurrent. Circuits based on this effect are more sensitive to light than the 

ones based on the photovoltaic effect and also tend to have lower capacitance, 

which improves the response speed. On the other hand, the photovoltaic mode 

tends to exhibit less electronic noise. Avalanche photodiodes have a similar 

structure, but these are operated with much higher reverse bias. This allows each 

photo-generated carrier to be multiplied by avalanche breakdown, reSUlting in 

internal gain within the photo diode, which increases the effective responsivity of 

the device. 
(D.3) Charge Coupled Device (CCD) 35: A charge-coupled device (CCD) is 

an image sensor, consisting of an integrated circuit, containing an array of linked 

or coupled, capacitors sensitive to light. The light-sensitive capacitors detect the 



intensity of light received and convert it into an electrical signal. Under the 

control of an external circuit, each capacitor can transfer its electric charge to 

one or the other of its neighbors. CCDs are used in digital photography and 

astronomy (particularly in photometry, optical and UV spectroscopy and high 

speed techniques such as lucky imaging). A CCD consists of an array of metal 

oxide semiconductor (MOS) capacitors which are made from p- type silicon or 

grown on insulating layer of Si02• On top of the Si02 layer, a thin metal 

structure (called gate) is deposited. Electric contacts are made on the gates and 

the Si substrate. Illumination of MOS capacitor results in generation of free 

electrons and holes. When a positive voltage is applied to the gate, the holes are 

pushed away from it. The electrons are collected at the Si-Si02 interface under 

the gate as long as the potential is applied·to the gate. The number of electrons 

trapped under the gate is proportional to the number of incident photons. Charge 

coupled devices can be used as a form of memory or for delaying analog, 

sampled signals. 

The charge is moved through arrays to the horizontal array and from there to 

the detector. Here the number of stored electrons from every pixel is measured. 

The number of electrons, which is proportional to the incident light intensity at 

every point on the CCD plate, is known after a readout procedure and the image 

is made available on a screen which can be processed with a computer. The 

sensitivity of CCD is very high; but thermal electrons are the main source of 

noise. By cooling the CCD, the noise can be reduced. The resolution of a CCD 

depends on the number of pixels. But for large number of pixels, a large read out 

time is needed leading to problems. The spectral response of CCD is determined 

by the light absorption in the Si substrate and this is similar to that of the Si 

photodiode (200-1100 nm). The CCD array can measure the entire spectrum 

simultaneously, avoiding the scanning process, using a monochromator. This is a 

great advantage when the intensity of signal is expected to change during the 

time required to scan. 

2.3 Schematic of the low temperature photo-luminescence 
scanning and photo-conductivity set up 

In order to fabricate a system to measure PL and PC of semiconductor thin films, 

the requirements are: (a) stable monochromatic light source (b) optics to focus 

light on the sample (c) sample holder (d) collection optics (e) monochromator (f) 

detector (h) voltage source (i) chopper and U) oscilloscope. 
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Fig. 2.4: Schematic for the PL seaMing system. 

Low 
temperature 
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A typical PL mapping system should contain a variable excitation source, a 

variable temperature cryostat with sample holder assembly, a translation system 

to move the excitation beam over the surface area of the sample or move the 

sample keeping the excitation beam fixed, a high resolution scanning 

spectrometer and a detection system. The schematic of the required set up is 

shown in Fig. 2.4. The excitation source for most I-ill-VI2' IT-VI and illrVI3 

semiconductors can be a He-Cd laser, capable of delivering 0-20 mW of power 

at 325 DIll. A narrow band interference filter can be used between the laser and 

the sample to avoid radiation from the plasma. The laser beam can be typically 

focused to a spot of 100-500 Ilm diameter on the sample surface. By varying the 

intensity using neutral density filter, it is possible to change the power density on 

the sample in the range 10-103 W/cm2
. To obtain maximum information on 

radiative process, it is necessary to avoid thermal relaxation! excitation 

processes. For this, the sample is cooled to cryogenic temperatures where non

radiative processes are minimal. This is done by mounting the sample on a 

Copper cold finger of a liquid He cryostat equipped with optical windows using 

thennally conducting grease. The luminescence from the sample is collected by 

using suitable lens and is focused on the slit of a high resolution spectrometer. 

The laser beam is incident at an angle on the sample so that the reflected beam 

does not fall on the collection lens. A long pass glass filter is placed between the 

spectrometer and the sample to avoid any of the laser excitation from reaching 



the detector. Keeping these points as our basic requirements, a PL mapping 

system was fabricated. 
In the existing PL scanning system, to carry out PC studies, it had to be 

integrated additionally with a white light source, a monochromator, an electronic 

shutter [to deliver light pulses], a detection system to monitor the current in the 

sample as a function of the incident light intensity and wavelength and a voltage 

source to bias the sample. It was further required that the cryostat be provided 

with provision for making electrical contacts from the sample without breaking 

the vacuum and maintaining the low temperature in the cryostat. The basic 

design of a PC set u is show in Ficr. 2.5 below. 
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Fig. 2.5: Schematic of the PC system. 
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A Xe arc lamp (of power 1 KW) was used as the white light excitation 

source for wavelength dependent PC studies. A water bath had to be used to 

avoid heating of the sample and other optical accessories while operating the 

light source. Two detection systems were used for the PC experiment. A Source 

Measuring Unit (SMU: Keithley 236) which could act as both a voltage source 

and as a current measuring unit simultaneously was the main detection unit. The 

voltage and current range of the instrument used was ±100 ~V to 110 V and 

±IO fA to 100 mA respectively. Measurements made with the instrument were 

controlled using computer interface. The data was logged into the computer 

which was later used for plotting graphs. An Oscilloscope (Tektronix TDS 210) 

Was also used to measure the rise and decay of photocurrent under excitation 

with the laser pulses. The oscilloscope was interfaced with a computer so that 



data recorded in the oscilloscope could be transferred directly to the computer 

and used for further processing. Rise and decay time, lifetime, photosensitivity 

and intensity dependence of photocurrent for the thin films were measured using 

the data collected using the oscilloscope. 

2.4 On the assembled opto-electronic characterization unit 

La'.' /~328 nm 
sel.C!Qr/, I I J--------- +----! Ar 488 nm . 

/+-----1Nd-Yog 5~2 nm I 
j 

Fig. 2.6: Schematic of the low temperature PL and PC system. 

Figure 2.6 represents the schematic of the PL and PC systems fabricated for the 

present work, by assembling the various fundamental spectroscopic elements 

necessary for the experimental set up. The system was successfully assembled 

and was tested on several I~m~VI2' IT-VI, IllrVI3 semi-conducting thin films 

(polymers and dye molecules not part of this thesis). The system can be used for 

PL studies in the wavelength region from 350-1730 nm. Also the temperature 

can be varied fonn 10-300 K in the system which allows carrying out several 

characterization studies by reducing thennal noise. This helps one to understand 

temperature dependence of luminescence phenomenon. The excitation energy 

can also be varied from 3.82 eV to 1.96 eV by choosing the appropriate laser. 

The lowest resolution that could be achieved in the system is 4 meV (Please see 

chapter 3 for more details). PL from different ionized states of the same defect 

was also resolved at 10 meV resolution.36 



2.4.1 Excitation sources 

l.4.lA He-Cd laser 

He-Cd laser (Kimmon Koha Ltd) was used for PL and PC studies of the 

samples. 'Some of the basic features of this laser system are: 

• This system works at 325 nm with an olp power of20 mW and at 442 

nm with an olp power of 80 mW. 

• Beam diameter of the unfocussed beam was 1 ± 5% mm, with a 

divergence of 0.3 ± 5% mm. 

• Samples with band gap up to 3.83 eV could be studied using this laser. 

2.4.1 BAr ion laser 

An Argon ion laser (Melles Griote) was used for PL and PC studies of the 

samples. Some of the basic features of this laser system are: 

• The 488 run line in the TEMoo mode, having a maximum power of 150 

mW was used. 

• Beam diameter of the unfocussed beam was 0.68 ± 5% mm, with a 

divergence of 1.1 ± 5% mm. 

• The noise level in the <100 kHz range was 4% while that in the < 1 MHz 

range was 6%. 

• The laser beam was focused onto the sample using lenses. The l/e2 

diameter of the final spot on the sample was 0.5 ± 5% mm. 

• Samples with band gap up to 2.54 eV could be studied using this laser. 

2.4.1C Solid state diode pumped green laser 

A solid state diode pumped green laser (Coherent Inc) was used for PL and 

PC studies of the samples. Some of the basic features of this laser system are: 

• The 532 nm line in the TEMoo mode, having a maximum power of 20 

mWwasused. 

• 

• 

Beam diameter of the unfocused beam was 0.32 ± 10% mm, with a 

divergence of 0.5 ± 5% mm. 

Samples with band gap up to 2.33 eV could be studied using this laser. 

2.4.1D He-Ne laser 

He-Ne laser (Melles Griote) was used for PC studies of the samples. Some of 

the basic features of this laser system are: 
• The 632.8 nm line in the TEMoo mode, having a maximum power of 15 

mW was used. 



• Beam diameter of the unfocussed beam was 0.62 ± S% mm, with a 

divergence 0[0.5 ± 5% mm. 

• Samples with band gap up to 1.96 eV could be studied using this laser. 

2.4.1 E Xenon arc lamp 

The experimental set up used for determining the intensity profile of the 

Xenon arc lamp was as shown in Fig. 2.7. Light from the lamp was focused on to 

the monochromat or entrance slit with the help of a lens. 

Wat.rbalh 

'"--If -0 n~O 
Photo detector lens r 
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Fig. 2.7: Experimental set up for determining Xenon arc profile. 
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Fig. 2.8: Profile of the Xenon arc lamp recorded using (a) Spectrophotometer (DSB2000) 
and (b) Assembled set up containing Monochromator and detector. 

Output light from the monochromator was made to fall on a calibrated photo 

detector which measured the power of the incident wavelength (Fig. 2.8(a». The 

profile of the arc lamp was also studied with the help of a computer interfaced 

spectrophotometer (USB2000). The light from the arc lamp was coupled with the 

help of an optical fiber into the entrance slit of the spectrophotometer. The 

software 001 Base 32 was used to control the spectrophotometer and the arc 



iaroP profile was obtained on the computer using this interface (Fig. 2.8(b». The 

Xenon Arc Lamp showed high emission intensity in the green region (520 nm) 

and low intensity emission towards UV and IR regions. 

2.4.2 Detection system 

A minimal detection system consists of lens and sensor. A more complex 

system could consist of transmission, recording, analysis, and display systems. 

The current system consists of most of these entities which were incorporated in 

user friendly manner. 

lA.1A Spectrophotometer for UV-VIS-IR region 

A spectrophotometer is a photometer (a device for measuring light intensity) 

that can measure intensity as a function of the color, or more specifically, the 

wavelength of light. It does this by dispersing the light beam into a spectrum of 

wavelengths, detecting the intensities with a CCD, and displaying the results as a 

graph. The output of a spectrophotometer is usually a graph of light intensity 

versus wavelength. In the 'Ocean Optics Spectrophotometer' light enters the 

spectrophotometer through a slit and is reflected to a grating with the help of a 

concave mirror. The dispersion grating [which is reflecting type] reflects the 

light after dispersion, towards the second concave mirror. This mirror focuses 

the light onto the detector. 

At the end of the light path, there is a detector (CCD). Each pixel on the 

CCD measures the intensity of a specific wavelength of light; hence the more 

photons absorbed, the more electrical signal generated. Therefore, the electrical 

signal output from each pixel is proportional to the light intensity of the 

corresponding wavelength. The PL system used in the present work has two 

spectrophotometers. The first spectrometer (USB 2000, Ocean Optics) has a slit 

width of 25 J.lffi with a grating of 600 lines/mm and is attached to a 2048 pixel, 

linear array detector (Sony ILX511) charge coupled device (CCD) detector 

having an average sensitivity of 0.7 in the 330-1000 DID. The pixel size is 14 J.lm 

X 200 J.lffi with a well depth of 62,500 electrons. The signal-to-noise ratio at full 
signal is 250: 1 with AID resolution of 12 bits. The f /# number of the 

spectrometer is f / 4 with a focal length of 40 mm. It consists of a grating blazed 

at 500 om so as to achieve peak efficiency in the 400-700 DID range. The 

integration time can be varied form 3 ms to 65 s. Technical specification of the 

slit width, number of line on the grating and the grating blaze angle were custom 

made as per our specifications. 



The second spectrometer (NJR 512, Ocean Optics) consists of a grating with 

1200 lines/ mm with a slit width of 50 Ilm. This spectrometer is attached to a 

thermoelectrically cooled 512 element, InGaAs array detector (Hamamatsu 

G9204-512). The array has an average sensitivity of 0.7 in the wavelength range 
900-1700 run. The f 1# number of this spectrometer is .r 14 with a focal length 

of 40 mm. The pixel size is 25 Ilm X 500 Ilm and the pixel well depth is 188 

million electrons. The signal to noise ratio is 4000: I with AID resolution of 16 

bits. The integration time can be varied from 1 ms to 5 s for this spectrometer. 

Optical resolution is the ability of a system to distinguish, detect, and/or 

record physical details by electromagnetic means. The system may be imaging 

(e.g., a camera) or non-imaging (e.g. a quad-cell laser detector). The 

electromagnetic spectrum ranges from Gamma rays to the Radio waves 

spectrum. A minimal optical system consists of a lens and a sensor. The optical 

resolution (OR) in nm of the opto-electronic system here can be defined as 

OR = (Grating Spectral Range· Pixel Resolution) / {Number of Detector 
Elements} (2.9) 

For the detector in the 350-900 run range, this was calculated to be 1.67 nm 

while for the detector in the 900-1700 run it was calculated to be 2.34 run. 

2.4.2B Opticalfibers 

A Reflection fiber probe [with 5 illumination fibers and 1 read fiber, each 

with a core diameter of 400 Jllll1. was used for signal collection in the 

backscattering mode. The fiber had a flexible metal sheathing with "sub 

miniature version A (SMA) tennination" that could be fastened to the 

spectrophotometer. The total length of the fiber was 2 m which allowed 

flexibility in making the experimental arrangement. Bifurcated fiber cable with a 

core diameter of 400 Jllll and length 2 m with SMA termination is used when 

both of the spectrophotometers are to be used simultaneously so as to scan the 

wavelength range 330-1700 run. An in-line-filter holder with SMA termination is 

attached to the spectrophotometer so as to avoid the excitation wavelength from 

getting picked up by the detector. The fiber probes with the lens and filter 

constituted the transmission system in this unit. 

2.4.2e Software package 

Analysis and display system consists of a computer with the custom made 

software to control the spectrophotometers. The software has provision to 

provide electronic shutter which can be used to control the signal collection 



timing. There is also option to average the total number of reading to be taken. 

Thus a spectrum could be plotted as the average of [maximwn] 100 number of 

collection trails by the detector. A bo)(car averaging program was used to 

improve the signal-to-noise ratio. The program was used to average the results 

obtained on each pixel of the CCD detector. The software could be used to 

command all of the pixels to monitor a single wavelength. This provision 

allowed to do time dependent decay of the signal. There was provision to 

monitor 7 wavelength channels at a time i.e. the time dependent variations of 

seven wavelengths could be monitored simultaneously. 

2.4.3 Closed cycle liquid He cryoslal-A cooling system 

The cooling system consisted of a closed cycle (CCR) liquid He (Model 

CCS-100/202) optical cryostat, from Janis Research Inc. The temperature range 

for the loaded cryostat was - 10-325 K with a cooling power of - 2.5 W at 20 K. 

The cryostat had a 'two stage cold head' with a cold finger of 3.81 cm diameter 

Cu- sample mount and a 25 ohm control heater. Temperature sensor (a Si diode) 

was fitted on the cold head which was interfaced with a Lakcshore (Model 321) 

temperature controller having an accuracy of ± 1 K. Initial cool down time was -

90 minutes to reach 10 K for the CCR with the optical sample holder alone. 

2.4.3A Modifications/or signal collection 

Fie. 2.9: Teflon mounting for insertion into the cryostat. 

Onc of the optical windows was removed and steel mounting was fabricated 

which had an ordinary glass window at one end and was open at the other end. A 

Tenon mounting was fabricated with a small hole through which the optical 

fibre could be inserted. This piece could be inserted into the steel mounting and 

flX.ed to the cryostat so that tbe optical fibre could be placed at a distance of < 1 

cm from the sample, without breaking the vacuum. Also. since the fibre oosition 



could be adjusted from the outside, it could be varied to select the ideal position 
from where maximum signal could be collected. 

2.4.4 Mechanical translator system 

A positioning apparatus for performing coarse and fine positioning of 

samples for scanning is termed as 'XYZ translator'. The least count of the xyz 

translator used is 0.225 !lm. Experiments were carried out with larger step sizes 

because of limitation imposed by the excitation spot size. At the end of the rod, 

a sample could be mounted such that the translation mechanism could move the 

rod in different directions so that the sample could be scanned. Stepper Motor 

Control was used to control the motion of the XYZ translator. With the help of a 

system interface, the scanning process could be carried out automatically over 

the sample. 

MOTOR CONTROl 
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Fig. 2.10: Schematic of the front end pane) of software used for stepper motor control. 

An image was generated by moving the sample in a (X -Y) mode and storing 

the digitized values of intensity of the spectrum at each point. Moving the 

sample while the probe beam stays stationary in space has the advantage of 

fixing the probe beam shape and power density. These parameters remain 

constant throughout the measurement, allowing a quantitative comparison of 

data on a point by point basis, without generation of image artifacts due to 

spatial variations in the probe beam and the non-linear response of PL due to 

power density. The front panel of the Motor Control is as shown in Fig. 2.10. 
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The low-temperature PL scanning set-up is shown in Fig. 2.11. Here imaging 

is done with the sample mounted on the cold head of the closed cycle liquid He 

cryostat. Instead of the sample translation, here the beam spot is scanned over 

the sample surface by mounting the laser on the mechanical system. The beam 

was focused on to the sample through one of the optical windows of the cryostat 

[with the diameter of 0.5 mm]. Another optical window, at 90° to this, was 

modified with the Steel coupling unit which allowed the insertion of the optical 

fibre into the cryostat without breaking the vacuum, as explained earlier. The 

fibre was mounted with a lens into this unit and was brought to a distance <5 

mm from the sample mounted on the cold head, which enabled the collection of 

the PL si al from the far field. 

Spectrometer with CCD detector 

Stepper Motor Controller 

Laser 

Sample WIthin Cryostat 
X"fZ translator 

Fig.l.ll: Schematic of the low temperature PL scanning system. 

To make a spectroscopic image of the PL emission intensity, we recorded 

the PL emission at a single wavelength from a grid of points, yielding a three 

dimensional matrix of data, M (x, y, I), where x and y are position coordinates 

and I the intensity. By moving the translation stage, signal intensity at each point 

of the sample was collected. This was converted into a false color image, where 

the color was coded as a function of the signal intensity. The color palette 

followed the spectrum (blue, green, yellow, orange, red) with the minimum and 

maximum of the intensity of the signal, represented by the blue and red colors 

respectively. In single wavelength (topography) measurements, the decrease in 
signal strength may be due to a shift in the peak wavelength, rather than due to 

the decrease in absolute intensity. To avoid this artifact, peak wavelength, as a 

function of spatial position, was also recorded and the data was processed to 
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produce contou r map of peak wavelength . A spectroscopic image of the PL peak 

wavelength was developed from a three dimensional matrix of data. H (x. y. W). 

where x and y were position coordinates and W was the PL peak wavelength . 

Figure 2. 12 ~hows the results of a Pt scan at 12 K of CulnSe2 thin fi lms over 

an area of 8 mm X 6 mm. grown using Physical Vapor Deposit ion (PVD) 

technique. The step size for the X-Y translation was I mm and the stop size was 

0.5 mm for this experiment. The spatial variation in e~ission intensity of the 

1278 nm emission is plotted. Peak position of PL emission is known to be very 

sensitive to fluctuations of composit ion of ternary and quaternary 

semiconductors. l1 A direct correlation between deep level PL and micro-defect 

has been recognized in GaAs and Si crystals . JR. 39 Since thermal broadening and 

quenching effects are smaller in deep level PI.. the radiative recombination 

process is simple. lead ing to the semi-quantitative mapping of the defects 

responsible fo r the PL. 
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(a) (b) 
."ig. 2.12: PL emission at 1278 nm at 12 K for a CulnSe2 sample grown using Physical 
vapor deposition (a) I)L spectra al.-a singular point and (b) Spatial PL intensity map. 

The intensity of a deep level transition (I Dd is given by 40 

I DL 0< n~" , rN [) (2.10) 

where nf'X is the concentration of the excited carriers. T is the carrier 

lifetime and N D is the concentration of the deep levels. Relation (2.10) shows 

that the intensity I DL is proponionalto rN I) • Thus. if the variation of r on a film 

is small . the variation of IDL will reOect the distribution of deep levels. Damages 

in the near-surface layer. due to non-uniform film growth. can result in the 

increase of non-radiative recombination rate causing the integrated PL intensity to 
vary from point to point in the sample. Intensity of the band edge transition 18 is 

proportional to the carrier li fetime T or IS inversely proportional 



to the concentration of the killer centers.14 In general, the band edge 

recombination intensity is given by relation 10.40 

(2.11 ) 

where h is the Planck's constant and nex the number of excited carriers. 

PL line width and peak position of the scanned region showed a variation 

within the expected 5 % variation due to the variation in laser spot, during 

translation. Hence it was concluded that the film was of uniform composition in 

the scanned region. An area of 1 mm2 showed larger luminescence intensity 

compared to rest of the scanned region. But it did not show any variation in PL 

peak position. Hence it was concluded that this non-uniformity could be due to 
increase in nu resulting from variation in thickness. Had there been a variation 

in T , it would have resulted in variation in peak position. The emission at 1278 

nm was identified to be the 'bound exciton emission', arising from the exciton 

bound to the V Cu acceptor.41 Based on this result and using the relation (2.10), it 

could be concluded that the intensity variation map of the PL emission at 1278 

run, shown in Fig. 2.12, reflected the in-homogeneity in the spatial distribution 

of the V Cu defect level over the film. 

The schematic for backscattering mode of PL at room temperature is shown 

in Fig. 2.13. The laser beam was focused onto a split fibre bundle, by using a 

lens and SMA assembly coupled to the fibre bundle. The l/e2 diameter of the 

fmal spot on the sample was 0.5 mm. The split fibre had five collection and one 

illumination channels. Laser light was brought in by the illumination channel. 

The collection channel, with the in-line-filter holder, was fed into the 

spectrophotometer. The optical fibre bundle was brought to an optimal distance 

from the sample from where the maximum signal strength of the backscattered 

luminescence signal could be detected. Position of the fibre bundle was then 

fixed with no further disturbance. The signal intensity collected by the fibre at 

90
0 

to the incident excitation beam was larger than that collected in the back 

scattering mode.42 This improvement in signal collection was in direct agreement 

with earlier reports made on the use of tip illumination/far field collection for PL 

measurements.43 The limited throughput of collection lead to the decrease in 

collected PL signal in the back scattering mode. Increase in numerical aperture 

of collection optics lead to high collection efficiency, which could be one reason 

as to why improvement in signal collection occurs in the former technique. 

Using the above set up, the laser backscattered image for Cu- rich and In-rich 

CuInS~ thin films was obtained. There existed a correlation between the Atomic 

Force Mi~roscopy (AFM) image and the image constructed using back-scattered 



laser ligtit.- The Cu- rich sampTe conTain~d triangular surface features fof the 

grains, as seen from AFM image. Such features on the surface of absorber layer, 

in photovoltaic technology, are of immense use, as it reduces reflection loss and 
enhanced light in solar cells.4s 

Laser 

NO filter + Data acquisition PC 

Sample xyz tr\In8latioJl ttaae 

Fig. 2.13: Schematic of the room temperature PL scanning system in the back scattering 
mode. 

2.5 Integration of Photo-conductivity Experiments 

PC studies involve I-V measurements conducted under dark (reference) and 

under illumination (with intensity of light and its wavelength as parameters). A 

low temperature PC set up should consist of the following parts: 

A. Excitation Source 

B. Light Dispersing element 

C. Chopper to deliver light pulses 

D. Detection system, and a 

E. Cryostat 

For PL system since parts A. B and E had already been assembled only parts 

C and D were further required to extend the capacity of the system to perform 

PC experiments. 

2.5.1 DC photo-conductivity 

A constant DC voltage source (Aplab) was used to provide DC bias voltage 

up to 30 V. Silver electrodes of area 5 mm2 were deposited over the films with a 

separation of 5 mm between them. A resistor was connected in series to the 

sample. An oscilloscope was used to measure the decay of photo-voltage across 

this resistor, as a result of the illumination pulse on the sample. A capacitor was 
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tiled t'br¥~rik samptesp8rillttH to tliis 1M3 te'slstbi to 1lllprove tbe signal to nOise 

ratio. The time constant of the resultant RC network and the illumination pulse 

width used were smaller than the lifetime of the carriers in the material. 

2.5.2 AC- photo-conductivity 

The kinetics of the ac-PC was studied n'om its frequency dependence 

(L\(L(F)I L\(Jst ): where L\(J_ is the ac-component of the ac-PC, L\(Jst is the steady 

state conductivity and F the chopping frequency. AC-photo-conductivity (AC

PC) measurements were carried out to measure the lifetime ('r). The lifetime of 

he charge carriers can be determined for each temperature, applied voltage and 

light intensity using the relation 46 

(2.12) 

The lifetime is calculated by drawing a straight line parallel to the frequency 

axis at a height of 0.76 from the maximum (where tanh 1= 0.76) and a normal 

drops from the point of intersection on the frequency axis to cut off a segment 

equal to 1/4 t from the frequency axis. 

An Optical chopper (SR 450) (Stanford Research Inc.) was used to deliver 

symmetric pulses of the excitation beam. Photo current generated in the sample 

was passed through a load resistance (- 10 olun) and the variation of voltage 

developed across the load resistance, due to modulated PC, was measured using 

the oscilloscope [Tektronix TDS21O]. The data was collected by a computer 

through an interface. 

2.6 Conclusions 

Photovoltaic requires a robust tool which can non-destructively evaluate the 

quality of each layer of the cell at each stage of production. PL is an ideal tool 

for this purpose because of its versatility. The strength of PL lies in its ability to 

analyze the surface and interface. An instrument for measuring the PL and PC 

was fabricated and was optimized for measurements on semi conducting thin 

films. Because the absorption of most materials depends on energy, penetration 

depth of the incident light will depend on the excitation wavelength. Hence, 

different excitation energies probe different regions of the sample. Different 

lasers were used as excitation sources in PL and PC. Photovoltaic devices have a 

wide band gap window material, a mid band gap buffer layer and a small band 

gap absorber layer. Hence optical analysis of the cell structure requires a wide 

wavelength range. The system was developed to work in the 350-1730 nm 
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;"Eke iMlQE.'wmcn ii18kes this useful for anilYfiitotiiM&fiill ofthe semi

conducting compounds currently being used in our opto-electronic industry. One 

of the major criteria in any industrial fabrication process is in quality testing and 

checking uniformity over large area of the wafer. As an initial step, in the present 

work, a system was fabricated, which can be used for spatial mapping at room 

temperature and low temperature. This was used for scanning over an area of 8 

mm X 6 mm at 12 K while at room temperature. The system is designed to work 

in the 10-300 K temperature range. Intensity or wavelength dependent 

experiments described in this thesis have been done using this set up. The system 

has a resolution of 4 meV (chapter 3). From the details presented here and from 

the works described in the following chapters, one can conclude that system is 

versatile. This is capable of performing spatial studies at· low temperature, which 

is normally absent in many systems. Since PC studies can also be done along 

with the PL study in this system, the system itself is a complete unit for optical 

and electrical measurements. 
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CHAPTER 3 

Photo-luminescence in Analysis of CuInSz Thin Films 

Thin films of CuInS2 were prepared using Chemical Spray Pyrolysis 

technique, and the variation in photo-luminescence emission due to 

deviations in atomic ratio of the elements I stoichiometry is presented 

in this chapter. Variations in 'near band edge' (exciton) emissions from 

samples having different compositions were investigated as a function 

of temperature and excitation intensity. These studies revealed the 

ionization energy of the exciton to be 20 me V in these thin film 

samples. Recombination of the free exciton, belonging to the deep lying 

r7 valence band, was also observed. A correlation between the free 

exciton '~" (FEA) emission and the composition of the films could be 

identified. Position of the FEA emission for stoichiometric, In-excess 

and Cu-excess films were identified. The possibility of using spatial 

mapping of FEA emission for quality analysis of the films has been 

demonstrated with due importance. Based on the position of the FEA 

emission, the substrate temperature and concentration of the precursor 

solution for depositing good quality samples was also optimized. 

Position of the intrinsic defects like vacancies of Sulphur, Indium and 

Copper has been identified using photo-luminescence studies on 

samples of different stoichiometry. 

3.1 Introduction 

In recent years, ternary compounds, with chalcopyrite (Ch-) type crystal 

structure, has received great attention of different research groups, as suitable 

candidates for next generation opto-electronic devices. l The AIHIIX/I Ch- crystal 

structure resembles the Zincblende structure where each of the two cations A and 

B are coordinated tetrahedrally by four aniol1:s X; but the anion is coordinated by 
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2A + 2B, with generally dissimilar nearest neighbor bond lengths RAX :1= RBX• The 

unit cell is thus tetragona1.2 Each ternary Ch- has a "binary II-VI chemical 

analogue" derived by taking the "average cation" of A +B. Thus, ZnX is the 

binary analogue CuGaX2 (X= S, Se and Te) and ZIlo.sCdo.sX is the binary 

analogue of CuInX2, etc. Studies have shown that electronic energy band 

structure of the 1-IlI-Vh chalcopyrite is anomalous in several ways.3. 4 The 

principal questions were 'why the energy band gap of the ternary compounds 

were as much as 1.6 eV less than the energy gap of the respective binary 
analogs' and again 'why the spin-orbit splitting I1s.o. observed in the ternary 

compounds are considerably smaller than the corresponding values obtained in 

the binary analogues'. It was suggested that these anomalies were resulting from 

a hybridization of the p- like valence bands with the noble-metal d levels. 

The uppermost valence bands of Ch-compounds are lifted due to 

simultaneous influences of spin-orbit and crystal-field interactions, caused by the 
uniaxial tetragonal distortion of the crystal lattice (c / a) and the displacement of 

group VI anions, from the ideal position [ (l / 4,1 / 4,1/8) of the Ch-structure]. The 

3d or 4d electrons of the noble metal hybridize with the p- like valence band (p-d 

hybridization) due to the proximity of their levels and causes the band gap 

energy of the Ch-compounds to become smaller than the corresponding II-VI 

analog compounds.s The above two effects along with lower crystal s}'II1D1etry 

make the effective masses of Ch-compounds larger than those of 11-VI 

compounds having comparable band gap energies, thus causing the absorption 

coefficient of Ch-compounds to become very large.6 The CuIn~ chalcopyrite 

structure is shown in Fig. 3.1. It possesses the tetragonal El, structure -type 

space group I .. 2 d , with four formula units per cell. 

CuInS2 is a prototype of the I-ill-Vh chalcopyrite family of compound 

semiconductors.2
, 3 Polycrystalline CuInS2 thin films can be prepared by a variety 

of deposition techniques, such as Chemical Vapor Transport (CVT), Co

evaporation, Reactive Magnetron Sputtering, Chemical Bath Deposition (CBD), 

sulphurlzation of Cu-In precursors, Aerosol-assisted Chemical Vapor Deposition 

or Chemical Spray Pyrolysis (CSP).7'14 Whichever is the technique employed, 

problems with stoichiometry may be anticipated and the film properties are 

critically influenced by deviations from stoichiometric composition and defect 
chemistry. I S 

Compositional relations in the ternary phase diagram of Cu, In, S can be 

expressed by the quantities, 'molecularity deviation' [!1m] and 'stoichiometry 

deviation' [As], which is also referred to as the valencyl6 
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The meaning of deviations from molecularity and stoichiometry can be 

described as ranows: 

I. 6m,.o Cu-rich films (possibly secondary phase Cu,.xS) 
6m <0 In-rich films (possibly secondary phase In,S,) 

2 . .., ,.0 Excess of Sulphur 
& .& Sulphur deficiency 

(3. 1) 

The band structure of this compound is a bit complicated. The Cu 3d bands 

are expected to contribute to the highest valence ban~. The d-band mixing is 

probably responsible for the large down shift in the energy gap of this compound, 

with respecl (0 its "-VI analogucs. 17 Jt is further reponed that the highest valence 

band was a doublet with admixture of Cu 3d wave func tions. Negative spin-orbit 

splitting of about 20 meV and crystal -fie ld splitling below 5 meV were also 

reported in this system. IS. 19 Neumann ct al. worked on flash evaporated CulnS2 

thin films and identified the ground state energy of the free exciton to be about 8 

meV.20 
AlsO an indirect transition at 1.565 ±O.OO5 eV was observed and ascribed to 

an optical transition from the valence band maxima at the boundary of the 

Brillouin zone to the lowest CB minimum at the zone centre. Three further 

optical transitions, well above the fundamental edge. were observed; but their 

origin was speculated to be due to Copper d-states in the VB. Raman and 
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luminescence studies revealed that the VB of the CulnS2 crystals is split into an 

upper non-degenerate valence band (A-band) and lower double degenerate 

bands (B- and C- bands).21 .u This splitting of 19 meV was identified to be due to 

spin-orbit interaction and the double-degenerate bands were identified to be due 

to vanishing of the splitting due to the crystal_field.2
.
4 Shay and Kasper showed 

that the energy band calculation ignoring d levels was unable to account for the 

structure of the upper-most valence bands in 1-11I-VI2 compounds.25 The work 

established the split valence band structure of the chaicopyrite compounds. 

It has been concluded that the band gaps of Cu-llI-V12 chalcopyrite are 

controlled essentially by two factors . The first one is pure structural factor, 

caused by the tetragonal distortion. '1 = cl la:S: I, and anion displacement from 

the ideal tetrahedral site, u:S: 1/4. occurring in the Ch- structure. These 

parameters, particularly u, detennine the band gap in the system. Even a small 

increase of u from its ideal Zincblende value results in a substantial ionic 

polarization of the bonds and consequently in a remarkable increase of the band 

gap. The second one is an electronic fac tor. There was a great influence of the 

Cu 3d-states on the valence band of Cu-llI-VI2 chalcopyrite. These states 

hybridize with the p-states of the group VI components. AB the d-states are found 

lin the upper half of the valence band, they are responsible, in part, for the 

eduction of the band gap. 
,---------, 

Fig. 3.2: Schematic band structure ofCUlnS:z, wi!.h the indication of contributions oftbc 
atomic orbital and the corresponding energy levels. Shaded areas denote the major sub 
bands. and !.he boxed numbers mark the three internal gaps?' 

Schematic band structure ofCulnS2 is shown in Fig. 3.2, with notation of the 

contributions of the atomic orbital. The valence band is separated into two parts, 



with the upper part reaching 5 eV and the lower one located around 7 eV. The 

Cu 3d and S 3p orbital from the Cu-S bond contribute to the upper valence band 

whereas the S 3p and In 4p from the In-S bond form the lower valence band. At 

around 12 e V a band is built from S 3s states and a narrow band is set up near 17 

eV by In 4d orbital. The conduction band is formed by S 3p and In 5s orbitals.
26 

Theoretical calculations of the band structure of CuInS2 were found to be in 

good agreement with the experimental results from X-ray Photoelectron 

Spectroscopy (XPS) in respect of the VB structure .27.28 

As is normally expected for semiconductors, the band gap of CuInS2 films 

decreases with increasing temperature and can be characterized over the 

temperature range 300-77 K according to the relation29 

Eg (T) = Ego - {f3T2 / a + T} (3.2) 

With the initial band gap of Ego = 1.62 eV, two constants a = 231.54 K and 

p = 4.3xl 0 -4 e V IK were determined.3o Near the fundamental absorption edge, 

CuInS2 has an absorption coefficient between 104 to 105 cm-!; because of which 

the incident light with photon energies higher than the band gap are absorbed 

within a few microns. 

The historic development of the ternary chalcopyrite CuInS2 into an efficient 

thin film solar cell absorber material was well reviewed by Lewerenz.31 Today's 

situation is that we have an efficient CuInS2 thin film solar cell with very little 

decisive information about the properties leading to good opto-electronic 

performance. CSP has been tried by several authors to deposit good quality 

CuInS2 thin films. The variation in lattice constants and band gap of sprayed 1-

m-VI2 chalcopyrite thin films were studied by Pamplin et a1. 32 Gorska et a1. used 

Cu2Ch, InCh and CS(NH2)2 as the precursor solution for preparing CuIn~ thin 

films.33 Nitrogen was used as the carrier gas. Few drops ofHCI were added to the 

solution to increase the stability of Cu2Ch. The spray solution was maintained at 

100°C. Films were p-type and properties were found to be dependent on the 

substrate temperature. Spray pyrolysis conditions required to prepare single 

phase CuInS2 films, were optimized by Tiwari et a1. using Copper (ll) acetate , 

InCl3 and CS(NH2)2 as the precursor solutions.34 They observed that the 

properties of the films could be controlled by varying the CuIIn ratio in the spray 

solution. Sphalerite structure of the 'as deposited' films transformed to 

chalcopyrite on annealing. Bibri et a1. deposited single phase CuIn~ [Ch

structure], by spraying CuCh, InCh and CS(NH2)2 in the ratio 1: 1 :3.35 It had been 

observed that concentration of residues originated from the precursors and was 



mainly controlled by the growth temperature. The content of impurity was less 

depending on the CuJln ratio in the spray solution as the use of Cu-rich solutions 

lead to larger crystallites and lower impurity concentration. hnprovement in 

stoichiometry of these films was achieved by increasing the Sulphur content in 

the spray solution. Single phase films with preferential orientation along (112) 

plane having cha1copyrite characteristic peak (103) was obtained by increasing 

the Sulphur content.3b 

Physico-chemical characterization of CulnS2 thin films deposited using CSP 

technique showed that good quality films could be obtained on Sn02 (F) coated 

glass substrates.37 Their XPS study revealed the presence of Oxygen, bound to 

cations. Band gap was found to be closer to that of the single crystals as the 

substrate temperature was increased. Etching in KCN solution and thermal 

treatment in vacuum and Hydrogen were applied to 'as deposited' films by 

Krunks et al.38 They observed that etching resulted in removal of conductive 

Copper Sulphide phase from the surface of Cu-rich films, but had no effect on 

the matrix composition. Vacuum annealing resulted in n-type films due to the 

fonnation of In20 3 phase. Treatment in Hydrogen resulted in p-type CulnS2 

films. Marsillac et a1. studied properties of films deposited at 650 K and the 

effect of Sulphur treatment at the same temperature on the properties of these 

films.39 They observed improvement in crystallinity after heat treatment. They 

also reported that heat treatment lead to lower conductivity and higher activation 

energy. Changes in electrical properties were attributed to the replacement of 

Oxygen present at the grain boundaries. 

Mellikov et a1. studied the effect of the composition of starting solutions on 

the phase, chemical composition and the structure of the sprayed CuInS2 thin 

films.40 CuJIn ratio in the films was found to be higher than that in the solution 

for all the samples. In-rich and S-rich solutions lead to the multiphase films with 

poor crystallinity. Belgacem et al. reported that a substrate temperature 

Ts 2: 590 K with ratio of [Cu]/[In]=l.l in the pulverized solution permitted well 

crystallized thin films with the preferential orientation along the (112) 

direction.37 For their best films, only 3-8 at.% of Oxygen was present, which was 

very promising for such a simple growth technique. Krunks et a1. reported that 

the content of Cl, 0, C and N impurities in sprayed CulnS2 films were impurities 

from precursors which were mainly controlled by the growth temperature and in 

less extent, by the CU/In ratio in spray solution.39 The growth temperature of 

260-280 QC resulted in Cl, C, N content of 8 mass% and the impurity phases 

contained SCN, CN, NH, S04 groups. The increase in the growth temperature up 

to 380 QC decreased the concentration of Cl, C, N to 1-2 mass%. concurrently 



leading to oxidation of inorganic and organic phases resulting in 0 content of 

16.7 at.%. Thermal treatments in reducing atmospheres at 450 DC improved the 

crystallinity of the films while annealing in flowing H2 effectively reduced the 

percentage of Cl and 0 impurities. 
Lopez et a1. studied the structural, electrical and optical properties of Na

doped CuInS2 thin films grown by spray pyrolysis.41 They observed that the films 

crystallized in the 'Sphalerite' structure of Cu1nS2, and contained traces of 

Indium Sulfide and CuInsSg as impurity phases. Conductivity of the film was 

strongly affected by Na-doping, which decreased from 10-2 to 10-5 S/cm by 

increasing the [Na]/[Cu] ratio from 0.005 to 0.03 in the spray solution. Band gap 

increased, from 1.4 to 1.45 eV, with increase in the {NaJ/[CuJ ratio. Aksayand 

Alt deposited polycrystalline CuInS2 films using CSP technique at different 

substrate temperatures.42 They reported that the direct band gap value varied 

between 1.51-1.80 e V, depending on the substrate temperatures. 

3.2 Photo-luminescence of CuInS2 

The PL of CuInS2 single crystals in the 'near band edge' regions and in the 

regions away from the band edge have been investigated by Binsma et a1.43 A 

series of five sharp lines in the region 1.50-1.55 eV were reported which were 

related to the excitonic emissions. The near-edge (exciton) emissions were 

investigated for various material compositions, as a function of temperature. 

From their investigations, the exciton ionization energy (20 meV) and the 

temperature dependence of the energy gap were determined. For the first time, 
recombination of the free exciton, belonging to the deeper lying r 7 valence 

bands, was reported. Moreover, six different 'bound exciton emission' lines and 

another one corresponding to 'donor-to-VB transition' were detected. These 

emissions could be assigned in terms of the defect chemical model. The study of 

PL emission as a function of the exact composition in terms of deviations from 

molecularity and stoichiometry by means of temperature dependent (4.2-220 

K) and excitation intensity dependent measurements were also carried out.44 In 

In-rich material, an acceptor level, located at 0.1 eV above the valence band was 

identified. This acceptor level was ascribed to vacancy of Copper (Veu). In Cu

rich CuInS2 the acceptor level was located at 0.15 eV above the valence band, 

which was attributed to either vacancy of Indium (V1n), or to the Copper on 

Indium anti site (CUln)' Two donor levels were identified, with ionization energies 

of about 35 and 72 meV. These donors were present in both In- and Cu-rich 



samples and were speculated to be due to either intrinsic defects or impurities 
(Fe). 

Tell et a1. reported that the free exciton energies at 1.537 eV and 1.556 eV, 

respectively were due to A-band and C-bands in CuInS2 crystals.4 Single crystals 

grown using 'Traveling Heater Method (THM)' by Wakita et a1. exhibited sharp 

peaks at 1.531 eVand 1.525 eV. They assigned these to the free exciton (Ex. and 

EX2 emission) lines. 45 A third line at 1.52 eV was assigned to 'donor-valence 

band transition' which was hidden in the low energy tail of the EX2 emission. 

Broad emission bands at 1.435 eVand 1.410 eV were also identified. Ueng and 

Hwang reported the same emission lines in THM grown crystals at 1.529, 1.526, 

1.520, 1.447 and 1.410 eV.46 They argued that the peaks at 1.529, 1.526 and 

1.520 eV correspond to exciton, bound to a neutral acceptor (vacancy of Cu 

(V cu», exciton bound to a neutral donor (vacancy of Sulphur (Vs», and a donor 

(Vs) to VB transition respectively. Verheijen, who carried out measurements at 

4.2 K, reported one additional exciton emission line at 1.509 eV in CuInS2 

crystals but did not observe the 1.517 eV line reported by Tell et a1.4 

Burns et a1. reported the PL studies of CuInSz thin films and solar cells, as a 

function of post deposition treatments, for different temperatures and excitation 

intensities. They observed that annealing in Hydrogen atmosphere caused an 

increase of PL intensity at 1.445 e V by more than a factor of 100, while 

subsequent annealing in Oxygen or air reduced this transition. This was ascribed 

to a DAP recombination between Sulphur vacancy and Copper vacancy. A defect 

mechanism was suggested, that assumed the passivation of Sulphur vacancies by 

Oxygen in grain surfaces which could be activated by Hydrogen annealing.47 

Electrical and PL measurements were carried out on CVT grown CuInS2 

single crystals in order to determine intrinsic defect levels in this material by 

Schon and Bucher.48 Post-growth treatments [like annealing in vacuum, air, Cu-, 

In, and S atmospheres] were used to identify the electronic defect levels. Using 

these data, along with the formation energy of the intrinsic point defects and the 

stoichiometry of the samples, a band diagram, showing the defect levels in CVT 

grown CuInS2 single crystals, was proposed. Activation energy of the acceptor 

and donor defect states in Ch- compounds was calculated by using a model based 

on the effective-mass theory for the case of single-, double- and triple-point 

defect centers by Rincon and Marquez.49 They found that the values of the 

energies of shallow and moderate deep levels were in reasonable agreement with 

those obtained from experimental data. From the analysis of their results, most of 

the levels, due to the presence of cation and anion vacancies, interstitials, cation

cation and cation-anion antisite disorders, had been identified. 



Low temperature PL emission due to deep donor-deep acceptor (DD-DA) 

pair recombination and close DA pairs in CuInS2 at hv = 0.62 eV revealed two 

well resolved lattice vibrational modes of energy 40.5 meV and 8 meV.
50 

The 

recombination emission had an additional fine structure of dE = 2 meV. They 

interpreted this fine structure as due to a small difference in the DA separation 

between two otherwise equivalent interstitial donor sites. This was due to the 

tetragonal lattice distortion in the CuInS2 structure. The effects of annealing on 

PL spectra in CulnS2 crystals, grown by THM, were investigated by Wakita et 

a1.51 They reported that, after the CulnS2 crystals were annealed in vacuum at 

400 °C, a bound exciton emission at 1.525 eV (Ex2) was completely quenched 

and a new bound exciton peak (Ex3) appeared at 1.520 eV. On the other hand, 

after annealing in contact with In2S) powder, PL spectra of exciton emission did 

not exhibit significant changes. Wakita et al. latter reported on the defect-related 

donor-acceptor pair emissions from the crystals.52 The donor energy levels were 

deduced to be 36 meV and 63-69 meV. Acceptors were estimated to lie much 

deeper with energy levels at 113, 150, 180 and 220 meV. 

Very recently, Ch- type CuInSrbased alloyed fluorescent nanocrystals 

(NCs) , which contained no regulated heavy metal ions, were synthesized by 

heating an organo-metallic solution to demonstrate optical property tunability.53 

Introduction of Zn into the CulnS2 system enhanced the PL intensity. The 

resultant particles were 3-6 nm; which varied with experimental conditions and 

were discrete and colloidally stable. The band gap energy and PL wavelength of 

Zn-Cu-In-S (ZCIS) NC's varied with Zn content and particle size. Their PL was 

controllable within 570-800 nm by altering the band gap energy. Furthermore, 

Indium substitution with Gallium changed the band gap energy towards - 3.1 

eV. In addition, ZnS coating of this NC could approximately double the PL 

strength. 

3.3 Sprayed CulnS2 thin films for photovoltaic application 

Photovoltaic devices are most suited for the production of convenient and low

cost energy. But the major problem is in developing easily available and eco

friendly absorbers that can give reasonably high-efficiency cells. Recently, 

chalcopyrite semiconductors have been successfully used as absorber layers in 

polycrystalline thin-film solar cells.54
-
56 Among them, the ternary compound 

CuInS2 (CIS) has the potential to reach high conversion efficiencies due to its 

large absorption coefficient and direct band gap of 1.5 eV, which matches well 

with the solar spectrum. First photovoltaic device, based on this material, was 



r:ep6Hea By Kazmersld et al.'i They fabricated cis &SQ homo-junction solar 

cells with 3.62% efficiency. Recently CIS based solar cell with an efficiency of , 
12.5%, was fabricated by Klaer et a1.58 The technology was based on sequential 

process, using DC-magnetron sputtering of the metals and sulfurisation. Siemer 

et al. obtained efficiency of 11.4% by using rapid thermal process for the 

preparation of CIS absorbers.59 Cells having Copper rich CIS phase, prepared 

using thennal evaporation method, could achieve efficiency of 10.2 %. 60 

This ternary chalcopyrite semiconductor is well established as a future 

material for photovoltaic applications. However not much of literature is 

available on PL analysis of sprayed CIS thin films. Also a correlation between 

the opto-electronic properties and the quality of the films has not been worked 

upon. The aim of this work was hence to first characterize the sprayed CIS thin 

films based on the PL signal. Experiments were carried out by varying the 

stoichiometry to identify the defects which could be identified using Plo 

Information has been obtained on the defects which are inherently formed during 

spraying. Dependence of PL peak energy position on the stoichiometry of the 

films has also been identified. PL has also been used as a tool to map spatial 

uniformity in sprayed films. One of the major results was the observation of a 

critical substrate temperature at which the film quality improved which was 

reflected by the absence of defect related emissions and presence of only 

excitonic PL emissions. It was also observed that temperature controlled the 

stoichiometry of the deposited films irrespective of the precursor solution. 

3.3.1 Preparation o/CulnS2 thinfilms using Chemical Spray 

Pyrolysis 

CIS thin films were deposited on ordinary micro glass substrates. These 

slides were cleaned using soap solution (Dextran) and were then placed on a 

base plate (Mild Steel) which was supported by a heater rod assembly, 

facilitating the heating of the substrate. Substrate temperature was maintained 

with the help of a feed back circuit that controlled the heater supply. 

Temperature of the substrate could be varied from room temperature to 723 K. 

When the solution was being sprayed, temperature of the substrate was 

maintained to an accuracy of ± 5 K. Both the spray head and the heater with 

substrate were kept inside a chamber, provided with an exhaust fan for removing 

gaseous by products and vapors of the solvents used. Aqueous solution 

containing CuCb, InCh and Thiourea (CS (NH2)2) in the required proportion was 
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sprayed onto the substrate, using compressed air as the carrier gas. The carrier 

gas and the solution were fed into the spray nozzle at pre-determined pressure 

and flow rate. Uniform coverage oflarge area substrate was possible by scanning 

the spray head by employing two stepper motors with 'gear and belt' mechanism. 

The spray head could scan an area of 15 cm x 15 cm. The X movement was at a· 

speed of 100 mmlsec while movement in Y direction was in steps of 50 mmlsec. 

The microcontroller of the device communicated with the PC through serial port. 

The data of each spray could be stored in the Pc. This spray system had been 

indigenously fabricated in our lab to facilitate deposition of films over a large 

area, with better uniformity and repeatability in results. 

The spray rate was 1 ml/min and volume of spray solution used for each 

spray was 40 ml. The distance between spray head and substrate was maintained 

at 20 cm. Thickness as well as roughness of the thin film samples were measured 

using Dektak 6M profiler. Crystallinity of the samples was analyzed using 

Rigaku (D. Max. C) X-ray diffractometer, employing Cu-K q line (A =1.5405 A) 

and Ni filter operated at 30 KV and 20 mA. Chemical composition of the films 

was determined with the help of Energy Dispersive X-ray analysis (EDAX) 

technique (JEOL JSM-5600). Depth profile [i.e., the variation of atomic ratio 

along the sample thickness] of the samples was obtained using X-ray 

Photoelectron Spectroscopy (XPS), (UL VAC-PHI unit, Model ESCA5600 CIM) 

employing Argon ion sputtering. Optical properties were studied using DV -VIS

NIR spectrophotometer (Jasco V -570 model). 

For PL measurement, the sample was mounted on the cold finger of a liquid 

Helium cryostat (Janis Research Inc) and cooled to 11 K. The temperature was 

controlled to an accuracy of ± I K using a Lakeshore temperature controller (321 

Auto tuning). The 632.8 run line of a He-Ne laser (15 mW) was used as the 

excitation source. The beam was focused on to the sample so as to get a spot of 

radius 0.5 mm. A 632.8 run filter was placed in front of the window, from where 

the emission signal was collected. An optical fib er was kept behind the filter at 

90° to the incident beam, outside the cryostat. The emission signal, was collected 

by a split fiber bundle, and was focused into the USB2000 and NIR512 

spectrophotometers. 

A battery of CuInS2 thin films were prepared with varied stoichiometry. The 

band gap of the samples was calculated from optical absorption studies at room 

temperature and was found to vary depending on their stoichiometry. In-rich 

films were having the largest band gap whereas eu-rich films possessed the 

lowest. Stoichiometric films were found to have an intermediate band gap 

between the In-rich and Cu-rich films. For gaining information on the nature of 



the exciton emissions from the CuInS2 thin films, the PL properties of the films 

were studied by dividing the samples into three groups. In the first group of 

samples the CU/In ratio in the film was always> 1 so that Cu-rich stoichiometry 

could be claimed. The ideal sample selected for the PL study was named CIS155 

where the CU/In ratio in the spray precursor solution was fixed at 1.5 and the 

S/Cu ratio was fixed at 5. In the next group the CU/In ratio in the film was 

between 0.9 and 1 so that films could be classified as nearly stoichiometric. The 

ideal sample selected for PL study from this group was named CIS 15 where the 

Cu/In ratio in the spray precursor solution was fixed at 1 and the S/Cu ratio was 

fixed at 5. In the third group the CU/ln ratio in the film was <0.8 so that films 

could be called In-rich. The ideal sample selected for PL study from this group 

was named CIS55 where the CU/In ratio in the spray precursor solution was fixed 

at 0.5 and the S/Cu ratio was fixed at 5. In all these specimens the S/Cu ratio was 

kept a constant. These variations in the atomic ratio were made by changing the 

atomic ratio in the spray solution. EDAX measurements were used to verify the 

composition of the deposited films and these results are presented later in this 

chapter. 

3.3.2 Structural, optical and chemical analysis o/CulnS2 thin 

films 

Detailed studies on the structural properties using XRD and its 

compositional dependence have been well established and reported earlier.63 The 

samples showed orientation along the (112) plane at 2{) = 27.91 0
. The d value 

was found to be 3.192 A which coincided with that of CuInS2 in the standard 

JCPDS data card 270159. The samples which were Cu-rich showed good 

crystallinity and orientation along the (112) plane. As the Cu-content was 

increased, the intensity of the peak corresponding to the (112) and (220) plane 

increased. Figure 3.3 shows the XRD pattern of the films CIS55, CIS15 and 

CIS155. The grain size of the film was calculated from the peak at 2() = 27.91° 

using the Debye-Scherer formula 

D = 0.9),/ pcose (3.3) 

where D is the diameter of the crystallites forming the film, .A. is the 

wavelength of the Cu-Ka line, P the FWHM in radians and () is the Bragg angle. 

The grain size was found to vary from 5.8 nm [for the In-rich films] to 21.2 nm 

[for the Cu-rich films]. 
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Fig. 3.3: XRD pattern of the CulnS2 thin films grown using Chemical Spray Pyrolysis. 
Precursor solution ratio for sample CIS55 was CuJIn="O.5 & S/Cu="5, for sample CISI5 it 
was CuJIn="1 & S/Cu="5 and for sample CISl55 it was CuJIn "" 1.5 & S/Cu ="5. 
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Fig. 3.4: Plot of (ahv) 2 versus hv, for samples CIS55, CIS 15 and CISI55. 

Figure 3.4 depicts the plot of (ah v)2 versus h v for the samples with 

different stoichiometry. Optical absorption studies were carried out at room 

temperature. The band gap was found to decrease from 1.53 eV [for In-excess 

film] to 1.45 eV [for eu-excess films]. The optical absorption also showed the 

presence of an optical absorption band at ~ 1.4 eV for the eu-excess and 

stoichiometric samples. This was absent in the In-rich films and hence was 

assumed to be due to defect related optical absorption, possibly due to the 
vacancies of Indium. 



Binding energy (eV) 

Fig. 3.5: XPS sp~ctra for sample CIS55 on a glass substrate grown using CU/ln=O.5 and 
S/Cu=5 in the precursor solution. 

Element Binding Energy (e V) 

Cu2p3/2 932.5 

Cu2p1l2 952.5 

In3d5/2 444.7 

In3d3/2 452.7 

S2p 162.0 

Table 3.1: Binding energy value for the elements Cu, In and S from the CulnS2 thin film. 

Results of XPS analysis carried out on the samples to confinn the chemical 

nature of film are depicted in Fig. 3.5. All the elements diffused slightly into the 

glass substrate, due to the high temperature at which spray pyrolysis was carried 

out. But interestingly, Oxygen was present only at the surface of these samples 

in the fonn of an oxide contamination. It is worth mentioning here that this was 

in spite of using air as the carrier gas for the spray. The binding energy (BE) 

value of surface Oxygen was found to be 532 eV, which was due to surface 

contamination. Table 3.1 shows the binding energies of the elements obtained 

from the XPS studies. BE values of Cu, In and S indicated fonnation of CuInS2• 

QQ 



3.4 On the exciton emissions in CulnSl thin films 

Emissions near the band edge in the 1.50-1.56 eV were observed at low 

temperature in the samples which were optimized, based on their stoichiometry 

and X-ray diffraction intensity. A total number of 12 samples were used for this 

study. More over the band edge emissions were always of lower intensity 

compared to the defect related emissions. 
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Fig. 3.6: Temperature dependence ofPL for sample CIS55 from 15 K to 150 K. 

Figure 3.6 shows the temperature dependence of band edge emission from 

sample CIS55 with Cu/In = 0.49 [From EDAX measurement]. The sample 

stoichiometry indicated the film to be In-rich and had a band gap of 1.53 eV at 

room temperature. The highest energy PL emission in the spectra was at 1.634 

eV, as indicated in Fig. 3.6 and was due to secondary phase impurities of In2S3 

found in In-rich CulnS2' XRD pattern also proved the presence of In2S3 phase 

and hence the result was well supported. There were other prominent emissions 

centered around 1.574 eV with a shoulder on the low energy side [- 1.563 eV]. 

As the temperature was increased from 12 K, the PL emission intensity 

decreased. Again the low energy shoulder lost its significance with rise in 

temperature and merged indistinguishably with the main peak. Multiple fitting 

was used to resolve the peaks in the recorded spectra as shown in Fig. 3.7. 

In spite of the numerous resolved peaks, analysis was concentrated on the 

temperature dependence of peak position and FWHM of the two resolved peaks 

at 1.574 eV and 1.563 eV. From the fitting, it could be seen that, at low 

temperature, the emission at 1.563 eV was more prominent than the emission at 

1.574 eV. As temperature was increased, the relative intensity of the emission at 
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Fig. 3.7: Multiple curve fitting carried out to resolve the near band edge emission peaks 
at (a) 15 K and (b) 100 K. 

The enhancement of relative intensity of the emission (11) at 1.574 eV with 

increasing temperature was in accordance with the relation 43 

11 112 = exp(-/!E / kT) 

-tU 

.0.8 

10 20 30 40 50 60 70 80 90 
1000rr (K") 

(3.4) 

Fig. 3.8: Ratio of the intensities of the 1.574 eV and 1.563 eV emissions, (1/ 12) as a 
function of temperature. 

Figure 3.8 shows the plot of the ratio of the intensities of the 1.574 eV and 

1.563 eV emissions, as a function of temperature. The value of thermal 

activation energy flE from this fitting (as per relation (3.4)) was obtained to be 

10 meV. It was earlier reported that the level of free exciton, belonging to the 

double degenerate r7 valence band, lying near k=O, was about 10 meV below the 

101 



r 6 valence band. This was reported earlier for n-type CuInS2•
1 From the 

agreement in ~E, the sample stoichiometry and the nature of increase in relative 

emission intensity with temperature, this emission at 1.574 eV was assigned to 

the "B" free exciton. Interpretation of this emission line in terms of the "A" free 

exciton or as a conduction band to the valence band transition could be excluded, 

because these emissions are to be present in both n- and p-type material. The 

absence of this emission in other samples also supported the assignment. 

The emission line at 1.563 eV was attributed to the recombination of free 

exciton (FEA). For a relatively small band gap semiconductor, the excitons are 

Wannier type. 16 The photon energy h v of the radiative recombination of a free 

exciton is given by equation (1.30) (section 1.2.2A). The assignment of the free 

exciton (FEA) line was based on the following observations: Bound excitons 

have large binding energies and hence emit photons of lower energy. Hence 

based on relation (1.30) FE lines corresponding to states with /=1,2,3 .. can be 

expected. However, the energy separation and the relative intensities should be 

proportional to r3. 
Also the temperature dependence of the intensity does not allow the 

assignment of this emission to a bound exciton. Further evidence of the free 

exciton nature of the FE line was provided by the fact that the positions (peak 

energy) of the emission lines do not change with rise in temperature. 
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Fig, 3.9: Plot of IOOO/T vs. Log (Integrated PL intensity) for the 1.563 eV emission fitted 
using relation (3.5). 

The temperature dependence of PL intensity for the emission at 1.563 eV 
Was fitted using relation 62 

l(T) = 1(0)/(1 + C exp(-M" I kBT» 
(3.5) 



where I(T) represents the intensity at temperature T, C a constant which is a 

measure of the capture cross-section and ~E represents the activation energy of 

the non-radiative recombination. For ~E, a value of 19.5 meV was obtained 

from the fitting as shown in Fig. 3.9. As the quenching of the free exciton line 

takes place when the exciton dissociates forming free charge carriers, ~E should 

be equal to the exciton binding energy 'gx' as given by relation (1.30). The "A" 

free exciton binding energy in CulnS2 has been calculated to be 20 meV earlier.2 

The agreement of the obtained value with earlier reported value validated the 

assignment of this emission to the free exciton emission. Thus this emission at 

1.563 eV in sample CIS55 could be assigned to the "A" free exciton emission 
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Fig. 3.10: Line width of the emission at 1.563 eV as a function of temperature. 
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Fig. 3. I I: Band diagram for sample CIS55 at 15 K. 

In Fig. 3.10, temperature dependence of the line width of the free exciton 

emission FEA has been plotted in the range 12-120 K. Up to 60 K, the line winth 



increases very gradually to around 18 meV, and at higher temperature, the width 

increases up to - 35 meV at 120 K. The temperature broadening can be 

explained on the basis of decrease in lifetime of the k = 0 state because, as the 

temperature increases, states with higher k become more populated.17 Thus the 

number of occupants at the lowest state (k = 0 state] is reduced which empty 

rapidly by the radiative decay while the higher states follow non-radiative 

transitions. Schematic band diagram of ~uInS2 near k = 0 with the free exciton 

transitions FEA and FEB is shown in Fig. 3.11. 

When the stoichiometry is changed from an On-type, In-rich CuInS2 thin film' 

to a 'stoichiometric CulnS2 thin film' with no excess of "Cu" or "In" in the film, 

there is a change in position of the r valleys and hence in the band gap of the 

material. To identify these changes, a stoichiometric film was prepared. These 

samples (CISI5) were deposited with CuIIn = 0.94 (based on EDAX) and could 

be called 'nearly stoichiometric'. The PL line with the highest photon energy 

was located at 1.550 eV. There were no additional band edge emissions from the 

samples with this stoichiometry. Temperature dependence of the PL emission in 

this sample is depicted in Fig. 3.12. This band edge emission was not detected 

above 150 K. The temperature dependence of the emission intensity was fitted 

using relation (3.5) and t1E was found to be 21 meV. Hence this emission was 

assigned to the "A" free exciton in this sample. There were no shoulders or 

splitting in this high energy emission. The "B" exciton emission has been rarely 

observed in stoichiometric and Cu-rich samples. Thus it could be conclusively 

assumed that the emission at 1.550 eV was the FEA emission for the 

stoichiometric samples. 
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Fig. 3.12: (a) Temperature dependence ofPL in sample CIS15 from 15 K to 190 K and 
(b) Plot of 100011' vs. Log (Integrated PL intensity) for the PL emission fitted using 
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Fig. 3.13: Line width of the emission at 1.550 eV as a function of temperature. 

Another strong proof to the assignment was the line width of the emission at 

1.55 eV. The line width was only ~3.8 meV at 12 K and was nearly independent 

of the temperature up to 50 K, beyond which it increased exponentially as shown 

in Fig. 3.13. 
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Fig. 3.14: (a) Excitation intensity dependence of 1.55 eV emission line at 15 K and (b) 
Plot of excitation intensity vs. PL intensity fitted using relation (1.57). 

Figure 3.14 depicts the dependence of PL spectra on excitation intensity in 

this sample. As the excitation intensity was increased, there was a small shift of 

the peak position towards the higher energy side as evident from Fig. 3.14(a). 

But this shift was beyond the measurable limit of the detection system. Variation 

in intensity of emission with excitation intensity at 15 K was fitted using the 
relation (1.57) (section 1.2.5C). The value of r was obtained to be 1.3 from the 



fit (Fig. 3.14(b)) which was another proof, supporting the assignment of this 

emission to the exciton emission.63 
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Fig. 3.15: Temperature dependence ofPL emission in sample CIS 155 from 11 K to 60 K. 
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Fig. 3.16: (a) Plot of 1000/T vs Log (Integrated PL intensity) for the 1.533 eVemission 
fitted using relation (3.5) and Cb) Temperature dependence ofFWHM for the emission. 

Cu-rich samples (CISI55) with CU/ln = 1.24 (based on EDAX) were 

analyzed next, for their band edge emissions. The highest energy of the PL 

emission was at 1.533 eV. The emission was not detected above 60 K from this 

sample. Most of the Cu-rich films exhibited band edge PL spectra like the one 

given in Fig. 3.15. The peak position shifted to lower energy as the temperature 

increased (as evident in Fig. 3.15). At 11 K, the peak position was at - 1.533 eV 

and at 60 K it was shifted to - 1.532 eV. The temperature dependence of the 

emission intensity was fitted using relation (3.5) as shown in Fig. 3.16(a) and 



M was found to be 18 meV. This was close to the free exciton binding energy 

in CuInS2. The "A" free exciton in Cu-rich CuInS2 was identified to be 

responsible for the 1.535 eV by Binsma et a1.44 Hence we assigned this emission 

to be the "A" free exciton emission in Cu-rich samples like sample CISI15. 

The FWHM at 11 K was found to be 2.7 meV and remained nearly constant 

up to 30 K, beyond which it increased exponentially, as temperature was raised 

as shown in Fig. 3.16(b). It could be observed that thin films with this 

composition (Cu-rich) showed the smallest FWHM. 

For sample CISllO, where the CuJln ratio was taken to be 1 and S/Cu ratio 

was taken to be lOin spray precursor solution, "S" concentration was the highest 

compared to all other samples from EDAX analysis. The observed PL emission 

was centered at 1.492 eV and 1.488 eV and was the highest resolution with 

which a spectrum could be recorded using the PL system designed for this work. 

The temperature dependence of PL emission from this sample is shown in Fig. 

3.17(a). The 1.492 eV emission lost prominence and the emission at 1.488 eV 

gained significance as the temperature was raised. However the emission was 

quenched above 80 K. Activation energy of the emission, calculated from the 

temperature dependence of PL intensity using relation (3.5), gave a value of 

10 meV (Fig. 3.l7(b». Hence it could be concluded that the emission at 1.492 

eV was the FEA emission line in this sample. The emission at 1.488 eV could be 

assigned to the FEB exciton in this sample, which originated from excitons bound 

to defects or im urities. 
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Fig. 3.17: (a) Temperature dependence of PL emission of sample CIS 11 0 and Cb) Plot of 
lOOOrr vs Log (Integrated PL intensity) of the 1.488 eV emission fitted using relation 
(3.5). 



A proof of the exciton nature of these emission lines was evident in the 

temperature dependence of these lines. It is well established that the FEB 

emission gains prominence compared to FEA, as temperature is increased. The 

same was observed when temperature of the sample CIS 11 0 was raised from 

11 K to 25 K, causing the intensity of the emission at 1.488 e V to become more 

intense than the FEA line, Figure 3.18 represents the plot of the relative intensity 

(FE&' FEA) versus lOOO/T. The intensity of the FEs line increased relative to the 

FEA line according to the relation 43 

I FB / I FA = exp( -~E / kT) (3,6) 

From the fitting, ~E was found to be 10 meV which was in good agreement 

with the activation energy obtained from the temperature dependence of PL 

quenching. Thus it could be concluded that the emission at 1.488 eV was due to 
recombination of exciton belonging to the double degenerate r7 valence band. 
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Fig. 3.18: Ratio of the intensities of the emission at 1.488 eV to the 1.492 eV, as a 
function of temperature. 

Thus it was observed that the position of the "A" free exciton varied with 

sample stoichiometry. Figure 3.19 gives the comparison of PL spectra at 12 K 

for a set of samples with different stoichiometry, Table 3.2 shows the observed 

position of the "A" exciton emission, their FWHM and the film stoichiometry 

for the same set of samples. From Fig. 3.19, it is evident that in these films the 

PEA emission is very weak compared to other defect related emissions. 

Nevertheless, they provide a method of identifying the best films and their 

composition. Intensity of the emission is determined by the quality of the films, 

Comparison of the XRD pattern (Fig. 3.3) and the PL spectra (Fig. 3.19) showed 

that the inten~ity of the exciton emission was highest for the most crystalline 



sample. Thus the film quality could be quantified in a batch of samples by 

comparing the intensity of the exciton emission in them. All samples do not 

show the FEA lines but the films with emission lines at these specific positions 

are more crystalline and low resistive, compared to films with no FEA emission 

line or lines at position different to that represented in Table 3.2. 
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Fig. 3.19: PL spectra at 12 K for (a) sample CIS 155 with CuJln =0 1.24 (b) sample CIS15 
with CuJln =0.94 (c) sample CIS55 with CuJln =0.49. 

"A" Exciton FWHM 
~m =0 [Cu IIn]-l No: of 

Sample emission energy at IlK samples 

Stoichiometry (eV) (meV) tested 

In-rich 1.563 ± 0.003 10±2 -0.51 ± 0.18 4 

Stoichiometric 1.550 ± 0.002 3.4 ± 2 -0.06 ± 0.08 3 

Cu-rich 1.533 ± 0.002 2.7±2 0.24 ± 0.12 5 

Table 3.2: Peak position for the free exciton emission identified. 

Sample CISllO [which shows FEA lines at 1.492 eV] is more resistive than 

CIS155 [which has FEA line at 1.533 eV]. Though both films were Cu-rich in 

stoichiometry, CIS155 was more crystalline than CISI10. XRD analysis made it 

clear that grain size was the smallest for In-rich film and largest for the eu-rich 

film which was the cause for band gap variation with stoichiometry. PL spectra 

suggested that the Cu-rich films possessed the lowest FWHM for the FEA line 

while the In-rich had the largest FWHM. But the distinction limit is too small 

and hence could not be used as a quantifying tool. It is more established in 



compounds grown using Metal-Organic Chemical Vapor Deposition (MOVeD) 

and MBE that the use of FWHM rather than the peak energy results in an 

accurate determination of composition.64
• 65 

In the case of sample CIS15, the relative exciton emission intensity 

(compared to the PL intensity due to defect related recombination) as well as 

temperature sustenance of the exciton emission was the highest. Thus it could be 

understood that, as the stoichiometry improved, the temperature sustenance and 

relative intensity of the band edge emission could be improved. Hence it was 

concluded that verification of the stoichiometry of the samples was possible 

from band edge emissions. Based on the above experiments it is concluded that 

the exciton emissions can be used to identify the composition of the CulnS2 

films. Out of a set of 12 samples put to random test, composition of 9 samples 

could be identified based on the position of the FEA emission line. Hence the 

success rate of this tool in establishing the composition of the films was found to 

be 75%. 

3.5 Spatially resolved PL mapping 

Growth techniques like MBE and MOCVD are used to develop device quality 

materials.66
• 67 This is essential to achieve good performance and better yield 

from the optical device. But one cannot use costly techniques like MBE or CVD 

for the preparation of devices like solar cells, where large area junctions are 

required. Hence cost effective and simple deposition techniques are essential. 

However large area samples prepared using simple techniques need strict 

characterization to know the uniformity in all respects. Performance of a solar 

cell can vary at different points due to the non-uniformity in the film, arising 

from different experimental artifacts like non-uniform film thickness, random 

defect distribution or deviation from stoichiometric growth due to extrinsic 

impurities. A simple technique to check these parameters becomes critical for 

large area cell fabrication. 

For solar cells prepared using CSP technique, it was observed that the 

efficiency varied over different regions of the cell. In order to understand the 

reason for this spatial variation, PL surface-mapping study of the absorber layer 

of the cell was carried out. Experimental results based on "far field illumination" 

and "far field collection" for optical imaging is presented here. The results of PL 

surface scan, carried out at low temperature, on CulnS2 thin films are presented 

in this section. Since it was established earlier that the FEA emission line 



correlates to the chemical composition of the films and hence the intensity of this 

emiss ion li ne was monitored spatiall y. Figure 3.20 represents a 3D plot of the 

spatial distribution of the FE" emission line in the samples at 12 K. Samples of 

area I cm X 1 cm were scanned with a step size of I mm. The beam was focused 

to a spot of radius 0.5 mm. 

• 

• 
• 

(a) (b) 

Fig. 3.20: Spatial distribution of intensity of (a) the emission at 1.42 cV in sample Cl 
(Culln=1.5; SlCu=3) and (b) the emission at 1.53 in sample C2 ICulln=1.5 and 
SlCu = 5J. 

To make a qualitative analysis using the obtained data we first defined a 
parameter "/(:c , y)" representing the intensity. whose correlation is being 

measu red. Here the first index 'x' represents the intensity at a point and 'y' 

represen ts the number of points ha ving the same intensity 'x', To measure the 
correlation between the two points [p ,q] we defined a correlation coefficien t 

Pp." = r. .. ./( p'(x , y )/ (qJ (x. y )/(Jr.z .. ~{I(P) (X' y)J2 L ... ~ [I ("(x, y )}! ) (3.7) 

where I "(x.y) and I '(x.y) represent the quantity whose similarity is 

ex.amined. The correlation coefficient Pp." would be I for the highest correlation 

between two points p&q. Now Pp,,, :: I , wou ld mean that the quantities I P(x.y) 

and J ~(x,y) are equal and as the value of Pp." decreases from I. the correlation 

between any of the two compared points dccreases. Table 3.3 shows the average 

correlation coefficients in five different samples for the data taken from 72 

different points on each sample. These coefficients clearly indicated that sample 

C I possessed hi ghest spatial homogeneity (correlation) among the set of sam ples 
put (0 test because for this sample p p.q = 0.9 , wh ich indicated the least variation 

in in tens ity of the FEA emission from point 10 point ove r the scanned arc,"!. This 



was evident in the PL surface map developed as shown in Fig. 3.20(a), where 

most of the region was of the same color in sample Cl. 

For sample C2, the correlation coefficient was the least and the 

corresponding image supported this, as the variation in PL intensity over the 

scanned area (Fig. 3.20(b» was minimal. It has been established that the 

intensity of the band edge transition (Is) in general is proportional to the carrier 

lifetime ('r) or is inversely proportional to the concentration of the killer 

centers.65 

In general, the intensity of radiative band edge recombination emission is 

given by relation 68, 69 

IBocn~m (3.8) 

where h is the Planck's constant and Ilcx the number of excited carriers. This 

clearly indicated that the 'intensity variation map' of the exciton emission, 

shown in Fig. 3.20, reflected the in-homogeneity in the crystalline quality and lor 
composition of the film. 

Sample [CuIIn] ratio [S/Cu] ratio FEA No: of p Correlation 
in precursor precursor position points Co-efficient 

scanned 

Cl 1.5 3 1.42 72 0.90 

C2 1.5 5 1.53 72 0.44 

C3 1.5 8 1.51 72 0.51 

C4 1.5 10 1.48 72 0.56 

A2 1 5 1.56 72 0.66 

B2 1.2 5 1.53 72 0.45 

Table 3.3: PL intensity correlation co-efficient for samples prepared with different 
precursor solution. 

Based on this experiment, it could be concluded that sample Cl was the most 

homogenous among the specimens tested. This experiment also demonstrated the 

application ofPL as a quality testing tool where a benchmark could be set with 
the correlation coefficient p . Specimen classification based on value of p in a 



batch could be used in quality control in large scale production lines. When 
quality analysis in a batch of films is to be checked the average value of p in 

each sample can be set as a benchmark based on which faulty samples, low 

quality samples or good quality samples can be distinguished. For example in the 

above batch of samples Cl is the best quality sample while C2 and B2 are the 

samples of poor quality. Quality here refers to the spatial uniformity in the FEA 

emission which is associated with good crystalline quality of the material and to 

its chemical composition. 

3.6 Broad band defect related PL emissions in CuInS2 thin 
films 

For gaining infonnation on the defects/impurities in the films, the PL properties 

of the films were studied by dividing the samples into two groups. In the first 

group, CulIn ratio was varied keeping the S/Cu ratio constant. In the second 

group of samples, S/Cu ratio was varied by maintaining the CulIn ratio constant. 

These variations in the atomic ratio were made by changing the ratio in the spray 

solution. 
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Fig. 3.21: (a) Temperature dependence ofPL intensity of sample CIS15 and (b) Plot of 
lOOOIT vs. logarithmic (Integrated PL intensity). 

Figure 3.21(a) shows the temperature dependence ofPL emission in sample 

CIS 15 which was identified to be stoichiometric in composition, based on the 

observation of the FEA emission at 1.55 eV. Apart from the FEA emission, a low 

energy emission centered at 1.475 eV with a shoulder at 1.464 eV was observed 



in this sample. An interesting observation for the temperature dependence of the 

PL emission in this energy range was that as the temperature was raised from 

11 K the PL intensity increased reaching a maximum at 150 K. Then it 

decreased, and was quenched beyond 250 K as shown in Fig. 3.21(a). 

The thennal quenching energy for the emission at 1.475 eV was found to be 

31 meV by fitting the 1000/T vs. log (Integrated PL intensity) plot using relation 

(3.5) in the higher temperature side of the plot (Fig. 3.21(b). The activation 

energy agreed with the ionization energy for the Vs donor level in stoichiometric 

CuInS2.3\. 46, 70.71 The Sulphur vacancy could act as a double ionized donor and 

can be the reason for the double PL peak in the emission at 1.475 eV. The 

shoulder at 1.464 eV was quenched beyond 30 K. Peak energy of the emission 

at 1.475 eV shifted to higher energy with the increase in excitation intensity. 

This shift, though visible in the spectra, was very small to be quantified with the 

present resolution of the detection system. The peak shift to higher energy side 

due to the increase in excitation intensity is a characteristic of the Oonor

Acceptor pair recombination. Figure 3.22(a) shows the excitation intensity 

dependence for this emission and the theoretical fit is shown in Fig. 3.22(b). 
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Fig. 3.22: (a) Excitation intensity dependence of emission line at 1.475 eV and (b) Plot 
of excitation intensity vs. PL intensity, fitted using relation (1.57). 

The theoretical fit using relation (1.57) yielded r = 0.73 and hence this 

emission was assigned to be due to the donor acceptor pair (OAP) 

recombination. For OAP transitions, the emission energy is given by relation 

(1.55) (section 1.2.5A) using which the activation energy of the second defect 

level responsible for the PL emission can be obtained. Neglecting the Coulomb 

and van der Waal term in the relation (1.55) and using Eg = 1.575 eV (FEA+ 



exciton binding energy) this value was found to be 69 meV, which agreed with 
the activation energy for the V Co acceptor level in stoichiometric CUInS2.50

, 70, 72, 

73 Hence the emission was assigned to the Vs - V CU DAP recombination. 

The variations of the PL intensity (initial increase followed by a decrease) 

with temperature, could be explained -by considering a 'competition' between 

two shallow acceptor levels. As was evident in the optical absorption for the Cu

rich films, the presence of an absorption peak just below the band edge 

absorption became clear. The PL peak was absent in In-rich films and its 

significance increased as the Cu-content in the films was increased. The optical 

absorption could be assigned to transition from the VIII acceptor level (located 

0.1 eV above the VB) to the CB. Since its presence could be observed in room 

temperature optical absorption it could .be assumed that this level was filled with 

electrons even at room temperature. The presence of two shallow acceptors V Cu 

and VIII and the competition between the two can lead to the anomalous 

temperature dependence of PLo A model for the anomalous temperature 

dependence of PL has been proposed in chapter 4 based on the presence of two 

shallow donors in the CuInSe2 system. In the CuInS2 system, conclusive 

evidence was absent for the proposition of such a model. 
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Fig. 3.23: (a) Temperature dependence of emission at 1.484 eV in sample CIS155 and (b) 
Plot of lOOO/T vs_ logarithmic (Integrated PL intensity) for the emission at 1.484 eV 
fitted using relation (3.5). 

In sample CIS155, which was Cu-rich, PL emission away from the band 

edge was centred at 1.484 eV (Fig. 3.23(a». A high energy shoulder [at 1.489 

eV] and a low energy shoulder (at 1.479 eV) was also recorded. These shoulders 

were quenched above 50 K and the PL peak at 1.484 eV gained significance 



beyond this temperature. The temperature dependence of PL emission in this 

sample is shown in Fig. 3.23(a). The emission was quenched at 190 K. 

Since the emission was much lower than the band edge emission, it could be 

assumed that the emission was due to a DAP recombination. The temperature 

dependence of PL intensity of the emission at 1.484 e V was fitted u'sing relation 

(3.5) and the activation energy of the thermal quenching was obtained to be 

16 meV as shown in Fig. 3.23(b). This value agreed with the activation energy of 

Vln acceptor leve1.50 As the film was highly eu-rich, the stoichiometry of the 

sample also supported this hypothesis that the defect responsible for this 

emission could be the Vln acceptor level. Activation energy of the second defect 

level, responsible for the PL emission was found to be 55 meV using relation 

(1.55) (where we used Eg= 1.555 eV (FEA + exciton binding energy»). This 

agreed with the activation energy of the Vs donor leve1.72. 73 Thus this PL 

emission was assigned to the VS-Vln DAP recombination. 

SAMPLE TYPE ACCEPTOR DONOR CuIIn S/Cu+In 

CIS55 n ----- _ .... _-- 0.49 1.06 

CIS15 p VCu (69meV) Vs (31 meV) 0.94 0.84 

CIS155 P VIn (16 meV) Vs (55 meV) 1.24 0.95 

Table 3.4: Activation energy of the defects identified using PL in the samples. 

Thus we could conclude that when the film was made Cu-rich, (Sample 

CIS 155), the V cu defect level could be eliminated. In sample CIS55, which was 

Sulphur rich and In-rich, none of the defect related emissions could be detected. 

This supported the argument that Vs defect was essential for the PL emissions to 

be observed. Also no side lobes were observed for films which were In-rich 

which strengthened this hypothesis. The position of the donor Vs was identified 

in our samples consistently. Table 3.4 represents the position of the various 

defect levels observed in samples where the Cu/In ratio was varied keeping the 

S/Cu ratio fixed in the precursor spray solution. 

In order to further verify the position of these defect levels, we fixed the 

Cu/In ratio in the precursor as in CIS 15 and varied the S/Cu ratio in the 

precursor spray solution. In the case of samples for which the S/Cu ratio was 

varied, it was found that the concentration of Sulphur increased in the samples as 

per the increase in the precursor spray solution. For sample CIS12, where the 



S/Cu =2 in the precursor solution [SI (Cu +In) ",,; 0.71 from EDAX], deep PL 

emission at 0.978 eV was observed. Band edge emission relating to the exciton 

was not observed, which indicated a degraded quality of the films compared to 
the earlier set of samples. 
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Fig. 3.24: (a) Temperature dependence of PL emission for sample CISl2 with S/(Cu + 
In)'" O.71and (b) Plot of lOOOIT vs logarithmic (Integrated PL intensity) fitted using 
relation (3,5). 

Figure 3.24(a) shows the temperature dependence of this emission at 

0.978 eV. Interestingly, this emission could be observed even at room 

temperature. Deep emissions in this energy range were reported to be because of 

deep donor- acceptor pairs in CuInS2.48 The activation energy corresponding to 

thermal quenching of this emission was found to be 45 meV, which could be 

assigned to the Vs donor level from our previous study. Sample stoichiometry 

also supported this. Using relation (1.55), the activation energy of the other level 

responsible for this emission was found to be 357 meV and could be naturally 

located above the valence band. Such deep acceptors are formed by CUln / CUS.48 

The sample stoichiometry was found to be highly Cu-rich, and supported this 

assignment. 

When the Sulphur content was raised [S/Cu=5] in sample CIS 15, the 

Sulphur content increased but still the deviation from stoichiometry indicated a 

Sulphur deficient film. A low energy emission centered at 1.475 eV with a 

shoulder at 1.464 eV was observed in this sample. The details of this emission 

are described in the earlier section and it was identified that in this sample defect 

related emission was because of the Vs to V Cu [Le. DAP] transition. When the 

Sulphur content was further raised by increasing S/CU=10 in sample CISIIO, 



emissions from deep defects were not observed. One of reasons for this could be 

the absence of the Vs defect levels because of the improved Sulphur content in 

the film. Thus in this samples Vs related PL emissions were absent. 

Thus the presence of defects like CUi and CUs were identified using samples 

whose Sulphur content was varied. Table 3.5 c·ompares the defects identified 

using PL in samples where CulIn was kept a constant and the S/Cu content was 

varied. 

SAMPLE TYPE ACCEPTOR DONOR CulIn S/Cu+In 

CIS12 p Cu;! Cus (357 meV) Vs (45 meV) 2.18 0.71 

CIS15 P VCu (69 meV) Vs (31 meV) 0.94 0.84 

CISllO p ---- ---- 1.10 0.95 

Table 3.5: Activation energy for the defects identified using PL in Sulphur content varied 
samples. 

When the broad band eInlSSlOnS m the films prepared using CSP were 

studied as a function of their composition, intrinsic defects were found to play an 

important role in the shape and position of the PL emission. Deviation from 

stoichiometry (In-rich or Cu-rich) detenruned the type of broad band emission. 

Cu-excess films showed the maximum number of emission lines. The lines were 

broad and some of the defect-related emissions were observed even up to room 

temperature. On the other hand In-rich films showed defect related emissions 

close to the band gap. Thus it could be concluded that prominent defects that are 

formed during the spray pyrolysis of CuInS2 are Vs, VCu and Vln' Defects like 

Cu;! CUs were formed as a result of deviation from molecularity in the precursor 

solution. 

3.7 Effect of substrate temperature on the PL emissions in 
CulnS2 thin films 

Significance of substrate temperature in controlling the properties of CSP 

samples is well known. PL properties of sprayed CuInS2, deposited at different 

substrate temperatures, were analyzed in the present study to standardize the 

substrate temperature. Sample properties exhibited progressive behavior with 

temperature.76, 77 Samples with Cu/In ratio equal to I and S/Cu ratio equal to 5 in 

the precursor solution were sprayed on to substrates maintained at temperatures 



of 573 K, 623 K and 673 K, keeping all other parameters constant. The spray 

rate was 1 mlImin and volume of the solution used for each spray was 40 ml. 
Thickness of the films decreased progressively from 460 run to 270 om, as the 

substrate temperature increased from 573 K to 673 K. Figure 3.25 compares the 

PL spectra for this set of samples. Samples prepared at 573 K (300°C) showed 

prominent defect-related emissions centered on 1.46 eV and a weak exciton 

emission at 1.55 eV. The defect related emission was identified to the Vs and VCu 

donor-acceptor pair recombination. 

When the substrate temperature was raised to 623 K (350 QC) band edge 

emission at 1.552 eV dominated and this was observed from 12 K up to 200 K 

(Fig. 3.25). The peak at 1.552 eV had a shoulder at 1.536 eV, which persisted up 

to room temperature. The difference in their peak energies was 16 meV, which 

agreed well with the exciton binding energy in CulnS2' The persistence of band 

edge PL emission up to room temperature in samples prepared at 623 K clearly 

indicated better crystallinity, device quality and absence of non-radiative losses 

in this sample. This accounted for the improved properties of this sample. Also 

there was passivation of the donor acceptor transitions in samples prepared at 

this temperature. 
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Fig. 3.25: PL spectra of samples at 12 K, prepared with different substrate temperatures, 
using same precursor solution. 

Temperature dependence of the emission at 1.552 eV, in this sample, is 

shown in Fig. 3.26(a) and the data was fitted using relation 74,75 

leT) / 1(0) =: 1 /[1 + Cl exp( -AEI / kT) + C2 exp(-AE2 I kT)] (3.9) 

where the presence of a further non-radiative path with activation energy 

&2 is assumed. The fitting based on this assumption is. shown in Fig. 3.26(b). 



The activation energy related to the thennal quenching (LiE]) of this emission 

was found to be 81 meV. It could be concluded that the emission at 1.552 eV 

was the FEA emission in this sample. The emission at 1.532 eV could be due to 

the defects at 81 meV. The peak position of the emission shifted to lower energy 

as temperature was raised. Thus we could assume that this emission at 1.532 eV 

in sample prepared at 623 K was a bound exciton emission. 
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Fig. 3.26: (a) Temperature dependence ofPL in sample prepared with substrate at 623 K 
and (b) Plot of lOOO/T vs. Logarithmic [Integrated PL intensity] of the PL emission fitted 
using relation (3.9). 

Since most semi-conducting materials contain significant amounts of 

impurities and/or defects which can trap excitons, the identification of the bound 

exciton states provided an important characterization of impurities, which 

controlled the electro-optic properties of semiconductors. Bound excitons give 

rise to PL emission at lower energy than that of free excitons. Excitons bound to 

ionized donors (D+, X), to neutral donors (DO, X), to ionized acceptors (A, X), 

and to neutral acceptors (Ao, X) are the various types found in many 

semiconductor systems. The (D+, X) complex consists of a donor ion, an electron 

and a hole. Similarly the (A, X) complex consists of an acceptor ion, an electron 

and a hole. The (DO, X) bound exciton consists of a donor ion, two electrons, and 

a hole. The (Ao, X) bound exciton consists of an acceptor ion, an electron, and 

two holes. The observation of (D+, X) emission or (A, X) PL emission bands in 

a particular material will depend on the ratio of electron and hole effective 

masses 1lle and ffib· An exciton can be bound to an ionized donor if mt/1lle > 1.4. 

Similarly, an exciton can be bound to an ionized acceptor if 1lle/IIlb > 1.4. 
Donor bound excitons follow 



and acceptor-bound excitons follow 

£: AB / £: A = 0.1 

(3.10) 

(3.11 ) 

where CDB and CAB are the binding energies of donor- and acceptor-bound 

excitons, respectively; £D and £A are the ionization energies of donor and 

acceptor impurities. Ratio of the exciton binding energy (16 meV) to the 

impurity ionization energy (81 meV) was obtained to be - 0.2 which proved the 

emission at 1.532 eV to be a 'donor bound exciton' emission. Singly ionized 

defects of Indium (Indium interstitials (Ini) or Indium at Copper anti sites (Incu) 

occupy shallow states - 75 meV below the conduction band.76
, 77 Thus it could 

be concluded that this emission was the (D+, X) emission. The assignment was 

also supported by the film stoichiometry. 
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Fig. 3.27: Temperature dependence ofPL emission intensity in sample prepared at 673 K 
(a) Temperature 12-170 K and (b) Temperature 170-230 K. 

For samples prepared at 673 K, the band edge emissions were broadened. 

Broad emissions at l.527 eV, 1.482 eV as well as at 1.634 eV exhibited negative 

temperature quenching as shown in Fig. 3.27. This indicated the presence of 

large number of competitive radiative defects and secondary phase impurities for 

samples prepared at this temperature. 

Based on the PL results, it could be concluded that the ideal substrate 

temperature for the deposition of CulnS2 thin films using CSP was 623 K. Also 

as temperature was increased, it was observed that the composition of the film 

changed in-spite of using the same concentration of precursor solution for 

preparation of all the three samples. Thus it could be concluded that the 



stoichiometry of the deposited films could be controlled by changing the 

substrate temperature alone. This was an important and useful result from the 

device fabrication point of view. For example, in the case of solar cells where 

Cu-rich interface at the junction exists, the efficiency has been reported to be as 

high as 12%· due to the improved collection of minority carriers across the 

junction where as an In-rich bulk is needed to increase the absorption coefficient. 

This work proved that by varying the substrate temperature alone, one can get 

films with different composition using the same precursor solution. 

3.8 Conclusions 

PL studies on CuInS2 thin films were carried out with the aim of identifying 

critical parameters like precursor solution concentration and substrate 

temperature for the deposition of device quality films for solar cell application. It 

was also aimed at non-destructively identifying the intrinsic defects fonned 

during deposition in these ternary compound thin films. The most important aim 

was to establish a robust tool which could be used to identify the composition of 

the films non~destructively. The use of PL as a tool to establish the composition 

of the films has been demonstrated with success in this chapter. It is established 

that the free exciton [FEAl emission, which is the highest band edge emission 

energy, can be used to identify the composition of the film. Stoichiometric 

CuInS2 thin films yield FEA emission at 1.55 eV whereas the In-excess films 

show FEA emission at 1.56 eV. The Cu-excess films yield PEA emission at 1.53 

e V. Excitons bound to defects also yield PL emission; but they cannot be used to 

predict the composition accurately. The FWHM of the band edge emission 

varied as the composition varied. 

The In-rich films showed maximum FWHM for the FEA emission while the 

Cu-rich films showed the sharpest FEA emissions. The stoichiometric films 

showed FEA emissions of FWHM intennediate to the eu-rich and In-rich films. 

Alternative to PL peak position, PL FWHM can also be used as a tool for 

composition analysis. Sharper PL emissions in general reflect improved 

crystallinity and decrease in defect density. Thus monitoring of FWHM can also 

be used for quality analysis of the films. Position of the PL emission lines 

observed, and their identified origin is shown in Table 3.6. Based on the data, it 

could be proposed that film composition could be identified based on the band 

edge emission lines. Position of the deep DAP recombination lines were too 
close to be used as a mark of stoichiometry. 



Emission line (eV) Film Parameter PL origin 

1.574 In-rich S-excess FEB 

1.563± 0.003 In-rich S-excess FEA 

1.475 In-rich S-deficient Vs- Vcu 

1.550± 0.002 Stoichiometric FEA 

1.532± 0.004 Stoichiometric BX:D(ln~lt) 

1.533± 0.003 Cu-rich S-deficient FEA 

1.484 Cu-rich S-deficient Vs - V1n 

0.978 Cu-rich S-deficient VS-CUIt/Cus 

Table 3.6: Emission lines assigned based on the stoichiometry of the sprayed CuInS2 thin 
films. 

The spatial variation in FEA emission can be used to monitor sample quality 

and uniformity. The presence of FEA emission from a film itself is an indication 

of good crystallinity and ordering in the film. Spatial fluctuation in intensity of 

the FEA emission was used to study in-homogeneity in the films due to problems 

in the growth process or the deposition teclmique. It was observed that a change 

in precursor solution itself was sufficient to create spatial distribution in FEA 

emission intensity. Spatial uniformity of composition for some of the films was 

tested using PL and it could be used to predict uniformity of films deposited. The 

drawback of PL technique remains in the collection optics and in the quality of 

the films deposited. Unless a film shows PL emission, its homogeneity cannot be 

verified by this technique. 

Position of some of the intrinsic defects like vacancy of Sulphur [Vs], 

vacancy of Indium [V1n] , vacancy of Copper [V cu], Copper interstitials [CUi] and 

Copper in Sulphur anti-site [eus] could also be identified as shown in Table 3.7. 

Compensation of some of these defects was observed when the concentration of 

the precursor solution was changed or when the substrate temperature was 

changed. 

In conclusion, precursor solution having Cu to In ratio of 1, S to Cu ratio of 

5, and substrate temperature of 623 K was found to be the best/optimum 

parameters to obtain good CuInS2 thin films in laboratory scale which could be 

used for the preparation of solar cells using CSP technique. 



hnpurity Acceptor (A) / Activation Energy 

Donor (D) (meV) 

Vs D 42+3 

Veu A 31 

VIn A 16 

In+eu D 81 

Cu/Cus A 357 

Table 3.7: Point defects and their activation energy identified using PL in sprayed CuInS2 
thin films. 
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CHAPTER 4 

Photo-luminescence studies on CulnSe2 thin films 

PL studies were carried out on CnInSe2 thin films deposited using 

three different techniques. It was aimed at standardizing a simple eco

friendly route to deposit CuInSez which finds wide application in 

photovoltaics as a good absorber layer. It is established that device 

quality films conld not be deposited using a combination of the 

Chemical Bath Deposition (CBD) and Sequential Elemental Layer 

(SEL) deposition techniques. In the present work, PL has been used 

mainly to identify the intrinsic defects due to deviation in 

stoichiometry of this important compound semiconductor. The near 

band edge (exciton) emissions were investigated for various film

compositions as a function of temperature. From these investigations, 

the exciton ionization energy (~5 meV) was determined. Positions of 

intrinsic defects, like vacancies of Copper (Vcu), Indium (VI,,) and 

Selenium (Vs.); point defects like Indium in Copper (Incu) and Copper 

interstitials (CUi); and antisite like Copper in Indium (CUIn), were 

determined using PL. Emission lines belonging to the class of 

excitonic, 'free-ta-bound' and 'donor-acceptor pair' transitions were 

recorded and analyzed through their temperature and excitation 

intensity dependence. In the present work, it is also shown that tuning 

of PL emission intensity from a CuInSe2/ ITO hetero-structure is 

possible. PL peak position for the emission from the hetero-strncture 

was observed to be at 1550 nm, which is a wavelength sought after in 

fibre optic communication. 

4.1 Introduction 

CuInSe2 is a member of the family ofI-Ill-VI2 chalcopyrite semiconductors.' The 

ABX2 Ch- crystal structure resembles the Zincblende structure, with two of the 

cations A and B being coordinated tetrahedrally by four of the anions 'X' but the 



anion is coordinated by 2A + 2B , with generally dissimilar nearest-neighbor bond 
lengthsRAX ~ RBX • CuInSe2 is a ternary analog of the binary semiconductors like 

CdSe and ZnSe. It crystallizes in the Ch- structure which is an ordered 

superstructure of Zincblende. The electrical properties of I-ill-VI2 compounds 

are dominated by the presence of intrinsic defects such as Cu, In and Se 

vacancies and interstitials. Stable crystal structure of CuInSe2 is a subset of the 

'adamantine class' and is named after the mineral chalcopyrite, CUFeS2' The 

characteristic feature of the adamantine structure is a tetragonal arrangement of 

atoms in which each atom has four nearest neighbors. In general, crystal 

structure of various compounds is derived from the basic diamond close-packed 

structure. It has a sub lattice of anion in cubic close packing (as in the 

Zincblende (Sphalerite) structure) or in hexagonal close packing (as in the 

Wurtzite structure). In chalcopyrite compounds (r phase), a slight shift of the 

anion sites results in the tetragonal symmetry with c-axis nearly twice the 

original axis (Zincblende structure). CuInSe2 crystallizes in this form at room 

temperature and reverts to the Sphalerite structure (8 phase) above 1073 K. 

Devices based on this system may find application in optical communication 

systems when (and if) losses in the optical fibers are reduced below the present 

1.3 ~m wavelength region.2 

The defect physics of CuInSe2 shows three unusual effects with respect to 

the binary II-VI analogues: (a) Tolerance to large off-stoichiometry: Unlike its 

binary analogue it supports a large range of anion-ta-cation off stoichiometry i.e. 

Cu-rich and In-rich films having variation by few percentages, are stable.3
-
4 The 

extreme limit of "off stoichiometry" is manifested by the existence of a series 

of compounds with different CulInlSe ratios (CuIn5Se8, CuIn3Ses, CU3In5S~, 

etc.).5-8 (b) Ability to dope it to p-or n-type: CuInSe2 can be doped n- or p- type 

to a low-resistivity level merely by introducing native defects, without extrinsic 

impurities. Tell, Shay, and Kasper noted that either p- or n-type CuInSe2 crystals 

could be grown from the melt via stoichiometry control.9 Migliorato et al. and 

Noufi et a1. further investigated this effect, noting that p-type samples can be 

created by making the sample Cu poor or by annealing in Se atmosphere (high 

pressure), while n-type samples can be made by making the sample Cu-rich, or 

through annealing in low pressure Se atmosphere. lO
• 11 

The ability to make p- and n-type CUInSe2 leads to the formation of a p-n 

homo-junction, and eventually to the fabrication of photovoltaic solar cells. 12. 13 

(c) The electrically benign nature of the structural defects: In Si and in ordinary 

ill-V semiconductors, polycrystallinity leads to a high concentration of 



electrically active (grain-boundary) defects that have very detrimental effect on 

the perfonnance of opto-electronic devices. Polycrystalline CulnSe2 solar cells 

have reached efficiencies of ~ 17% outperforming their single crystal 

counterparts having efficiency of ~ 13%.14-16 Significant gain in both scale and 

reliability of production methods, however, will be required before commercial 

production of CulnSez becomes profitable for bulk power generation 

applications. 

------;;~ 
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Fig. 4.1: Chaicopyrite structure ofCulnSe2' 

Fonnation energies of the leading point defects were estimated from the 

generalization of the 'cavity model' proposed by Van Vechten, using empirical 

atomic radii and bond energies as the inputs. \7-20 In accordance with the fact that 

the bond energy of chalcopyrite is larger than that of its binary analogue, energy 

for the fOImation of vacancy in chaicopyrite, relative to 11-V compounds, was 

found to be larger.21
, 22 Zunger et a1. used first-principles self-consistent 

electronic structure theory to calculate the fonnation energies and electrical 

transition levels of point defects, defect pairs and arrays in CuInSe2 (CISe).23 

The order of formation energies excluding VSe were reported as 

VCu < CUIn < VIn < CUi < Incu 
VCu < Cu In < InClI < CUi < Vln 
VCu < VIn < InCu < CUIn < CUj 

VCII < Incu < VIn < CUln < CUi 
CUIn < VIn < VCu < CUi < InCu 
Cu In < VCu < VIn < CUi < InCu 

(Cu rich; In rich; n type) 
(Cu rich; In rich;p type) 
(Cu poor; In rich; n type) 
(Cll poor; In rich; p type) 
(Cll rich; In poor; n type) 
(Cll rich; In poor; p type) 

Composition of CISe films, used as absorbers in thin film solar cells, is a 

topic of importance since many cell properties are influenced by the deviations 



from stoichiometry. Based on the defect chemistry model of ternary compounds 

proposed by Groenik and Janse, the deviations from stoichiometric composition 

can be described by two parameters t1m and & which detennine the deviation 

from 'molecularity' and 'stoichiometry' respectively.24 

~m = {[Cu]/[In]}-I 

fu = {2[S]/([Cu] + 3[In])}-} 
(4.1) 

(4.2) 

where [Cu],[In] and [Selare the total concentrations of eu, In and Se 

atoms respectively in the crystal. 

Meaning of the deviations from molecularity and stoichiometry was 

described as follows: 
1. D.m > 0 eu-rich films (possibly secondary phase Cu2•xSe) 

/).m < 0 In-rich films (possibly secondary phase In2Se3) 

2. Lis > 0 Excess of Selenium 
D.s < 0 Deficiency of Selenium 

elSe has been deposited using a number of techniques, including those 

which have been demonstrated to be scalable to mass production. A brief review 

on some of the important techniques is as follows: One promising approach, 

based on data disclosed by AReo Solar (now Siemens Solar) in a European 

patent application, consists of sputtering eu and In layers followed by 

selenization in H2Se gas to yield CISe.25 Neumann et al. reported successful 

preparation of CISe epitaxiallayers by single-source evaporation.26 Neelkanth et 

al. reported preparation of elSe films using co evaporation of constituent 

elements.27 Trykozko et al. reported preparation of these films using flash 

evaporation and beam evaporation.28 Isomura et al. reported preparation of elSe 

by D.C. sputtering and vacuum evaporation from synthesized bulk materials.29 

Mikihiko et a1. prepared elSe by co-evaporation of the elements under ultrahigh 

vacuum by molecular-beam deposition technique. The process was found to be 

suitable for the fabrication of stoichiometric or slightly In~rich films.30 Adurodija 

et a1. reported solid-liquid reaction mechanisms leading to the fonnation of high 

quality elSe by the Stacked Elemental Layer (SEL) technique.31 

Parretta et al. reported the growth of thin chalcopyrite elSe films using 

selenization of eu-In alloys in a box.32 Firoz Hasan et a1. studied charge carrier 

transport mechanism in CulnSe2 films prepared using SEL technique in 

vacuum.33 Zeenath et a1. studied the trap levels of p-type CulnSez samples grown 

using the SEL technique. As prepared samples had two trap levels of activation 



energies 70.72 meV and 40.5 meV and were identified as defect levels of 

vacancy of Selenium (V Se) and vacancy of Copper (V cu). In air annealed 

samples, activation energy of VCu was identified to be 103 meV.34 CISe films 

having chalcopyrite structure were successfully prepared by SEL technique 

where the Selenium film was grown using Chemical Bath Deposition, while the 

In-Cu layers were deposited by Physical Vapor Deposition. Studies on 

dependence of growth of the film with annealing temperature and composition 

were analyzed.35 Deepa et a1. reported that samples prepared using thermal 

diffusion of Cu into In2Se3 were better than the ones prepared using SEL 

technique for the preparation of CISe. Cu-rich, In-rich and nearly stoichiometric 

samples could be prepared by thermal diffusion ofCu into In2Se).36 

4.2 PL of CulnSe2 

Kasper et a1. observed a sharp band-to-band emission at 1.04 eV in the PL 

spectrum at 77 K.) The features of the PL spectra were explained in terms of a 

model suggesting the presence of an acceptor level (EA= 40 meV) and a donor 

level (ED=70 meV). Both of the levels were proposed to have an intrinsic 

origin.3
? The PL spectrum of melt-grown n-CuInSe2 single crystal at 7 K, were 

studied by Rincon et a1.38 They observed three peaks, at approximately 0.980 eV 

,0.990 eV and 1.013 eV. Based on the probabilities of recombination processes, 

DAP and the corresponding free-to-bound transitions were assigned to these 

emissions. From the data of the absorption edge at 1.023 ± 0.003 eV, a donor 

state at 10 ± 2 meV, and an acceptor state at 33 ± 2 meV had also been 

determined by them. The results of PL and PC measurements on stoichiometric 

and well-defined off-stoichiometric CISe were reported by Lange et a1.39 The 

energy gap at 10 K was found to be 1.050 ± 0.005 eV and the free-exciton 

emission was observed at 1.030 ± 0.005 eV in the PL spectra of stoichiometric 

and nominally un-doped CISe. They observed that for Cu:In and metal: Selenium 

ratios >1, recombination between Se-vacancy donors (70 meV below the 

conduction band edge) and In-vacancy acceptors (80 meV above the valence 

band edge) dominated the PL spectra. Excitation from two acceptor states (CUln 

antisite acceptors (40 meV) and V1n), contributed to the PC spectra with 

complementary temperature dependence. (Normally photocurrent decreases with 

increase in temperature; but in the above case they observed the reverse). Lange 

et a1. reported that CISe is dominated by free exciton emission at 1.03 eV 

[FWHM ~9 meV]. PL emissions at 0.90 eV, 0.94 eV and 0.97 eV were observed 

and were attributed to the transitions involving residual native defect states.40 



Rincon and Bellabarba reported results of optical absorption studies near the 
band gap of n-type CISe at 7 K.20 Binding energy of the exciton and the 

ionization energy of acceptors and donors were detennined to be 18, 54, and 26 

(± 5) meV, respectively by them. They suggested that Incu antisite donors and 

VCu acceptors fonn the predominant active intrinsic defects in "In-rich" CISe. 

Masayuki et a1. studied PL of CISe films prepared using se1enization technique 

with solid or vapor-phase Selenium.41 PL spectra obtained from the samples 

could be explained by assuming the following levels: donor level of Se vacancy 

(VSe ), 70 meV below conduction band, acceptor levels of copper vacancy (Vcu), 

40 meV and 85 meV above valence band, In-vacancy (Vb,) 40 meV above the 

valence band and Copper on Indium (Culn) antisite at 40 meV above valence 

band. Optical properties of CISe films, grown on (001) GaAs using MBE, were 

investigated by means of low temperature PL spectroscopy by Niki et a1.42 

Distinct emission lines, including the band edge emission, were observed 

reproducibly from Cu-rich films, indicating high crystalline quality. Such well

defined PL spectra helped the extensive characterization of radiative 

recombination processes through the intrinsic defects in this material. Some of 

the emission lines were attributed to phonon replicas with phonon energy of 28-

29 meV for the first time. PL spectra were found to be very sensitive to the MBE 

growth parameters such as substrate temperature, suggesting that dominant 

defects in CISe epitaxial films could be controlled by varying the growth 

conditions. 

CISe epitaxial films grown on (001 )-oriented GaAs substrates using MBE 

technique were characterized using low temperature PL spectroscopy at 

T= 2-102 K by Niki et a1. in 1995.43 The emission at 1.0386 eV (EX!) became 

broader with increasing temperature, and remained up to T= 1 02 K. They 

observed a distinct, sharp emission at 1.0311 eV (IXl) which disappeared at a 

significantly lower temperature, compared to other weak donor-related 

emissions. They attributed such emissions to the ground-state free exciton 

[FEn = .] and exciton bound to neutral acceptor [Ao, X], respectively. The band 

gap of CISe epitaxial films was also determined to be Eg = 1.046 e V at 2 K using 

the reported exciton binding energy of Eex = 7 meV. Rincon et al. analyzed the 

donor-acceptor recombination band in the PL spectra of CISe.44 Broad bands 

were observed in the PL spectra due to D-A pair recombination at 77 K and 

were analyzed using an empirical model. 
Band edge luminescence of ClSe single crystals was studied in the 

temperature region between 2 and 300 K by Schon and Bucher.
45 

Sharp emission 



lines were attributed to the decay of free and bound excitons and their phonon 

replica. Binding energy of the free exciton and the band gap at 2 K were reported 

to be 4.4 meV and 1.044 eV, respectively by them. Free-exciton series with n=l, 

2 in highly perfect CISe single crystals were observed in PL by Mudryi et a1.46 

Binding energy of the exciton and direct energy gap were estimated as 5.1 meV 

and 1.0459 eV at 4.2 K. Mudryi et a1. in 2000 studied CISe single crystals 

employing PL, Optical Reflection (OR), Optical Absorption (OA) and 

Wavelength Derivative Reflection (WDR) techniques in the temperature range 

from 4.2 to 300 K.47 Exciton-related peaks were observed in the near-band edge 

region of the PL spectra: There were several narrow lines, with FWHM of about 

0.3 meV, and two wider peaks (FWHM about 0.7 meV) at 1.0414 (peak A) and 

1.0449 eV (peak B). Peaks A and B were also observed in the OR and OA 

spectra and identified as 'A and B free excitonic states'. The narrow lines were 

attributed to bound exciton recombination on intrinsic defects. The third exciton 

resonance (peak C) was observed in the WDR spectra at 1.2779 eV. Crystal-field 

and spin-orbit splittings were derived to be 5.3 and 234.7 me V, respectively. 

Yakushev et a!. studied CISe single crystals, grown using the vertical 

Bridgman method, employing PL and OR techniques, at temperatures 4.2 and 78 

K.48 In a number of samples, A and B free exciton peaks were well resolved in 

both the PL and OR spectra measured at low temperatures. The energy, spectral 

separation, and the width of the excitonic lines varied considerably for samples 

with different elemental compositions. They observed that closer the 

stoichiometry was to that of the ideal crystal, higher the energies and smaller the 

A-B separation became. High-quality CISe single crystals were grown by the 

vertical Bridgman method and studied using PL and OR techniques.49 The Cu/In 

ratio of the crystals varied from 0.8 to 1.2. At 4.2 K free-exciton peaks A and B 

as well as a number of bound-exciton peaks were observed and well resolved in 

the PL spectra. Deviations from CuIIn = I resulted in shifts of the free-exciton 

peaks to lower energy and an increase in their FWHM. The A-B separation 

energy was found to be strongly influenced by the CuIIn ratio and temperature, 

suggesting that the valence band B is less sensitive to the tetragonal distortion in 

the lattice than the uppermost valence band A. Martin et a1. reported PL 

measurements in the temperature range from 4.2 to 300 K carried out on ClSe 

thin films, synthesized on soda-lime glass substrates by a two-stage selenisation 

process.so For near stoichiometric films, intense band-to-band recombination at 

room temperature generated PL peak at 1.028 eV with FWHM of 

[approximately] 50 meV. At 78 K, the A and B free exciton peaks merged into a 

band at approximately 1.044 eV. The A and B excitonic peaks shifted to 1.0409 



eV (A) and 1.0444 eV (B) and were well resolved with their FWHM reduced to , 
2.5 meV. 

Defect spectra of CISe epitaxial thin films grown on GaAs (00 1) wafers 

using metal organic vapor phase epitaxy was reported by Rega et a1.51 The PL 

spectra of p-type Cu-rich ([Cu]/[In]>1.05) samples were dominated by donor 

acceptor pair transition at 0.972 eV. For slightly Cu-poor and stoichiometric 

samples, a free-to-bound transition at 0.992 eV was observed. Also an exciton 

emission could be detected at EFX = 1.032 e V, indicating a band gap of 

EG = 1.038 eV at 10 K. These results could be combined to yield a defect model 

for CISe containing two acceptors states with 40 and 60 meV and a 

compensating 6 meV donor state. PL and time-resolved PL were recorded for 

bulk CISe single crystals grown by a traveling heater method by Sho and 

Hideto.52 PL exhibited an exciton peak at 1.036 eV at 8 K. Other PL peaks at 

0.99 eV and 1.01 eV were quenched at 40 K and 100 K, respectively. They 

observed that in the 50-200 K temperature range, exciton PL exhibited thennal 

quenching with activation energy (~ of 16 meV. Further increase in 

temperature (200 K < T < 300 K) lead to broadening of the PL, PL energy 

decrease, and a negative thennal quenching (M = -89 meV). 

With increase in temperature, the PL lifetime decreased in the temperature 

range 80 K < T < 160 K, while it increased in the range 180 K < T < 300 K. 

Their results suggested a change of the recombination mechanism at about 200 

K. Micro-structural and radiative properties of CISe films, prepared using three

source evaporation were investigated to identify the energy levels associated 

with various defects.53 PL measurements were carried out on as-deposited and 

annealed polycrystalline CISe thin films deposited onto (lOO)-oriented Si wafers 

doped with Boron. PL spectra of the films, before and after annealing in Argon 

atmosphere at 400 DC, showed emission peaks ranging from 0.88 to 1 eV. They 

observed that annealing strongly increased PL signal at 0.958 eV. 

4.3 Sequential layer deposition of CulnSe2 thin fIlms for 
photovoltaic applications 

In recent years, I-III-VI2 binary semiconductor compounds, which crystallize in 

the tetragonal Ch- structure, have received considerable attention because of 

their possible application in electro-optical devices. Of these compounds, elSe 

either in the fonn of single crystals or as polycrystalline thin films, has emerged 

as an ideal candidate for solar energy conversion, because it possesses the 



following useful properties: (a) it has direct band gap of about 1 eV at room 

temperature which is in the range for optimum solar conversion; (b) it has the 

highest optical absorption coefficient value among all the semiconductors 

reported so far in literature (c) it can be made either n- or p- type, which pennits 

the formation of homo-junctions and several types of hetero-junctions; (d) p

type CISe materials with low resistivity (p ~ 0.5 Ocm) and high mobility of 

minority carriers (/le> 550 cm2v· 1s·1
), required for efficient hetero-junctions, are 

easily prepared by introducing a excess of Se into the materia1.20 

4.3.1 Preparation o/CulnSel thin films 

Micro glass slides were cleaned with chromic acid initially and then rinsed 

with water. The slides were then cleaned with basic soap solution (Dextran) and 

were then dried in a Petri dish. These slides were used as the substrates for film 

deposition. The substrates were dipped horizontally in a beaker containing 

0.0125 Molar Na2SeS03 solution. The pH of the solution was adjusted to be ~ 

4.5 by adding 50% diluted acetic acid to the solution. The dipping time was 

increased gradually from 1 hr to 3 hr and it was found that uniform films could 

be deposited for a dipping time of three hours. The Se films thus prepared were 

used for the conversion into CISe films. These Se films were then divided into 

two batches to prepare CISe. One batch of Se films was converted to CISe by 

following the SEL technique of film deposition while for the other batch, 

thermal diffusion of the constituent elements followed by vacuum annealing was 

carried out. In the first process (Le. SEL technique) Indium and Copper were 

sequentially deposited on to the Se layer using vacuum evaporation and then the 

samples were annealed in vacuum at 400 QC for one hour to obtain 

polycrystalline CISe thin films. This method of preparation is named 

"Technique A" here after in this thesis. In the second method, first In was 

deposited over the Se layer using vacuum evaporation and this bilayer was 

annealed in vacuum at 100 QC for one hour to form In2Se3. In the next stage, Cu 

was deposited over the In2Se3 thin films by vacuum evaporation and this bilayer 

Cui InzSe3 was annealed in vacuum at 400 QC for one hour to get CISe. This 

method of preparation is named "Technique B" in this thesis. 

In order to standardize a route to the preparation of stoichiometric CulnSe2 

thin films, concentrations of Cu- and In- were varied, keeping the thickness of 

Se- layer constant (0.25 Jl1ll) for both the preparation techniques, A & B. 

Samples were prepared by varying the concentration of In, keeping the mass of 

Cu fixed at 20 mg in both of the deposition techniques. Indium was varied from 



following basis: A sample was named as CIS22- when Cu 20 mg and In 20 mg 

was evaporated on to the Se film. Similarly for sample CIS24- Cu 20 mg and In 

40 mg; for sample CIS26- Cu 20 mg and In 60 mg; for sample CIS28- Cu 20 mg 

and In 80 mg and for sample CIS210- Cu 20 mg and In 100 mg were used 

respectively for film preparation: In the next step, In was fixed at 80 mg and Cu 

was varied from 30 to 50 mg in steps of 10 mg. Samples in this set were named 

as CIS38, CIS48 and CIS58 following the same nomenclature rule as for the In 
varied set of samples. 

Another deposition technique was the Physical Yapor Deposition of the 

constituent elements on to the glass substrate. In this method, Se was first 

evaporated onto the glass substrate and then In and Cu were evaporated 

sequentially. The stacked multi-layer was then annealed at 400°C to obtain CISe 

thin films. This method of preparation of CISe is named "Technique- C" in this 

thesis. 

The use of a combination of SEL and CBD for the deposition of CISe films 

was carried out by Zeenath et a1. and Bindu et a1.34
• 3S The use of the same 

technique for production of device quality CISe films was carried out by Deepa 

et a1.36 The PL analysis of CISe films prepared using these techniques was not 

reported previous to this work. PL as a standard nondestructive technique for 

diagnosis as well as quality control, in semiconductor R&D and industrial 

envirorunents is well established. It was aimed at characterizing the PL emission 

of these films as a function of composition. Experiments were carried out in such 

a manner as to identify PL emission peaks which could be used as the signature 

of film composition. 

4.3.2 Structural and optical studies 

Structural characterization using XRD showed the presence of three 

prominent peaks corresponding to the planes (112) at 29 = 26.6°, (220) / (204) at 

44.1 ° and (116) / (312) at 52.3° respectively (Fig. 4.2). Peaks (204) / (220) and 

(116)/ (312) could not be resolved in the XRD pattern. It was seen that the 

crystallinity increased with increase in In and Cu concentration but reached a 

maximum and showed degradation beyond a certain limit. Maximum grain size 

of 240 A was obtained for the samples prepared using SEL technique while for 

the samples prepared by Technique B it was 180 A for the same composition. 

Using Technique C the grain size could be improved to 600 A. 
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Fig. 4.2: XRD spectrum for SEL deposited CuInSe2 thin film sample CIS48. 
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Fig. 4.3: Plot of (ahv) 2 versus hv, at room temperature for SEL deposited CuInSe2 thin 
film sample. 

Sample Cu In Se Type /j.m /::,.s 

CIS38 19.44 31.91 48,66 p -0,39 -0.15 
CIS48 20,73 24,65 54,65 p -0.16 -0.15 
CISIll 23.63 26,07 50,3 p '-0,09 -0.01 
Cl 24,92 24,98 50,10 p -0,01 0,00 
CIS115 26,9 26.09 47.01 n 0,03 -0.11 
CIS50 23.89 21.44 54.67 p 0.11 0.24 
CIS80 27.15 21.71 51.14 p 0,25 0.11 
CIS40 20.67 23.38 56.05 n -0.12 0.23 

Table 4.1: Results of the EDAX measurements and majority carrier type of the 
stoichiometry varied samples, 

Optical absorption studies were carried out at room temperature on all the 
samples in the wavelength range 500-1500 nm. Band gap Eg was obtained by 

extrapolating .the linear portion of the (uhv)2 versus hv graph to hv axis as 



shown in Fig. 4.3. Variation in band gap was observed with the changes in CuIIn 

ratio for the samples. It was observed that as the films became Cu-rich in 
composition the band gap E g decreased. In order to establish a relation between 

the PL emission and film stoichiometry, a battery of samples were prepared. 

Table 4.1 presents the results of the Energy Dispersive Analysis using X-rays 

(EDAX) measurements carried out on the best samples which were selected 

based on results of the XRD and PL analysis of the samples. 

4.4 PL from SEL deposited CulnSe2 thin films 

When semiconductor materials are irradiated with photons of energy greater than 

their band gap, photo-excitation of carriers takes place. These carriers recombine 

through different processes, emitting optical photons of specific energy and 

spectral distribution. For direct band gap materials at room temperature, the PL 

spectra are broad with the peak corresponding to energy close to that of the band 

gap. Low temperature PL spectra consist of narrow band edge peaks related to 

excitons, along with peaks on longer wavelength region related to specific 

dopants or impurities. The PL spectra thus give characteristic information, which 

can be used to characterize the films and/or the defects in it. The PL spectra can 

thus be divided into two groups a) Band edge emissions and b) Deep emissions. 

The band edge emissions are prominent at low temperature and are characterized 

by very small line widths. The deep emissions are due to impurities and are 

dominant even at room temperature and possess large line widths. 

4.4.1 Cu/nSel thinfllms grown using Se layer deposited employing 
CBD 

CISe thin film samples were prepared by annealing a stack layer, having 

structure Se/In/eu using "Technique -A". As described earlier, samples of CISe 

with a wide range of stoichiometry were prepared with the composition varying 

from Copper rich, to near stoichiometric, to Indium rich. Figure 4.4 represents 

the PL of the sample CIS38 prepared using "Technique-A": Of the numerous 

samples prepared, only one sample yielded PL emission, which was quenched 

when temperature was raised above 40 K. 

The PL spectra had three peaks centered at 1.038 eV, 0.985 eV and 0.957 eV 

at 12 K, as shown in Fig. 4.4. The emission at 1.038 eV could be assigned to the 

free exciton emission (FE) because of its proximity to the fundamental band

edge of 1.04 eV.54 Free exciton emission at this energy in CISe single crystals 

was reported by Niki et a1. and Leo et al. 43, ss High energy side of the emission at 

nQ 



1.038 eV possessed a long tail, going up to 1.15 eV. De-convolution of the 

spectrum yielded additional emission at 1.073 eV at 15 and 20 K, which was 

absent in the de-convoluted spectra obtained at higher temperatures. The de

convoluted emission at 1.073 eV was 35 meV above the free exciton emission 

energy, and this difference was in good agreement with the theoretical value of 

the crystal-field splitting of valence band in CISe reported by Shay et a1. and 

Neumann.56
• 54 Presence of non-radiative paths might be causing the rapid 

quenching of this emission, as this emission peak was not detected above 20 K. 
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Fig. 4.4: Temperature dependence ofPL emission from sample CIS38. 

When the temperature was raised, the peak position of the FE emission 

shifted gradually to lower energy side with a gradual increase in its FWHM, 

which was reported by Niki et a1.43 Shift in the peak energy position was found 

to be 2.8 x 10.4 eV IK and was reasonable to assume that this was due to the 

increase in band gap of CISe with temperature, in line with the calculations 

reported by Kazmerski and Shieh using Varshani's equation. 57, 58 For all 

temperatures the line width of the 0.984 eV emission (lA) was the smallest while 

it was the largest for the 0.957 eV emission (18)' 

Figure 4.5 represents the plot of log of ratio of the intensities of the emission 

at 1.037 eV to the emission at 0.984 eV versus 1000/T, fitted using the relation 

(3.6) (section 3.4) from which, for ~E a value of ~ 5 meV was obtained which 

agreed with the exciton binding energy in CISe.45
• 46, 43 Hence it was concluded 

that the 1.037 eV emission was the FE emission in this sample. Takahashi et a1. 

had observed an emission at 0.984 eV and assigned it to the transition from CB 
to neutral acceptor level (vacancy of Indium (Vln)) (e, AO) in single crysta1s.41 

Leo et a!. observed a line at 0.987 eV, in thin films grown by multi-source PVD. 

However they left it unassigned. 59 Mickelsen et al. observed shat:p narrow band 



emission near 0.98 eV in In-rich samples only. 60 CIS38 was In-rich by 

stoichiometry and was in line with the observations of Mickelsen et a1. 
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Fig. 4.5: Ratio of the intensities of FE emission to lA, as a function of temperature fitted 
using relation (3.6). 

From Fig. 4.5 it could also be realized that the intensity of the lA emission 

increased relative to that of the FE emission - a characteristic nature of the free

to-bound transition. Thennal energy causes a shift of 4.lx 10-5 eV/K for a free
to-bound (e, AO) transition based on the (Yz kBT) contribution and this was 

beyond the resolution limit of the equipment. Since there was no detectable shift 
in the PL peak position of this emission, it was assigned to the (Do ,h) transition 

which follows the mathematical relation (1.49) (section 1.2.4A). Using relation 

(1.49), the activation energy of the impurity Eo was found to be 59 meV, which 

was same as that of the ionized VSe donor leve1.61 Film stoichiometry also 

supported this assigrunent. Vacancy of Se could be in one of the three charge 
states VSe,vie or Vie-. As the concentration of Selenium vacancies grow with the 

deviation from the valence stoichiometry, the VSe charge state drives from neutral 

to the charged states (-I or -2), and the donor level gets embedded deeper into 
the band gap from Eo = 55-80 meV.20

, 59, 62, 63 Thus the emission at 0.985 eV 

could be assigned to the transition from the ionized donor V Se to the VB. 

Saoussen et a1. earlier observed the emission at 0.958 eV in elSe thin films 

grown on Si-wafers doped with Boron. They also observed that the intensity of 

the emission increased as a result of annealing in Argon atmosphere.53 Rincon et 

a1. also reported that the emission at 0.958 eV was due to transition between the 

ionized donor V Se and the valence band.20 Niki et a1. observed emission at 

0.959 eV in MBE grown films and had assigned it to a transition arising from the 

VSe- VCu DAP recombination.64 



In sample CIS38, the ennSSlOn at 0.957 eV was separated from the 
(DO ,h) emission at 0.985 eV by 28 meV. This energy separation lies close to the 

longitudinal optical phonon modes of 28-29 meV in CISe as reported by 

Neumann et al and Tanino.6s• 66 However temperature dependence of this PL 

emission did not show characteristics of a LO phonon replica whose intensity 

increases as temperature increases. The plot of the ratio of intensities (FE/IB) 

versus lOOO/T followed the relation (3.6), and for .6.E, a value of ~ 6 meV was 

obtained. This agreed with the exciton binding energy in elSe. Thus it was 

concluded that the emission at 0.957 eV was due to "bound-to-free transition". 

The peak position of this emission shifted to higher energy side with increase in 
temperature which was again a characteristic of the (e, AO) free-to-bound 

transition. 

In general, for a PL emission occurring due to the transitions between the 

conduction band and acceptor impurity, the peak energy of emission can be 

described by the relation (1.50) (section 1.2.4B). The binding energies of various 

acceptor impurities can be detennined from analysis of PL emission spectra 
using this relation. Ionization energy of the acceptor impurity EA was found to be 

~ 86 me V from equation (1.50) using sample temperature T = Te and Eg = 1.043 

eV. This energy closely agreed with the activation energy of the ionized 
V1n acceptor.44

• 67 Thus it could now be concluded that this emission was due to 

(e,Ao) transition between the conduction band and an acceptor impurity ~86 

meV above the valence band. Dagan et al had also reported 86 meV as the 
ionization energy for the ionized acceptor V1n .67 
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Fig. 4.6: Band diagram for sample CIS38. 
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Among a set of six samples prepared by this technique, only CIS38 yielded 

PL emission. Figure 4.6 shows the defect band diagram for this film. The 

repeatability of this sample was poor. Hence it was concluded that an alternate 

technique had to be developed for film deposition on a regular basis which could 

exhibit repeatable properties. 

4.4.2 Cu/nSe2 thin films grown by diffusing eu into /n~eJ 

In this process, films were prepared using "Technique -B" as described 

earlier. Wide ranges of samples of CulnSe2 were prepared with the composition 

varying from 'Copper rich' to 'near stoichiometric' to 'Indium rich' as in 

"Technique A". 
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Fig. 4.7: Temperature dependence ofPL emission in sample CIS48. 

Figure 4.7 shows the temperature dependent PL spectra of sample CIS48. 

Three distinct PL emissions could be obtained from the films centered at 

1.037 eV, 0.995 eV and 0.966 eV. These emissions were sharper compared to 

those obtained from sample CIS38. Also the peak position of the emissions on 

the low energy side of the emission at 1.037 eV was shifted to higher energy side 

compared to the position in sample CIS38. There was also strong indication of 

the better crystalline quality of these films in comparison with CIS38 from the 

XRD studies. The highest PL emission was at 1.038 eV and it possessed a high 

energy tail, going up to 1.076 eV. The FWHM of this emission was lower by an 

order, compared to that of sample CIS38. This was an indication of the improved 



crystallinity of this sample compared to CIS38. The emission at 1.038 eV and its 

high energy tail were quenched above 40 K. 

Figure 4.8 represents the plot of log of ratio of the intensity of emission at 

1.038 eV to the intensity of the emission at 0.995 eV versus lOOOJT fitted using 

the relation (3.6). For AE, a value of - 5 meV was obtained which agreed with 

the exciton binding energy in CISe.43
. 45. 46 Hence it was concluded that the 1.038 

eV emission was the FE emission in this sample. De-convolution of the spectrum 

yielded additional emission at 1.045 eV at 15, 20, 30 and 40 K. The de

convoluted emission at 1.045 eV was 7 meV above the emission at 1.038 eV and 

hence could be assigned to the band-to-band transition taking place in these 

films. 
1.06 

1.04 

"1 1.02 ! --~ 
~ 

1.00 

J 
co D.98 
0 
~ 

0.96 

0.94 

D.92 
20 30 

• Experimental 
-Fitting 

bI: = 5 maV 

40 50 60 70 BD 90 

1000fT (K") 

Fig. 4.8: Ratio of intensity of the emissions at 1.038 eV and 0.995 eV as a function of 
1000/T fitted using relation (3.6). 

PL emission at 0.995 eV was observed by Tseng et a!. in MBE grown films 

and they ascribed it to the LB-A (CUln) transition.68 Matsushita et a!. in 1995 

assigned emissions in the range 0.99-1.0 eV to the DAP transitions from the VSe-

CUln pair.69 Rinc6n et al. had assigned the emission at 0.996 eV to the LB-CUln 

transition.44 Alberts et a1. had assigned the emission at 0.992 eV to the VB-D 
( Incu / CUi) transition.70 

Sample CIS48 was In-rich with Am = -0.16. Hence it could be assumed that 
defects like V Cu J Cu In /InCu , with the lowest formation energy, would have the 

highest probability of occurrence. The emission at 0.995 eV was persistent up to 

80 K in this sample. As the temperature was raised, there was a shift in the 

energy of the position of the peak towards lower energy as evident from the 

temperature dependence of this emission (Fig. 4.7). This is one of the 

characteristic natures of the donor-acceptor pair (DAP) transition. The emission 



energy of a DAP pair at a distance or' is given by relation (1.55) {section 

1.2.5A).62 Assuming that the Coulomb and van der Waal term in this relation are 

negligible, the binding energy of the DAP causing the emission at 0.995 eV was 

determined to be 47 meV. 
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Fig. 4.9: Plot of lOOO/T versus logarithmic (Integrated PL intensity) fitted using 
expression (3.5) for the emission at 0.995 eV. 

Dimstorfer et a1. had also observed a DAP transition in this energy scale and 

had assigned it to a donor at to meV and the ionized acceptor complex [CUln

CUi] at 40 meV.71 The sustenance of this emission to high temperature in sample 

CIS48 was another proof to the DAP dynamics. The activation energy of the 

shallower center among the DAP can be calculated by fitting the plot of log 

(Integrated PL intensity) vs. toOO/T, as shown in Fig. 4.9. Using the relation 

(3.5), describing the thermal quenching of PL in semiconductors ~E the 

activation energy of the capture center can be determined. 72 The activation 

energy of the shallow center was found to be 8 me V which agreed with the 
reported activation energy of the singly ionized Incu donor leve1.56 Using 

ED = 8meV, hv = 0.995 eV, Eg = 1.042 eV and neglecting the Coulomb and 

van der Waal term in relation (1.55) the activation energy of the acceptor EA 

was found to be 39 meV. This agreed with the activation energy of the singly 

ionized V Cu acceptor level reported by Dagan et a1. and Masse et a1.68
• 73 

The acceptor level due to vacancy of Copper VCu can be formed by the 

vacancy being in one of the three states vg,; VG, ;Vc.~. The difference in the 

E D value can be explained by changing the charge state of the main 

acceptor V Cu . Sample stoichiometry indicated that CIS48 was less Cu-deficient. 

As the concentration of Copper vacancies grow with the deviation from the 

111'<;; 



valence stoichiometrY. the Ycu charge state drives from neutral mto one of 

charged states (-I or -2), and the acceptor level gets embedded deeper in the 

band gap. The same physics can be applied to the donor Incu which can also be 

ionized in three states. Thus it could be concluded that the PL emission at 0.995 
e V in this sample was from the InclI - V CII DAP recombination. The sample 

stoichiometry was also supportive of this assigned as the film was Cu-deficient. 

Dagan et a1. had reported the transitions between 0.96-0.97 eV due to the Incu -

CUrn DAP recombination.67 Rincon et a1. had reported that the origin of the 

emission at 0.967 eV to be due to the LB-Vrn transition.44 Albert et a1. had on the 

other hand, reported the 0.969-0.975 eV emission to the LB-CUIII transition. 7o 

Dimstorfer et al reported that the transitions between 0.86-0.97 eV were due to 

DAP transitions, but did not assign the pair.71 The emission at 0.966 eV in our 

sample was quenched above 60 K. Also the peak position of this emission varied 

gradually when the temperature was raised from 12 to 40 K. Beyond this 

temperature, the position of the impurity shifted rapidly towards the high energy 

side. Figure 4.10(a) shows the peak position of this emission as temperature is 

raised and Fig. 4.1O(b) shows the relative shift in peak position with respect to 
the band gap ( E g), 
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Fig. 4.10: (a) Plot of PL peak position of the emission with increase in temperature and 
(b) plot of the relative shift of this emission with respect to the band gap Eg. 

The average shift in peak position of this emission was found to bel.76 x 10-

4 eVIK, which was of the same order as that for the P coefficient for CISe in this 

temperature range, representing the average temperature coefficient of band 

gap.46 The peak energy of the PL emission shifted towards higher energy as 
temperature was raised. This gave conclusive evidence to the (e,Ao) free-to-

bound nature of this transition. Using relation (1.50) the activation of the 
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acceptor impurity for this transition was obtained to be 77 meV which agreed 

closely to the activation energy of the ionized acceptor V In level reported by 

Rincon et a1. and Dagan et a1.44
, 67 Thus it was concluded that the emission at 

0.966 e V in this sample was due to the CB- VIn (e, AO) transition. 

6 m.V --,si'::::;rFir8 m.V 

Inew 

_1.038eV 
_ O.!I95eV 

_O.966eV 

Fig. 4.11: Band diagram for sample CIS48. 

Among samples prepared using this technique, only for this specific 

stoichiometry band edge emissions were observed. Other defect-related 

emissions obtained from films grown using "Technique B" are described as a 

separate section in this work. The repeatability of the samples was low because 

of the inability to control the Se-layer thickness and its properties using CBD 

technique. Hence the technique of CISe deposition had to be changed to improve 

the repeatability and quality. Figure 4.11 represents the schematic band diagram 

for CIS48 film prepared using Technique B. 

4.4.3 Cu/nSel thin films grown by vacuum evaporation 

To improve the optical quality and repeat ability of the deposited CISe thin 

films, the deposition technique named "Technique- C" described in section 

(4.3.1). Figure 4.12 shows the temperature dependence of PL spectrum of sample 

CIS50. The PL was quenched above 20 K. There were 3 prominent peaks, 

centered at 1.027 eV, 0.987 eV and 0.951 eV. The highest energy PL emission 

line was centered at 1.027 eV and could be assigned to the FE line of this 

sample. This was shifted to lower energy side compared to that of the In-rich 

samples like CIS38 and CIS48. CIS50 was Cu-rich in stoichiometry and it has 

been reported that Cu-rich films have smaller band gap.36 The shift in FE line to 

lower energy could be, hence, correlated to the decrease in band gap of Cu-rich 

films. The emission at 0.987 eV was ~ 45 meV below the band edge of 1.032 eV 



(obtained by adding exciton binding energy to the FE energy). Peak position of 

this emission did not change when the temperature was raised. Hence this 
emission could be assigned to the free-to-bound (Do,h) transition, with the 

neutral CUi donor level located ~ 45 meV below the CB.74 Film stoichiometry 

supported this assignment as the films were Cu-rich in composition. 
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Fig. 4.12: Temperature dependence ofPL emission in sample CIS50 (CU/ln =1.11). 

The emission at 0.951 eV shifted towards higher energy as temperature was 

raised in sample CIS50 and this is a characteristic of the free-to-bound 
(e, A) transition. Using relation (1.50) (section 1.2.4B), the activation energy of 

the acceptor impurity was found to be 81 meV, which agreed with the activation 

energy of the ionized VIll acceptor level. The film stoichiometry also supported 

this assignment as the films were In-deficient. Thus it could be concluded that 

the emission at 0.951 eV in this sample was the 'free-to-bound' transition from 

the CB to the ionized Vin acceptor. 

To further verify these assignments, an In-rich sample [CISlll] was 

prepared using the same technique by increasing the mass of In used for film 

deposition. When the films are made In-rich, Vin defect should be compensated 

and hence the emission CB- VIR should be absent in such films. Figure 4.13 shows 

the PL spectrum for sample CIS 111 which was prepared with a deficiency of Cu 

and excess of In. As can be seen in Fig_ 4.13, the sample had no emission in the 

~O.95 eV region. This proved that the emission at - 0.951 eV in Cu-rich films 
were due to the free-to-bound (e,A) transition from the CB to the Vin acceptor. 

The highest PL peak: energy in sample CISll1 was obtained to be 1.023 eV. This 

could be assigned to the FE line, based on the fitting of the plot of log of ratio of 

the intensities of the emissions at 1.023 eV and 0.988 eV versus 1000/T using 



the relation (3.6). This yielded the !lE::: 5 meV, agreeing with the exciton 

binding energy. Position of the FE line was supportive of the general observation 

that Cu-rich CISe have lower band gap compared to the In-rich counterparts. The 

emission at 0.988 eV was the most prominent in this sample and did not show 

any peak shift with increase in temperature. Using relation (1.49) energy position 

of the impurity was found to be 40 meV, which agreed with the activation energy 

of the donor CUj.74 Hence this emission could be assigned to the CUi - VB free-to
bound (Do, h) transition. 
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Fig. 4.13: Temperature dependent PL spectra for sample CIS111 (Cu/In =0.91). 

Thus it was observed that the emission due to CUi - VB free-to-bound 
(DO ,h) transition was present in both Cu-rich and In-rich samples. Hence it was 

essential to nail the origin of this emission. One method of verifying this 

assignment was studying the PL of a Cu-and In-rich CISe film, where the 

formation energy of the CUi donor level is very high. Also on a strictly 

stoichiometric sample such an emission would be absent. 

To verify this idea, a critically stoichiometric sample (Cl) and a sample with 

excess of both Cu- and In- were prepared. For both samples the amount of 

Selenium used was identical and only the content of In- and Cu- in the initial 

boat were varied. The film with excess of Cu- and In- was named as 'CIS115'. 

This sample could also be called 'stoichiometric' by the definition 
I1m ;: (Cu / In) -1 which turned out to be 0.03. 

Figure 4.14 shows the PL spectrum for sample CIS115, taken at 12 K. From 

the figure it was very evident that there was no emission, which could be 
assigned to the CUi - VB free-to-bound (Do,h) transition. The highest PL peak 

energy was at 1.019 eV which could be the FE line in this sample. This emission 

had a shoulder at 0.974 eV. Thus our earlier assumption that the emission at 



0.985 ± 5 eV in CISe thin films was because of the CUi - VB free-to-bound 
(Do ,h) transition could be verified. It could also be proposed that that the 

emission would be absent in a strictly stoichiometric sample. 
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Fig. 4.14: PL spectra for sample CIS 115 at 12 K. 

Figure 4.15 shows the temperature dependence of PL of sample Cl which 

could be called strictly stoichiometric because of the definition of stoichiometry 

as per relation (4.1) and (4.2). This condition was well satisfied in this sample 

(Table 4.1). In sample Cl also the emission around 0.988 eV was absent which 

proved the correctness of the earlier assignment. The PL emission was centered 

at 0.971 eV, with a high energy shoulder at 0.976 eV. The FWHM of the 

emission at 0.971 eV [- 2 meVJ was the smallest among the samples studied in 

this work. The emission at 0.971 eV shifted to higher energy as the temperature 

was raised at the rate of 1.1 x 10-s eVIK which was much smaller than the shift 
of 4 x 10-5 eV!K expected for a(e,Ao)free-to-bound transition. Hence this was 

classified as a 'bound exciton emission'. When excitons are near defects, the 

defects can either increase or decrease the binding energy of the exciton. When 

the defects reduce the total system energy of the exciton, excitons will be 

trapped in the defects, which lead to the formation of bound excitons. Bound 

excitons give rise to PL emission at lower energy than that of free excitons. This 

could be the reason as to why the FE line was not observed in this sample. 

Bound exciton emission lines exhibit narrower line widths than free exciton 

emissions due to increased localization. This supported our observation as to 

why the emission at 0.971 eV exhibited very low FWHM. Since most semi

conducting materials contain significant quantity of impurities andlor defects 

which can trap ex-citons, the identification of the bound exciton states provides 



an important characterization of impurities,' wlifch 'control the electro-optic 

properties of semiconductors. Neutral and ionized donors and acceptors can trap 

excitons and fonn bound excitons. 
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Fig.4.15: (a) Temperature dependent PL spectra of sample Cl and (b) Plot of lOOO/T vs. 
log (Integrated PL intensity) fitted using relation (3,5). 

The bound exciton emission from the sample was quenched above 80 K. In 

order to calculate the PL quenching energy, a plot between logarithmic value of 

integrated PL intensity versus 1000/T was fitted (Fig. 4.15(b» using the relation 

(3.5). The activation energy (LlE) of the impurity was obtained to be 20 meV. 

This was in good agreement with the reported activation energy of the doubly 
ionized In~: donor leve1.7S

, 76 As temperature was raised, the localization 

decreased due to the thennal ionization of the defect center. This caused the 

bound exciton to become free, resulting in increase of FWHM and PL peak 
energy. Thus it could be concluded that this was the In~~ donor bound exciton 

(BX:D2 (Incu») emission in this sample. Figure 4.l6(a) shows the PL spectra of 

sample CIS80 which was Cu-rich bycomposition. The film stoichiometry 

indicated this film to be highly Cu-rich. In CIS80 the highest PL peak position 

was at 1.032 eV. This emission was very weak compared to the other emissions 

in the sample. Also it was not observed above 12 K. Thus it could be assigned to 

be the FE line in this sample. Figure 4.16(b) depicts the temperature dependent 

PL in this sample. As the temperature was increased, the PL spectra broadened 

with the peak position shifting to 0.979 eV. Multiple fitting of the spectra at 

higher temperatures showed that the broad spectra contained emissions at 0.983 

eV and 0.972 eV (Fig. 4.17(a) & (b)). Thus it could be concluded that merger of 

the line widths of the two emissions resulted in spectral broadening as well as 
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tne -Sliifrin Peak pOsiU3it bF the PL erriission. In the de-convolute<f spectrum, 

since there was no change in peak position of the emission at 0.983 eV, it was 
realized that this was the CUi - VB free-to-bound (d ,h) transition observed in 

eu-rich samples. 

CIS80 
Cu·excess film 

r1 0.972 aV ..... 
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O~ 0$ O~ 100 lm 1~ 
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w (~ 
Fig. 4.16: (a) PL emission from sample CIS80 at 12 K and (b) Temperature dependence 
of PL emission in the sample. 
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Fig. 4.17: 'Multiple curve fitting' ofPL spectra for sample CIS80 at (a) 20 K and (b) 80 
K. 

Figure 4.18 represents the plot of ratio of the intensities (CUi - VB (DO, h) to 

0.972 eV transitions) versus 1000/T fitted using the relation (3.6). It could be 

realized that the intensity of the emission at 0.983 eV increased relative to the 

emission at 0.972 eV. A value of - 5 meV was obtained for 6.E, which agreed 

with the exciton binding energy in CISe.43
, 45, S5 Hence it was concluded that the 

emission at 0.972 eV was the 'bound exciton emission' in this sample. Rincon et 
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al. had observed lines at 0.973 eV and had speculated it to be the exciton bound 

to the acceptor CUln (BX2: CUIJ.
44 Presently it can be only speculated that it may 

be the same BX2 emission, as the film stoichiometry supports the assignment. 

The absence of this emission line 10 In-rich samples also supported the 
hypothesis. 

m ~ ~ ~ ~ 00 ro 00 ~ 

f OOOIT (K") 

Fig. 4.18: Ratio of the intensities of the emission (1 (0.983 eV): I (0.972 eV» as a 
function of temperature fitted using relation (3.6). 

0.96 0.98 1.00 1.02 1.Q.4 1.06 1.08 1.10 

Ene (eV) 

Fig. 4.19: Temperature dependence ofPL spectra for sample CIS40. 

The bound exciton emission BX2: CUln should be absent in a Cu-deficient 

film, if our earlier results were correct. To verify this, Cu-deficient film [CIS40] 

was prepared. Figure 4.19 shows the temperature dependence of PL of this 

sample. The signal was very noisy as seen in the figure. As expected, the 0.973 

1 ,,~ 



eV line due to the BX2:Culn was absent in this sample. The highest PL emission 

in this sample was centered at 0.991 eVat 12 K. This emission shifted to lower 

energy side as temperature was raised, and was not detected above 50 K. This 

shift proved that the transition was due to DAP recombination. 
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Fig. 4.20: Plot of 1000/T vs. log (Integrated PL intensity) fitted using relation (3.5). 

The activation energy of the shallower center amongst the DAP was 

calculated by fitting the plot of logarithmic PL intensity vs. 1000rr, as shown in 

Fig. 4.20 using the relation (3.5). The activation energy was obtained to be 13 
meV which agreed with the activation energy of the In~u donor level. Neglecting 

the Coulomb and van der Waal terms and using ED :::; 13 meVand Eg = 1.042 eV 

in relation (1.55), EA was obtained as 38 meV which agreed with the activation 

energy of the Vc" acceptor level. Hence this emission could be assigned to the 

In~1I - VCII DAP recombination. This supported our earlier assignment of the 

0.995 eV emission to the same pair in sample CIS48 which was also In-rich by 

composition. 

The 0.991 eV DAP line had a spike on the lower energy side, centered at 

0.983 eV, whose position did not change with increase in temperature. But it was 

quenched at a much faster rate, compared to the DAP transition. Hence this 
emission could be assigned to the (Do ,h) transition. From our previous work, it 

was well established that the line at 0.983 eV is due to CUj -VB transition. For 

verification, we used relation (1.49) (section 1.2.4B) and obtained ED :::; 59 meV 

which agreed with the activation energy of ionized CUj donor leveC4 This result 

further strengthened our observation on the origin of the emission at 0.983 eV in 

ClSe. 

When the film stoichiometry was changed and PL analysis was carried out, 

emission lines with the same peak position were observed in Cu-rich and In-rich 

1 ,\4. 



films. The carrier recombination mechanisms identified were also identical for 

the emission lines at the same position. For example if we look at the emission at 
0.985 eV, it follows the (Do,h) recombination mechanism in both Cu-rich and 

In-rich samples. Our ~xperiments indicated that to make use of PL as a tool to 

analyze the stoichiometry of CISe DAP recombination has to be monitored 

consistently. The 0.995 ± 0.005 eV DAP transition was observed only in In-rich 

films and hence it could be used as the signature of In-excess composition. 

However the present results did not yield a PL emission line which could be 

specifically used to identify a stoichiometric or a eu-rich film. 

4.4.4 Radiative Donor-Acceptor pair recombination in CulnSel thin 

films 
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Fig. 4.21: Temperature dependence of PL intensity for sample CIS52: (a) Variation of 
emission at 0.86 eV from 15 to 60 K (b) Variation of the emission at 0.86 eV from 60 to 
130 K (c) Variation of the emission at 0.82 eV from 15 to 130 K. 



Cu-rich sample (CIS52) was investigated to study the DAP recombination, 

as the presence of this kind of emission in In-rich films was singular and could 

be used to identify the sample stoichiometry. The film stoichiometry was 

tJ.m = 1.53 and ~ = -0.06 and could be hence called a Cu-rich film. The 

temperature dependent PL spectra of sample CIS52 is shown in Fig. 4.21. 

Two deep PL emissions, centered at 0.86 eV and 0.82 eV, could be recorded 

from the sample. Because of the position of the deep emission, it was natural to 

identify them to be related to impurities. The temperature dependence of the 

emission at 0.86 eV [named "A-band" hereafter], showed an anomalous 

behavior. The PL intensity increased as temperature was raised from 15 to 60 K 

(Fig. 4.2l(a». After this temperature, the intensity decreased and the emission 

was completely quenched beyond 110 K (Fig. 4.2l(b». It is normally expected 

that the PL emission intensity, for any kind of recombination, decreases as the 

temperature is increased. The second emission at 0.82 eV [named "B-band" 

hereafter] showed the normal decrease in PL intensity with increase in 

temperature (Fig. 4.2l(c). 
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Fig. 4.22: Plot oflog (Integrated PL intensity) versus lOOOrr, fitted using relation (3.5). 

Activation energy of the shallower of the impurities associated with the two 

emissions were calculated by fitting the plot of logarithmic integrated PL 

intensity vs. 1000/T, (Fig. 4.22), using the relation (3.5). The fit did not agree 

with the experimental results in the low temperature region for A-band. This 

disagreement was because of the unexpected increase in PL intensity with 

increase in temperature in the low temperature range «60 K). The activation 

energy was determined from the slope of the straight-line portion in higher 



temperature region, where the fit agreed well and the activation energy was 

found to be 37 meV for the A-band. This agreed with the activation energy of 40 

meV, reported for the CUln antisite acceptor, measured using PL and other 

techniques. 13. 77 Hence it was concluded that this emission was due to the CUln 

acceptor level. The film stoichiometry also supported this assignment. 

Identification of the transition mechanism was done by analyzing the 

variation in PL intensity due to the changes in the excitation intensity. The plot 

depicting this dependence of variation in A-band as a function of excitation 

intensity is shown in Fig. 4.23(a). The experimental data was fitted using the 

relation (1.57) (section 1.2.SC). This equation depicts the PL intensity 

dependence on excitation intensity for semiconductors in genera1.61 
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Fig. 4.23: (a) Variation in PL intensity with excitation power and (b) theoretical fit to 
the PL intensity dependence on excitation power dependence for the A-band. 

From the fitting, the following parameters were obtained: y=0.86 and 

.10=2500 for A-band, as shown in Fig. 4.23(b). It is well known that for excitation 
with photons of energy exceeding the band gap energy Eg , the coefficient r is 

generally <1 for free-to-bound and donor-acceptor pair recombination.64 The 

peak position of A-band was shifted by 21 meV to higher energy side, upon 

increasing the excitation intensity from 69 mW/cm2 to 636 mW/cm2
. This shift 

to higher energy is a characteristic nature of a donor-acceptor pair (DAP) 

recombination. I3 Based on these observations, it was concluded that the A-band 

emission was due to DAP recombination, with the CUIn defect playing the role of 

the acceptor. 
Binding energy of the acceptor of the A-band could be obtained from the 

minimum peak energy at low excitation power (Fig. 4.23(a)). ASSuming that the 



Coulomb and van der Waal terms in equation {1.55} are negligible and using 
Eg = l.04eV, the donor energy was obtained to be 143 meV. This agreed with 

the activation energy of 120-160 meV reported for the ionized donor v~ .61 Thus 

it was concluded that the A-band emission was due to the V+ Se - CUln DAP 

transition. Wagner et a1. had a"Iso observed a DAP transition at 0.90 eV in Cu

rich films, originating between a donor level at 10 meV and an acceptor level at 

140 meV. However they had left the DAP unassigned. 

For the B-band, logarithmic plot of integrated PL intensity vs. 1000/T was 

fitted using the relation (3.5) as shown in Fig. 4.22. The activation energy of B

band was found to be 8 meV based on the fit. This agreed with the ionization 
energy of the ionized donor Jn~u reported and identified earlier. Hence it was 

concluded that this emission was associated with the In~" donor level. 
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Fig. 4.24: (a) Variation in PL intensity with excitation power and (b) theoretical fit to the 
PL intensity dependence on excitation power dependence for the B-band. 

The variation in PL intensity with excitation intensity in the case of B-band 

is shown in Fig. 4.24(a). Curve fitting was done, using equation (1.57) and this 

yielded 10 == 12000 and y = 0.95, as depicted in Fig. 4.24(b). The PL peak 

position was shifted by 16 meV to the higher energy side on increasing the 

excitation intensity from 69 to 636 mW/cm2
• The value ofy and blue shift of the 

PL peak proved the B-band to be due to DAP recombination. The acceptor 

activation energy was calculated from equation (1.55) neglecting the Coulomb 

and van der Waal terms, and was found to be 212 meV. This was in agreement 

with the expected value of 250 ± 60 meV for the double acceptor V--1n reported 
by Rincon et a1.78 

For the A-band emission (Fig. 4.21 (a & b», instead of the expected decrease 

in PL intensity with increasing temperature, an anomalous increase of the PL 



intensity with temperature was observed up to about 60 K, after which the 

intensity decreased. The emission was not detected above 120 K. Efficient non· 

radiative recombination mechanism above 60 K might have caused the decrease 

in PL intensity. The presence of two donor levels [V Se and Incu] could be used to 

explain the anomalous behavior shown by the A·band. 

It can be assumed that electrons were released by the In~" donor level, to the 

conduction band, due to thermal activation. Subsequently, these electrons were 

trapped by the V Se donor. As more and more electrons are trapped by the V Se 

level, naturally there will be an increase in the PL intensity of the A·band. But 

the intensity of B·band was found to decrease in the temperature range where 

intensity of A·band was increasing. This happened as the electrons from 
In~1I level were excited to the conduction band, which naturally decreased the 

intensity of B-band. Another point supporting this argument is that the 

temperature 60 K, (above which the intensity of A- band started decreasing) 

corresponds to a thermal energy of - 5 meV which was matching well with 
(within the experimental error of our calculation for the In~1I ) activation energy 

of 8 meV. Once the thermal excitation of the In~" defect level was complete, no 

further increase in trapping of electrons by vs: would occur and hence the A -

band intensity would decrease beyond this temperature. 
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Fig. 4.25: Band diagram for Cu-rich ClSe thin fihn at 15 K. 

Based on this model, the band structure was proposed as shown in Fig. 4.25 

for CIS52. As long as process 1 and process 2 are continuing, the increase in PL 
intensity with increase in temperature would take place. Once In~u defect level 

is completely exhausted, process 1 is tenninated and process 2 does not occur. 

Hence the PL intensity starts decreasing with increase in temperature. A strong 

proof to this assignment was obtained when we carried out the PL analysis of In-



rich films for DAP transitions. It could be well assumed that when film 
stoichiometry is changed from Cu-rich to In-rich, point defects like CU/lI and 

V/~- should be absent. None of our In-rich films like CIS38, CIS48, CIS 111, Cl 

or C40 showed these DAP recombination. 
With ~ ="1.53 in sample CIS52, we were unsure why In~" defect level was 

present as the stoichiometry was against such an assignment. To verify this, PL 

analysis of other Cu-rich films were carried out. 
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Fig. 4.26: (a) Temperature dependence ofPL emission in sample CIS60 and (b) Plot of 
logarithmic PL intensity versus IOOOIT of the emission at 0.884 eV, fitted using 
expression (3.5). 

Figure 4.26(a) shows the temperature dependent PL spectra for CIS60 with 

~ = OA1 where again the deep transition at 0.88 eV was observed. In this 

sample, the emission around 0.82 eV was absent. In sample CIS60, the 0.884 

eV had a shOulder on the lower energy side centered at 0.870 eV and a high 

energy shoulder at 0.890 eV. When the temperature was raised, the intensity of 

the 0.884 eV emission decreased along with a shift in the peak position towards 

the lower energy side: a characteristic of the OAP recombination. The 

temperature dependence of the 0.884 eV emission was fitted using relation 

(3.5) as shown in Fig. 4.26(b) and the activation energy of the shallower of the 

two impurity levels involved in the OAP transition was obtained as 43 meV. 
This was in agreement with the activation energy of the Cu In acceptor level. 

Using relation (1.55) the activation energy of the donor level involved in this 

transition was obtained to be 113 meV in agreement with the activation energy 
of the vIe donor level. Hence in this sample the Vs: - CUln DAP recombination 



was identified at 0.884 eV. However compared to sample CISS2, the anomalous 

behavior of the temperature dependence of PL intensity was not observed. This 
again proved that the competition between In;' and V: donor levels was 

"U "e 

responsible for the anomalous behavior. Since in CIS60, the defect In~u was not 

present, the anomalous behavior was not observed. The relative prominence of 

the 0.870 eV shoulder increased with the quenching of the shoulder at 0.890 eV. 

Again as temperature was raised, this emission at 0.870 eV gained prominence, 

which is a characteristic of the longitudinal optical phonon. This emission was 

not observed after the quenching of the 0.884 eV DAP emission. Hence it was 
assumed that this emission at 0.870 eV was the LO emission line of the V;;,
CUln DAP transition. However this assignment is speculative. The PL analysis of 

CISe for donor acceptor pair transitions identified the presence of defects 

like Cu In , Vs: , In~" and V/~ . Thus it was observed that the Cu-rich CISe films were 

rich with defect centers. The In-rich films possessed band edge emission which 

could be used as a signature of their composition. 

4.5 Donor-Acceptor and free-to-bound transitions in 
CuInSez/ITO hetero-structure 
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Fig. 4.27: Temperature dependence ofPL spectra for the CulnSe2!ITO hetero-structure. 

PL spectra obtained from the CuInSe2IITO hetero-structure sample in the 

temperature range of 15 to 105 K is shown in Fig. 4.27. The highest energy peak 

was at 1147 nm (1.082 eV) with a FWHM of 10 meV whereas the most intense 

peak was split into two, namely peak A- at 1550 nm (0.801 eV) and peak B- at 

1564 nm (0.794 eV). The emission peak at 1147 nm was 40 meV above the 
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the theoretical value of the crystal-field splitting of valence band in CISe.54 The 

presence of non- radiative paths might be causing the rapid quenching of this 

emission as this emission peak was not detected above 20 K. 

From the temperature dependent PL studies (Fig. 4.27), it was observed that 

intensity of peak A- (1550 run) rapidly decreased with increase in temperature. 

But the decrease in intensity of peak B (1564 run) was gradual. Also peak A- was 

quenched at 90 K while peak B~ persisted up to 105 K. The Arrhenius plots of 

logarithmic integrated PL intensity vs. 1000/T (Fig. 4.28), for peak A- and B

were fitted using the relation (3.5) describing the thennal quenching of the 

emission line. Activation energy/ thermal quenching energy for the PL emission 

was found to be 26 meV for peak A-. while for peak B- it was found to be 10 

meV. 

'0 20 30 40 50 60 70 

1000/ T (K") 

Fig. 4.28: Plot of logarithmic (Integrated PL intensity) versus IOOO/T for Peak A- and 
Peak B-. The line represents the data fitted using equation (3.5). 

Activation energy of the doubly ionized Indium in Copper (In~~) anti site 

was reported to be 21±5 meV and for the singly ionized Indium in Copper (In~t/ ) 

antisite was reported to be in the 9±2 meV.20
• 71 The sample was n-type and the 

stoichiometry analysis showed that run = -0.16. This proved the film to be 

slightly In-rich, and from the agreement between the obtained activation energies 

with earlier reported values, peak A- was assigned to be due to the transition 
from the doubly ionized In~: donor, whereas peak B- was assigned to the 

transition from singly ionized In~u donor. The activation energy of the acceptor 

level involved in these two transitions was identified using relation (1.55). The 

acceptor level was identified to be the native hole band lying 0.25-0.28 eV above 
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Fig. 4.29: Dependence of PL emission on various excitation intensities at 15 K. 

In Fig. 4.29, the dependence of PL spectra on excitation intensity for this 

hetero-structure is depicted. It was observed that for low excitation intensities, 

the peak A was dominant. But on increasing excitation intensity, peak B- became 

very prominent. Variation in intensity of peak A- with excitation intensity at 15 

K was fitted using the relation (1.57) [Fig. 4.30]. The raw data for this was 

obtained by fitting the PL spectra using peak fitting program. The value of y was 

obtained to be 0.9 for peak A- (Fig. 4.30), which clearly indicated that this 

emission was associated with a DAP recombination.b
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Fig. 4.30: PL intensity dependence on excitation intensity fitted using relation (1.57) for 
Peak A- at 15 K and for Peak B- at 90 K. 
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the Mini was mo cameo ouf for data obtained at 90 K where there was 

only peak B- was present. A good fit (Fig. 4.30) using relation (1.57) to the curve 

describing variation of PL intensity with excitation intensity gave y = 1.1. This 

value was in good agreement with the predicted value ofy=1 for transition from 

a free state to a localized state.59 Based on this observation, it was concluded that 

the intensity of peak B could be selectively tuned by increasing either the 

temperature of the sample (Fig. 4.27) (so that peak A- lost its prominence and 

only peak B- remained) or the excitation intensity at low temperature (Fig. 4.29). 

We concluded that the peak A- was due to DAP recombination and peak B- was 
due to 'conduction band-acceptor' (e, A) transitions. This conclusion was 

supported by the nature of variation of PL emission intensity with excitation 

intensity. Selective occupation of the band- edge or the impurity level could lead 

to emission due to DAP recombination or impurity-band transitions. Selective 

occupation could be achieved by altering the temperature of the sample or by 

changing the excitation intensity as per theoretical models. 82 

We model the observed luminescence in this structure as follows: Both, 

donor (Ea = 26 & 10 meV) and acceptor levels (0.25-0.28 eV) existed in the 

material. At low temperature, both the donor and acceptor levels were occupied 

with electrons and holes respectively, and hence the DA recombination (peak A) 

was prominent in the luminescence spectra. When the temperature was raised 

above 90 K the electrons from the donor levels were raised to the conduction 

band. Specifically here the In~1t donor was completely ionized which has Ea= 10 

meV. Thus the peak in the luminescence corresponding to the band-acceptor 

transition gained prominence. As temperature was raised, the band-acceptor 

transition became prominent and the DA transition was quenched because of 

band edge filling. The energy separation between the two peaks was 

corresponding to the donor ionization energy, which further supported this 

model. Selective occupation of the donor levels and the conduction band edge 

was achieved at 15 K, by varying the excitation intensity. At low excitation 

levels, the DA transition (peak A) was prominent. As excitation intensity was 

increased, because of the band edge filling, the band-acceptor (peak B) transition 

became prominent. 

We conclude that selective tuning of the donor acceptor pair transition or the 

conduction band to acceptor transition could be demonstrated by varying either 

of the two parameters- excitation intensity or temperature. The emission at 

1550 nm was significant at low temperature and became weak as temperature 

was raised. The PL emission wavelength (1550 om) is technologically critical 
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due to its applications in optical communication. Optical fib er communication is 

today mainly carried out at 0.6-0.8 )lm. whereas with the present optical fibers, 

it is desirable to have lasers emitting in the wavelength region 1.1 to 1.6 )lm. 

Optical fibers have their lowest loss and dispersion in the wavelength range 

1.3 to 1.6 )lm. In particular, single-mode silica fibers have their lowest loss at 

1.55 )lm. At this wavelength, the dispersion is not a minimum and hence, 

different frequency components will be transmitted at different speeds within the 

fiber. An alternative is to work at 1.33 )lm, where the fiber dispersion is 

minimal, but the losses are higher than the 1.55 )lm.
82 Therefore, the need of 

alternate hetero-structure systems, emitting these wavelengths useful for optical

fiber communication, is very evident and this is a widely researched area. 

Transparent-conducting-oxide (TCO)-based junctions like Indium Tin oxide 

(ITO)/si, ITO/GaAs and ITOllnP have a wide variety of applications, in opto

electronic device fabrication. 83
.
85 Very few works on CuInSe2IITO junction have 

been published previous to our work.86
• 87. 76 The PL emission at 1550 nm (0.801 

eV) of this heterostructure can find application in the field of tiber-optic 

communication with some more R&D in this direction. 

4.6 Conclusions 

Although various teclmiques have been perfonned to produce CISe thin films the 

efficiencies of solar cells based on CISe films have been limited to around 15% 

to date [at modular level], primarily due to the relatively low quality of the CISe 

absorber layers. In principle, CBD has the advantage of easy control of the film 

stoichiometry over a large scale at relatively low cost. It has already been 

utilized in industry for the production of a wide range of functional materials. 

Therefore, in this study, we have chosen the combination of the CBD teclmique 

and the SEL teclmique to deposit CISe thin films, and characterized the films in 

terms of its PL properties, to optimize and establish a process suitable for the 

production of CISe films for photovoltaic applications. This work primarily 

deals with two aspects: characterizing the PL emission from CISe films grown 

using diffusion of Cu- and In- into Se films [Here the Se layer was deposited 

using CBD] and secondly the PL characterization of CISe films grown through 

PVD of the elements and annealing the stacked layers. The other aspect was to 

possibly establish the use ofPL as a stoichiometry identification tool. 

ltl~ 



• PL analysis of CISe thin films grown using a combination of the SEL 

and CBD showed that the repeatability of obtaining device quality films 

was very small. The films grown using "Technique A and B" were, in 

general, of poor device quality as they failed to give any PL signal. Only 

a very small percent of the samples deposited were good enough to yield 

any PL signal. The best of the films obtained showed free exciton 

ennSSlOns at 1.038 eV along with some free-to-bound 
«e,Ao)and(Do,h) and donor acceptor pair transitions. The 

«e, AO) and (Do ,h) transitions were very prominent and sustained to -

80K. 
Impurity Acceptor (A)/ Activation 

Donor (D) Energy 
(meV) 

Vb. A 86±lO 

V/~ A 212 

VCII A 39 

In~1I D 8 

In~~ D 20 

VSe D 54 

Vs: D 143 

CUi D 45 

CUb. A 37 

Table 4.3: Point defects and their activation energy identified using PL. 

• PL analysis of elSe samples with different compositions could identify 

shallow point defects and their thermal activation energy as tabulated in 

Table 4.3. The position of point defects like V/n , v/~, VCIl ' In~II' In~~, 

VSe ' Vs:, CUi and Cu In were identified using PLo 

• Various emission lines and their origin were identified in the course of 

this work. The peak positions, the film stoichiometry and their origin are 

summarized in Table 4.4. 

• PL analysis of samples prepared using Technique C showed that the 

films were more consistent and repeatable in nature. The films possessed 

bound exciton emissions which are the characteristic of good quality 

films. The FE line was found to be very weak in samples prepared by 
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this technique. The «e, AO) and (Do, h») transition lines were the most 

dominant; but their temperature sustenance was lower compared to 

samples prepared by Technique A and B. The line widths of the 

emission were smaller which again indicated improvement of 
crystallinity of the films. 

• Cu-rich films were having strong DAP recombination transitions which 

could be used to identify them. The In-rich films possessed relatively 

greater number of band edge emission compared to Cu-rich films. The 

DAP transitions in In-rich films had lower FWHM as compared to films 

of other stoichiometry. It could be concluded that Cu-rich films 

possessed DAP emissions in the 0.88-0.82 eV energy range which were 

absent for the In-rich films. Thus the DAP transitions could be used to 

distinguish Cu-rich and In-rich films. It has been possible to distinguish 

all films with CuJln> 1 from the films with CuJIn <1 based on the DAP 

recombination in the 0.88-0.82 eV range. 

Emission line (eVl Film Parameters PL origin 
1.032 ± 0.013 Cu-richlln-rich pin type FE 

0.995 ± 0.005 In-rich pin type Incu -Vcu 

0.985 ± 0.005 Cu-rich p type D(Cu j ): VB 

0.985 In-rich p type D(VSe): VB 

0.972 ± 0.002 Cu-rich p type BX: A(CUln) 
0.971 Stoichiometric BX : D2(Incu) 

0.966 In-rich p type CB: Al(V1n ) 

0.955 ± 0.003 Cu-richl In-rich p type CB: Vln 

0.88-0.86 Cu-rich p type VS:-CUln 

0.82 Cu-rich p type In~" - V/~ 

Table 4.4: Various band edge emission lines with their origins assigned. 

In the present work, characterization of PL emission from CISe samples 

grown using a combination of the SEL and CBD technique has been carried out. 

The characterization has enabled in establishing that CBD growth process leads 

to films with larger defect concentrations and hence making them unsuitable for 

device applications. This work also indicated an attractive perspective for the 

SEL grown CISe films. A p-type CISe absorber can be combined with n-type 

ZnO and/or ZnO:Al layers, which are normally prepared by the sputter 



technique, to form a heterojunction solar cell, suggesting a continuous vacuum 

process for solar cell production. A hetero-structure of CISe on ITO has shown 

tunability in its luminescence at 1550 run which is a wavelength region, critical 

in optical communication. Thus the work can be considered as the starting point 

to the development of opto-electronic devices using CUlnSe2 thin films. 
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CHAPTERS 

Opto-electronic Characterization of 13- In2S3 Thin Films 

The photo-luminescence (PL) and photo-conductivity (PC) in fJ - In2 S 3 

thin films prepared using Chemical Spray Pyrolysis (CSP) technique, 

as a function of the composition is studied in this chapter. A green 

luminescence because of the transition between vacancy of Sulphur 
defect level and vacancy of Indium (Vs - V1n ) defect level and a red 

luminescence because of the transition between interstitial Indium 
defect level and Oxygen replacing Sulphur ( Inj - OVs ) defect level was 

identified in this system. Temperature dependent PL studies were used 

to calculate the thermal activation energy of Ini, VI" and Dv. defect 

levels. Stoichiometry dependent photosensitivity was exhibited by the 

films. From the excitation energy and temperature dependent PC 

studies it was observed that the VIII and Inj defect levels controlled the 

photoconduction mechanism. The lifetime of the carriers was 

determined to be ~ 24 ms using AC-photo-conductivity. Conductance 

Atomic Force Microscopy showed that the grain boundaries were 

found to be more conducting than the grain and thus formed an 

additional conduction channel for the charge carriers. The 

photosensitive nature and broad luminescence makes this material an 

ideal material for opto-electronic devices like third generation solar 

cells, photo detectors and luminescent down converters. 

5.1 Introduction 

Starting from a IT-VI compound, a variety of semiconductors can be built by 

replacing the divalent metal by other metals or combinations of them.' 

Replacement of the divalent metal by one of the Group III-B elements leads to a 

defect structure of the formula M2X3 in which the non-metallic constituent X 

forms a cubic or hexagonal closed pack structure, where as part of the cation 

sites, (normally occupied in the Zincblende-, Wurtzite-, or similar lattices), 

remain vacant.
2 

These IIIrVI3 compounds should be similar in some respect to 
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other Zincblende and Wurtzite-type materials. However unusual features are 

expected to be caused by the defect structure, such as a very strong scattering 

probability arising from the high defect concentration.' Different defect 

structures are found for several of the Group ill- Group VI compounds.3 Most of 

the III-VI compounds exist in several modifications: some of these are obtained 

by long time annealing and show an ordered arrangement of the cation vacancies 

possibly resulting in different transport properties in the ordered or disordered 

fonn. 

Great diversity and many different stoichiometry are observed for the binary 

combinations of a Group III (Ga, In, TI) and a Group VI chalcogen (S, Se, Te). 

Several structural types are found for these compounds including a defect 

Wurtzite structure for GazE3, a defect spinel for In2E3 and layered structures for 

compounds of stoichiometry ME.4 These cha1cogenides are direct gap 

semiconductors with wide band gap like in II-VI compounds. However, their 

polytypism and the possibility of variety in stoichiometry, cause problems not 

observed in the simple 11-VI materials. Currently there is a strong move to 

replace Cadmium with other elements. The replacement of n-type CdS layers in 

polycrystalline hetero-junction thin film solar cells, employing Copper Indium 

Diselenide (CuInSe2) or Copper Indium Gallium Diselenide Cu(In,Ga)Se2 

absorber layers, is of particular interest. In addition to "environmental issues" 

another factor for prompting search for new materials is that a higher band gap 

material allows more short wavelength photons to reach the absorber and 

generates photocurrent. 

Ill-VI semiconductor materials such as Indium Sulfide (In2S3) have received 

considerable attention for application in solar cells. With optimal physical 

properties, In2S3 can meet the requirements of a window material or buffer layer 

for photovoltaic structures. It is an n-type semiconductor which can be 

successfully deposited by soft technique like chemical bath deposition (CBD) 

and the band gap can be varied between 2.0 and 2.45 eV, depending upon the 

composition.5 Thin films of 102S3 have been suggested as window material in 

Cu(In,Ga)Se2 based solar cells. It has also been reported that there is no 
conduction band discontinuity at the Cu(In,Ga)Se2/ fJ-1n2S3 interface.6 

Efficiencies of 15.7% have been obtained for devices employing In(OH,S) 

layers, comparable to 16% obtained for the more standard CBD CdS buffer 

layers.7 Hariskos et al. observed that the fill factor of these cells dropped with 

time when the cells were kept in the dark whereas upon illumination the 

degradation was reversed.7 It has been suggested that the degradation is due to 



absoIption of some species (e.g., Oxygen, water) that reacts with the photo

generated electrons and holes. Similarly, hetero-structures based on 

In2Se3/CuGaS~/Sn02 and their photovoltaic effects have been studied.
8 

5.1.1 Crystal structure ofp-InzSJ 

In2S3 crystallizes from its constituent elements at a temperature just above 

1000 DC, in the cubic spinel fonn and the lattice contains a large fraction of sites 
for unoccupied cations.9 fj- Indium Sulphide (f3 - in2S3) is the stable modified 

tetragonal state of In2S3 below 420 DC. ID In this state, the cation vacancies 

become ordered in the lattice. lt . 12 According to Hahn and Klinger this material 

has two modifications: Cl and fj and reported an irreversible transition from Cl to 

fj at about 330 Dc. 13 The Cl modification is said to be a cubic closed pack lattice 

of Sulphur atoms, in which 70% of the Indium atoms are randomly distributed on 

octahedral sites and the remainin 
'r===~~~~==~~~~~~ 
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.. 

Fig. 5.1: Schematic view of secondary unit cell of the f3 - in2S3 lattice showing location 

of tetrahedrally coordinated cation vacancies: S, Sulphur atoms; 1110, Indium in octahedral 
positions; lIloT, Indium in octahedral and tetrahedral positions; 0, Indium vacancies at 
tetrahedral positions. 

In an ideal spinel (AB2Xt) type, there will be 56 atoms in a unit cell where 

anions fonn the lattice framework and the metal ions occupy the tetrahedral and 

octahedral holes created by the anions.14 There are 8 molecules in a unit cell in 

which the divalent 'A' atom occupies eight of the 64 tetrahedral sites and 

trivalent 'B' atoms occupy sixteen of the 32 octahedral positions. If 'A' and 'B' 

ions are similar then the spine1 composition can be represented by R3X4 where 

'R' represents metal ions and 'X' that of Oxygen, Sulphur etc. The ~

modification of In2S3 is related to the spinel lattice where the cation vacancies 



are randomly located on either the octahedral sites only or on both types of sites 

with eight of the seventy two possible cation sites in the three unit cells being 

vacant. Consequently spinel form of In2SJ should have the composition In3S4 

(R3X4) with some Indium vacancies. IS 

Rooymans carried out a more precise and quantitative structure 
detennination of f3 - In2S3 and modeled a crystal with ordered vacancies within 

a superstructure of tetragonal symmetry. II This model was later on confirmed by 

investigations of King. 16
, 6 The unit cell consists of three spinel cubes stacked 

along the c-axis. By rotation the a- and b-axis through 45 0 a smaller unit cell can 

be obtained which belongs to a body-centered tetragonal Bravais- lattice with the 

parameters: a = b = 7.62 A and c= 32.32 A. This reduced unit cell contains 24 

spinel-type octahedral sites, which are all occupied by Indium atoms. Of the 12 

tetrahedral sites normally occupied in the spinel, only 8 are occupied by Indium 

whereas 4 remain empty. These 4 vacancies per unit cell are ordered along a four 

fold screw axis of symbol 41 parallel to the c-axis. The ordered modification can 

therefore be interpreted as a quasi-ternary compound consisting of In, S and 

vacancies or even as a quasi-quaternary one, when the difference between the 

two types of cation sites is taken into account. The chemical formula can be 

written as 

(5.1) 

where the symbols in the brackets describe the tetrahedral sites and 0 

indicates vacancies. The unit cell contains four formula units of this kind with 16 
molecules of f3 - In2S3 . 

Thus out of the total 48 ions, 8 In-cations are in tetrahedral coordination and 

24 In-cations are in the octahedral coordination. In a stoichiometric crystal of p
In2S3 there are a large number of cation vacancies, which in the ordered state 

form a part of the lattice. A small fraction of the cations may leave their ordered 

positions and occupy crystallographically ordered vacancies. This results in a 

number of quasi-interstitial cations and an equal number of disordered cation 

vacancies. The energy needed to transfer an lndium atom from a lattice site to an 

ordered vacancy is most probably much smaller than that needed to produce an 

interstitial cation, so that in a stoichiometric crystal of P-In2S3 a considerable 
degree of disorder is always present. I I, 13. 16 Denoting a quasi-interstitial Indium 

atom by the symbol Ine(Ooro) and a disordered vacancy by lnO the Frenk:el 

disorder can be formulated as 

(5.2) 
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Fig. 5.2: Different views of the defect spinel P - l n1SJ crystal structure. 

The total number of Indium atoms does nOl change by this process. For a 

strictly stoichiometric compound there is an equal concentration of In.e oN) and 

In . and thus also electrons and holes. The crystals always show n-type 

conductivity as the anion escapes during crystal fonnation leading 10 a surplus of 

Indium in the compound and causing me concentration of quasi-intersti tial 

lodium atoms Ine( ord) which act as donors. 10 be larger than the concentration of 

lodium vacancies. 

5.1.2 Tile baud structure 

A direct theoretical approach 10 the band structure of p-ln1S) is hopeless 

because the tetragonal Brillouin zone contains 80 s-electrons and 112 p-electrons. 

Optical investigat ions have given energies of direct and indirect transitions in this 

material.2
• 11 There is sufficient controversy about the nature of the valence (0 

conduction band transition al 2-2.2 eV in P- /tl 1 S3' A few authors associate it 

with an indirect electronic transition. 17
-
19 At the same time. there are publications 

treating it as direct allowed transitions. lO
• 21 -23 While some consider it as a direct 

forbidden transition.2
' From the close relationship to the Zincblende material, one 

wou ld expect the direct transition of lowest energy at the center of the Brillouin 

lone. The conduction band minima above the valence band at points k ;I. 0 in the 

Brillouin zone may be leading to indirect transitions. whi le the spin-orbit splitting 

at k = 0 must lie between 0.43 eV and 0.13 eV.2 The room temperature stable 
phase of p- lnZSl crystallizes in a defect spinel superstructure with space group 

141 Icund-D4h con tai ning 16 molecules in the unit cell . 



Indium atoms occupy all octahedral sites as well as 2/3 of the tetrahedral 

metal positions of the spinel lattice. 1/3 of the tetrahedral metal ion sites remain 

empty and they are ordered in a 4t, screw axis by alignment of three spinel 
blocks along the c-axis of the crystal. The primitive unit cell of p - In2 S 3 chosen 

for the account of the normal modes of vibrations is reduced by one half along 

the c-axis unit cell. 11, 27, 28 The space group isomorphic to the point group of 
p - 1n2 S 3 is D4h, Since the tetragonal superstructure of p - In z S 3 is associated 

with the point group D4h , the highest possible degree of degeneracy of any 

energy level with regard to spatial symmetry is two. This means that the three 

fold levels belonging to the representations r 15 and r 25 of the cubic point group 

Oh of the spinel split into a single and a two fold state. If spin is included the 

levels belonging to r 6 and r 7 remain doubly degenerate in the tetragonal crystal 

of point group D4h, whereas the four fold degenerate state splits into two states of 

symmetry r6 and r7. 
In2S3 which belongs to the A21I1B3 VI compounds is a reddish wide band gap 

semiconductor material stable in air. 29, 9 The high photo-conducting property on 

powders and single crystals of this material was reported by Bube et al.3 The 

powders showed a light-to-dark current ratio of about 100 at 3 ft-candles and 

6x103 V/cm, which were about 10-2 to 10-3 times as sensitive as standard CdS and 

CdSe powders. Temperature dependence of PC revealed that photocurrent 

decreased exponentially with temperature over a wide temperature range. Using 

the analysis of temperature quenching of photo current they showed that the onset 

of quenching corresponds to activation energy of about 0.1 eV, whereas the 

termination of quenching corresponds to energy of about 0.8 eV.30 They 

concluded that an effectively continuous distribution of sensitizing levels may be 

present in this material. They reported that In2S3 can be made to have high dark 

conductivity by incorporating halogen donors from CdClz or ~Cl or by 

heating the pure material in Nitrogen to above 1000 K. They also showed that 

elements of Groups I, IT and IV behave as donor impurities. Gilles et al. reported 

that the photosensitivity of this material could be increased by CU-doping and 

that a peculiar combination of deep donors and acceptors existed in this 

material.31 

Rehwald and Harbeke carried out temperature dependent electrical 

resistivity and Hall measurements.2 They concluded that the cation vacancies are 

ordered in this system and the small fraction of disordered cations and cation 

vacancies act as donors and acceptors, nearly compensating each other. They 

observed that, under heat treatment in air or vacuum, the compound losses 



Sulphur. By Sulphur vapor treatment and by doping, it was demonstrated that the 

concentration and sign of charge carriers is caused by deviation from the 

stoichiometric concentration, i.e. from a deficiency in Sulphur. Thus the 

difference in concentration of ionized donors and acceptors increases slightly 
and results in a higher electron concentration. Pals on et a1. prepared p -ln2 S 3 

thin films by reactively evaporating Indium in an atmosphere of Sulphur. They 

observed that the fundamental absorption starts at 2.01 eV and the activation 

energy for electronic conduction was 0.26 eV.26 

Shazly et al. prepared stoichiometric thin films of P -in2S 3 by thermal 

evaporation technique.29 Two distinct activation energies of 0.319 eV and 

0.61 eV were obtained in as deposited films. After vacuum annealing these 

levels were identified to be at 0.166 eV and 0.515 eV. They concluded that the 

shallow defects were structure defect levels where as the deep levels were the 
characteristics of the material. P -ln2S3 and P -ln2S3 :C02

+ single crystals were 

grown by the chemical transport reaction method, using In2S3, S, and ZnS as the 

starting materials and (ZnC12 + Iz) as a transport agent by Kim et al.32 The single 

crystals had tetragonal structure. The direct optical energy band gaps were found 
to be 2.639 eV and 2.175 eV for p-ln2S3 andp-ln2S3 :Co2

+, respectively. The 

indirect optical energy band gap of the single crystals at 298 K were found to be 
2.240 eV and 1.814 eV for P-ln2S3 andp-ln2S3 :Co2

+, respectively. 

Defect characterization of the semi -conducting thin films of P - In 2 S 3 ' 

[prepared by chemical spray pyrolysis] using Thermally Stimulated Current 

(TSC) measurements revealed four trap levels with activation energies 0.1, 0.26, 

0.43 and 0.82 eV in the band gap of this material.33 Variation of their 

prominence was observed for the different stoichiometric ratios of In:S. The 

level at 0.1 eV was assigned to the defect level due to Vln' The level at 0.26 eV 

was tentatively assigned to Chlorine impurity while the one at 0.43 eV was 

identified as a 'native defect' whose prominence decreased when the Sulphur 

concentration increased or Indium concentration decreased as a result of the 

change in stoichiometric ratio between In & S in the spray solution. The defect 

level at 0.82 eV was identified as a neutral trap corresponding to the replacement 

of Sulphur by Oxygen. It was identified to be a 'giant trap', which was acting as 

a deep impurity level and was responsible for most of the electrical property of 
P- 1n2S 3 • 

5.1.3 p-In:zS3 an opto-electronic material 

In2S3 single crystals and polycrystalline specimens synthesized from its 

constituent elements in a closed two-zone furnace system showed infra-red (IR) 
179 



emission at 90 K with spectral maxima at 0.79 and 0.88 1lIn.9 Springford studied 

the luminescence behavior of the Ga2S3-In2S3 system and reported that the two 

emission bands in the In2S3 system were associated with the complexes fonned 

by neighboring anions in the vicinity of the two types of cation vacancy site in 

this material, one tetrahedrally and the other octahedrally coordinated.35 Because 

of its high luminescence yield, its applications in important opto-electronic 

devices like, red and green phosphors for picture tubes of television has been 

patented.36
-
38 Stable aqueous colloids of 2-3 run In2S3 nanocrystals prepared using 

the classical method of nano-particle stabilization by low molecular weight thiols 

exhibited relatively strong excitonic emission at 360-380 nm with a quantum 

yield of 1.5%.39 The excitonic radiative lifetime was 350 ns, based on which it 

was concluded that direct allowed electronic transition was responsible for this 

emission. A novel in-situ oxidization-sulfurisation growth route via a self 
purification process was developed to synthesize f3 - In2S3 dendrites.40 It was 

found that the product was pure In2S3 which showed strong quantum 

confinement of the excitonic transition. 
f3 - In2S3 in powder form was chemically synthesized using InCl3 and 

Thioacetamide as precursors followed by aJU1ealing in Argon atmosphere in the 

temperature range 573-1123 K.41 Optical band gap of the powder was 

determined to be 2.12 eV, from the reflectance studies as a function of 

wavelength. PL studies indicated a strong peak around 2.08 eV for all the 

samples aJU1ealed (Argon) in the range 573-1123 K. In2S3 nanoparticles, 

embedded in a novel porous Phosphor Silica Xerogel, were synthesized by 801-

gel processing.41 Their fluorescence properties have been evaluated and 

compared with those of the un-doped Xerogel. A novel luminescent phenomenon 

was observed from In2S3 nanoparticles embedded in the sol-gel Silica Xerogel. 

The PL of all the doped samples had high fluorescence intensities with two 

emission peaks: one at 440 run while the other at 600 nm. The In3
+ ions in the 

sol-gel Silica Xerogel were identified to be the cause for the sharp emission 

band. Sharma et a1. carried out PL measurements on Manganese Indium 

Sulphide thin films.42 A Gaussian shaped PL band, centered at 535 nm, was 

observed at 10 K. A study on the variation of InCh concentration in spray 

solution over the PL energy band position and shape suggests that varying InCh 

concentration in the solution or changing the In3
+ composition in the film during 

growth did not affect PL maxima position in energy axis. But a reduction in the 

PL peak intensity was noticed with decreasing InCh solution concentration. 

Based on the luminescence data donor level height in the Manganese Indium 



Sulphide energy gap was estimated and found to be around 20 meV; which on 

reduction of InCh concentration in solution was found to decrease marginally. 
Junfeng et a1. synthesized,B-In2S3 nanofibers via a hydrothermal method 

with AAO membrane as template.43 XRD pattern indicated perfect crystallization 
of f3-b~SJ. SEM images showed that the ,B-In2S3 nanofibers grew up from 

the channel ends of the AAO template. A broad emission peak at 375 nn1 

(corresponding to 3.30 eV) was observed by them when the sample was excited 

using wavelength at 320 run. Xuebo et a1. demonstrated a template-free route for 

the preparation of hollow In2S3 nanospheres by solvothennaUy treating solid 

In2S3 spheres comprised of small particles, at 180 QC for 24 h.44 Hollow In2S3 

nanospheres show an intense absorption between 318 and 512 run, which is blue

shifted to shorter wavelengths relative to that of bulk In2S3. Hollow In2S3 

nanospheres also exhibit a strong PLo The green band centered at 518 run was 

identified to be due to the band-to-band transitions and the orange emission 

centered at 624 run originates from the Indium interstitial defect. These hollow 

In2S3 nanospheres could be used as a distinctive multicolored phosphor and 

material for producing photo-electrochemical devices. 

CulnS2/In2S3 solar cells were fabricated using spray pyrolysis method and 

high short circuit current density and moderate open circuit voltage were 

obtained by adjusting the condition of deposition and thickness of both the 

layers. Consequently, a relatively high efficiency of 9.5% (active area) was 

obtained without any anti-reflection coating. The cell structure was 

ITO/CulnS2/In2Si Ag.45 The CBD CdS buffer layers in Cu(In,Ga)Se2 (CIGS) 

solar cells was replaced by InxSy thin film buffer layers prepared by ultrasonic 

spray pyrolysis at various substrate temperatures.46 Their X-ray Diffraction 

measurements confirmed that the films contained primarily the tetragonal In2S3 

phase. X-ray Photoelectron Spectroscopy (XPS) measurements revealed the 

presence of low concentration of Chlorine impurity throughout the InxSy layer. 

By depositing the indium sulphide layer as buffer layer in the CIGS solar cell 

configuration, a maximum solar cell efficiency of 8.9% was achieved, whilst the 

reference cell with CdS/CIGS, on a similar absorber, exhibited 12.7% efficiency. 

Additionally, light soaking enhanced the efficiency of InxSylCIGS cells primarily 

by improvements in fill factor and open circuit voltage. 

5.2 Structural and morphological studies 00 I02S3 thio films 

CSP is a simple, low-cost technique in which the deposition parameters can be 

easily varied. In the presen~ work a solution containing the mixture of Indium 



Chloride (InCh) and Thiourea (CS(NH2)2) were used as the precursor solution 

for spraying. Micro glass slides, with dimensions of 37 x 12 x 1.4 mm3
, [first 

cleaned with chromic acid followed by soap solution], were used as the 

substrates for film deposition. The In/S ratio in the solution was varied by 

varying the molar concentration of InCI) and CS(NH2)2. Total volume of the 

solution sprayed was 400 ml and the rate of spray was 20 ml/min in all cases. 

Fonnation ofIn2S3 resulted from the chemical reaction: 

Detailed studies on the structural properties using XRD and its 

compositional dependence have been well established and reported earlier.49 The 
samples showed f3 - 1n2 S 3 phase with good crystallinity and preferential 

orientation along the (220) plane except for those having very low Sulphur 
concentration. The samples showed f3 - In2 S 3 phase with orientation along the 

(220) plane at 28 = 33.45°. The d values coincide with that of f3 - In2S3 in the 

standard JCPDS data card (25-390). 
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Fig. 5.3: XRD pattern of the films deposited with InlS=O.75 and InlS=O.81 which showed 
good optoelectronic properties. 

The samples with an In/S = 0.75 showed good crystallinity and orientation 

along the (220) plane. As the Sulphur concentration in the spray solution was 

increased, the intensity of the peak corresponding to the (220) plane increased up 

to InIS ::: 0.81 and on further increasing the Sulphur concentration in the spray 

solution, the intensity of this peak decreased.47 The grain size of the film was 

calculated from the peak at 28 = 33.45° using the Debye--Scherer formula 



D "" 0.9),/ P oos8 • where D is the diameter of the crystallites fonning the film, A. 

is the wavelength of the eu-Ka line, P the FWHM in radians and () is the Bragg 

angle. The grain size varied from 20 to 200 run, based on the sample 

stoichiometry. For films with lnIS "" 0.75 and lnIS ==' 0.81 the grain size was 

found to be 30 run and 80 run respectively. 

XPS analysis indicated that Indium and Sulphur were unifonnly distributed 

throughout the depth of the sample (Fig. 5.4). The bottom portion of the spectra 

represents the surface of the film, and the top- the substrate. The binding energy 

values (Table 5.1) are in agreement with the reported values for ln2S3.
4S 

Element Binding Energy 
I (eY) 

In 3dsI 2 444.99 

In 3d3: 2 453.06 

5" 162.50 

Table 5.1: Binding energy of Indium and Sulphur in the p-ln2S3 thin film oblained from 
XP$ studies. 
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Fig. 5.4: XP$ deplh profile for sample with InlS = 0.81. 

Binding energies of Indium and Sulphur clearly indicated the formation of 

In2S1 [162.5 eV for S 2p. 444.9 eV for In 3 d~12 and 453.06 eV for In 3 dY2 

respectively] . From the XPS pattern no obvious peaks of lndium oxides [529.8-

530.5 eV for 0 Is in 10203 and 531.8 eV for 0 )s in In(OHhl were observed. 

The binding energy peak corresponding to Oxygen in the sample was at 532.49 

cV which proved that Oxygen was present onJy as a surface contaminant (532.5 

eV). which corresponded to Sui fate . The decrease in the peak height of Sulphur 

at the surface of the film indicated that Oxygen substituted Sulphur at the top 



layer. Chlorine in the elemental fonn was also present throughout the thickness 

of the sample which could have come from Indium Chloride used for film 

preparation. 

Raman spectroscopy with polarized laser beams at different geometries with 

regard to the crystal orientation distinguishes between Raman-active modes of 

different syrrunetry. In total 36 modes should be observed by light scattering. 

Raman Bands at 235, 268, and 309 cm'l correspond to the f3-In2S3 defect spinel 

structure.49
. 50 Raman Bands corresponding to the f3-In2S3 defect spinel structure 

were poorly resolved due to the intense fluorescence background. In our samples 

the best Raman spectra were obtained from the sample with InIS = 0.81 (sample 

3) and InlS = 0.75 (sample 4), as shown in Fig. 5.5. They were mainly 

broadened into a single band for sample with InIS = 0.81, indicating poor 

structural quality of the spinel structure in our samples. For sample 4, the bands 

at 309 cm'l and 367 cm'l were significantly improved. Based on our Raman 

analysis, it may be concluded that in sample with InIS = 0.81 there was a 

modification of the intrinsic point defects compared to sample with InIS = 0.75. 

It could also be concluded that the defect spineJ structure was absent for sample 

with InIS = 0.81 which is characterized by the specific Raman lines whose 

position is mentionFe=..:d~ab=o=v=e==============::;l 

100 1!50 200 2!50 300 

Raman Shift (cm") 

Fig. 5.5: Il-Raman analysis of sample 3 with 1nl = 0.81 and sample 4 with InlS = 0.75 at 
room temperature. 

5.3 Optical absorption of p-In2S3 thin films 

p-In2S) thin films show optical absorption from the far IR region to the near UV 

region. A broad absorption band with peak at -1400 nm (0.89 eV) was 

prominent in all the samples studied. This absorption was found to be typically 

spread from 1650-1000 nm among the samples having different stoichiometry. 



The main absorption started from around - 800 nm (1.55 eV) and extended to 

the UV region. Figure 5.6 shows the typical absorption spectra for two j3-In2S3 

thin film samples. 
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Fig. 5.6: Absorption spectra at 300 K of the samples in the wavelength region 375-2500 
nm (inset represents the absorption spectra in the IR 900-2100 nm region). 
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Fig. 5.7: (a, c) Plot of (ahv) 2 versus hv, for samples with InlS = 0.75 and InlS = 0.81 
respectively and (b, d) plot of (ahv) 1/2 versus hv for samples with InlS = 0.75 and InlS = 

0.81 respectively. 



The optical absorption of 13- In2S3 carry features related to direct and indirect 

transitions. For thin films deposited using spray pyrolysis, a direct band gap in 

the 2.5 - 2.8 eV range and an indirect transition in the 1.8 - 2.2 eV range were 

reported. 17 From the plot of (ahv) 2 versus hv, (Fig. 5.7(a) and (c» direct band 

gaps of2.71 eV and 2.67 eV were obtained for samples with In/S = 0.75 and In/S 

= 0.81 respectively. The graph of (ahv) 12 versus hv (Fig. S.7(b) and (d» 

indicated an indirect transition at 2.22 eV and 2.16 eV for these films 

respectively. Absorption tail and deep absorption band clearly indicated the 

presence of impurities Idefect levels, which could be vital in deciding the opto

electronic properties of these thin films. This exercise was carried out in several 

samples and it was concluded that in our samples, there was an indirect 

transition centered around - 2.2 eV and the band gap of-the films was around-

2.7 eV. The variation in band gap with In to S stiochiometry was proved 

earlier.49 
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Fig. 5.8: Plot of In(a) vs h v for samples fitted using relation (5.4). 

From a plot of In(a) vs h v (Fig. 5.8), it could be observed that the 

absorption coefficient (a) had an exponential tail (Urbach tail) with decreasing 

photon energy, below the band gap. It is well established that the broadening of 

the Urbach tail increases with increasing defect states in the film.51 The Urbach 

tail width was calculated using the relation 

a=t(hvlt:) (5.4) 

where a is the absorption coefficient, t is a constant and and & is the tail 

width. The tail width & was obtained by taking the inverse of the slope of plot 

between In (a) vs h v (Fig. 5.8). The Urbach tail width (&) was found to be 

0.83 eV for sample with In/S = 0.81 and 1.42 eV for sample InIS = 0.75. This 



may be due to the difference in the defect structure of the films deposited due to 

the change in molarity of the spray solution. Broadening of the tail could be 

ascribed to the fluctuations in size of the crystallites in samples which was 

evident from XRD and AFM studies. 

Thus, based on optical absorption studies, it could be concluded that the f3-
In2S3 thin films possessed a direct band gap typically around ~ 2.7 eV. There was 

also an indirect transition whose magnitude was around - 2.2 eV. The 

correlation between the direct and indirect optical absorption lead to hypothesis 

that an indirect valley may be located around - 0.5 eV below the conduction 

band in this material. Correlation between the Urbach tail and the optical 

absorption indicated that there were defects in this system which may be giving 

rise to the IR absorption band centered around - 0.89 eV whose density and 

band width varied with composition of the films. 

5.4 Defect analysis of p-In2S3 thin films using PL 

For the PL measurements, samples with the InlS = 0.51, 0.59, 0.66, 0.72 and 1 

(EDAX composition) were used. The samples [of area 1 cm2
] were mounted on 

the cold finger of a liquid Helium cryostat (Janis Research Company CCS 

100/202) and cooled to 15 K. Temperature was controlled with an accuracy of 

±1 K using a Lakeshore temperature controller (321 Auto tuning). Melles Griote 

Argon ion laser [488 nm with intensity of 19.5 W cm,2 ] was used to excite the 

sample. Unfocussed beam, of 0.63 mm diameter, was allowed to fall on the 

sample. Light emitted from the sample was collected using an optical fiber 

bundle, placed at 90° to the incident light, with the help of focusing lens. An 

optical fiber with a collimating lens at its end was coupled to a 

spectrophotometer (Ocean Optics USB2000) using SMA adapter. The spectra 

were recorded using the spectrophotometer with the help of the software 

"OOlbase32" (Ocean Optics). 

PL spectra of f3- In2S3 with InlS = 0.72 and band gap Eg = 2.76 eV at 300 K, 

measured in the 550-900 nm wavelength range and 15-300 K temperature range, 

are depicted in Fig. 5.9. There were two bands, one of which was relatively sharp 

with an asymmetric Gaussian line shape, centered at 568 nm (A-band) 

corresponding to 2.19 eV. This band had maximum intensity at 15 K and the 

intensity decreased very fast, as temperature increased. The second band (B

band) was a very broad one, centered at 663 nm corresponding to 1.88 eV. 
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Fig. 5.9: PL spectra recorded for sample with InlS = 0.72. 
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Fig. 5.10: Temperature dependence of log (Integrated PL intensity) for A- and B- bands 
fitted using relation (3.5). 

In order to calculate the quenching energy of the PL emission, a plot 

between logarithmic (Integrated PL intensity) and 1000/T was plotted. This was 

fitted using the relation (3.5), describing the thennal quenching of the emission 

line as shown in Fig. 5.10. 
The ~E value for A- and B-bands was obtained to be 42 meV and 59 meV 
respectively. 

In order to identify the defect levels responsible for the two bands, PL 

analysis of Sulphur rich and Sulphur deficient samples were carried out. As 

shown in Fig. 5.11, it was observed that A-band was absent for Sulphur rich 

sample while it was intense in the case of Sulphur deficient sample. This very 



well proved that level corresponding to Sulphur vacancy was essential for the 

emission of A-band . .--______________ ---, 
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Fig. 5.11: Effect of increase in Sulphur content on A-band PL emission intensity. 

From the optical absorption, it was observed that a levellband was present -

0.5 eV below the conduction band which was giving rise to the indirect optical 

absorption at 2.2 eV. It had been reported earlier that Sulphur vacancy (Vs) was 

acting as a donor (with activation energy of 0.43 eV) based on TSC studies.52 

Hence it could be now concluded that the PL emission at 2.19 eV was due to the 

recombination of electrons from this' defect band'. On adding the peak energy of 

A-band emission (2.19 eV) and the thermal activation energy of the donor (0.43 

eV), one gets 2.62 eV, which was lower than the band gap of 2.71 eV, by about 

0.09 eV. Through TSC studies it was earlier identified that an acceptor level 

existed about 0.10 eV above the valence band, corresponding to Indium 

vacancy.52 This vacancy level is intrinsic in In2S3•
53 Thus it became evident that 

the A-band emission was due to transitions from Sulphur vacancy (Vs) donor 

level to the Indium vacancy (V1n) acceptor level, which was 0.09 eV above the 

valence band. 

Variation in the peak energy of A-band with temperature from 15-90 K was 

studied. It was seen that the peak energy of the emission had a blue shift by 28 

meV, when the temperature was raised. Variation of band gap of In2S3 with 

temperature from 15 K onwards was calculated with the help of Varshni's 

equation using constants a = 6.842 x 10'4 eV!K and p= 398 K.54 Results of the 

calculation are depicted in Fig. 5.12 along with the shift in peak energy of A

band with increase in temperature. The shift represents the change from the 0 K 

value obtained by extrapolation of a plot of peak energy versus temperature. It 

can be seen that the band gap decreased with increase in temperature while the 



peak energy of the A-band increased. There were earlier reports stating that 

variations of band gap and PL peak energy emission would be opposite in nature, 

for emissions following the Cartesian Coordinate (CC) model of luminescence. 55 
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Fig. 5.12: Peak shift as a function of temperature for the A-band compared to the change 
in energy gap Eg derived from Varshni's equation. 
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Fig. 5.13: Temperature dependence ofFWHM for A band. 

Figure 5.13 represents the temperature dependence of the full width at half 

maximum (FWHM) for A-band. It was found that the dependence followed the 

CC model equation ss 

W = Wo [coth {h ve / 2kT} ] I! 2 (5.5) 

where Wo is a constant whose value is equal to W as the temperature 

approaches 0 K and hYe is the energy of the vibration mode of the excited state. 

The fit was obtained with the parameters Wo = 0.04 and hYe=O.Ol eV. The hYe 
value very well agreed with the value reported for other semiconductors like 

GaAs and GaSe, belonging to the same class of compounds as In2S3•2, 56 The peak 



energy shift and FWHM of A-band was found to follow the thermal quenching 

mechanism in the CC model.s7 Based on this model, the activation energy of 42 

meV could be explained as the difference in the energies of the lowest excited 

state (Vs) and the intersection point of this curve with the CC curve of the 

ground state (V1n). Figure 5.14 represents the proposed CC model for the A-band 

1 uminescence. 58 

Conduction band edge 
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Fig. 5.14: CC model for the A-band luminescence. 

Comparison of PL spectra of stoichiometric and Indium rich samples (Fig. 

5.15) showed that B-band was absent in the spectra of stoichiometric sample 

while it was intense in the case of Indium rich sample. This readily proved that 

level due to Indium interstitial was essential for the emission of B-band to be 

exhibited by this system. It had been reported earlier that the level due to Indium 

interstitial was acting as a donor. 52 B-band was very intense and broadened at 

low temperature and intensity decreased rapidly as temperature increased. This 

rapid decrease in intensity could be attributed to the shallow nature of donor 

level because it became more occupied at low temperature, making the intensity 

of B-band high. But for A-band, which originated from a deep level with 

activation energy 0.43 eV, lowering of temperature did not cause such great 

increase in its intensity. Similarly on increasing the temperature, B-band 

vanished first while A-band did not (Fig. 5.9). The broad nature of the B-band at 

low temperature was suspected to be due to the presence of other PL emissions. 

'Multiple curve fitting' of low temperature spectra of B-band revealed the 

presence of emissions at 612 run (2.02 eV) and 707 run (1.62 eV). Studies on the 

variation of these two emissions due to change in stoichiometry did not reveal 

the sources of emission. However it was found that the two peaks were not 
related to the 568 run and 663 run emissions. 



Fig. 5.15: B-band emission for samples with InlS =1, 0.69 and 0.66. 
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Fig. 5.16: Temperature dependence of the band gap and PL peak energy for B-band 
emission. 

The observed shift of the peak energy position ofB-band (Fig. 5.16) towards 

lower energies satisfied the temperature dependence of the 'donor-acceptor pair 

(DAP)' recombination. The magnitude of the observed shift of the peak energy 

was greater than the shift in band gap energy with temperature. PL studies of Zn

doped InP had also shown similar behavior and was attributed to recombination 

between substitutional acceptor and interstitial deep donor levels. 59 TSC 

measurements on similar samples could identify a level with activation energy of 

0.82 eV corresponding to Oxygen replacing Sulphur vacancy (Ovs) and reported 

it to be an acceptor.52 Optical absorption studies had also indicated the presence 

of defect band in this energy region, which were giving rise to the IR absorption 

band. With films in which there was full depth Oxygen (Fig. S.17(a» the B-band 

emission was prominent. But in films where there was only Oxygen 



contamination at the surface like in film with In/S = 0.66 (Fig. 5 .17(b» there was 

no B-band emission. Hence it could be concluded that Oxygen had a major role 

to play in controlling this red luminescence emission. XPS analysis (Fig. 5.17) 

on stoichiometric and Indium rich sample proved the existence of free Oxygen 

on the surface of all samples. 

Binding I",'gy (eV) Binding Energy {eV) 

(a) (b) 
Fig. 5.17: XPS for samples (a) Stoichiometric In/S=O.66 and (b) Iodium rich In/S=l. 

Hence it could be proposed that In interstitial (Ini) formed a shallow donor 

level, 59 meV below the conduction band, and radiative transitions from this 

level to the acceptor level, formed by Oxygen replacing Sulphur vacancy (Ovs), 

caused the B-band emission. For B-band, the sum of PL quenching energy (59 

meV), the PL peak energy (1.88 eV) and the thermal activation energy (0.82 eV) 

was found to be in good agreement with the band gap energy of 2.76 eV. To 

further verify the origin of B-band, PL spectra of J3-In2S3 with In/S = 0.81,was 

measured in the 550-900 nm wavelength range and 11-300 K temperature range, 

using the 488 nm line of the AI ion laser. The emissions obtained from samples 

with this stoichiometry typically were strong in the B-band emission. 

The temperature dependence of this emission was as depicted in Fig. 

(5. 18(a». The PL spectrum was centered at ~ 680 nm, with a higher energy 

shoulder at ~ 616 nm and a low energy shoulder at ~733 nm. In order to 

calculate the PL quenching energy, a graph between logarithmic value of 

integrated PL intensity and 10001T was fitted (Fig. 5.18(b» using the relation 

(3.5) describing the thermal quenching of the emission line. The ~E value of the 

emission was obtained to be 45 meV. This was in good agreement with the 

reported activation energy of the donor level, corresponding to the interstitial 

Indium (Ini) and supported our earlier assignment of this B-band emission. 
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Fig. 5.18: (a) PL spectra for sample recorded from 11-300 K and (b) plot of logarithmic 
(Integrated PL intensity) vs lOOOIT fitted using relation (3.5). 

The next set of measurements was done on this sample to analyze the 

variation of PL intensity due to the variation in excitation intensity (Fig. 5 .19( a» 

using 2.54 eV as the excitation energy. With the increase in excitation intensity, 

the emission at 680 nm became very strong, while the shoulder lobes lost 

prominence. In semiconductors, dependence of PL intensity on excitation 

intensity, in general, follows the relation (1.57) (section 1.2.5C).25 The 

experimental data was fitted with y=0.65 and 10=2500 (Fig. 5.19(b». As the 

value of y was <1, it was concluded that this emission was due to a DAP 

recombination. According to the theory by Maeda, the temperature dependence 

of quenching is determined by the activation energy of the shallowest defect, and 

hence we assumed that the level with activation energy 45 meV was shallower 

among the pair.60 This energy further agreed with the activation energy of the Ini 

donor level and hence was assigned to a DAP recombination with Ini acting as 

the donor. The activation energy of the acceptor could be estimated from the 

minimum peak energy at low excitation powers, assuming that the Coulomb and 

van der Waal term in relation (1.55) (section 1.2.5A) are negligible.61
, 62 At low 

excitation intensities, the emission peak was at 680 nm (1.826 eV). Hence in 

equation (1.55), this was used to calculate the acceptor level activation energy. 

At 300 K, for a band gap of 2.71 eV, and Ed = 45 meV and hv= 1.826 eV, the 

acceptor level was obtained to be 0.839 eV above the valence band. 

Interestingly, this energy range turned out to be within the energy range of the IR 

absorption band centered at -1400 nm (0.887 eV) (Fig. 5.6). 
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Fig. 5.19: (a) PL spectrum dependence on excitation intensity and (b) Plot of excitation 
intensity vs Integrated PL intensity fitted using relation (1.57). 

We could thus clearly conclude, based on our PL studies that a dense 

acceptor band of width - 48 meV was present in the film which was spread 

between 0.839 eV to 0.887 eV above the valence band. Intermediate bands show 

impurity photovoltaic effect and can effectively increase the efficiency of solar 

cells.63
, 64, 65 Thus the presence of this defect band can be one of the reasons as to 

why ~- In2S3 based solar cells showed appreciable efficiency. It was reported 

earlier that the activation energy of the substitutional defect level due to OVs, 

may be at 0.82-0.88 eV.S2 This was in good agreement with the activation energy 

of the acceptor level, presently identified using PLo Thus we assumed that this 

thick levell band is responsible for the IR absorption band due to the transition 

from the valence band to this level. 

5.5 Effect of above band gap and sub-band gap excitation on 
thePL 

Figure 5.20 compares the PL emission from the samples under 'above band gap' 

and 'near band edge' excitation. For the 'above band gap' excitation 325 run 

(3.82 eV) line was used. For 'near band edge' excitation 488 run (2.54 eV) line 

was used. The broad nature of the emission spectra suggested that the radiative 

transitions in In2S3 occur at specific centers and do not take place between 

conduction and valence bands. The ground states of the emission centers may be 

assumed to be close to the Fermi level, based on the strong n-type semi

conduction shown by the films. It could be observed that there were two 



emissions which were prominent in both 'above band gap' and 'band edge' 

excitations. Since the same PL emissions were observed with a small shift in 

peak position, it could be concluded that excitation from intennediate levels to 

the conduction band was taking place under the sub-band gap excitation, which 

was followed by the radiative transitions between the same set of defect levels 

which are active under intrinsic excitation. Else, peak positions under different 

excitation energies would have yielded different PL peak emissions. 
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Fig. 5.20: Effect of above band gap and sub band gap excitation energy on PL emission 
at room temperature for sample (a) In/S = 0.81 and (b) InlS = 0.75. 

For sample with InIS = 0.81, under sub-band gap excitation (extrinsic 

excitation) with 488 om, the PL peak was centered at - 680 run. The same 

sample under 'above band gap' excitation (intrinsic excitation) showed two 

broad peaks with a Gaussian profile. The highest energy PL peak was at 544 run 

(2.28 eV) which was greenish in appearance. The lower emission was at 693 run 

(1.79 eV) which was red in col or. When the film stoichiometry was changed to 

InIS = 0.75 both the green and red emissions were observed with extrinsic and 

intrinsic excitation. Under intrinsic excitation (325 run) the peaks were centered 

at - 520 om (2.39 eV) with FWHM of 0.45 eV and at - 703 run (1.77 eV) with 

FWHM of 0.26 eV while under extrinsic excitation (488 run) they were centered 

at - 557 run (2.23 eV) with FWHM of 0.29 eV and at -679 run (1.83 eV) with a 

FWHM of 0.36 eV respectively. In general, it could be observed that under 

intrinsic excitation the green emission was shifted to higher energy side (small 

wavelength) while the red emission was shifted to smaller energy side (longer 



wavelength). Table 5.2 summarizes the parameters of the PL emission and the 

excitation energy used. 

Excitation Green Emission Red Emiss ion 
Energy (eV) 
3.82 Peak @2.3geV Peak @1.77eV 

FWHM=O.45 eV FWHM=O.26 eV 

2.54 Peak @2.28eV Peak @1.83 eV 
FWHM=O.29 eV FWHM=O.36 

eV 

Table 5.2: Dependence of fundamental properties of the PL emission on the excitation 
energy in sample with InlS=O.75. 

Fig. 5.2 1: The green and red emission from in2S) thin films under excitation of 325 nm. 

Also under intrinsic excitat.ion. the higher energy side of the green emission 

was broadened whereas the tail of lower energy side of the red emission was 

shortened. This shi ft of the green emiss ion to high energy side under intrinsic 

excitat.ion cou ld be explained in terms of the effect of 'band filling'. When higher 

energy is used for exci tation, all low lying states will get filled and PL transitions 

occur from filled higher energy slates. which was another proof to the CC model 

of luminescence for the green emission. 

Under the excitation of 488 nm in sample [with 1n15=O.75J origin of the 

green emission was identified to be due to the Vs - VIn OAP recombination 

between .From optical absorption, it was concluded that Vs lead to a defect band 

located - 0.5 cV below the CB giving rise to indirect opt.ical absorpt.ion at - 2.2 

eV. The VIn acceptor level was identified to be - 0.1 cV above lhe VG S2 Using 
relation (1.55) with E, =2.7 1eV . EA. = O. l eV . hl' = 2.23eV and neglecting the 

Coulomb and van der Waal term. ED was found to be 0.38 eV. This was 

calculated neglect.ing the thermal activat.ion energy of 42 meV which was 

identified as the difference in the energies of the lowest excited state of (Vs) and 

the intersection point of this curve with the CC curve of the ground state (VIn). 



Thus it could now be observed that the highest filled state of the Vs defect band 

was ~ 0.38 eV below the CB. The position of the lowest filled level of Vs was 

earlier identified to be 0.42 eV from optical absorption presented here and the 

electrical studies reported by Rupa et al.52 The difference between the highest 

and lowest states correspond to 42 meV which is in agreement with the thermal 

activation energy of 42 me V of the green emission obtained from temperature 

dependent PL studies (Fig. 5.10).58 

Thus it was reasonable to assume that, under extrinsic excitation, 

recombination from the bottom of this Vs defect band to the Vln level was giving 

rise to the green emission. When the excitation energy was increased, the PL 

peak position shifted to higher energy. This could be possible only if the 

transitions start from higher level due to the filling of lower lying levels. Under 
intrinsic excitation using relation (1.55) with Eg =2.71eV, EA =0.1 eV, 

hv = 2.39 eV and neglecting the Coulomb and van der Waal term ED was found 

to be 0.22 eV. Thus it could now be seen that upon increasing the excitation 

energy, the transition started from a point 0.22 eV below the CB. This showed 

that the origin of the green emission was at a depth of 0.22 eV from the CB edge. 

Summing up the results of optical absorption and excitation intensity dependent 

PL studies one could conclude that the defect responsible for the green emission 

was spread from a depth of 0.22 eV below the CB to nearly ~0.5 eV below to the 

CB. The existence of such a defect band in this compound was suggested 

electrically by Checinska et a1. and through thermo-Iuminescence studies by 

Palson et a1.9, 26 Palson et a1. also suggested that this band had a important role in 

the materials photosensitivity.26 Rupa et al. had tentatively assigned the 0.22 eV 

defect level to Cl impurity.33 

The red emission was shifted to lower energy when the excitation energy 

was lowered. This indicated that under sub-band gap excitation transitions were 

taking place to lower energy states of the defect band. It was established that the 

red emission was because of the !ni-Dy. DAP recombination, where the Ovs 
formed a defect band spread between 0.84 -0.89 eV above the VB. Absorption of 

high energy photons by the intermediate levels for the transition into the CB 

would be smaller in magnitude compared to the magnitude of absorption for the 

transition from VB to CB. The reverse would be true for absorption of low 

energy photons due to the density of absorption centers available. Hence under 

extrinsic excitation, ionization of the Dy • level would be more prominent than 

under intrinsic excitation. Thus during recombination transitions will take place 

from the Ini defect level to ionized states of Dy • which will be located deeper in 



the band gap and hence the peak emission energy will shift to higher energy as 

the defect gets more and more ionized. 

5.6 Effect of annealing in vacuum and air 

Three samples of the same stoichiometry were prepared following the deposition 

procedure described earlier. One of the samples was subjected to vacuum 

annealing at a pressure of lO-s T for 1 hour at 300 QC. Another sample was 

annealed in air for 1 hour at 300 QC. The as prepared pure sample, showed PL 

emissions at -540 nm and -690 nm. When the samples were subjected to 

annealing in air/vacuum, it was observed that the emission intensity of the -540 

run emission decreased (Fig. 5.22). Figure 5.22 compares the PL spectra for the 

three samples. PL intensity of both the green and red luminescence decreased 

upon vacuum annealing, whereas air annealing lead to increase in the red PL 

emission intensity and decrease of the green emission. The luminescence model 

for this system could be further strengthened based on this annealing experiment. 

The green emission which occurs due to the Vs-V In OAP recombination would 

be reduced when there is decrease in density of either V s/V1n• Vacuum annealing 

resulted in increase in crystallinity of the films. Hence it could be expected that 

some of the defects were being annealed out. Hence this explained as to why the 

total luminescence intensity from the vacuum annealed samples was lower than 

that of the pure sample. Vacuum annealing can also remove adsorbed Oxygen 

from the film which would decrease the density of the OVs defect level and lead 

to decrease in the red emission of this system. 
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Fig. 5.22: Effect of annealing on the PL spectra for In2S3 thin films. 



Table 5.3 presents the EDAX results of the samples giving infonnation on 

changes in chemical composition as result of the annealing process. From the 

EDAX measurements, it became clear that post deposition annealing in general 

increased the In-content while it reduced the Sulphur content of the films. It 
could also be observed that the content of the Cl impurity in the film increased as 

a result of the annealing. It could be seen from the EDAX results that the 

variation in S and Cl content were complementary and hence it was concluded 

that Cl was getting incorporated into the film as a result of the annealing by 

replacing Sulphur. 

Sample In S Cl Cl/(In+S) 
Pure 39.18 53.49 7.34 0.08 

Air Annealed 40.47 48.30 11.23 0.13 
Vacuum 39.90 50.55 9.55 0.11 
Annealed 

Table 5.3: EDAX measurements ofIn2S3 sample. 

The intensity of PL emission around -690 nm was found to increase in air 

annealed samples. Oxygen is known to replace Sulphur vacancy site in In2S3 and 

create an acceptor level around 0.82-0.88 eV above the valence band. It was 

earlier proved that the PL emission at -690 nm was due to radiative transition 

between the Ini and OYs defect levels. Hence it could be assumed that air 

annealing resulted in increase in density of the OYs defect level. It was well 

established that air annealing leads to full depth oxygen contamination in these 

sprayed In2S3 thin films.47 EDAX results had shown that the In-content was 

slightly increased for air annealed samples and hence a corresponding increase in 

density of Ini defect level could be assumed. An increase in density of these two 

defect levels would lead to an increase in PL emission intensity of the Inj - OVs 

DAP recombination. This was clearly observed in the PL spectra of the air 

annealed sample as shown in Fig. 5.22. 

Thus it was realized that the luminescence intensity could be varied by 

SUbjecting the samples to post deposition annealing. To strengthen this idea, a 

film was prepared where the intensity of emission at 696 nm (red emission) was 

lower than that of the green emission by changing the InIS molar ratio in the 

spray solution. This sample was SUbjected to vacuum annealing for 1 hour. In 

agreement with our earlier hypothesis, the intensity of the emission at 696 nm 

was nearly quenched (Fig. 5.23). This verified our assignment of the 696 nm 

emission to the Ini-Oys DAP. 
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Fig. 5.23: PL spectrum for as prepared sample Iil2S3 and after vacuum annealing. 

5.6.1 Effect of rapid thermal quenching 

PL measurement on samples, prepared with different rates of cooling after 

film deposition, was carried out. One of the samples (SI) was allowed to cool 

down naturally to the room temperature after post deposition annealing of 30 

min on the substrate heater. The other sample (S2) was removed immediately 

once spraying was stopped and hence it was quenched to room temperature 

within a minute. SI was found to be more crystalline than S2 from the XRD 

analysis because of which it could be expected that the defect concentration in 

S I would be smaller than that in S2. Thus it could be expected that the total PL 

intensity in SI would be smaller than that from S2. 
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Fig. 5.24: PL spectra for slowly cooled (SI) and rapidly cooled sample (S2). 



Figure 5.24 represents the PL spectra of the two samples. It was very evident 

that the PL emission intensity and FWHM of the peaks of the quenched sample 

S2 are larger than that of the sample SI. Table 5.4 provides the EDAX analysis 

results of the two samples. It was very clear that the films were deficient of 

Sulphur by birth and the deficiency was larger for the film which was quenched 

(S2). Easily, it could be now read that in sample S2 the defect concentration of 

Vs was larger because of which the PL intensity and FWHM was larger than SI. 

This strengthened our earlier hypothesis regarding the concentration of Vs defect 

level and the green emission at 540 nm. This also proved that rate of cooling 

after CSP was an important parameter controlling the optical properties. 

Sample In% S% CI% ClI In+S 

SI 40.01 53.06 6.93 0.07 

S2 40.62 51.42 7.96 0.08 

Table 5.4: EDAX results for samples SI and S2. 

5.7 Photo-conductivity in JJ- InlS3 thin films 

5. 7.1 General properties 

The high photosensitivity in single crystal of this material was reported first 

by Bube et a1. and later the effect of CU-doping on photosensitivity was reported 

by Giles at a1.3
• 29 The dependence of photosensitivity on substrate temperature 

and molar ratio in the spray precursor solution was reported by Teny et a1.47 It 

was observed that the photosensitivity to white light increased when Indium 

content in the precursor solution was reduced. Films sprayed at substrate 

temperature of 573 K were having higher photosensitivity, compared to the other 

substrate temperatures. However a detailed investigation on the photoconduction 

process in this material has not been yet reported. 

Figure 5.25 shows the dependence of photosensitivity to white light of 

intensity 100 mW/cm2 on the film stoichiometry. It could be observed that 

photosensitivity of - 16000 could be achieved when the In/S ratio was 0.54. But 

this high sensitivity was unstable and films lost their sensitivity in 72-96 hours. 

Stable sensitivity of - 1000 (3-4 years now) could be achieved in films with In/S 



sensitivity and hence the critical dependence of film chemistry on 

photosensitivity was realized. 
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Fig. 5.25: Dependence of photosensitivity on the film composition. 

Bias dependence of the photocurrent action spectrum in the thin film is 

depicted in Fig. 5.26(a). The peak position was unaffected but the magnitude of 

photocurrent increased as the bias increased. The photocurrent-voltage 

characteristics exhibit very strong wavelength dependence which could be 

exploited to develop tunable detectors. Figure 5.26(b) shows the photocurrent in 

the thin film for a series of wavelengths of equal intensity, from a halogen light 

source. At room temperature, at a given bias value, the photo current is quite 

distinct for different wavelengths. This wavelength dependence could be 

exploited to develop tunable detectors. 
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Fig. 5.26: (a) Bias dependence of photocurrent for the thin film at room temperature and 
Cb) Photocurrent-Voltage characteristics for the device for various input wavelengths. 



The lifetime of carriers is defined as the time spent by the excited carrier in 

the corresponding band before it recombines with a carrier of opposite type. 

Theoretically, it is defined as the time taken for the photocurrent to reduce to 

(l/e)th of the saturated value. The carrier lifetime can be determined using the 

frequency dependence of photocurrent as described in section (2.5.2). 

Temperature dependence of lifetime for a film with InlS = 0.66 is shown in Fig. 

5.27. The lifetime decreased exponentially as temperature was raised. A decrease 

in lifetime suggests that the time of decay becomes fast as temperature increases. 

This leads to a reduction in time spend by the carrier in the conduction band 

which in turn lead to a decrease in hotosensitivit . 
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Fig. 5.27: Temperature dependence of lifetime in the In2S3 thin films. 

Figure 5.28 shows dependence of photo current on the excitation intensity for 

the two samples. The graph distinctly showed the difference in the response 

function of the two samples. For sample with In/S = 0.81, the photocurrent vs 

excitation intensity graph was typically "S shaped" with a non linear part 

between 20 to 80 mW. But the sample with InIS = 0.75, exhibited saturation in 

photo current beyond 50 mW. A curve fitting for the experimentally obtained 

values for light intensities and photocurrent using relation (1.97) (section 1.3.4E) 

for the samples of In2S3 gives y values, between 0.5 and 1.0. The value ofy lying 

between 0.5 and 1.0 has been explained theoretically by assuming that the Fermi 

level was between exponentially distributed trap levels for which the density of 

traps decreased exponentially with trap depth. Thus it could be concluded that 

the Fermi level for the In2S3 thin film system was lying between an exponentially 

distributed trap levels where the density of traps decreased exponentially with 



trap depth. The exponential behavior of such traps has already been reported in 
imperfect materials.68 Thus the presence of an exponential trap distribution in 

the thin film of 1n2S3 was realized. 
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Fig. 5.28: Excitation intensity dependence of photo current under an applied bias voltage 
of 2 V for samples with (a) InlS= 0.81 and (b) InlS=0.75. 

5.7.2 On the photo-conductivity in jJ-1n1S3 thin films 

Figure 5.29 exhibits the temporal response due to optical excitation using the 

442 nm line (2.81 eV which is higher than the band gap of In2S3) of the He-Cd 

laser at 20 mW in the sample with In/S==0.81 at 12 K and 300 K. There was 

increase in photosensitivity at low temperature which could be attributed to the 

presence of shallow traps in this system. At low temperatures, traps remain filled 

for longer times and enhance the minority carrier life. So larger numbers of free 

carriers are generated and the number depends upon the excitation 

energy/intensity and the temperature. As the temperature is raised, the traps 

would get thermal energy so as to release the trapped carriers into the conduction 

band there by decreasing the time period the carriers remain trapped and in effect 

the photosensitivity would decrease. Another proof to this model was the nature 

of the PC curve itself. At low temperature (12 K) the PC curve shows saturation 

while at higher temperatures (300 K) the photo-current shows the effect of 

carrier diffusion. 

The process of diffusion is controlled by the density of minority carriers, a 

gradient of which can be generated by intrinsic photo-excitation. This strongly 

indicated that the traps are at equilibrium at low temperature where as at room 

temperature the traps were continuing to release the carriers. It was observed that 



it takes nearly - 20 minutes for PC to saturate at room temperature under the 

'above band gap' excitation energy of 2.81 eV. Thus if the illumination time is 

increased, the photosensitivity at room temperature would become larger than 

that at 12 K because of the continuous release of carriers from the traps. The 

same photo-conducting properties were exhibited by the samples for excitation 

with 488 run (2.54 eV). But there was no saturation of photo current for the same 

illumination period under extrinsic excitation (sub-band gap energy) at any of 

the studied temperatures. 
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Fig. 5.29: Temperature dependence of PC under excitation of 2.81 eV for the 
illumination time of 5 s for a bias voltage of 5 V. 
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incident energy of2.81 eV (442 run). 



When the stoichiometry was changed to the critical value of In/S = 0.75 

where films become highly photosensitive the nature of sensitivity was identical 

Le. films were more sensitive at low temperature than at room temperature. The 

important difference was in the saturation of photocurrent. The response speed 

was fast for these samples and hence photocurrent was saturated both at room 

temperature and low temperature as shown in Fig. 5.30. The delay in the rise 

time and the decay time in temporal response observed in films with InIS = 0.81 

was absent. This indicated that shallow traps were absent! reduced in density in 

films with In/S = 0.75. In other words the diffusion of minority carriers did not 

occur in films with the critical stoichiometry. 

The temperature dependence of the photocurrent could be used to calculate 

activation energies of the shallow traps from the Arrhenius plot, as shown in Fig. 

S.31. Temperature dependence of photocurrent could be fitted using the relation 
69,70 

(5.6) 

where I ph (T) is the photocurrent at a temperature T, 10 is the photocurrent at 

temperature 0 K, Cl and C2 are constants related to the capture cross section of 
traps/defect levels and EtJl &EtJ2 are the activation energy of the traps/defect 

levels responsible for the photoconduction. 
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Fig. 5.31: Arrhenius plot of photocurrent versus 1000/ T for the film under excitation of 
(a) 2.81 eV (442 run) and Cb) 2.54 eV (488 run). 

Fig. 5.31«a) & (b» shows the Arrhenius plots corresponding to excitation 

with 2.81 eV (442 nm) and 2.54 eV (488 nm) respectively for films with InIS = 
0.81. Ea, &Ea2 were found to be - 65 meV and - 0.1 eV under excitation of 488 

run while they were found to be - 52 meV and - 0.1 eV for 442 nm excitation. 



The identified activation energies agreed with the established activation energies 

of In; and V1n defect levels. Activation energies in the same range were obtained 

from the fitting of the Arrhenius plots for samples with InIS = 0.75 using the 

same excitation energies. 

It could be hence established that the same set of defect levels were 

controlling the photo-conducting properties under intrinsic and extrinsic 

excitation. These two defect levels were also found to be vital for the films to 

exhibit the green and red luminescence. Thus it could be assumed that the 

properties of PC and PL were being controlled by the intrinsic defects of this 

binary system. Bube et a1. had identified that the onset of temperature quenching 

of photocurrent in single crystals of In2S3 corresponded to 0.1 eV while the 

termination corresponded to energy of 0.8 eV. Thus an effective continuous 

distribution of sensitizing levels was assumed to exist in the material.3 

Correlating the excitation intensity dependent PC studies, the temperature 

dependent PC studies and PL studies indicate to the existence of a distribution 

for the Inj, Vs and V1n defect levels in these thin films. This is based on the 

investigations carried out on the origin of broad luminescence and the extrinsic 

photosensitivity in this material by us. When the temperature dependence of 

sensitivity under excitation of 532 nm (2.33 eV) for films with In/S=0.75 was 

measured it was observed that the photosensitivity of the material was high at 

low temperatures and decreased with increase in temperature. 
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Fig. 5.32: (a) Arrhenius plot of photocurrent fitted using relation (5.6) to calculate 
thennal activation energy for sample with InlS = 0.75 under photo- excitation with 2.33 
eV (532 run). 

Figure 5.32 shows the Arrhenius plot of the photocurrent under this 
excitation energy, fitted using relation (5.6), which yielded Ea! &Ea2 to be -

0.09 eV and 24 meV. The former activation energy could be assigned to the V1n 



acceptor level while the latter could not be assigned. Activation energies in the 

same range were obtained from the fitting of the Arrhenius plots for samples 

with In/S = 0.81 using the same excitation energy. 

Temperature dependent lifetime studies showed that the lifetime decreased 

exponentially with increase in temperature under this excitation energy. Since 

this excitation is extrinsic (below band gap energy) the result indicates that the 

excitation should be taking place from intermediate defect levels to the CB or 

from the VB to intermediate defect levels. The excitation intensity dependent 

studies showed that y = 0.68 which lead us to conclude that this excitation 

energy was perturbing a distribution of defect levels. 
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Fig. 5.33: Temperature dependence of photocurrent in sample with InlS = 0.81. 

For sample with InlS = 0.81 there was extrinsic photo-response to excitation 

wavelength of 632.8 run (1.96 eV) as shown in Fig. 5.33. The interesting feature 

was that the photocurrent was larger at 300 K compared to that at 12 K i.e. the 

photosensitivity was larger at room temperature that at low temperature for this 

excitation energy. This indicated that the photo-conduction process under this 

excitation energy was different to that exhibited under excitation of 2.81 eV, 

2.54 eV or 2.33 eV where the photosensitivity at room temperature was lower 

than that of the photosensitivity at cryogenic temperatures. Another interesting 

feature of this transient photocurrent was that the steep rise of photocurrent on 

illumination observed with intrinsic excitation was absent. The photocurrent rise 

and decay showed the effect of diffusion of carriers. The increase in 

photocurrent at room temperature compared to that at cryogenic temperatures 

could be explained on the basis of the effect of thermal release of carriers from 

the traps.71 The temperature dependence of photocurrent could not be fitted using 

the relation (5.6) because of the anomalous dependence. Hence it was assumed 



that there was a separate photoconduction channel for these red photons in this 

system. The excitation intensity dependent studies yielded 'Y = 0.78 which 

indicated again to the distribution of states responsible for this photoconduction. 

Most interestingly when the stoichiometry was changed to critical value of 

InlS = 0.75 the films did not show any photo-response to this excitation energy. 

This clearly was a proof that the photoconduction channel for this excitation 

energy was absent for films with the critical stoichiometry. 

Figure 5.34 shows the general nature of photocurrent (defined as difference 

between illuminated current and dark current) on temperature for the films under 

excitation using photons of energy 2.81 eV and 2.33 eV. Under excitation with 

2.33 eV the photocurrent decreased rapidly up to 180 K and increased very 

gradually beyond this temperature. The dark current dependence on temperature 

is also simultaneously depicted in the Fig. 5.34. The dark current was nearly 

constant from 12 K to 120 K beyond which it increased. Under excitation with 

2.81 eV ('above band gap' excitation) the photocurrent decreased from 12 K to 

300 K. At this point we concluded that there were separate photoconduction 

channels in this material which were active depending on the excitation 

wavelength being intrinsic or extrinsic. Hence separate models had to be 

proposed to explain the experimentally observed photoconduction in this system. 

Apart from the direct excitation of electrons from the valence band to the 

conduction band by energetic photons of 2.81 eV, electron transitions from the 

Vln acceptor levels [-0.1 eV above the valence band] into the conduction band, 

creating non-ionized Vln defect levels in the sample can also be induced by this 

excitation. Radiative recombination is an available recombination path with 

intrinsic excitation of2.81 eV, because of the transitions from the Vs defect level 

to the non-ionized Vln acceptors available. The PC spectra was saturated at low 

temperatures but began to show growth and decay tails at higher temperatures 

(above 180 K). Growth and decay tails of the transient photo current have been 

associated with the presence of traps.72 At low temperatures the traps remain 

filled and thus show no effect on the photocurrent. When the temperature is 

raised the traps get thermally emptied and increase the photocurrent. At the same 

time trapping/de-trapping at the trap levels leads to growth tail during rise time 

and the decay tail during decay which leads to the removal of the saturation of 

photo current. This agreed well with the theory that if traps determine the 

electron hole recombination then the PC will not show saturation.73 So above 

180 K when the traps are activated they do not allow photocurrent to saturate 

under intrinsic excitation. 
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Fig. 5.34: Temperature dependence of dark and photo-current for the films. The 
photocurrent was measured under excitation of 442 nm (2.81 eV) and 532 nm (2.33 eV). 

On the other hand under extrinsic excitation the photocurrent does not 

saturate in the studied temperature range. Energetic considerations preclude the 

creation of non-ionized VIII defect levels with direct excitation from VB to CB 

under extrinsic excitation of 2.33 eV. To explain the observed PC under this 

excitation energy we have to consider that electrons are either excited from 

defect levels other than the VIn defect level to the conduction band (CB) or the 

excitation was raising electrons from the valence band I VIn defect level to 

another intermediate impurity band. The existence of an indirect optical 

absorption typically around - 2.2 eV in these films was realized. Correlating the 

optical absorption, the PL emission and the extrinsic PC, it was concluded that 

on excitation with 532 nm (2.33 eV) indirect optical absorption from the VB and 

or VIn defect level to the indirect valley because of Vs occur leading to the 

formation of non-ionized Vln defect levels. 

Hence the PC under 2.33 eV excitation could be modeled (Fig. 5.35) as 

follows: Apart from the absorption taking place from intennediate defect levels 

to the CB optical absorption also raises electrons from the VBI Vln defect level 

to the indirect valley (process 1 and 2). It is to be noted that before the optical 
') 1 1 



absorption takes place the Vln defect level is filled with electrons from the 

valence band. The electrons reaching the indirect valley first fill the lower lying 

states and subsequently fill the higher lying states and finally reach the CB 

(process 3). The raising of electrons from Vln level now causes holes to be 

generated in this band (process 4) who are compensated by raising electrons 

from VB into this band (process 5). This enables further raising of electrons 

from the Vln level to the indirect valley (process 6). Because of this process the 

temporal response is always on the rise showing the effect of diffusion of 

carriers. It is also because of the filling up of indirect states and subsequent 

thennal transfer to the CB that the PC does not show saturation even at very low 

temperatures under extrinsic excitation of2.33 eV. 
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Fig. 5.35: Model for PC under excitation of2.33 eV. 

According to this model the photosensitivity to 2.33 eV should increase 

when the density of the VID defect level is increased because it will lead to 

greater number of electrons being trapped at this center which can be raised by 

the extrinsic excitation. The photosensitivity to 2.33 eV increased in films when 

the films were made Indium deficient. The photosensitivity to 2.33 eVexcitation 

was larger for films with In/S = 0.75 compared to that for samples with In/S = 
0.81. This observation strengthened our model. 

The decay time for the photocurrent was calculated from the temporal 

response, by fitting the temporal dependence using relation73 

v = Vo + A exp(t / t'1) + B expel / t' 2) (5.7) 

where A and B are constants describing the capture cross-section of the 

trapping centers, 'tl and 't2 are the decay times from the trapping centers, and Vo 



is the steady state voltage generated upon illumination with photons. From the 

curve fitting, it became evident that there were two decay times in this case. 

Excitation Ene~(eV) 'tthl 't2(~ 

2.81 0.073 6.432 

2.54 0.095 6.583 

2.33 0.152 7.452 

1.96 0.265 7.767 

Table 5.5: Photo-conductivity decay time obtained by fitting PC decay using relation 
(5.7). 

Table 5.5 represents the PC decay time of the sample with InlS=0.81, whfm 

it was excited using the different excitation energies. Interestingly, the decay 

times in the first set varied by - 60%. However the decay times in the second set 

were comparable. The presence of impurities, which act as trapping centers, 

could be the reason for such a behavior. To verify this idea, lifetime (t) was 

measured using AC-PC and was found to be 30-40 ms for all of the excitation 

energies. Figure 5.36 represents the AC-PC plot of sample InIS = 0.81 for two 

different photo- excitation energies, at a bias voltage of 5 V. 
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Fig. 5.36: AC-PC plot for sample with (a) InlS = 0.81 and (b) InlS = 0.75. 

The decay time was always longer than the lifetime and did not vary upon 

increasing the excitation intensity. Under the extrinsic photo-excitation, the 

decay time and lifetime were nearly of the same order. But still the decay time 

was larger, indicating presence of shallow traps. Even though the decay time 

increased from 73 ms to 265 ms when the excitation energy was decreased from 



2.81 eV (442 nm) to 1.96 eV (632.8 run), it was observed through AC-PC studies 

that the lifetime under the different excitation energies was nearly the same ( -

40 ms). It is known that, if the release of carriers to the conduction band is due to 

any thennal process, this can lead to an increase in decay time rather than the 

lifetime.74 Hence we naturally assumed that, under the sub band gap excitation, 

the carrier generation process involved a thennal process also. 

This was verified when the PC was measured at low temperature. Figure 

5.33 represents the photo current measured for sample with InIS = 0.81 at 12 K 

and 300 K under the sub-band gap excitation condition. The magnitude of 

photo current decreased as the temperature decreased. This supported our 

assumption that a thennal process was involved in the release of carriers when 

the sample was under the sub-band- gap excitation condition. 

For sample with InIS = 0.75, extrinsic PC under excitation of 1.96 eV was 

absent. The PC decay obtained with 2.54 eV is shown in Fig. 5.37, and the decay 

time was obtained to be ~ 24 ms, without a second decay time. Here, the lifetime 

(t) measured using AC- PC (Fig. 5.36(b»was also found to be - 24 ms. Thus the 

decay time became almost equal to the carrier lifetime. This again indicated that 

some 'special' types of traps/ defects present in sample with InIS = 0.81 were 

causing the PC on excitation using photons of 1.96 eV, and these were negligible 

in concentration or absent in the sample with InIS = 0.75. Again, the speed of 

response of this sample was faster compared to the former, which was evident 

from the time scales of the rise, and decay times for the sample (Fig. 5.37). Since 

the presence of traps leads to a decrease in speed of response owing to an 

additional time dependent process of trap filling (during the rise) and trap 

emptying (during decay) the above result prove that there are fewer traps present 

in sample with In/S = 0.75 compared to that in sample InIS = 0.81. 
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The temperature dependence of photosensitivity for different wavelengths 

revealed an important property for these films when the question as to why 

sensitivity for 632.8 run excitation was larger at room temperature than at low 

temperature. Explaining this observation a model for the photoconduction under 

photo-excitation with 1.96 eV could be proposed as follows: On exciting the 

samples with 1.96 eV, the absorption causes transition from the 0.83-0.88 eV 

defect band to the conduction band edge. (It is also worth mentioning here that 

lhis acceptor level OYs was already filled with electrons from valence band). This 

was followed by the trapping and de-trapping of the electrons from the shallow 

In; donor level (- 45 meV below the conduction band) to the conduction band. 

The trapping and de-trapping is less active at lower temperatures because of 

which photosensitivity at lower temperature is reduced compared to room 

temperature. According to this model, when these donors / acceptors are low in 

concentration or when they are absent, such a PC behavior must be absent. The 

sensitivity to 632.8 run was absent in sample with In/S=O.75 having very low 

concentration of Indium. Again, this was the reason for the slow rise in photo 

current due to the excitation using 1.96 eV source (Fig. 5.33). This clearly 

proved that, by varying the atomic ratio, one could get either a red sensitive or 

blue sensitive film, making the material a good light sensor. Thus it could be 

proposed that the In; defect level was controlling the speed of response for this 

system. 

It could hence be concluded that, in the In2S3 system, the defect centers 

played important role in controlling the opto-electronic properties. It was 

observed that there were two separate absorption channels for extrinsic 

excitation wavelengths of 532 nrn (2.33 eV) and 632.8 run (1.96 eV). The green 

photons were absorbed relatively in larger quantities from the VB/VIn defect 

level into the indirect valley located - 0.5 eV below the CB while the red 

photons were absorbed from the OYs defect level to the CB. Based on the 

excitation intensity and temperature dependences, it could be assumed that in the 

In2S3 system these two defect levels In; and VIR were distributed exponentially in 

the band gap and were responsible for the photoconduction properties exhibited 

by the thin films prepared using CSP technique. It could be modeled that, in 

general, photo- excitation by these wavelengths was causing electrons to be 

raised from the valence band (VB) or intermediate defect bands to the 

conduction band (CB). The Vln defect level would act as an electron trap, 

enhancing the minority carrier lifetime and increasing the sensitivity of the films 



which are In-deficient. This also explained as to why films prepared with low In

content were more photosensitive. 

5.8 The role of er impurity on the opto-electronic properties 

In the In2S3 thin film, four types of intrinsic defects are possible: (1) Indium 

vacancy (Vlo) (2) Indium interstitial (Ini) (3) Sulphur vacancy (Vs) and (4) 

Sulphur interstitial (Si). The first three defects were identified and characterized 

using PL technique in the present work. Earlier Rupa et a1.75 analyzed these 

defects using Thermally Stimulated Current measurements. The probability of 

formation of Si defect level is very small as free Sulphur tends to escape rather 

than remaining as an interstitial and in all of the EDAX measurements the films 

were found to be Sulphur deficient. Naturally other defects which could be 

fonned unintentionally had to be analyzed to fabricate device quality In2S3 thin 

films. In this category, impurities of Chlorine and Oxygen had very high 

probability as the precursor solution contained InCh and for spraying air was 

used as the carrier gas. The role and position of O2 defects in this system was 

also identified in this work. The position of er impurity was not identified yet 

beyond speculation.33~ S2. 16 ~S3 samples were prepared using Indium Nitrite 

In(N03)2 and CS(NH2)2. Chlorine was doped purposefully in the sample by 

adding Ammonium Chloride to the precursor spray solution. 

Table 5.6 shows the effect of er doping on the stoichiometry of these films. 

It is to be noted that in all of the earlier samples studied, incorporation of el

impurity occurred unintentionally. It could now be noted that, as the Chlorine 

content in the film increased, Indium and Sulphur content decreased. Earlier we 

had observed similar results when the effect of annealing was studied on the 

unintentionally doped ftlms (section 5.6). The concentration decrease was larger 

ti S I h d Ind' or ulpJ ur compare to turn. 
Sample [In](%) [S](%) [CI](%) [CI]/ {[In]+[S]} Photosensitivity 

In5 39.42 59.86 - 21.142 

In8 40 57 3 0.03 18.284 

In 4 37.79 49.82 12.5 0.14 25.367 

In7 38.11 51.31 10.58 0.12 9.427 

Table 5.6: Photosensitivity values for the doped and un-doped films along with the 
samples EDAX results. 
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Fig. 5.38: PC spectra for doped and un-doped films_ 

These films showed very poor photosensitivity. It was not possible to pick 

up any PC under extrinsic excitation for this set of samples. PC measurements 

were carried out using a white light source. The transient PC curves for doped 

and un-doped films are shown in Fig. 5.38. The results indicated that, for this set 

of samples, the photosensitivity did not improve with increasing the doping 

concentration. However an important conclusion was obtained: The persistence 

of PC increased as the amount of Chlorine in the film increased. 

Correlating Table 5.6 and Fig. 5.38 we conclude that the er impurity 

effectively generates a positive charge in the In2~ system and provides shallow 

electron trapping states which lead to persistence in the decay of photocurrent. In 

the earlier part of the work, it was concluded that shallow traps were responsible 

for the decay tail in the transient PC. Those films were born with er because 

InCh solution was used as the precursor for the thin film preparation. Sample InS 

which did not contain any er impurity, did not exhibit the decay tail. Sample 

In4 which contained the maximum er content failed to return to its dark current 

value even 1200 seconds after the illumination was switched off_ This 

conclusively proved that the incorporation of er impurity was responsible for 

the decay tail. 

It can be assumed that during er doping, some of the er ions occupy the 

lattice sites nonnally occupied by S2- ions. In that case, it will naturally lead to 

formation of positive ion vacancies (vacancy of 1nl) which will act as electron 

traps. The creation of vacancies requires good deal of energy and hence the 



quantity of er incorporated in the lattice will be strongly limited. The presence 

of vacancies, even though they occur in very small concentrations, also leads to 

the formation of localized levels in the forbidden energy gap. This was evident 

when the PL spectra of the un-doped sample (InS) and the film showing 

maximum er incorporation (In4) were compared (Fig. 5.39). 
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Fig. 5.39: Room temperature PL spectra for un-doped and doped samples of In2S3. 

In sample InS the red emission due to the 1nl - 0v [DAP] recombination s 

was more prominent than the green emission due to the Vs - V'n [OAP] 

recombination. After cr doping, Vs - V'n [DAP] recombination gained 

prominence slightly greater than the In; - Ov [DAP] recombination. Also the 
s 

FWHM of the green emission increased in the doped sample. EOAX analysis 

showed that amount of Sulphur in the film was much reduced on doping. Thus 

effectively both the cation and anion vacancies increased which was reflected by 
the increase in the green PL emission intensity because of the Vs - V'n [OAP] 

recombination. It is already well known that the cation vacancy (VIa) is ordered 

in the lattice as 1/3 of these sites are vacant by birth. PL proved that, in addition 

to these intrinsic vacancies, cr doping promoted formation of V'n 3+ and this 

enhanced the green emission from this compound. 

The general shape of the PL spectrum was found to be independent of the 

CI- impurity i.e. the red and green emission were present in In2S3 films which 

had some er impurity and also in films which did not contain the er impurity. 

This proved that the er ions themselves are not the luminescence centers, But 

the el- impurity disturbs the In2S3 lattice in such a way that additional 

luminescence centers are created which alter the photo-response and 

luminescence efficiency of the system. This work now proves why er impurity 



is essential to this system and why solar cells prepared using In2S3 containing 

er impurity, show very good efficiency.4s 

5.9 Conducting grain boundaries of ~-In2SJ 

Opto-electronic devices achieve performance close to the theoretical 

expectations, when high quality single crystal materials, are used. But it has 

always been found that the polycrystalline counterparts outperform their single 

crystal analogues.77 The origin of the improved device behavior, such as in solar 

cells, is widely studied at present. Major difference in the structure of a ploy

crystalline film from that of a single crystal is the presence of "grain boundaries" 

which separate small single crystal regions within the film.78
• 79 A grain boundary 

becomes electrically active as a result of 'charge trapping' by gap states, 

localized between the two adjacent grains. Such interface states are possibly 

created by dislocations introduced by the crystallographic mismatch between the 

adjacent grains, or by the vacancies thereby leading to dangling bonds or by 

other interfacial defects.80 A second possible origin of these states is due to 

dopant or impurity atoms, trapped at the interface, creating donor or acceptor 

levels. The electric field, generated by the charged interface, gives rise to a 

band-bending in the adjacent grains.81 If the band-bending is strong enough for 

the GBs to become inverted, the spatial separation of photo-generated e-h pairs 

is helped and the minority carriers in the bulk of the grains are channeled along 

the continuous network of GBs as majority carriers, with minimal e-h 

recombination.79
• 82 The presence of the charged barrier has been successful in 

explaining the large photosensitivity exhibited by the polycrystalline films. 79. 83 

Theoretically, it had been predicted that 1;3 grain boundaries in chalcopyrite 

represent a bamer without charged defects, whose presence would improve the 

photoconductive gain of this system.84
• ss Susanne et a1. identified neutral barriers 

in CuGaS~ and reasoned that the Cu deficiency of the grain boundaries was 

responsible for this.86 

As one turns from the single crystal to the polycrystalline film, it is also 

observed that the width of the exponential absorption tail and the related PC tail 

change considerably. The common explanation in literature for the phenomenon 

is that the narrow Urbach tail is widened by the disorder-induced exponential 

density of tail states.SO
' 87, 88 The disorder may be in the bulk of the grains or in 

the grain boundaries (GBs). If it is in the former region, then one can adopt the 

conventional Seto-type mechanism for the inter-crystalHne transport, where the 

GBs essentially play only the role of potential barriers between the grains.89
• 90 If 



the disorder is mainly in the GBs, we have to assume that the extended 

absorption tail is associated with the GBs. In that case, the effective "band gap" 

of the GB should be smaller than that of the crystal/bulk of the grain and one 

would expect that sub-band gap photo excitation in polycrystalline materials will 

mainly take place along the network of the GBs. Interestingly; these carriers may 

help the electrical transport process taking place in the polycrystalline films. 
The crystal structure of /3-ln 2 S3 consists of sheets of Sulphur atoms 

between which there are sheets of Indium atoms, with some sheets having both 

tetrahedrally and octahedrally co-ordinated Indium atoms, while others only 

having the latter. Some tetrahedral sites are unoccupied, leaving the neighboring 

Sulphur atoms bonded only to three instead of the usual four Indium atoms. 

These vacant sites will, as a result, exhibit electron affinity and act as electron 

traps. Overlap of trapped electron wave functions between such highly ordered 

states can lead to sharp trapping levels.9 

The material exhibited very high photosensitivity (_103
) only for a specific 

InIS volume fraction in the spray solution.47 But samples with other volume 

fractions were not so photosensitive. In fact, this result forced us to ask the 

question 'from where does the photocurrent originate in I3-In2S3 thin films?' The 

other related problems were that of defects which yield persistent photo

conductivity (PPC) and response to sub-band gap excitation in this system.76 DX 

like centers are known to yield PPC.91
-
94 It is generally believed that the point 

defect, accompanied with a strong structural relaxation due to the change in 

charge state, is the most probable candidate for PPC. The shallow states 

responsible for this are expected to yield band tails, leading to extended 

conduction.95 Understanding the defects and the photoconduction process is 

essential for improving the functionality of the solar cells fabricated using 13-
In S thin film '3 1 s. 

Sample Molarity of InIS in [In]/[S] from Photosensitivity 

No: spray solution EDAX 

1 0.015/0.0375 34.0/65.9 -25 

2 0.025/0.0375 34.2/56.5 ~60 

3 0.025/0.1 40.0/49.54 -350 

4 0.01510.1 39.6/52.5 _10J 

Table 5.7: Sample names, their composition and photosensitivity. 



The details of the molarity used in the spray solution and the results of the 

composilionai analysis of the samples, using EDAX technique arc given in Table 

5.7. The band gap of the films were typically of the order of 2.6 . 2.7 eV. 
Photosensitivity [defined as (I ill - 1.1",l) II ,/,,,k 1 was measured by illuminating the 

films with a halogen lamp. delivering 100 mW/cm' on the sample surface. This 

set of samples was purposefully taken in order to understand the route of 

photocurrent in these thin films. 

AFM analysis over an area of I J.l.m2 clearly showed the crystallitelgrain 

structures of the samples distinctly (Fig. 5.40). MM image of sample 1 showed 

agglomerated regions with no proper distinction between the grain and grain 

boundary. Each of the agglomerate contained a number of smaller grains. But this 

was not clearly visible at the available magnification. When the Sulphur content 

in the film increased. the agglomerations appeared with random distribution of 

grain size. In sample 4, however, the grains were densely packed with the grain 

size ranging from 50 to 80 nm. Smaller crystallites were well packed between the 

larger ones, without pores. A well·connected network of the grain boundaries was 

evident from the AFM analysis. The film could. hence. be called "grainy" with 

well-interconnected grain boundaries. Such a distribution was absent in all other 

samples. Sample 3 contained crystalli tes of - 110 nm. Though the film was 

con tinuous for this stoichiometry, there were voids between the c rysls llites. 

Fig. 5.40: AFM surface topology of the samples over an "rea of 1 j.llll : wit h varying InlS 
stiochiometry. 



In sample 3, we were able to detect extrinsic PC undcr sub-band gap 

illumination of 488 nm , 532 nm and 632.8 nm. However in sample 4, the 

extrinsic PC was obtained only for the excitation using 488 nm and 532 nm. In 

spite of sample 4 being more photosensitive, it did not respond to 632.8 nm 

excitation. Also [he speed of response of sample 4 was much higher than that of 

sample 3. The lifetime of the carriers measured using AC-PC was - 20 ms in 

sample 4 whereas in sample 3, it was -0.2 S.M It is already proved that the 

'current images' obtained using Conductance Atomic Force Microscopy (C

AFM), provided local two-dimensional cross- sections of the three-dimensional 

photoconduction network. 90 C-AFM data was taken in 'contact mode' using a 

commercial Nanoscope (4 (Dl) AFM system], having Co-Cr coated Silicon tip. 

The current sensitivity of the system was 1000 pA/V and the cantilever length 

was 250 !-lm. Silver electrodes were used as the counter electrode to the local 

contact provided by the C-AFM tip. Local I-V measurements were also performed 

by applying a DC bias on the sample while doing the C-AFM scanning. The 

'range of the bias was from - IQV to +IOV. A 2 mW diode laser. operating at 

632 nm, was used for all of the C-AFM and AFM measurements. 

Fig, 5.41: (a) C-AFM topography measured over an area SOO nmz for sample 4 and (b) 
Simultaneously measured current map al Va =3 V performed o\'er Ihe same area. 

Figure 5.41 depicts the image over an area of 5()() nml obtained for sample 4 

using C-AFM (left [Fig. 5.4I(a)] represent the AFM topology and right [Fig. 

5.4I(b)] represent the current topology) . The grain boundaries were found to be 

conducting in the sample 4, while in the other samples. no conducting grain 

boundaries could be detected using C-AFM. Even though the AFM laser was left 

'on' while doing the C-AFM cxperimcnt , our PC studies showcd Ihat 632.8 nm 
did not nrorluce anv nhntoc-nnrll1rl;nn in e,,.nnl .. Lt ,,;~ ...... ... .. _ .. M _A __ A' _OA_ 



through a film by selecting path of least resistance, the C-AFM analysis proved 

that the grain boundaries provide an alternate current path in j3-In2S3 thin films. 

Our results clearly indicated that the GBs themselves provided a parallel route 

for the flow of charge carriers in sample 4. Thus it could be assumed that this 

conducting channel could be one of the reasons for the high photosensitivity of 

sample 4, as it could provide an easy path for the photo-generated minority 

carriers. None of the other samples showed the presence of a conducting grain 

boundary. 

Since PL is the best tool to search for shallow traps / defects, we carried out 

PL analysis of these samples. PL emissions were obtained from the films, which 

were even visible to the naked eye (Fig. 5.42) at room temperature itself. In 

sample 4, the highest emission peaks were at - 517 run (green emission, 2.40 

eV) and - 696 run (red emission, 1.78 eV). Origin of the green and red 

luminescence in this system had been identified earlier in this work.69 In the case 

of sample 3, the higher energy emission was shifted to - 540 run (2.30 eV) while 

the lower energy emission was at the same position, as in the former sample. 

Again for the former sample, the PL emission intensity was larger (along with a 

broadening of the rising edge of the - 517 run peak towards the higher energy 

side) which proved the presence of higher defect concentration. In sample 3, 

where the intensity of the red emission was low (compared to sample 4), PC 

response to red illumination improved. As stated earlier, the red emission in f3-
In2S) thin films was identified to be due to the h\-ovs DAP recombination. 

Hence it was naturally assumed that if these DAP recombination could be 

reduced in sample 4; PC due to the excitation using 632.8 run could be induced! 

enhanced. 

900 

Fig. 5.42: PL emission from different samples using 325 om as excitation wavelength, at 
300K. 



Sllmpk 4 was then suhjected to vacuum annealing for I hr at 300 (lC with the 

idca of removing the adsorbed Oxygen. which would lead to a decrease in the 

concentration of acceptor type Ov. defect level. resulting in a less intense red 

luminescence emission. Figure 5.42 also shows the PL spectrum of sample 4 after 

vacuu m annealing [green linel. (The ann caled sa mple 4 is named sa mple 5 here 

afterJ. As expected. intensi ty of the red luminescence decreased considerably. 

Annealing also resulted in the improvement of grain size and crystallinity of the 

films. This cou ld have resu lted in annealing out of the band tail s. which is 

reflected in the decrease in the ascending and descending tails of PL emission for 

sample 5 (Fig. SA2). 

Figure 5.43(a) shows the AFM and CAFM topology of sample 5. It was 

observed that there were agglomerations throughout the film. resulting from the 

grain gathering. Different LO the sample 4. now the sample 5 had larger grains and 

each of the grains showed a conducting central region (Fig. 5.43(b»). Thus it 

could be concluded at this poi nt that, after vacuum annealing. the grain bou ndary 

materi al and the grain center material had the same photo-conducting nature. 

Now the current percolation nelwork had an addilional path through the grain 

centers. 

.... - ...... ,,_ "u_ ...._._,_ , .... 

"·ig. 5.4."\: (a) AFM image for sample:; (b) C-AFM image for samp le 5 and (cl enlarged 
picture of a single grain from sample 5. 



The photosensitivity of the films was <10 afler vacuum annea ling. This was 

because of the decrease in dark resistance or the films. Sample 4 had a resistivity 

of 15 Kn cm and arter annealing. the resistivity reduced to 15 n cm. Figure 5.44 

shows the real time AFM (Fig. 5.44la» and C-AFM currem map (Fig. 5.44(b)) 

analysis demonstrating the effect of light on this system. Staning at the bottom of 

the piclUre scan was done keeping the AFM system in the dark. It is to be nOled 

that during this stage and later on the AFM laser was always switched on. The left 

side of Fig. 5.44 represents the AFM topology and the right represents the C

AFM topology. It can be noted that when on ly the AFM laser is on the comraSt 

between the grain and the gra in boundary is low. Later on when the lube light is 

switched on (indicated by the first arrow)and later on when an additional reading 

lamp was swi tched on (indicated by the second arrow) the contraSt between the 

grain and grain boundary becomes very sharp and the presence of the conducting 

path right th rough the center of each grain becomes visible. This is because of the 

increase in hOLOcurrenl due to illumination. 

•• 
......... .. -

t ...... 1.' ... _ .... .. 
IItht .... .... 

~" ....... .,,' ... <- ....... '- , ... .. 

Fig. 5.44: Photo conductivity studied usi ng C-AFM: First the sample is kept in dark and 
C-AFM data is taken. After 10 s of scanning in the dark the samples were exposed to 
white light in a room (a) shows the CAFM topology and (b) the simullaneous current 
map. 

An analogues representati on of the sa me phenomenon is represented by the 

plot between photocurrent and illumination time. This experiment very clearly 

proved that in the samples the photoconduction was associated with a more 

photocond uct ive material that is segregated on the grai n boundaries. This is firsl 

time that a more photoconducti ve grai n center has been observed in any material. 

Further. sample 5 also exhibilt:d response to the sub-hand gilp exci tation using 

632.8 nm. as sho ..... n in Fi g. 5--'5(a). ( It should be not l.!d here that before vacuum 

annealing this sample did not show any res ponse to exci tation with 632.8 nm) . 



The photocurrent required more than 20 minutes to reach the original dark 

current value. It could be now realized that, while taking the C-AFM 

measurements, we had left the diode laser switched on which had to be one of 

the reasons for the sample 5 to exhibit enhanced GB current due to its improved 

extrinsic response. 
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Fig. 5.45: (a) PPC under excitation wavelength of 632.8 nm in sample 5 and (b) 
temperature dependence of photocurrent under excitation wavelength of 632.8 nm in this 
sample. 

We had earlier shown that the red luminescence was caused by acceptor type 

defects.58
• 69 It was shown that the luminescence occurred due to the capture of 

conduction band electrons by shallow Ini donor levels, followed by 

recombination of these carriers at the deep acceptor level due to Ovs. This 

acceptor level was found to be distributed as an energy band in the range 0.835-

0.887 eV, above the valence band edge and the model for photoconduction due 

to extrinsic excitation with 632.8 nm was well established.69 

As the total PL intensity of the sample decreased, the PPC increased. It has 

been established that as the band bending increases, the e-h recombination tend 

to become minimal. The intensity ratio of the red emission to the green emission 

in sample 4 was -1.1 before and after alll1ealing while in sample 3 it was -1.5. 

Thus it was concluded that the PPC is associated to the defects in the system. If 

the defect states are present on the GBs they would induce GB potential barriers 

resisting lateral conductivity. When film is illuminated with photons of energy 

capable of raising electrons from these states into the CB discharging of these 

states would occur which would induce a conductivity increase by lowering the 

barriers. When the illumination is switched off, electrons from the bulk use the 

thermal energy to surmount the remaining potential barrier, refill the grain-



boundary states, and resume their equilibrium distribution. During this process 

the barrier height, and consequently the trapping process lifetime, increases 

resulting in PPC. 
The temperature dependence of photocurrent can be used to calculate 

activation energies of shallow traps from its Arrhenius plot as shown in Fig. 

5.45(b). The temperature dependence of photocurrent under sub-band gap 

excitation of 632.8 IIDl was fitted using the relation (5.6). A shallow trap with 

activation energy of - 37 meV and a deep trap with activation energy 0.138 eV 

were obtained from the temperature dependence of photocurrent using sub-band 

gap excitation of 632.8 IIDl. These were close to the activation energy of the Ini 

donor level which plays the role of the shallow trap, enhancing the 

photoconduction under excitation of 632.8 IIDl and the Vln acceptor level 
respectively. This indicated that the Ini donor which may be in theln7 ,lnt+ or 

lnt++ ionized states in the ~-In2S3 system are responsible for the PPC under 

illumination of 632.8 nm: going by the generally accepted nature of defects 

responsible for this behavior (shallow and possible charge states). 

On the other hand photosensitivity can increase if there is an increase in the 

minority carrier concentration in the valence band of this n-type material. This 

can be physically possible by two means (A) if on illumination electrons are 

raised from the VB to defect levels below the CB which are not fully occupied 

with electrons. Thus these levels will trap the electrons and increase hole 

lifetime in the VB and subsequently increase the photosensitivity or (B) if there 

is hole trap which traps holes and increases the minority carrier lifetime. An 

increase in density of either of these defects would increase the photosensitivity 

of the films. There was a progressive increase in PL intensity and full width at 

half maximum of the samples (Fig. 5.42) as the photosensitivity increased which 

validates this model. The specific defect responsible for this increase in 

photosensitivity has not been identified but may be assumed to be some 

unintentional dopants from the substrate or the precursor solution. This may be 

most probably the defects like Cl j or Clvs. 

The grain boundary material was found to be more conductive than the grain 

material in ~-In2S3 thin films. Since there was response to excitation with 632.8 

nm in samples with and with out conducting grain boundaries it became clear 

that the effect of conducting grain boundaries alone could not be responsible for 

the extrinsic PC under excitation of 632.8 nm. Had there been such a nexus the 

annealed samples should not have shown response to extrinsic excitation with 

632.8 run. PPC was observed in samples with and without conducting GBs but 



was enhanced significantly when GB conductivity highly improved. The 

enhancement was at the loss of sensitivity and response speed. 

5.10 Conclusions 

The use of PL and PC in the defect analysis of fJ-In 2S 3 has revealed very 

interesting opto-electronic applications for this material. The material was 

identified as a good luminescent material having a green emission centered 

around - 540 nm and a red emission centered around - 690 nm. The 

luminescence intensity of these two emissions was found to be competitive to 

one another. But nevertheless tunability for the emission could be achieved by 

varying the stoichiometry, post deposition annealing conditions or by a bias (not 

included in this thesis 78). It was observed that the intrinsic defects of this system 

controlled both the luminescence and PC properties. Using PC and PL, the 

position of the Ini donor level, Vs donor level, VIn acceptor level and Qys 

acceptor level were identified. The defects in this system were identified to have 

an exponential distribution in the band gap based on the photo-response and 

temperature dependence of photoconduction to intrinsic and extrinsic excitation. 

Green emission from In2S3 was identified to be due to the transition from the 

excited states of the Vs level to the VIn level. Mechanism of this emission could 

be explained on the basis of the CC model of luminescence. The red emission 

from the films was identified to be due to transition from the Ini donor level to 

the Qys defect level above the VB. The presence of the Ini - Qys DAP was 

identified to be the cause of extrinsic PC i.e., sensitivity to red photons. Hence 

the important role of the defect levels in determining the opto-electronic 

properties of In2S3 was realized. Presence of the Vs-V In DAP was identified to be 

cause of the extrinsic PC under excitation using green photons. The presence of 

a defect band located between - 0.84 - 0.89 eV above the valence band was also 

identified, based on optical absorption and PL studies. It was hence possible to 

propose that the photocurrent from photovoltaic devices, based on p-In2S3 thin 

films having these defects, would be large because of the extrinsic photo

response exhibited by this material. This material would hence become the 

natural choice for fabrication of third generation solar cells.64 Because of the 

luminescence phenomenon associated with this system it can also find 

application as a "luminescence down converter" in solar cells, where absorption 

of higher energy photons takes place and it is re-emitted as photons of lower 

energy. 



p - Inz S 3 thin films were very sensitive to light illumination levels and 

showed sensitivity dependence on the incident wavelength. Sensitivity in general 

was higher at low temperatures and decreased as temperature was raised. Smart 
devices based on P - In2 S 3 thin films could be fabricated which could be used as 

photo-detectors. The wavelength sensitivity of these devices showed bias 

dependence. It was found that the differential bias voltage controlled the 

wavelength sensitivity of the device. Thus depending upon the differential bias 

voltage, the wavelength sensitivity of the device could be tuned. The sensor 

exhibited an average sensitivity of 17.5 mV/ nm in the wavelength range of 

325 nm - 650 nm. 

It was also found that the grain boundary material is more conductive than 

the grain in our P-In2S3 thin films prepared using CSP technique and this type of 

PC has a strong dependence on the stoichiometry of the sample. The red photo

response of these films could be improved by vacuum annealing of the samples, 

and this proposes a technique to improve sub-band gap photo-response of these 

films. This will naturally lead to the improvement in the efficiency of opto

electronic devices like solar cells, based on this material, as it creates carriers by 

absorbing sub-band gap photons. 
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CHAPTER 6 

Summary and Outlook 

The conclusion of this thesis can be divided into three areas: 1) the 

fabrication of a low temperature photo-luminescence and photo

conductivity measuring unit 2) photo-luminescence in the chalcopyrite 

CulnSez and CulnS2 system for defect and composition analysis and 

3) photo-luminescence and photo-conductivity of In:JS3. This thesis 

shows that photo-luminescence is one of most essential semiconductor 

characterization tool for a scientific group working on photovoltaics. 

Tools which can be robust, non-destructive, requiring minimal sample 

preparation for analysis and most informative of the device 

applications are sought after by industries and this thesis is towards 

establishing photo-luminescence as "THE" tool for semiconductor 

characterization. The possible application of photo-luminescence as a 

tool for compositional and quality analysis of semiconductor thin 

films has been worked upon by this thesis. Photo-conductivity 

complement photo-luminescence and together they provide all the 

information required for the fabrication of an opto-electronic device. 

The requirements for thin film semiconductor solar cell device structures are 

simple in comparison to other electronic and opto-electronic structures. The 

development of a viable thin film technology has been battered with difficulties, 

some fundamental, others originating from empiricism during the drive to 

demonstrate high efficiency devices. Three well known factors are that: 

(a) Grain boundaries influence recombination, current transport and 

diffusion / segregation. The influence of grain boundaries on the device 

response and local device behavior have to be understood in terms of 

local charge states and chemical profiles; 

(b) Point defects in thin film solar cells are not understood. In conventional 

semiconductors the conductivity and field profiles are engineered by 

controlled doping with well understood centers. In thin film solar cells 

this is achieved empirically, without knowing the identity of the active 



centers, without knowing important compensating species and even at 

expense of sacrificing stability. 

(c) Electron affinity of absorbers makes contacting an issue for some 

material system. Understanding band line-ups in conjunction with device 

theory is yet to be evolved. 

6.1 Summary 

No single experimental diagnostic approach is capable of yielding all the diverse 

information relevant to the development of thin film solar cells. PL 

investigations can be used to characterize a variety of material parameters. In 

this thesis, the main objective of the work was to establish PL spectroscopy as a 

characterization tool for the thin films prepared in our laboratory for 

photovoltaic applications. PL spectroscopy provided a rapid non-destructive 

method to characterize the electronic properties of the polycrystalline 

semiconductors used in thin film photovoltaics. Shallow impurities and defects 

were identified using the temperature and excitation intensity dependence of the 

PL spectrum. 

Instrumentation for PL was assembled from conunercially available components, 

as there are few complete commercial systems available. For optical excitation, 

high intensity laser sources were first selected. Laser sources were selected on 

the basis of the materials prepared in our laboratory. A sample holder was 

designed for mounting the samples. Optics for focusing the laser onto the sample 

surface, and to collect the PL signal was assembled using fib er optics and lens 

arrangement. Two grating spectrometers were used in the detection part. The 

first spectrometer works in the 330 nm to 1100 nm range. It is fitted with a Si 

Charge Coupled Device (CCD) array detector. The second spectrometer works in 

the 900 nm -1730 nm wavelength range. It has an InGaAs linear array detector. 

CCDs achieve parallel detection of the entire spectrum at once, permitting long 

integration times to achieve high signal-to-noise ratio, and very fast data 

acquisition for samples with adequate PL intensity. A liquid Helium closed cycle 

cryostat was used to do PL analysis of samples at low temperature. 

Modifications of the cryostat windows were carried out in order to collect 

signals from samples mounted in the cryostat. Spatially resolved PL for quality 

and compositional uniformity required scanning of the excitation spot over the 

sample and collecting emission from each illuminated point of the sample. For 

this a stepper motor controlled XYZ translator was fabricated and was used to 



scan the laser spot. The system was completed with the addition of a desktop 

computer for instrument control and data acquisition and analysis. The spectral 

resolution of the system is found to be 4 meV experimentally. The PL system 

was attached with additional accessories for PC measurement. AC-PC 

measurements were carried out to measure the lifetime (r). Thus a complete 

defect characterization system was fabricated which could be used to 

characterize different kinds of samples which are prepared in our lab for 

photovoltaics. 

Free exciton FEA emission, which is the highest band-edge emission energy, was 

used to identify the composition of the Cu1nS2 thin films. Stoichiometric films 

yield FEA emission at 1.55 e V, the In-excess films show PEA emission at 1.56 e V 

and the Cu-excess films yield PEA emission at 1.53 eV. Variation in PL peak 

positions as a function of the concentration of the precursor solution was 

characterized. The specific concentration of the precursor solution to yield a 

stoichiometric chalcopyrite CuInS2 polycrystalline thin film could be 

standardized based on the peak position of the free exciton FEA emission. 

Excitons bound to defects also were found to yield PL emission but it was not 

possible to predict the composition accurately based on these emissions. The 

presence of FEA emission from a film itself was an indication of good 

crystallinity and ordering in the film. 
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Fig. 6.1: Band level diagram for CulnS2 based on the PL studies in this work. 

The spatial variation in FEA emission hence could be used to correlate/monitor 

sample quality and uniformity. Spatial fluctuation in intensity and peak position 

of the FEA emission Can be used to study non-uniformity in growth process or 

the deposition technique itself. Using samples prepared under the same set of 

experimental conditions it was observed that the spatial distribution profile 



varied from sample to sample. A change in precursor solution also created a 

spatial distribution in FEA emission intensity which arose due to change in 

composition of the films. Spatial unifonnity in composition of the films was 

tested using PL and it could be used to predict homogeneity in the films. PL was 

used as a tool to standardize the substrate temperature for the deposition of 

Cu1nS2 thin films through spray pyrolysis. Intrinsic defects like vacancy of 

Sulphur Vs, vacancy of Indium VIn, vacancy of Copper V ('u, Copper interstitials 

CUi and Copper in Sulphur anti-site CUs could be identified. Figure 6.1 shows the 

proposed electronic level diagram for CulnS2 from the present studies. 

A combination of the Chemical Bath Deposition (CBO) technique and the 

Sequential Evaporation of Elemental (SEL) layers was used to deposit CuInSe2 

thin films. To optimize and establish a suitable process for the production of 

CuInSe2 films for photovoltaic applications their PL properties were 

characterized. The characterization has enabled in establishing that CBO growth 

process leads to films with larger defect concentrations and hence making them 

unsuitable for device applications. This work also indicates an attractive 

perspective for the SEL grown CuInSe2 films. PL analysis of samples prepared 

using sequential physical vapor evaporation showed that the films were 

stoichiometric, repeatable and homogenous. The line widths of the In-rich films 

were the least where as the Cu-rich films had large line widths based on which 

the composition of the films could be distinguished. 
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Fig. 6.2: Energy band diagram for CuInSe2 based on PL studies in this work. 

The position of point defects like V1n . VI~ . vc.' Jn~u' In~;, VSe ' V;', CUi and Cu In 

were identified using PL. Figure 6.2 shows the energy band diagram for CulnSC2 

based on the PL studies carried out in the present work. Characteristics of bound 



exciton emission(BX), free-to-bound and bound-to-free emissions 

(e, AD) & (Do, h) and donor-acceptor pair recombination emissions were 

identified. Anomalous increase in PL intensity with increase in temperature 

could be modeled on the basis of presence of two competitive trapping centers. 

On ITOICuInSe2 hetero-structures selective tuning of the donor acceptor pair 

transition and the conduction band to acceptor transition could be demonstrated 

by varying either of the two parameters- excitation intensity or temperature. 

Figure 6.2 shows the proposed electronic level diagram for CuInSe2 from the 

present studies. 

Polycrystalline thin films of In2S3 presented a unique challenge to PL 

characterization. The high concentration of grain boundaries, defects and 

impurities typical of thin film PV produced broad line widths, and the spectra 

was dominated by radiative recombination through defects and impurities. 

Because of the absence of band edge emissions from the sample a correlation 

between the composition and PL emission could not be drawn. A number of 

opto-electronic applications for the material could be suggested based on the 

optical and electrical properties investigated for this interesting material. The 

origin of two strong visible emissions- a green and another red were identified 

and the defect mechanism to tune the intensity of the emission was realized. 

Green emission from In2S3 was identified to be due to transitions from the 

excited states of the Vs level to the Vln level. The mechanism of this emission 

could be explained on the basis of the Cartesian Coordinate (CC) model of 

luminescence. The red emission from the films was identified to be due to 

transitions from the Ini donor level to the OVs defect level above the VB. The 

material was also found to highly photosensitive whose origin was due to the 

presence of extrinsic impurities. The presence of the halogen impurity Cl- was 

found to deter the photoconduction mechanism with out changing the 

luminescence peak position. Hence the role of this impurity as a co-activator in 

this material was realized. Grain boundaries which are normally considered to be 

scattering centers were found to provide an alternate photoconduction network in 

this material. Hence it may lead to establishing that a conducting grain boundary 

material is essential for better device performance. This could answer why 

polycrystalline materials out-perform their single crystal counterparts 

specifically in PV applications. Figure 6.3 shows the energy band diagram for 
sprayed f3 - 1n2 S 3 thin films. It is proposed that there are defects bands within the 

energy gap of this material which makes it attractive for third generation solar 
cells specifically. 
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Fig. 6.3: Energy band diagram for ~prayed fJ - In2S3 thin films along with the 

representation of the green and red luminescence tracks. 

6.2 Future outlook 

PL as a tool for characterization of PV materials has been established. It has 

turned into an indispensable part of any opto-electronic industry. The use of PL 

as a tool for thin film material composition analysis, their homogeneity and 

defect chemistry has been established through this work. The present PL and PC 

system can be developed further into a Near-field Scanning Optical Microscopy 

(NSOM) PL-PC system by incorporation of a micro-translator, a NSOM fiber tip 

and a microscope. NSOM is a sough after tool for photovoltaics because of the 

information obtained on the defects and grain boundaries using this technique. I
•
5 

Development of this instrument to this stage will enable characterization of 

nano-wire and quantum dot structures which will be the route high efficiency 

solar cells. 

PL in the analysis of sprayed CuInS2 has just started. Effect of variation in 

parameters like substrate, carrier gas, spray rate, spray volume, dopants and gas 

pressure on the PL properties can be standardized and used by the opto

electronic industry. Similarly effect of doping of CuInSe2 and its effect on the PL 

can be an area with immense potential for the photonics industry. 

As the world moves towards the realization of third generation PV, the race for 

intermediate defect band materials is on. Doping and nanotechnology are in the 

race to establish them as key to manufacturing such materials. In the present 

work the existence of smart properties which are critical to the opto-electronic 
industry were realized in fJ-1n2S3 thin films. These properties are being 



artificially created in other materials, but are an intrinsic property ofP-ln2S3' 

Thus a very good PV material was realized out of P - In2 S 3 . Future research on 

this material should be towards device fabrication exploiting these interesting 

properties. Most interestingly the C-AFM analysis showed that this material can 

be processed to have a conducting grain center surrounded by an insulating grain 

material. Such structures have not been reported in literature so far. Future 

research should be streamed towards understanding the composition of these 

respective regions using state of the art imaging and composition analysis tools. 

They may hold interesting properties which are yet to be discovered. 
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