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Preface 

Preface 

Materials and equipment which fail to achieve the design requirements 

or projected life due to undetected defects may require expensive repair or 

early replacement. Such defects may also be the cause of unsafe conditions or 

catastrophic unexpected failure, and will lead to loss of revenue due to plant 

shutdown. Non-Destructive Evaluation (NDE) / Non Destructive Testing 

(NDT) is used for the examination of materials and components without 

changing or destroying their usefulness. NDT can be applied to each stage of a 

system's construction, to monitor the integrity of the system or structure 

throughout its life. 

Photothermal Deflection Spectroscopy (PDS) technique has found a 

place as a modem NDT technique. It works on the principle of thermal wave 

detection in the sample due to the sample's non-radiative process taking place 

following optical excitation. Moreover, this has proved to be a powerful 

technique for the analysis of optical, thermal and even electrical properties of 

solids especially semiconductors. Its ability to monitor sub-surface damage in 

materials well beyond the optical penetration depth has secured its position as 

an ideal NDT technique. We used this in-house built PDS setup to characterize 

all our samples. Chapter 1 describes the principle of PDS technique and the 

methods adopted, to measure the thermal and transport properties of 

semiconducting thin films. Depth profiling done using only laser beam leaves 

the sample safe. Brief review of work done by others are also given. 
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Ion implantation is nowadays, a popular technique for doping. The 

most important effect caused due to ion implantation is the alteration of 

chemical composition of a material. This can lead to modification of the 

electrical conductivity and I or the optical property of the material. In order to 

achieve high reliability in semiconductor devices, on miniaturized scale, and to 

ensure high performance, knowledge of the defects I damages created by 

energetic ion in a semiconductor is becoming increasingly necessary. Chapter 

2 gives an overview of the effects due to implantation in semiconductor 

material. Path of the ion in both amorphous and crystalline material are 

studied. Ion range calculation using various theoretical methods is discussed, 

giving emphasis to TRIM (TRansport of Ion in Matter) calculation. Working 

principle of ion implanters and the analytical techniques used for materials 

characterisation are described in brief. 

CdS is well known for its tendency to form nonstoichiometic 

compound, having excess cadmium, leading to n-type conductivity. Intrinsic 

CdS film is extensively used as window material in solar cells, having CuInSe2 

or CuInS2 or CdTe as absorber layer. Pure or undoped CdS films generally 

show high electrical resistivity. So doping is adopted to modify its electrical 

and optical properties. Chapter 3 give the results obtained from Cu doped 

(using vacuum evaporation) CdS and ion implanted (Cu+, Ar+ and He+ ions) 

C~S thin film samples. In case of doped samples, depth of diffusion of the 

metal atoms into the target was determined. Similarly, for ion implanted 

samples, the depth of ion penetration into the sample was determined. 

Projectile range of these ions in CdS was also compared with SRIM 

calculation. Two-dimensional image mapping was done to study the depthwise 
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damage caused due to ion implantation and the defect levels were also 

investigated using Photoluminescence (PL) technique. 

~-In2SJ is a semiconductor with a band gap of 2.0 - 2.8 eV having 

excellent photoconducting and photoluminescent properties that makes it a 

promising optoelectronic material. Cu(ln,Ga)Se2 based solar cell having 

chemically deposited In2SJ as a buffer layer, could reach efficiencies up to 

15.7%. Chapter 4 gives results of studies conducted on In2S3 thin films 

prepared using chemical spray pyrolysis (CSP) technique using two different 

solutions (chloride and nitrate) and also using SILAR (Successive Ion Layer 

Adsorption and Reaction) method. These samples were characterized to study 

their thermal and transport properties. In2S3 samples prepared by spraying 

different volumes of solution were also investigated to measure the film 

thickness and carrier mobility. Measured values of thickness were compared 

with that obtained from Stylus method. 

ZnO is used as a transparent conducting electrode in photovoltaic and 

other optoelectronic devices. It plays an important role in realizing blue and 

ultraviolet light-emitting diodes and lasers. They are n-type in nature and p­

type conversion is possible by elemental doping technique. Chapter 5 gives 

results of studies conducted on ZnO thin film samples (pristine and ion 

irradiated) prepared using CSP technique. Mobility and thickness of the 

samples were calculated and compared with the results from other techniques. 

ZnO samples irradiated using 120 Mev Au+ ions were studied to know the 

changes in their optical and thermal properties due to irradiation induced 

damage. 
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Chapter 6 describes methods for using PDS technique for industrial 

application. Non destructive and non-contact evaluation of welded joint has 

been attempted on industrial point of interest. Online thickness monitoring of 

paint is of great value in automobile industries. Hence, a simple work in this 

direction is just demonstrated. Thennal properties of doped polymer materials 

were studied; they find application in rubber industries. 

Finally, chapter 7 is a summary of the work carried out. Scope for 

future work is also detailed. 

IV 
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Chapler I Photothermal Deflection Spectroscopy studies 

Chapter 1 

PHOTOTHERMAL DEFLECTION SPECTROSCOPY 

STUDIES 

1.1 Introduction 

The "Photothermal Deflection Spectroscopy (PDS)" technique was first 

introduced in the early 1980 by Boccara, Foumier and Badoz. [1]. It was 

subsequently developed by Aamodt and Murphy. [2, 3], and later by lackson et 

al [4]. It had been a very useful tool for measuring optical absorption 

coefficient, thermal conductivity, thermal diffusivity, imaging and as scanning 

microscopy in solids [5, 6, 7 and 8]. Compared with the optical absorption I 

transmission measurement, PDS is far more sensitive as it can detect even a 

defect concentration below parts per million level. But optical transmission 

measurement is not sensitive enough as it is strongly affected by light 

scattering [9]. This reason makes PDS advantageous over other techniques for 

the measurement of weak subgap optical absorption. 

PDS is based on the excitation and detection of thermal waves in 

condensed matter, and this is distinguished by two intriguing properties. One, 

is that the dissipation of the energy of optically excited electronic states into 

thermal energy providing means to explore non-radiative de-excitation 

channels in matter. The other is monitoring the time and spatial dependence of 

oscillating temperature field that offers a unique possibility to obtain depth 

resolved information on optical and thermal parameters. Part of the energy 

from the pump beam is absorbed by the sample and is transformed into a 
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temporal variation of temperature. This variation of temperature of the solid 

results ·in a local refractive index gradient of the surrounding fluid that is 

detectable by a probe. beam passing through it. This photothermal signal 

(amplitude and phase lag) contains infonnation about, 

(i) the thennal diffusivity of each layer in a sample 

(ii) its absorption coefficient and 

(iii) the thickness of each layer. 

The PDS amplitude reflects not only the heat propagation but also the 

intensity of the heat generation, as given by, 

~ = ;;[:~ j. ................... , ...................................... (l.la) 

Where, 

<I> - Deflection amplitude 

an _ Rate of change of refractive index with temperature, aT 
P - Absorption per unit length of sample, 

p - Density of sample, 

(JJ - modulation frequency, 

L - Sample thickness, 

P - Power density of incident beam 

C - Specific heat, 

ac - Thermal diffusivity of coupling fluid, 

The heat generation is a function of the light absorption which is strongly 

affected by the defects and band to band excitation. On the other hand, phase 
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of the PDS signal reflects only the heat propagation time from the heat source 

to the sample surface defined by; 

I 

8cp = [11": r I, .................................................................. (1.lb) 

Where 

<P - Phase or PDS signal delay against the reference signal, 

a - Thermal diffusivity of the material, 

[ - Length of heat propagation path, 

Therefore, if we measure the photothermal signal as a function of the 

modulation frequency of the incident light and employ an appropriate data 

analysis, it is possible to extract the thermal properties of the layered materials 

[10]. Main advantages of PDS are its sensitivity and the ability to provide 

information, in a non contact manner, over a wide frequency range of thermal 

waves. The possibility of thermal characterization of materials to a resolution 

of micrometer and submicrometer scale has also been proved possible [11, 12]. 

Thermal diffusivity is the physical quantity which characterizes the heat 

diffusion process due to conduction. AI! methods allow one to estimate the 

diffusivity by studying the temperature induced when sample is heated using 

pulsed or periodical methods. The use of laser as heating source improved 

these methods, giving rise to a contactless point of heating due to optical 

absorption. In fact, PDS can detect'very precisely small temperature rises 

«10-6 K). This technique has been successfully applied as a quantitative tool 

for non-destructive characterization of inhomogeneous material. Presently 

such techniques are widely used to evaluate different types of inhomogeneity, 
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whether macroscopic subsurface defects present in a homogeneous material, or 

microscopic structural modifications which produce local thermal conductivity 

changes. In last few years, there is growing interest in techniques to measure 

heat or thermal structures on micrometer and nanometer scales. The necessity 

arise due to the continuous reduction of size of semiconductor device 

associated with an increase of the dissipated power densities. Thermal wave 

inspection on small scales can provide information on adhesion between 

different constituents. In nanocrystalIine materials, the grain boundaries 

between the grains, of size in the range 5 to 100 nm, govern the physical 

properties of the materials which can be analysed by thermal wave based 

techniques. 

Among conventional thickness measurements techniques, ellipsometry and 

interferometry are prominent non destructive technique since they use visible 

light for both input and output. However, their application is limited to 

transparent films. But PDS method is applicable to non contact measurements 

in gases and liquids and opaque materials since it uses visible light for both 

input (excitation beam) and non radiative (thermal) as output. The tunable 

penetration depth of modulated heat flow in the sample of interest allows to 

extract subsurface information about the thermal properties of the sample from 

the frequency dependence of the surface temperature oscillations [13]. 

Thermal waves in fact penetrate inside the sample. At high chopping 

frequency, the induced thermal waves have a short penetration and give 

information of the surface thermal properties. "On the contrary, at low 

frequency the thermal waves have high penetration depth and give information 

of deeper layers. Obviously the whole thermal depth profile may be 

reconstructed by considering the photothermal signal in the whole frequency 
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range [14]. The interrelation between microstructure and local thennal 

properties in a solid makes the nondestructive and non contact depth profiling 

of the microstructure by means of thermal waves possible [15]. The frequency­

dependent and consequently depth-dependent photothermal signals carry 

infonnation on local thermal properties of the material. To reconstruct their 

depth profile one has to use theoretical methods to reconstruct the measured 

signal for the corresponding frequencies. But this procedure requires 

knowledge on the solution of the heat diffusion equation with space-dependent 

coefficients. PDS has found applications in the estimation of coating 

thicknesses, the characterization of layered samples and also has been used 

successfully to detect hidden patterns inside opaque and strongly scattering 

samples. Applications in the areas- of photobiology, photochemistry, 

photophysics and reaction dynamics can also be realized if the effects of 

thermal energy release can be understood. 

Another area of PDS application is In "photothermal imaging" that 

includes nondestructive evaluation of materials and components with pattern 

sizes in the mm range, as well as with sub-J,lm resolution. Table 1.1 gives the 
, 

resolution values for various photothennal methods presently used. 
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Photothermal Techniques Record Resolution 
till date 

Scanning probe thermal > 50 nm 
microscope 

Photothermal reflectance 
microscope 

Photothermal infrared 
microscope 

Electron acoustic scanning 
microscope Laser acoustic 
scanning microscope 

>lJlm 

>lOJlm 

> 100 nm 

Reference 

(16] 

Table 1.1 gives the resolution values for 
various photothermal methods presently used. 

The PDS measurement could also be performed at 77 K by using liquid 

nitrogen as cooling and deflection medium [17]. Photothermal diffraction is 

the preferred apparatus for measuring heat evolution in short lived, transient 

species or ultrafast process. Resolutions of -100 femtosecond is currently 

achievable by using femtosecond excitation with optically delayed 

femtosecond probe time for the population and thermal refractive index change 

components [18]. Photothermal infrared microscope is better suited for the 

investigation of soft materials, such as food, textile materials and biological 

samples. 

1.2 Brief review of earlier works using PDS techniques 

Boccar:l et af [1, 4] were the first to report the measurement of spectral 

dependence of subband gap optical absorption coefficient using PDS in 1980. 
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They also observed that PDS technique was quite insensitive to the spurious 

scattering induced by rough surfaces. Calibration was done with carbon black 

~s reference sample. They could perform room temperature and low 

temperature measurements using this setup. Sensitivity of detection scheme 

was almost equal to 10-9 rad/"'J'Hz when modulated at a few tens of Hz. The 

lowest measurable temperature of the sample surface deduced was T min ~ 1 O~ 

K. They recorded spectra of Cs3Cr2C19 powdered sample and of Nd2(Mo04)3 

monocrystal. They were able to detectabsorption and dichroism spectra of4I9I2 

~2HBt, transition of Nd3
+ in Nd2(Mo04)3 sample. Simultaneously, Patel et al 

[21] developed pulsed photoacoustic spectroscopy which was also one among 

the photothermal techniques. The setup could measure small absorption 

coefficients of <<10.1 cm-I. Using this, they could study optical absorption 

spectra of H20 and D20. They were also able to determine absorption strength 

and profiles of high harmonics of the vibrational modes in transparent organic 

liquids such as benzene. Quantitative absorption spectra of thin liquid films of 

thickness ranging between 1 to 10 !lm, solids and finely powered crystals were 

also studied. Kizimis et al [22] and Rose et al [23] later developed pulsed PDS 

and used it for combustion diagnostics for measurements of species 

concentrations in a solution [24, 25], to determine the local temperature within 

a system [24] and to determine flow velocity in a flame [25]. Joshua [26] 

studied picosecond thermal expansion of an absorbing surface, after irradiating 

with l-picosecond laser pulses, as short heating source on Si, by adapting the 

method of PDS. The results were compared with thermoelastic model. At a 

typical average pump power of 2 m W. the temperature rise was calculated to 

be -1 K that resulted in a peak deflection of -5 !lrad. The picosecond time 

resolution was obtained by varying the relative delay of the pump and the 

7 
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probe beam. Jonathan et al [27] modified the PDS setup to study liquid 

samples within a cylindrical capillary using a tunable dye laser. The sample 

container was a quartz capillary of internal diameter 75 )lm. HeNe laser beam 

focused to 40 Ilm dia was used as the optical probe beam. Maximum signal to 

noise ratio was achieved when the excitation beam was modulated at a 

frequency of 205 Hz. They were able to achieve spectral absorption peak near 

575 nm for IxlO·3 M Nd3
+ in aqueous solution. Gibson et al [28] studied the 

bound exciton systems in silicon by using photothermal ionization 

spectroscopy. They could measure extremely low-defect concentrations (about 

<1010 cm,3) in the far-IR region. Hodgkinson et al [29J studied the self 

referencing technique compared to a closed cell photothermal detector that 

used water meniscus as the pressure sensor. Deflection of the meniscus was 

measured using an optical fibre Fabry-Perot interferometer. They also 

observed that for anthracene (at 254 nm), the limit of detection was 

approximately 5-10 ppb. 

Mandelis [30] developed a detailed analytical model for signal-to-noise 

ratio in conventional frequency domain and time domain photothennal 

measurement methodologies. The developed model was compared with the 

"rate window photothennaI method" using both theoretical and experimental 

data. He observed that the lock-in-amplifier rate window measurement mode 

and the digitallock-in-amplifier mode exhibits superior signal to noise ratio to 

both conventional frequency domain and time domain photothennal 

measurement. 

Tilgner et al [3\] studied the influence on the thermal response of 

sample under photothermal investigation when real absorbing layers were used 

as the source of thermal waves. They studied glass and eu samples covered by 
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various absorbing layers. The same group [32] studied the influence of buried 

layer within a sample, on th~ propagation ofthennal waves, by measuring the 

phase and amplitude of the photothermal signal. Fujimori et al [33] studied 

film thickness dependence of the deflection amplitude using PDS. The 

calculated results showed that thicknesses in a range from skin depth to the 

thermal diffusion length of the opaque film could be determined from 

deflection amplitude. They estimated the thickness of an oxide film by 

comparing the calculated values with the measured ones for NiO and Si02 

films. 

Walther et al [34] theoretically estimated thermal properties and 

perfonned thennal depth profiles from laterally resolved radiometric 

measurements. They studied the effects of scattering of the heating beam from 

the rough sample surface and of infrared diffraction at the collecting optics 

using the photothennal signal. Glorieux et al [35] obtained the thermal 

conductivity depth profiles of thermally inhomogeneous materials derived 

from time dependence of the surface temperature. A neural network method, 

which was trained to recognize the correlation between depth profiles and the 

surface temperature on the basis of studies on many samples, was used. Depth 

profiles derived from simulated noisy signals and the average reconstruction 

errors were analysed for different circumstances. The neural network training 

can be easily adapted to take into account the influence of apparatus and non­

opaqueness of the material. These effects were found to be reproducible and 

that they can be mode led in the forward calculation. They observed that neural 

network, Once trained, gives immediate reconstructions. Paoloni et al [13] 

reconstructed thermal conductivity depth profile of case hardened steel 

samples by a neural network method. The reconstruction quality was very 
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good for shallow regIons and moderately good up to 500 flm depth. The 

reconstruction agreed very well with profiles reconstructed from other 

experimental data obtained on the same samples. Bai et al [36] evaluated the 

subsurface defects in composite materials such as carbon fibre reinforced 

polymers in aircraft structures. They also developed a photothermal model in 

order to investigate the behaviour of thermal waves in homogeneous and 

layered plates with finite thicknesses. The model was then utilized to predict 

the phase differences produced by multi-layer subsurface defects. The 

theoretical results were compared with the experimental values. Nagasaka et al 

[10] developed a new apparatus to evaluate thermal diffusivity distributions of 

functionally graded materials by photothermal radiometry. Distribution of 

thermal diffusivity was determined for a layered Ni/Zr~ sample at room 

temperature. Salazar et al [37] developed a complete theoretical work for PDS 

technique for thermal diffusivity measurements in solids. They also found that 

the thermal diffusivity factor depended on thermal and optical properties of the 

sample. Isaac et al [38] measured temperature dependence of the thermal 

diffusivity of high temperature superconductor Bi-Sr-Ca-Cu-O with varying 

Pb doping le\'els, using a photoacoustic technique. Pb doping stabilized the 

superconducting phase around 110 K. It was found that above a critical 

temperature Tc, the thermal diffusivity decreased as the Pb concentration 

increased and below Tc it had a trend to saturate at low Pb concentrations. 

Bertolotti et al [39] used the PDS method to measure the low thermal 

diffusivity materials. They could also compare experimental results with 

computer simulated values. Langer et al [40] measured thermal conductivity of 

nickel and gold films of thickness 0.4-8 ~m, grown on quartz, using modulated 

thermoreflectance technique. They also observed that the measured value on 

10 
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films with various thicknesses revealed a thennal conductivity close to bulk 

value for nickel while gold films exhibited a reduced conductivity with 

decreasing film thickness. Borca et al [41 J measured the temperature of 

electrically heated fine wire of 127 )lm diameter by photothennal radiometry. 

Temperature of the wire was derived from the ratio of photothennal emission 

signals at two different wavelengths. The measured values were compared 

with the thennocouple readings at different laser modulation frequencies. 

Zammit et al [42] studied the thermal conductivity and the optical absorption 

coefficient of ion implanted Si and GaAs using photoacoustic measurements. 

The values obtained were in good agreement with the reported in literature 

values. 

Sablikov et al [43] developed a theory for the photoelectric effect in 

semiconductors near fundamental absorption, taking into account the 

generation of free electrons and holes, their diffusion and recombination. They 

could detennine diffusion length of carriers, surface recombination velocity, 

and bulk lifetime along with light absorption coefficient. They applied the 

conventional Rosencwaig and Gersho eRG) theory in their calculation. 

DadarIat et al [44] studied electrical properties of vacuum evaporated PdSe 

films. They could detennine spatial electrical conductivity and Peltier effect 

profiles. Purpose of these measurements was to find the spatial conductivity 

profile and to identify the type of majority carriers. Marin et al [45] used 

photoacoustic technique for the measurement of surface recombination 

velocity at the interface between semiconductor substrates and epitaxial layers, 

grown on their surfaces. They also derived a theoretical model to calculate the 

photoacoustic signal for various systems such as SiN(H)/Si, AlGaAs/GaAs and 

GalnAsSb/GaSb. 

11 
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1.3 Instrumentation 

1.3.1 Experimental setup 

An intensity modulated light beam generates periodic thermal wave 

due to optical heating. Thermal wave, otherwise called "diffusion wave", 

generated will propagate into solid and the surrounding media according to 

usual diffusion process, creating a thermal gradient. The wave-like 

disturbances involve oscillations of diffusing energy or particles [46]. Their 

generation and detection in condensed matter, form the basis of the 

measurement and understanding of optical, electronic and thermal properties 

of the material. Angstrom initiated the study on diffusion waves. In the case of 

semiconductors, incident light also· generates a photo excited carrier 

population. Photo excited minority carriers will also diffuse away from surface 

layer, where they are generated and set up a popUlation gradient, determined 

by the carrier diffusion. Recombination of the carriers will further influence 

the thermal gradient. Both thermal gradient and free carrier gradient will 

induce a change in the local index of refraction of the solid and the 

surrounding media [47]. 

Fig. 1.1 is the schematic of the PDS experimental setup we used for 

our studies. Pump beam used were from; 

(a) 488 nm, 30 m W from an Ar+ ion laser, 

(b) 532 nm, 30 m W from a semiconductor diode pumped Nd-Y AG laser and 

(c) 632 nm, 10mw and 15mW from a He-Ne laser. 

The wave length so selected was to study the low, middle and far end in the 

visible region. For a continuous wavelength scanning we used 150 watts, Xe 

arc lamp (Oriel) filtered by a ~-m monochromator (Oriel) with a resolution of 
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13 nm. Pump beam stability was studied and it was found that the beam 

stabilizes after 20 minutes. So the experiment was started only after keeping 

laser switched on for 30 minutes. Pump beam was focused to a diameter of 60 

Ilm using a combination of focusing lens and was directed perpendicular to the 

sample surface. A probe laser beam, passing close and parallel to the sample 

surface through the refractive index gradient, generated due to optical 

absorption, experienced deflection of amplitude (et» from its path [1]. Probe 

beam we used was a low power (I mW, 543.5 nm) He-Ne laser beam. We also 

optimized the position and the focal length of the lens which focused the probe 

beam on the position sensor placed at 10cm from the point of the pump-probe 

beams interaction. 

As the PDS technique is often limited by noise [48] and the noise 

sources such as mechanical vibrational pickup, motion of the fluid in which the 

refractive index is created and oscillating intensity of the laser beam, should 

have to be minimized for good detection regime. In order to minimize noise 

and to increase signal to noise ratio (SIN), the sample was placed within a 

sample cell, filled with double-distilled carbon tetrachloride (CCI4) solution. 

The whole setup was mounted on a vibration isolation table, so as to reduce 

vibration from ground pickup. Photothermal data was recorded only after the 

intensity of laser beam was stable. Electronic noise of detector also affects the 

sensitivity. Hence a low noise-high gain operational amplifier (OPAlll-Burr 

Brown) was used in an instrumentation amplifier circuit. A Bi-cell photodiode 

(EG&G UV-140 BQ-2) was used to measure the deflection. The amplified 

signal was then fed to a dual input lock-in-amplifier (Stranford SR 830) to 

collect the phase and amplitude of the thermal wave generated. All the samples 

were characterized in this in-house built photothermal deflection setup. 
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Laser light sources are used for sample excitation and to probe the 

resulting refractive index changes, due to their high optical irradiance, 

monochromaticity, and coherence properties. As excitation sources, higher 

Sample 
Probe Beam 

Pump 
beam 

Lock-in-amplifier 
c::=J c::::::J c::::J 

Fig. 1.1 Schematic layout of the PDS 
experimental setup. 

ected, 

irradiance and ability to focus coherent laser beams to small area, both result in 

larger signals than those able to be obtained with incoherent light sources. In 

brief, increased temperature results from higher optical power and smaller 

excitation volumes. As probes of the resulting refractive index changes, the 

coherence and monochromatic properties of laser sources allow highly 

sensitive analysis of the optical phase shifts. The resolution of the system is 

related to the size of the pump beam and to the sampling step: one way to 

magnify the resolution is to focus the pump beam on the surface and to reduce 



( 'ha{lIl'1' I 

tht' sampling step, CCl~ was lIsed as th e deflection mediulll. as il ahsorbs only 

o<:low 250 nm and had high (dll/elT;. "11 bei ng till' I.:hange in refractiw indt'x 

con'l.:s ponding to a tlltInge tiT in rcmpt:'ralUrc of rhe medium due to thc heat 

gt'Jll'T<ltcd by indul:I.'d li ght absorption [1 . 41 . 

-

.. 
I f i-• t-

-t -
"1 ,. ~ I -

" .... I: . .. . . , 
i _ .1 ~ . • , . f~~ ., - ~ -~. 

't:fte 
• 

Fig . 1.2 Inbuilt PDS c xpcri lllcnt<l l setup 
mOllnted o\"cr a Ihrel.: ann unit wit h 63Xnm, 
lOmW li e-Ne lascr(i\h:llcs Gnut) serving as 
the pump beam. Driver for IllL'ci1anieal 
chopper. Cathode Ray Oscilloscope and Ll)ck­
in-::l1l1plifkr are also seen , 

15 



CI/Hl'it.,. / P 1/(.* 'lit. 'l"llIlIl D. '11. ,(·,ioll .~i'. 'l"/ /"usco!'} ' '·llIdic.~ 

Thc whole systcm is mounted o ver un I 
whi<:h is illlum placed over a vibratiun isolation tahh: , 

Fig. I.~ Inhuilt PDS \,.'xp.:rillh:IHa l setup muunled mcr a 
tlnc\.' arm unit \\ill1 150 \V '\\,.' -ar\,.' lamp 10rlt' l) as a 
hrn'ld hand sHun: .... . j\.'IOlHlchnllnalor IOri~ll sl . .'en ill tht' 
1i.11"l');.r11ulld \\";J S us..:J 10 SCp ;IWI .... 1111..' hnlad hamj in hl 
1Il1l11UI..·hm1llatlc h.:ams Ihal WI .. 'I"I..' used as lI\e pU1IlP heam. 



CII,,!,'er I 

13.2 Dl't('C lio ll 

Ph, "",11,'/"111111 I Jell," ./ it 1/1 !)i'<'< 'In,s, '(JI'T .' 11II1t. '.' 

Fig. 1.5 Sidl..: \ 'Il'\\ Ill' 111t' abo\ l' pns 
l'XPl..:rl1ll":lllil l Si..:t up . 

Th..: prohL' be ... m was inili<lll)" ..:clllcrcd \In J hi-ce-II pholoJi..:tCi..:tOr. such 

Ih:..!t deflection signals could hr.: 111r.:asurL'ci as a dil1l'1"l'tl..:r.: in vultage between 

th..: two hal\'cs (If th..: d..:t..:ctnr. The :J111bil'nt nll'diu111 thrt1ugh whi..:h the pmhL' 

br.:;l111 passt:t.l was usually air. Wl, lIsl'd dnuhlL' dlsli lkd CCI~ In increase the 

detk'ctillll signal. The ddk":lioll of tllr.: PI"Obl' Ill'am was measurl'd 

.";~lle hrnn()lI s1y using a dual input II1..:k-ill-amrlltier (Stranfo1"J SR lOO) with 

re:',,":":1 to the chopping 01'1111..: pUll1p lase r heam. 

Fur small tcmpcr:Hure ..:hangl..::-O. thl' an g.ular ddlL'cl i(lll of ;Ill 

intinitcsimally small rrl1hc bl'am pa:-osillg thl"llllg.h :l rL'giull lit" 1I11Il-ullifuJ'Jn 

h':Jllpl..:raturr.: i:-. gi\ l'Jl h~, 

J
' I cll/ .. 

\1 " - --\l ll") ~ d/',. 
, 11 dT 

. ........ .... .. .... .. . .... .. . . ... ( I .~ ) 



Chapter I Photothermal Deflection Spectroscopy studies 

Where, 

1/ - index of refraction of the medium, and the integral is evaluated 

along the path of the probe beam. 

Due to the fact that the photon noise of the heating beam was not seen 

by the photothennal detector, the signal to noise ratio could be considerably 

enhanced by increasing the heating beam intensity [50, 51]. Oscillatory 

temperature fields were analysed in the frequency domain, using a 

synchronous lock-in amplifier. 

Signal amplitude was proportional to excitation irradiance and hence 

the use of more powerful lasers res.ulted in the increase of detection limits. 

IIowever, the higher irradiances might also result in nonlinear effects, which 

might be due to temporary changes in the sample m<}trix, resulting in refractive 

index perturbations only during excitation source irradiation. Absorption based 

nonlinear effects might be due to dynamic quantum state effects such as 

optical saturation. bleaching. or multiple photon excitation. Most of nonlinear 

effects became more problematic on using short pulsed excitation lasers where 

instantaneous irradiances were high and the excitation time scales became 

short, compared to excited state relaxation. Thus we fixed the intensity of the 

pump beam to a maximum of 30 mW for all our experiments. 

1.3.2a Detector response 

To understand the signal generated in PDS, oscillation of probe laser 

beam that impinged on the active area of Cl standard detector, after passing 

through the refractive index gradient, was to be understood. Initially the laser 

heam was centered between the bi-cell photodiode. Fig. 1.6 is the schematic 

18 
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representation of the probe beam oscillation on the position sensing bi-cell 

detector. Dashed squares represent the bi-cell. 

Let us consider the beam to be oscillating between two imaginary 

diaphragms. A small deflection of the beam between the diaphragms could 

produce a decrease in the detectable intensity of the radiation. Thus, the 

detector response became the measure of deflection of the probe laser beam. In 

Fig. 1.6, the solid circle represents the area ofthe impinging beam over the bi­

cell photodiode and the dashed circle represents the position of oscillating 

beam after time t. The detectable intensity of the light (under the area ABeD) 

is given by [44]; 

~(t)=2Hor2[arcsin)1- a2(t) - a(t)Jl- a2(t)], ........................... (1.3) 

where, 

r - radius of the probe beam 

Ho - Radiation density of the probe laser beam that is assumed to be 

unifonn, 

aCt) 
(l + sin (j)() = 2 , ............................................................. (1.4) 
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Fig. 1.6 Schematic representation of the probe 
beam oscillation on the position sensing bi­
cell detector. Dashed squares represent the bi­
cell. 

As the centre of the beam oscillates between two extremes positions 0' 

and 0 then, 

het) = r [ 1 - s~n mt J. ........................................................... (1.5) 

The detector response is directly proportional to the deflection and therefore to 

the heat which produced this deflection. The distance between the sample and 

the detector was 10 cm. Deflection of 0.3 cm of the probe beam on the detector 

yielded an amplitude of 1 volt, when observed using a cathode ray 

oscilloscopy (eRO). The PDS amplitude and phase signals obtained from the 

lock-in amplifier were fed into a personal computer for further calculation. Fig. 

1.7 is the schematic representation of the local refractive index gradient due to 

20 
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modulated pump beam that was detected using a bi-ce!l position sensing 

detector [52]. 

Modulated 
Pump Beam 

Deflected 
Probe Beam 

~ index gradient 

Sample 

Probe Beam 

Fig. 1.7 Schematic representation of the local 
refractive index gradient due to modulated 
pump beam and detected using a bi-cell 
position sensing detector. 
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1.3.3 Theory 

1.3.3a Analysis of signal amplitude 

Exact description of the photothermal signal formation requires 

consideration of the thennal wave generation, its propagation within the 

sample, and its scattering from thennal inhomogeneities [53J. In one 

dimensional geometry, PDS signal is given by [54J. 

<P = 1', [~.l:; L dTZ'} e~, ..................................................... (1.6) 

where, 

T, - The detector transducer factor, 

[_1 1 dn - Relative i~dex of refractio: change with temperature 
no dT 

of the deflecting medium, 

L - Interaction length between pump and probe beam, 

(JJ - Modulation frequency, 

Zo - Distance of the probe beam from the sample surface, 

T(zo) - Ambient temperature in the deflection medium, 

T(z) - Rise in temperature in the deflection medium, 

T(z) = Qe-u-=, ....................................................................... (1.7) 

Here 

Q - ac temperature rise at the sample surface. 

In the case of samples with buried interface layers, we considered three layers, 

namely the top layer (1), the interface layer (2) and the bottom layer (3). Thus 

a three layer model was developed as shown in Fig. 1.8, 
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Fig. 1.8 Schematic representation of one 
dimensional geometry for a three layer 
sample. 

Here, 1,2 and 3 are the absorbing layers of the sample coated over a substrate 

or a backing medium. Then the sample had three layers over the substrate. The 

whole sample was immersed in the fluid, 

Heat diffusion equation in different media is given by, 

82r 1 aT 
8z2 = am at ' o :::; z :::; 00 .......................... (1.8) 

-/\ < z:::; 0 ......................... (1.9) 

efr 1 ar f3 I ~= ___ 21J2 0 e(Pl~-A1I) (l+e iw' ) 

8z Q 2 at 2k2 ' 

-(/1 + 12 ) :::; z :::; -/\ ................ (2.0) 
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--=--, 
8z2 ab at 

Where, 

a} - Thennal diffusivity, 

k-
And, a} =-'-, (wherej=m,I,2,3 and b) 

c}Pj 

k j - Thennal conductivity, 

Cj - Specific heat, 

Pj - densities, 

/31 - Optical absorption coefficients, 

In - Thicknesses of the layer, 

'In - efficiencies of nonradiative processes, 

10 - Intensity of light source, 

The solutions for the ac components of the temperature rise in the media is 

given by, 

T(z,t) = Qe-"·"e i"" , o ~ z ~ 00 ............. (2.3) 

T(z,/) = (Re"I" +Se-<T1: _EeP.Z)ei",', -/. ~ z ~ 0 ............. (2.4) . 

T(z, I) = (Te":: + Ue-<Tz: - FefJzZ)eiW' , -(I, + 12 ) ~ z ~ -I, ............. (2.5) 
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-00 ~ Z ~ -(11 +12 +13) ......... (2.7) 

Where, 

E- 'fI1f3lo • 

- 2~ (.812 -0"12 )' 

I 

(7) = (1 + i)aj ; Dj = [~12 
2C1.j 

Applying the continuity conditions for the temperature and heat flux at the 

various media boundaries, one obtains a set of equations from which a big 

expression for Q. which is the heat flux at the surface of the sample can be 

obtained (equation. 2.8). 
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{2Io1Ji3Ab2 exp[-CB,ll + (3i2)] 1 Is ({332 - 0'32 ) } [(r3 -1)(b3 + l)exp(ai3) 

-er) +1)(b3 -1)xexp(-ail)+2(b3 -Ij)exp(-{3i3)] 

+Io1J2{32b, exp(-{3ll)1 k2 ({3/ - a/)] X 

[(r2 -1)[(b2 + 1)(b) + 1) X exp(a2/l + 0'3/3) + (b2 -1)(b3 -1) 

exp(ai2 - O'il)]- (r2 + 1){(b2 -1)(03 + 1) exp [-(0'2 12 - O'i3)] 

+(b2 +1)(b3 -1)exp[-(a2/2 +0'2/J]} + 2exp(-{32/2)[(b2 -r2 )(b3 +1)x 

exp(ai3)+ (b2 +r2)(b3 -1)exp(-ai3)] + [Io1]I .B, 12k.({312 -0',2)J 

[(Ij -1){ (b, -1)[(b2 + 1)(bJ -1) X exp(a,/, - ai2 - ai3) 

+(b2 -1)(b3 +1)exp(al / , -O'i2 +(3/3 )]+(b, +1)[(b2 -1)(b3 -1)x 

exp(O'l/t + ai2 - ai3) + (b2 + l)(b] +1)exp(O't/, t O'i2 + O'iJ)]} 

-(Ij + 1)[(b, + 1) X {(b2 + l)(b3 -1)exp[-(a,/, + 0'2 /2 + ai3)] 

+(b2 -1)(b3 + 1) exp [-(al I1 +0'2/; -ail)]} 

+(bl -I){(b2 + 1)(b3 + l)exp[ -(a,/, - a212 - ai3)] 

+(b2 -1)(b] -1)exp[-(al / l -a2/2 + ail)])] 
.. 

+2exp( -,Bill ) [(b, + 1j ){(b2 -+ l)(bJ -1)exp( -[a2/2 + a3/3]) 

+(b2 -1)(b3 +1)exp(-[a212 -aiJ])}+(b, -Ij){(b2 -1)(b3 -l)x 

exp(ai2 - ai3) + (b2 + 1)(b3 + l)exp(ai2 + ai3)}]]) 

Q=~--~--------------------------------~--~ 
[(g + 1) X [(bl -1){(b2 + l)(b) -1) exp(al, - a212 - a]/3) 

+(b~ -1)(b] +1)exp(a,I'-0'212 +a)/1 )} 

+(b, +1){(b2 -1)(b3 -1)exp(all +a212 -0'3 /3) 

+(b1 + 1)(b3 + l)exp(O'I / I + ai2 + ai3)}] 

-(g -1) X [(b, + 1){(b2 + 1)(b] -1)exp(-[a1/ 1 + a2/2 + ai3]) 

+(b1 -1)(b3 +1)exp(-[a,/1 +0'2/ 2 -ail])} 

+(l; -1){(b2 +1)(bJ +1)exp(-[O'l,-ai2 -ail]) 

+(b2 -1)(bJ -1) exp( -[ O'l, - a 2/2 + a31]])} ]] 

......................................................... (2.8) 
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Wbere· 

In equation (2.8) by setting to zero the thickness of any of the three layers one 

obtains the result for two layer sample and by setting to zero any two of the 

three layers the result for a one layer sample is obtained. 

Then the photothermal amplitude is given as, 

....................... (2.9) 

The phase lag measured is given by, 

cp - t -1 [Q/ 1 7r . - an - -a z --. QR m 0 4 ' 
....................................... (3.0) 

~------------~ 
')7 
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Where, QR and QI are the real and imaginary part of Q. 

Fig. 1.9 is the amplitude versus chopping frequency curve generated for the 

parameters given in Table 1.2. This is for "1000" 1n253 thin film samples (See 

chapter 4, section 4.4.2.2c for details). 
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Fig. 1.9 Amplitude versus chopping frequency 
curve generated using equation (2.9) 
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Input parameters 

Tr(Detector transducer factor) 

no (Refractive index ofCC14) 

L (Interaction length, between pump and probe beam) 

Zo (Distance of probe beam from sample surface) 

(J) (Chopping frequency) 

Values 

65 

1.46 

2.0 (/lm) 

2.3 (/lm) 

Varies from 5 Hz 
to 500 Hz 

Table 1.2 Input values used to generate 
deflection amplitude versus chopping 
frequency plot (Fig. 1.9) using equation (2.9) 
for a frequency range from 5 Hz to 500 Hz. 

1.3.3b Analysis of signal amplitude in case of semiconductors 

Time dependent deflection of a narrow probe beam propagating 

through an inhomogeneous medium at a given distance x is given by [55], 

/ on(x,t) 
4>(x,t) = , ................................................................ (3.1) 

n ox 

Here, the inhomogeneous medium is the local refractive index change 

occurring in the coupling medium, ru. heat generated inside the sample is 

transferred to the coupling medium in contact with the sample surface and x is 

the distance between the probe beam and sample surface. 

The parameters in equation (3.1) are, 

<P - the angular deflection, 

/- Interaction length between the pump and the probe beam, 

n - local index of refraction, 

on(x,t) 
ox - Refractive index change, 
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.' 

For semiconductors, refractive index change is also due to free carrier 

contribution, thus equation (3.1) can be rewritten as, 

8n(x,t) 8n 8T(x,t) 8n 8N(x,t) 
-----'---'- = + - , ........................................ (3.2) 

8x 8T 8x 8N 8x 

where, 

T(x,t) - Time dependent temperature, 

N(x,t) - Minority carrier density distribution. 

The thennal tenn is composed to two components. One is due to the thennal 

wave from the surface heating that is due to the immediate thennalization of 

carriers. The other is due to non radiative recombination of the photoexcited 

carriers which diffuse away from the irradiated region. Probe beam wavelength 

does not play a major role as it only passes parallel and above the sample 

surface. 

1.3.3b(i) Thermal contribution 

The equation describing the thennal contribution follows from the 

standard heat diffusion equation with a source tenn due to carrier 

recombination and a surface source boundary condition, which is given by, 

D'h d2~ = dT _ EGD'h N(x,t) , ................................................. (3.3) 
dx dt k T 

Where, 

Dlh - Thennal diffusivity tenn, 

k - thennal conductivity, 

Eo - Energy band gap of the semiconductor, 

N - Carrier density, 

r - Minority carrier lifetime. 
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dT hv- EG d.. iwl (34) _k-(O,t) = sN(O,t)EG + h 'l"oe, .................................... . 
dx v 

Where, 

hv - Photon energy, 

4>0 - Light flux, 

s - surface recombination velocity, 

1.3.3b(ii) Free carrier contribution 

The carrier population distribution is given by the non-homogeneous 

diffusion equation. 

d1N dN N 
D-2 =-+-, ................................................................. (3.5) 

dx dt T 

Where, 

D - Minority carrier diffusion, 

The boundary conditions are, 

N(x,O) = 0, and 

D~dx (O,t) = _AeiW1 +sN(O,t), ............................................... (3.6) 
hv -' 

The steady state solution for the temperature distribution is given by, 
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Where, 

11 A,h = ~iw 1 D'h' 

11 Ael = J(I +iWT)1 DT, 

This yields the thermal gradient, 

1>oEa 1 A., x e-x /)", ei<.J' 

hVT Dk(sl D + 11 A.,)[l/TD + i(w/ D - wl D'h)j 

dT 
-(x,!) = Re 
dx 

1>0 Ea 1 A., . + 
hVTDk(sl D + 11 A.,)[lITD + i(wl D -wl D'h)j 

e-:rJ)"h l 

1>cEas (hv - Ea ) <1>0 --.....;..:;---:::..---+ """"'-------=....:.... 

hvDk(sID+I/Ael ) hv k 

............................................. (3.8) 

Similarly for minority carrier distribution we obtain, 

[
<A -xl >"1 1 

N(x,!) = Re hVD(/leD+l1 A.,) ei<.J1 , .......................................... (3.9) 

The thermal gradient due to the recombination of photogenerated carriers is 

given by, 

': (x,I) = Re [ hvD(~;~ ~; I Ad) e -''' .. , e~ 1, ................................. (4.0) 
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Equation (3.8 and 4.0) can be combined with equation (3.2) and on 

simplification one gets, 

d~ [C 'h ] -x.jiwID'b +[C'h ] -xJ{l+i .. n'}lDT +[C FC ] -xJ(lhrr)IDT (41) _== I e 2 e 3 e , .............. . 
dx 

= [C;h]e-X.\,b +[C~h]e-X-\./ + [C{C]e-x-\./ , .................................... (4.2) 

Where. 

C:h and C~h - the coefficients of the thennal contribution, 

C{C - Coefficient of the free carrier contribution. 

Thus, from the above equation. it is clearly seen that there should be 

three general regions. The first one is due to "purely" thennal behaviour. The 

second is dominated by electronic behaviour which is associated with the 

photo gene rated carriers. .The third is for the intennediate region for 

intermediate frequencies, where occurs a complex interaction that is highly 

sensitive to carrier lifetime and surface recombination. 

At low frequencies, the first tenn dominates as (J) tends to zero, where 

D » Dth• The electronic behaviour dominates at high frequencies. The 

. exponential dependence is emphasized by plotting the logarithm of the 

deflection amplitUde as a function of the square root of the modulation 

frequency (J). 

For low frequencies, (J)T « l.le/7 ..JD t, while A.th increases. Hence the 

thennal properties dominate and then the equation (4.2) can be reduced to, 

ISlgnall"'~I' .................................................................... (4.3) 

d~ 
"d; == Const( e-X.jiWI2D,. ) ......................................................... (4.4) 
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log ':1 = Const - xFw[ ftli(lnlO)]' ...................................... (4.5) 

Thus, Drh can be determined from the slope of log deflection amplitude 

versus square root of frequency in the low frequency region. 

For high frequencies, rut' » 1 and Ael -7 "j(Dliru), and the electronic properties 

dominate. Then equation (4.2) reduces to 

1':1 = Const(e-xJW/2D), ................ : .......................................... (4.6) 

IOgl':l = Const - xFw[ JW ;1010)]' ........................................ (4.7) 

Thus, D can be determined from the slope of log deflection amplitude versus 

square root of frequency in high frequency region. And the mobility can be 

calculated from the Einstein-Smohichowski relation, which couples the 

mobility !l and the diffusion coefficient D; 

............................................................... (4.8) 

Where 

tJ - Mobility, 

e - electronic charge, 

Fig 1.10 is the plot for log amplitude versus square root of chopping frequency 

for "1000" In2S) thin film sample. As suggested by the theoretical predication, 

for low frequency (between 2.5 ...JHz and 20 ...JHz) the graph has a steep linear 
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t~~';;~ 

deCrease, while at intermediate frequency (between 20 ..JHz and 25 "'Hz) there 

~curs a "hump", which is due to complex interaction of photogenerated 

carriers that separates "purely thermal" from electronic contribution. 

,-.. 
:= 

" -Q,j 

'C := 
~ 
Q. 
e 
~ 

~ 
<' 

..J 

0.0 

-0.5 

-1.0 

-1.5 

-2.0 

-2.5 

-3.0 

-3.5 

-4.0 

o 5 10 15 20 25 30 

Square root of chopping frequency (Root(Hz)) 

Fig I. I 0 Graph showing variation of log 
amplitude versus square root of chopping 
frequency for "1000" 1n2S3 thin film sample. 

1.4 Depth Profiling 

35 

The propagation of thermal waves in solids is strongly influenced by 

the material's microscopic properties, by its physical microstructure, and 

especially by the distribution of inner interfaces [56]. Along with this, the fact 

that the penetration depth of thermal waves can be controlled by the variation 

of modulation frequency, make a novel nondestructive photothermal depth 

profiling possible. The possibility to deduce depth dependent information is 
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based on the measurement of the time of flight of heat. For short flying time, 

the detected heat originates from near surface regions and for long flying time, 

from regions far below the surface. In the frequency domain, for periodically: 

modulated excitation, short and long flying time correspond to high and low 

modulation frequencies, respectively. 

To determine the sample thickness, the sample was first theoretically 

modeled and the heat propagation inside the sample was solved using the heat 

diffusion equation as suggested in section (1.3.3a). Curve fitting was donei 

using theoretical values. Thickness was derived from parameters of best fit 

cur ... e the solved equation (equation (2.9)). 

1.5 Thermal diffusivity and mobility determination 

1.5.1 Determination of thermal diffusivity 

Principle of photothermal method is to provide a local temperature 

increase by the absorption of a focused laser beam and thermal diffusion 

removes heat from the region excited by the laser in the characteristic thermal 

diffusion time (1:c). This increase in temperature depends on the heat~ 

conductive properties of the sample [57]. Refractive index perturbations due to 

the "purely thermal" term is called "temperature effects". 

Thermal diffusivity for the sample in our case, was calculated from 

data obtained by linear curve fitting in the low frequency region, (which is due 

to "purely" thermal contribution), in the log amplitude versus square root of 

the chopping frequency plot for the respective samples and by evaluating Dth 

from the equation (4.5). 
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Although specific volume changes affect the density, they are called 

"specific volume effects" to discriminate them from the temperature dependent 

density change terms. The final goal of such a nondestructive inspection 

technique is to obtain information about the location, the shape and the kind of 

structural and therefore thermal subsurface inhomogeneities from measured 

values. 

1.S.1 Determination of mobility 

Mobility is calculated from data obtained from the slope of the curve in 

the high frequency region (which is due to electronic contribution) from the 

log amplitude versus square root of the chopping frequency plot for the 

respective samples. One gets D from this using the equation (4.7) and Mobility 

(P) can be calculated from equation (4.8). 

1.6 Imaging 

The aim of photothermal imaging techniques is to obtain information 

about the depth of optically invisible inhomogeneities within the sample. This 

helps in knowing the shape of distribution and the density of defects. 

We performed two dimensional imaging of the sample by scanning the 

pump beam over an area of 500 x 500 J.1nf. Layout of the experiment is shown 

in Fig. 1.11. 
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'~-~---~ .... Modulated 
Pump Beam 

~ 
~ / 
---- .... -.1' 

Sample 

Fig. 1.11 Schematic of layout for imaging 
measurements. 

Data obtained from photothermal deflection method is plotted as 

deflection amplitude versus scanned distance. The "contrast" in PDS imaging 

is the detectability of weak thermal inhomogeneities with respect to the 

background signal of the homogeneous material [53]. PDS techniques have 

also been established as successful methods for imaging microscopic structures 

thermally. Optically invisible patterns like buried defects or inhomogeneities 

become "visible" thermally in PDS technique [58, 59]. For samples having 

low absorption coefficient the PDS signal has the form, 

S ex (a .. + add), ..................................................................... (4.9) 

Where. 

a .. and ad are the surface and bulk absorption coefficients, respectively. 
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1.'7 Conclusion 
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PDS technique has been gammg advantage over other optical 

techniques due to its versatility and sensitive nature. As this technique fully 

uses optical beam, the samples under investigation can be evaluated without 

making any contacts. Due to its non-destructive nature, this technique could be 

used on very thin samples and even for analysis of soft biological samples. We 

built this tool in our laboratory and used it for thin film analysis. As this 

technique is not affected by light scattering, the thennal and optical properties 

for even less absorbing samples could be found out. We could measure 

variation in electrical properties on Cu doped CdS thin films and also depth of 

Cu penetration into CdS thin film lay~r. Ion implantation causes change in 

optical, structural, thennal and electrical properties of the material. Variation 

in thermal and optical properties could be detennined. Depth of penetration of 

energetic ions into thin film sample were also determined. Due to its 

sensitivity, feeble opticai absorption could be detected that helps in studying 

even transparent samples. So we could study the thickness of transparent 

conducting oxide such as ZnO having v~rious thicknesses, and the values were 

coinciding with those obtained from stylus method. Transport property such as 

mobility was also calculated and were found to coincide with the Hall 

measurements. This technique was also applied to non-destructively evaluate 

the quality of welded joint and to measure the thickness of painted layer over a 

substrate. 
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ION IMPLANTATION STUDIES 

2.1 Introduction 

Use of ion beam dates back to 1948 for developing the first transistor -

a breakthrough in the past for the present modern electronics. By 1956, 

potential of ion implantation, for introducing electrically active dopants in a 

controlled fashion, was realized and anumber of patents were filed. 

Ion implantation is a key technological process in modern 

microelectronics, that was introduced as an alternative to diffusion, for the 

semiconductor doping process. Implantation of impurity atoms for doping 

semiconductor wafers offered many advantages such as rapidity, accuracy, 

wide range of doses, flexibility of profile depth, and control over the amount of 

ions in a specific region. One main disadvantage of ion implantation process is 

damage introduced into semiconductor, resulting from the energetic nature of 

the process, which has a significant influence on the electrical and optical 

properties of the semiconductors [1 J. But the development of laser annealing 

technique solved this difficulty very much. Moreover, the advantages of this 

doping technology really forced researchers to use this for fabricating 

semiconductor devices of smaller dimensions [2-4]. 

With rapid development in scaling down semiconductor devices, 

detailed information on impurity profiles which follows ion implantation has 

significant technological importance. Thus a rigorous understanding of 

projected range (Rp), longitudinal range straggling (L1Rp), skewness (y), 
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kurtosis (fJ), and transversal range straggling (L/Rt) of implanted ions in solids 

is of great value [5]. 

The technique makes use of ions with energy in the range of ke V to a 

few MeV that bombard the target. These ions then slow down due to the 

interaction with the solid target and finally come to rest at a depth normally 

referred to as the "Range". The concentration and depth of penetration of 

implanted impurities can be controlled by controlling the ion current, time of 

implantation and beam energy. Being a non-equilibrium process, there is no 

solubility constraints and any type of atom can be implanted in any target. The 

defects produced during irradiation are normally annealed out by suitable 

thermal treatments. 

2.2 Brief review on ion implantation 

Over the past few decades, use of energetic ion beams, to implant 

electrically active atoms into semiconductors, has become an area of intensive 

research and is an advanced technological tool useful for fabricating highly 

reliable semiconductor devices on an increasingly miniaturized scale. Ohl 

(1952) [6] was the first person who tried to change the electrical properties of 

semiconductor devices by ion irradiation. He implanted silicon point contact 

diodes with various ions and found improvement in the reverse current-voltage 

curve. Cussins (1955) [7] implanted germanium with a wide variety of ions. 

Shockley (1957) [8] by the time, had filed a patent "Forming Semiconductor 

Devices by Ionic Bombardment", (Filed Oct. 28, 1954; Granted April 2, 1957). 

Alvager and Hanse (1962) [9] made the first nuclear detector by implanting 

phosphorus in highly resistive silicon, at 10 keY, followed by annealing at 
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J/I;-c. McCaldin and Widmer (1963) [10] prepared p-n junctions by cesiu~ 

;;,pplantation. Gibbons (1968) [11] and Gibbons, Moll, and Meyer (1965) [12] 

',- planted rare earth elements into semiconductors to produce 
UJl 
olectrOluminescent layers. King et al. (1965) [13] and Martin, Harrison, and 

JQng (1966) [14] also made nuclear detectors and for the first time, the solar 

cells. 
Fonnation of noble metal panoclusters in transparent materials, 

through ion implantation, was used to colorize glasses [15-17]. Control of 

cluster morphology in a material allowed tailoring and tuning of optical 

bandgap. Colouration in uncoloured beryl has also been done using ion 

implantation with ion species such as V, Cr, Mn or Fe [18]. Swift-heavy-ion 

(SHI) implantation is of very recent interest [19J. It is a process in which ions 

of kinetic energy in Me V range are implanted in the target and advantage of a 

strongly reduced surface recession by sputtering is exploited. A method of 

enhanced nanoparticle fonnation in silica glass, under co-irradiation by laser 

and heavy ions, improved the optical quality of implanted substrates by 

decreasing the defect absorption of implanted silica glass [20,21]. Post­

treatment of the metal-polymer bi-Iayer system by ion implantation/ion beam 

mixing process is expected to make the polymer harder, more conductive, and 

more resistive to mechanical wear and chemicals. These materials find 

application in surface acoustic wave (SAW) detectors, long wavelength 

infrared detectors, and biosensors. It is also used to fabricate carbon-based 

micro-electromechanical systems (MEMS) [22]. Implanted hydrogen in 

semiconductor interacts with defects ~~ passivate them, thereby improving the 

device performance [23]. In large scale integrated circuit fabrication using 

GaAs, nitrogen implantation is used to fonn isolated GaN buried layer [24]. 
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Carbon ions with energy of 30 keY was implanted in amorphous In203 th 

filrris at doses of 1015_10 16 ions cm-2 and electrical resistivities of carb 

implanted films decreased due to increase in carrier concentration [25]. Gre 

and red emissions were obtained in Ca implanted GaN samples [26]. Ion bea 

synthesis was applied to form carbides, silicides and nitrides for differe 

purposes ranging from surface property modification to formation 

conducting layers for electronic devices [27-35]. Ion implantation is also ve 

effective for improving surface properties of polymer such as surface electric 

properties, hardness and wear resistance [36-38]. Many studies were carrie 

out to prepare nanoparticies by ion implantation and have revealed the' 

luminescent [39] and non-linear optical properties [40-43]. Optical prope 

changes in silica glass induced by Cu and 0 mUltiple - energy implantatio 
i 

with successive annealing were studied, and formation of copper or coppec 

oxide nanoparticIes was revealed. Formation of eu nanoparticles wa~ 

enhanced by the multi - energy Ion implantation. 

Impurity doping has also beenwidely performed by ion implantation in 

order to create photocatalysis for operating under visible light irradiation [44, 

45]. Here, oxygen vacancies in the photocatalyst act as recombination centre of 

electron hole pairs and as electron trap [46]. Modification ofTi02 coatings for 

photoinduced hydrophiIicity under weak UV illumination was also recently 

studied by Ar ion beam irradiation [47]. 

2.3 Ion implantation effects in materials 

Ions, when accelerated through a large potential difference and allowed 

to strike a solid surface, get embedded in the solid, there by changing its 
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,...,ical composition. By displacing atoms from their normal positions, the 

'energetic ion can alter structure and physical properties of the solid also. This 

results in alteration of chemical composition, which can lead to modification 

of its electrical conductivity in the case of a semiconductor. At high ion 

concentration, presence of electrical defects such as interstitial impurities, 

dislocations, grain boundaries, and inhomogeneities are predominant that can 

lead· to strong degradation of electrical features of the materials. It is this 

degradation that must be dealt with, during ion implantation for device 

fabrication. 

~uring stopping of an ion, the primary defect structure is mainly 

ere8ted by recoiling lattice atoms, which quickly lose their energies through 

binary collisions with neighbouring atoms. This leads to a number of collision 

cascades along the ion track with relatively high defect densities. The resulting 

primary defect profile can be computed rather reliably by Monte Carlo 

method. However, final damage profile might be quite different due to 

dynamical processes taking place in subsequent thermal spike phase, which 

lasts much longer than the primary collisional phase. During this second phase, 

non-thermal processes within cascade volume can lead to rearrangements, 

which can result in formation of dislocations, point defect clusters and 

amorphized regions. In addition, sharp densitY fluctuations at the periphery of 

cascade volume are expected to accompany the thermal spike phase [48], 

which might create additional defect structures in surrounding lattice. At 

higher ion fluences, further complications are introduced by radiation induced 

annealing effects. Relative importance of these mechanisms depends strongly 

on forces that bind the atoms in their lattice positions. Total amorphization is 

normally found after high dose irradiation of covalent materials. However, 
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such total destruction of the crystal .structure is not found in metals, whe~ 

displaced atoms rearrange themselves into extended defects, preserving muc~ 

of the original lattice structure. In an ionic crystal, as in metal lattice, structul"t 

is not totally destroyed by high dose ion implantation, as most of the damage il 

accommodated in dislocations. But, defect structure does not consist of a Pun 

dislocation network. Channelling results also indicate the existence of highl) 

disturbed regions. In general, it is found that most of the radiation damage il 

removed after annealing at temperatures of the order of 1000 QC. Aftel 

annealing, metallic precipitates are observed for gold [49,50J, silver [511 

platinum [52]. indium [53] and sodium implantations [54], while in the case oj 

iron, a large fraction of impla~ted atoms move into substitutional lattice 

positions. Experimental results of this study indicate a mixed defect structure, 

consisting of severely disordered areas in coexistence with regions where 

original lattice structure, although distorted by extended defects, is still 

maintained. Such a mixed structure was confirmed by annealing studies, which 

showed that one type of defect could be removed by heating at temperatures 

between 600 and 800 QC while remaining defects could only be removed a1 

much higher temperatures [55]. The major problem with ion implantation is 

elimination of the damage created during slowing down of projectiles in the 

target. Violent collision of the ions with the target atoms displace them from 

their equilibrium lattice sites. In case of a silicon atom to be displaced, the 

minimum energy, that should be transferred to, is about 15 eV. If the knocking 

atom has enough energy, it can create other displacemenis, giving rise to a 

collision cascade process. The primary damage after implantation is a complex 

function of parameters such as, ion mass, energy, dose rate, target temperature, 

substrate orientation, and do pants I impurities present in the substrate. The 
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.. .,-5 transfer rapidly their high vibrational excitations to those in the 

~unding material, and in just few picoseconds, the system cools. The 

material is then subjected to a rapid thennal quenching of the order of 1014
_ 

to'S K/s [56]. A different phase can result and a small volume of "hot" atoms 

may become a small amorphous region, surrounded by a crystalline matrix. 

2.3.1 Wafer beating during ion irradiation 

Energy of beam that strikes the target is dissipated into heat. Chemical 

reactions can occur as temperature of the target increases. Disorder created by 

the implant depends crucially on substrate temperature. It can be from 

amorphous zones to a highly defective crystal. If temperature rises during 

implantation, fonnation of amorphous structure might be prevented at high 

dose, due to dynamical annealing. 

The heat flow equation can be written as, 

Le tiT", _ PB (I) h 4 4 
pP ~ ---- (Tw-TwH)-2f7Ew(Tw-T.s),·························(2.l) 

Where, 

ut A s 

L - Layer thickness, 

C p - Specific heat, 

p-Density, 

Ps - Beam power; 

As - Area scanned by the beam, 

h - Cooling coefficient, 

E", - Wafer emissivity, 
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Tw - Wafer temperature, 

TwH - Temperature of wafer holder, 

I: - Temperature of surrounding ambient, 

a - Stefan - BoItzmann constant (5.67 x 10.8 Wm·2K4 ), 

The Second term on the RHS in equation (2.1) is for the front and ba( 

surface of the wafer. Wafer temperature is measured by infra radiometry or t 

temperature stickers. 

Thermal process is necessary to activate the dopant electrically and I 

eliminate damage. Residual damage in the form of extended defects Iik 

dislocation line, dislocation loops and stacking fault, may still be there i 

annealed wafers. After annealing, these secondary defects, if present i 

particular regions of the device, can be detrimental. The device yield can b 

impaired and main trend in this field is to understand methods to reduc 

density of defects and to increase the yield. 

According to Murphy's Law, the yield (l') of good devices on a wafe 

depends on product of average defect density (Do) and area (A) of the chip a 

per the relation [57]: 

y = [(J-e,ADo)IDoAf,· ............................................ · ................... (2.21 

For example, in the case of a 16 Mbit DRAM, defect densities leJ 

than 0.5 defectlcm2 have to be achieved. Strategies and remedies for th~ 

reduction of defect densities, especially in the ion implantation related 
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processes are the prominent task m mass production of VLSI and ULSI 

devices. 

As any other equipment, implanters also generate particulates that are 

deposited on wafer surface and this reduces drastically the yield of devices. 

These particles shield the covered portion of device from implant. Implantation 

depths are usually in 0.05-1 ~m range and linewidth is also in 0.5 - 1.0 ~m 

range. These defects are called "killer", because they impair the device. With 

the shrinkage of devices the density of defect must also be reduced 

considerably to maintain a reasonable yield. For yield levels above 50%, in 

case of a 4Mbit DRAM, defect densities less than 1. defectlcm2 should be 

achieved at end of several hundred process steps [58]. 

2.4 Theory 

Knowledge of fundamentals of interaction of an energetic ion with a 

semiconductor and way in which this interaction can be used in device 

fabrication is becoming increasingly necessary for a material engineer. 

Applications of ion implantation in other fields are rapidly diversifying. 

Process of ion implantation relies on possibility of injecting energetic 

. ions deeply into a solid. In achieving this deep penetration, ions will have to 

collide, individually or collectively, with atoms of the solid. During these 

collisions, energy will be exchanged between moving ion and initially 

stationary lattice atoms, resulting in considerable energy loss by the ions and 

energy gain by the atoms. The energy l~ss causes slow down of the ions and 

eventually to rest in the lattice. Energy gain results in creation of defects or 

diSOrder in the lattice. In addition to energy loss, injected ion will suffer 
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deflections at each separate or multiple collision and sequence of these 

deflections will determine its detailed trajectory in the solid. Similarly, the 

trajectories of lattice atoms, that gain sufficient energy to be displaced from 

their normal position, will be dictated by their energy transfer and deflection 

sequences. Thus overall pattern of lattice disorder will depend upon individual 

collision events. Since the ion and atom collision events occur sequentially and 

are separable, the central problem in predicting ion penetration and lattice 

disorder, therefore, totally depends on understanding of the dynamics of 

collision between a moving ion and an initially stationary atom. Fig. 2.1 shows 

the path traveled by the incident ion b~fore it comes to rest. 

INCIDENT 
ION 

Fig. 2.1 Schematic representation of the path 
traveled by the incident ion before it comes to 
rest. 

Stopping power or specific energy loss (-dE/dx) is an important factor 

for the determination of range of embedded ion in the target. Here E is the ion 

energy and x is the distance inside the target and is usually measured along the 

direction of incidence of ions. 

Distribution of implanted ions depends on several parameters such as 

Ion mass energy, target mass and beam direction. Number of collisions 
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oqcrienced by an ion per unit path length and the energy lost per collision are 

·~dom variables, as all the ions having the same incident energy do not stop at 

the same location. There is, instead, a distribution, in space, of stopping points, 

that is described by a range distribution function. The perpendicular distance 

from the straight line path or the lateral spreading is characterized by a zero 

mean value and by a non-zero straggle, ~RJ... The transverse spreading is 

caused by multiple collisions of ions and it increases with depth into the target, 

being a function of ratio of target and ion masses respectively. Thus, range 

calculations require knowledge of rate of energy loss or stopping cross section 

of incident projectiles. 

1 [dE) s=- N dx , ...................................................................... (2.3) 

Where, 

E - Energy dissipated and 

x - Distance into the target, 

N - atomic density of target (eV/cm2) 

In classical scattering theory, interaction of the moving ions with target 

atoms, is described, assuming two separate processes. One is collision with 

nuclei, which is due to the coulombic repulsion between the ion and the target 

nuclei and the second, collision with the electrons. Electronic energy loss is an 

inelastic process, in which the incident ion moves through the cloud of 

electrons of a target atom. The electrons can be excited to higher discrete 

energy levels, or can be excited in the collective motion of plasmons. The 

prevalence of one contribution over the other depends on the ion velocity (v) 
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with respect to that of target electrons·; stopping cross section or rate of ene~ 
loss, ! 

Thus, the stopping cross section or rate of energy loss can be then spj 

into nuclear and electronic stopping, 

Where, 

S = Sn +S., ................................................................ (2.1 

Sn - Nuclear stopping term, 

Se - Electronic stopping tenn, 

S. +S, = - ~ (:). -.~ [:l. ' ............................................... (2~ 
In a binary collision, rf elastic collision occurs with a target at~ 

initially at rest, (as shown in Fig. 2.2), then conservation of energy a~ 

momentum yields a transferred energy, 

T = 4M.M2E; 2 sin2 (}c , ••••••• -.••••••••••••••••••••••••••.•••••••.••••••••• ___ • __ (2.~ 
(M\ +M2 ) 2 

Where, 

E; - initial energy, 

(}c - Scattering angle in the center of mass. 

M,- Mass of ion, M2 - Mass of target, 
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Fig.2.2 Schematic of the collision between a 
projectile of mass M, and a target atom of 
massM2. 

Maximum energy transfer is obtained in a head on collision, when Bc = 180°. 

The scattering angle Bc related to the interatomic potential VCr) is, 

"f"" dr / r2 
8c = 7r- 2p R.. .. ~l- V(r)/ Er _ p2 / r2 , ......................................... (2.7) 

Where 

p - impact parameter, 

R",in - minimum distance of approach, 

r - Interatomic distance, 

Er - energy in the center of mass system, and 

Probability for scattering in a direction ()c is given by the differential cross 

section. 
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d6( Bc) = 27rpdp, . .. " .................................... '" .. , ........................ (2. 

=-27rP[:~ ]dO" ................ , ............................................ (2.9 

P [dP] = -sin Bc dB
e 

dO, ................ .......................................... (3.0 

Where 

dQ - Solid angle, 

= 27r sinBcdBc and dp/dBe < O. 

In low velocity region, electronic energy loss is proportional to io 

velocity. Interaction arises from scattering of electrons that are no longe 

attached to any specific atom but form a gas in which positive charges ar~ 
i 

embedded. Electronic stopping power is proportional to ion velocity and 

reaches a maximum when ion velocity is comparable to the average velocity of 
I 

outer electrons, so that the interaction time is highest possible and maximum 

transfer of energy occurs between projectile and the target electrons. 

The stopping cross section varies non - monotonically with target 

atomic number. At higher velociti~s, excitations and ionization of core 

electrons dominate and collective excitations of the electron gas take place. 

Electronic stopping power is inversely proportional to the square of the 

velocity. 

dE Z
J
2e4N 

-= 2 B, .................................................................. (3.1) 
dx mv 47rEo 
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Where, 
ZI- Atomic number of the ion, 

m - Electronic mass, 

B - Measure of the penetration of incident ion through electron shell. 

The Ziegler Biersack Littmark (ZBL) [59J treatments adopted in the 

popular Transport of Ion in Matter (TRIM) [60J program is based on stopping 

power of protons. Every change of the projectile charge state generally reduces 

the projectile's kinetic energy. As a matter of fact, the stopping cross sections 

arc predicted not better by 10% and errors even exceed 30%. 

Rp and LlRp are the projected range and the standard deviation of the 

projected range (or straggle) along the nonnal to the sample surface. A 

Boltzmann transport equation is set up to solve the statistical problem of final 

ion distribution. Transport equations can be solved to detennine the moments 

of this distribution and the shape of the curve (giving concentration versus 

depth) is determined. In comparison with experiments, the projected ranges 

calculated according to Lindhard Scharff Schiott (LSS) treatment deviate by a 

factor two at the lowest energies, while the agreement is good to - 10%, at the 

higher energies. For the implanted dose No the implanted profile is given by, 

C(x) ,d~Rp exp[;;~;:~: I ................................................ (3.2) 

where, ~ - is the distance from the target surface, measured along the axis of 

the incident beam. 

Rp - average penetration depth 

L1Rp - standard deviation. 
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Shape of the distribution is characterized by the parameters: 

skewness and Kurtosis. Skewness (y) is a measure of distribution that is tilt 

away from symmetry about the mode of first moment. Kurtosis ( P) is 

measure of pointed or flat tapering of the distribution. These two quantities a 

dimensionless. The depth resolution is few hundred A. Light ions, in thl 

encounters with target atoms, will experience a relatively large amount 

backward scattering and hence distribution will be mostly filled on the surfai 

side. Heavy ions, on the other hand, will experience a large amount of forwa 

scattering and their distribution is mostly filled on the deep side of the profil~ 

Channelling is a simple steering effect, resulting from Coulomb 

repulsion between positive charged projectiles and target atoms along the r<l 

or planes. Fig. 2.3 shows the channelling process, for ion beam incident at I 

angle, on the target. If ion beam direction is at small angles with the targ 

atoms, the ions suffer a series of gentle collisions and if it is almost parallel 

a plane in a crystal, the projectife ions suffer a minimum path deviation. Clo 

encounters with the target atoms are strongly prevented so that all process 

that require small impact parameters are greatly reduced. As a consequence, 

channelled ion does not displace target atoms and experiences a reduct 

energy loss not by elastic nuclear encounters but by electronic interactioI1 

multiple scattering by various defects and by vibrating lattice atoms until tht 

are dechannelled. Particles there after see crystal as a random medium. It Wi 

discovered accidentally by Monte Carlo simulations ofthe range of heavy io] 

implanted in solids [61] and by profile measurements of keY heavy ions 

polycrystalIine metal targets [62]. 
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CHANNELLED [ON 

Fig. 2.3 Schematic representation of 
channelling process 

2.5 Theoretical Simulation 

Monte Carlo (MC) and Boltzmann Transport Equation (BTE) methods 

are widely used to simulate ion implantation in solids. In BTE approach [63], 

scattering processes of ions in the target are described by changes in statistical 

momentum distribution. Calculation of range and damage distribution are 

regarded as transport problem describing motion of the ions during their 

slowing down process to zero energies. Monte Carlo methods are based on the 

simulation of individual particles trajectory through their successive collisions 

with target atoms. This applies two main approaches for a detailed calculation. 

First "Binary Collision Approximation" (BeA) and second "Molecular 

Dynamics" (MD) [64]. MD approach studies movement of atoms in solid as a 

function of time and takes into account, the interaction with all neighbouring 

atoms. All moving atoms are followed in small steps of time so that their 

~lIisions are automatically included. For these reasons, MD based programs 

are used to describe sputtering, Iow, energy processes and in cases where 

multicollisions must be considered. In BCA program, movement of ions in 
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solid is described by a series of successive binary collisions. It breaks down at 

low energies, when many body effects become important. 

Final result is based on summation of nuclear and electronic scattering 

events occurring in a large number N(N) I 000) of simulated ion trajectories. 

By following N histories, distributions for range parameters of primary and 

recoiled ions, and associated damage can be obtained. Each history begins with 

a given energy, position and direction of incident ion. The ion is assumed to 

change trajectory at each elastic collision with target atom and to move in 

straight free path between elastic collisions. The ion loses energy continuously 

between elastic collisions by inelastic scattering with electrons. 

The most popular program- to describe slowing down of an ion into an 

amorphous target is TRIM (Transport of Ions in Matter) code [65].. It uses 

liquid model to describe target structure. Entire trajectory of a single ion into 

an amorphous target, range and depth distribution of incident ions can be 

obtained. Collision cascades detennined by recoiled target atoms can also be 

obtained. First version of TRIM allowed only calculation of the incident ion 

trajectory. TRlM.SP (TRIM SPuttering) [66] is an extension of the earlier 

TRIM, and is a three dimensional program considering projectiles and recoils. 

In non-crystalline or amorphous materials, energetic implanted ions have 

Gaussian distribution. But in case of single crystal, ions entering in certain 

directions often do not make random sequence of collisions but rather get 

steered by a succession of correlated interactions with atoms. Simulation of ion 

trajectory in crystalline targets requires knowledge of the atom locations. 

These positions can be constructed by three translation vectors starting from a 

basis of one or more atoms according to elementary crystal structure. Another 
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fCCSion of TRIM code (CTRIM) has been developed to consider crystal 

strUcture [67]. 

Stanford University Process Engineering Modeling Program 

(SUPREM) [68] is a program that can describe all processes used in 

microelectronic industry for fabrication of devices. 

Fig. 2.4 (a) shows TRIM calculated path traveled by 100 keY Ar ions 

in CdS and Fig. 2.4 (b) shows the TRIM calculated path traveled by 100 keY 

He ions in CdS. For light atoms, mean free path between successive elastic 

collisions is larger than interatomic distance, and thus the collision cascade 

will result in a dilute distribution of defects. Heavy ions at low energy can 

have a mean free path comparable with interatomic distance and a dense 

cascade will be generated. 

Depth vs,, y-ry 
.............. ---~ .. ~:.~ .... -A 
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Fig. 2.4 (a) TRIM calculated projectile path traced for 
100 keY Ar ion in CdS. 
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Fig. 2.4 (b) TRIM calculated projectile path traced for 
100 ke V He ion in CdS. 

A typical cross section of an implanted sample, if analyzed by TEl 

reveals a variety of extended defects; amorphous zone, stacking faut 

dislocation loops, twins, clusters etc. The visibility is limited to defects 

dimensions above 1-2 nm. 

2.6 Annealing effect 

Atoms displaced during implantation, may at a later stage, return 

their usual positions. This process may occur over a short time scale. Duril 

this period, collision cascades could be moving through lattice or over mU' 

longer periods following completion of implantation, called "self annealing", 

Ion implantation, therefore, must be followed by one or mo 

annealing processes for semiconductor to recover its crystallinity and f 
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~d impurity to become active. In general, thermal annealing in a 

liOnventional furnace is currently used to activate doping such that thennal 

ditlUsion takes place, leading to a large redistribution of impurity atoms. This 

redistribution then causes enlargement of the junctions, which may be 

prohibitive for the optimal operation of the device. Moreover, these 

implantation-induced defects strongly modify recombination properties of 

semiconductor that may affect the operation of devices and pen junctions. 

Rapid Thennal Annealing (RTA) methods have been introduced to 

minimize redistribution of impurities. This procedure uses light or electron 

beams to reduce annealing duration; while maintaining a sufficiently high 

temperature, to activate the doping species. Most commonly used technique is 

so called lamp RTA process in which thennal heating of sample is ensured by 

heat dissipation of halogen lamps surrounding the wafers. These lamp RTA 

machines provide very fast heating pulses (-1-1 Osec) that allow temperature to 

range from 1000 to 1100 °C without significant thennal diffusion. 

2.7 Accelerators 

Conventional accelerators could not be operated at voltages higher 

than 8 MY and this is a fundamental drawback since half the possible targets 

in Periodic Table are beyond practic~.1 limits set to scattering experiments by 

coulomb barrier effects at that energy. 

Charged particles are accelerated whenever subjected to action of an 

electric field. After traversing a potential difference ofY volts, a particle with 

charge Z times that of electron will have a kinetic energy of ZV electron volts, 

and is then implanted into target. A series of cavities that are polarized by a 
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radio frequency voltage in linear accelerators, act as a resonance device in 

which electric component of time va'rying RP electromagnetic field acts on 

charged particles to produce acceleration. Frequencies of - 5 MHz are used to 

drive electrodes. One such 150 ke V low energy ion accelerator (Sames J - 15) 

installed at Indira Gandhi Centre for Atomic research (IGCAR), Kalpakkam, 

was used for our present studies. Fig. 2.5 shows the schematic layout of the ion 

implanter setup, while Fig. 2.6 is the photograph of the accelerator. Fig. 2.7 is 

the photograph of the target chamber showing the Cu block over which the 

sample was mounted before implantation. 

RF OSCILLATOR 

HIGH VOLTAGE 
SUPPLY 

150kV 
TERMINAL 

ION SOURCE 
POWER SUPPLY 

PUMP 

RF·ION SOURCE 

IRRADIATION 
CHAMBER 

H*t-t---"- - ..... ~ - - -. 

ANALYSING 
MAGNET 

Fig. 2.5 Layout of 150 ke V low energy accelerator. 
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Van de Graaff accelerator is another class of accelerator machine. that 

can deliver very high voltage by mechanically driving charges into a conductor 

and to target. Spark is the most serious source of trouble in Van de Graaff 

generators. This would readily exhaust the charge available. Stable operation 

can only be achieved below the limit set by sparks. Sparking field in dry air, at 

atmospheric pressure, is 3x 1 06 Vim. Dry nitrogen at 16 atmospheres can 

withstand voltage gradients as high as 200 kV/cm without electric breakdown. 

Then dimension of Van de Graaff generator would increase (roughly) linearly 

with the ultimate voltage desired. Unlike Van de Graaff generator, Cockcroft­

Walton or Cascade Generator (1932) works based on movement of electric 

charges through an array of condensers. Their limitations are only the 

maximum voltage which the rectifier, condensers and transfonner can stand. 

Present day selenium rectifiers set a practical limit at 100 kV. Ripple voltage is 

of course an extremely undesirable feature. By early 1959 the first 12 MeV 

tandem accelerator was put in operation at Chalk River Laboratories of Atomic 

Energy of Canada Ltd. 

In conventional, single stage accelerator, positive ions are produced 

inside high voltage tenninal and subsequently accelerated to ground potential. 

But for high-energy operation there are two stages. First, negative ions are;: 

produced at ground potential and pre-accelerated to -20-100 ke V after which 

these are separated by a mahrnet and injected into acceleration tubes inside the.~ 

tank. Negatively charged ions are then accelerated towards the central 

tem1inaL where they are stripped of some of the electrons in a striping canal. 

filled by a gas. Then they are accelerated again towards other end, at ground 

potential. thereby sutTering an additional acceleration.' The same voltage is 

used twice. The total final energy will be. 
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Where. 
v, - Pre-acceleration potential. 

Vr - tenninal voltage. 

n - charge state of ions produced in stripper. 

Charge states from + I 10 +3 are easily produced in the stripper so that 

energies from 300 keY to 6.9 MeV can be obtained with considerable current 

-20 - 100~A. 

Two kinds of tandem systems exist; PellelTOns and Tandetrons. In 

pelletrolls the high voltage is obtained through the charging of several moving 

chains while in taodetrons acceleration is produced by a solid state WaltoD -

Cockroft system. The tank is filled by the insulating gas SF/> to a pressure of 

.. 8 bar. In the present work we lIsed Pellelron accelerator at Instituc of 

Pbysics. Bhubaneswar (lOPS) for some of our studies. and photograph of the 

accelerator system. is shown in Fig. 2.8. 

-

Fig. 2.8 Photograph of a 3 MV Pelh:tron 
accch!rator sys!cm. 
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2.8 Accessories 

The implanters arc classified according to the beam intensity: 

I. Low current -0.1 mA. 

2. Medium current -1.0 mA. 

3. High current -10 mA. 

4. Very high current -100 mA. 

An ion impJanter consists of the following major components: 

An ion source contains the species to be implanted either as solid or ~ 

liquid or as gas and an ionizing system to ionize species. Lifetime of an io~ 
source varies between several tens of hours to a few hundred of hours, and it . 

dependent on operation conditions. 

In an extracting and ion analyzing mechanism, the ions arc extract 

from source by a small accelerating voltage and then injected into the analyz 

magnet. The extraction voltage ranges usually between 15 and 40 kV. 

In an accelerating column. selected ions are injected into 

accelerating column. Others are stopped by presence of suitable screens. In 

absence of external forces, beam eross section would tend to 

Accelerating system should therefore provide an external force, so as 

constrict the beam along the axis known as "focussing". The selected ions a 

accelerated by a static electric field that focuses and shapes the ion bea 

which arc then in column, ready to be implanted with an energy up to 80-4 

keV. In case of high energy accelerators final energy is given by (I +n)qV. 

Where, 

n - charge state of stripped positive ions, 
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V - tenninal voltage, 

q - charge. 
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Magnetic mass analyzers are used to separate desired ionic species 

from all the other charged species which are contaminants from residual air, 

hydrocarbons from vacuum pumps and impurities from solid components of 

the source. Vacuum is usually maintained by three pumping systems, one for 

ion sources, another for scanner system and the third one for wafer chamber. In 

a scanning system, ions are distributed uniformly over a target by electrical 

fields varying in x. and y directions in a saw-tooth fashion or by a mechanical 

shift of target. 

Current measurements of dose is done usually by placing a current 

integrator between target and ground by counting the total collected current 

from incident ions. Thus the dose is given by; 

T 

Dose = QIOI =_I-J IBdt, ........................................................ (3.4) 
qion qion 0 

Where, 

18 - beam current measured for time T(seconds) 

Electrical current can be easily measured to an accuracy of a tenth of a 

percent or less and can be measured over a very large dynamical range, from 

DAmp to Amp. When ion beam impinges upon the target, secondary electrons, 

SPuttered and ionized atoms, photons, ~nd absorbed gas molecules are emitted. 

Th~ yield of secondary electrons ranges between 2 and 20 per incident ion. 

" '71 
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2.9 Application 

Ion beams have also been used to stimulate events occurring withiJ 

reactor materials and many years of equivalent reactor operation can be closel~ 

simulated by perhaps only a few hours of ion implantation. Other application: 

of ion implantation are production of Iow friction and wear resistant meta 

surfaces, conversion of surface layers to oxide and nitrides, introducinl 

catalysts into surface layers and manY,more. The technique is primarily used if 

semiconductor technology, though it also finds applications in several othe1 

areas like surface modification for improvement of hardness, wear an~ 

corrosion resistance etc. Optical properties of surface layers of many materiau 

can be altered by implantation. By changing refractive index, it is possible t~ 

produce waveguides for optical integrated circuits. Magnetic bubbles in thin 

magnetic garnet films are currently under investigation because of their greal 

potential as memory storage systems. It has been found that ion implantatio~ 
, I 

can modifY properties of such films and bubbles they contain. . 

2.10 Characterisation of implanted samples 

Implantations are usually performed on structured wafers wit 

insulating layers such as oxide, nitride and photoresists. Building up of charge 

transported by the beam at these layers can be detrimental because of damag 

and of electrical break down. Wafer charging can also affect beam propagatio 

and may cause even a blow up with a deterioration ofunifonnity. 

Influence of wafer charge on the device yield is more pronounced fo 

thin oxide layer (-10 nm) as adopted in VLSI and ULSl. The structure t I 

determine the effect of charge is usually a MOS capacitor. After implantatio~ 
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twO different tests are performed. One is Breakdown Voltage (BV) and the 

other is J-T testing. In BV, voltage across the capacitor is increased in time, 

until current through the device exceeds a fixed value. Failure point is usually 

IfLA. Voltage at which current reaches this value is the breakdown voltage. In 

good Silicon oxide it is of the order of 10 MV/cm. In J-T, the current through 

capacitor increases with time and failure is indicated by a sudden drop in 

voltage. This technique measures the charge, as the time integral of the current 

density to breakdown. 

Four point contacts measurements could also be done on thin 

implanted layer, whose conductivity is opposite to that of substrate. Current (l) 

is carried through outer two contacts and voltage drop Cv) is measured across 

the internal probes. Sheet resistance is given by, 

V 
R6 = K -, ............................................................................ (3.5) 

I 

Where, 

K - Constant that depends on configuration, position and orientation of 

the probes. 

Value of Rs ranges usually between 103 Wo to 10 Wo. Low dose 

regime from 2xlOII ions/cm2 to 5xlOl2 ions /cm2 requires a high resistivity 

SUbstrate. 

Large scale application of ion implantation process is based on 

accurate control of dopant over the wafer. Uniformity of implant over the 

Wafer and reproducibility of dose from wafer to wafer and from batch to batch 

are the main issues in an industrial" environment, being directly related to 

device yield and reliability. 



Chapter 2 Ion Implantation Studies 

2.11 Analytical techniques 

2.11.1 Thermal wave technique 

Thennal Wave apparatus is- a method based on optical thermal 

response of layer damaged by the implant [69,70]. The technique is contact 

less, nondestructive and does not require thennal treatment. It can map 

samples implanted over dose range 1010 ions/cm2 to 1016 ionslcm2 [71]. Fig. 

2.9 shows the schematic representation of the thennal wave method used for 

quality checking of ion implanted wafers. In the commercial thennal wave 
, 

system, change in the reflectance is monitored (72) by Ar+ laser, which is 

modulated at a frequency of 1-10 MHz and response is detected in phase. 

Absorbed energy produces periodic waves of photo-induced heat (thermal 

wave) and of plasma wave (electron-hole pairs) too [73]. The thennal and_ 

plasma waves propagate several micrometers (-3Jlm in Si) beneath the surface 

and interact with defects or damage~ Because the diffusion of thennal and 

plasma waves is modified by defects, point to point surface temperature and 

surface plasma density vary according to the defect sites, and corresponding 

variation of probe laser reflectance is used as a mechanism for imaging the in­

depth defects. The spatial resolution depends on the probe spot and is of the; 

order of -0.8 Jlm. 
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Fig. 2.9 Layout of thennal wave technique 
used for analysis of ion implanted wafers. 

2.11.2 X-ray analysis 

Any analysis by X-ray diffraction of ion-implanted layers is based on 

modifications of the lattice parameters of initially perfect single crystalline 

substrate. Fig. 2.1 0 is the layout ofX.;ay detection. 
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X-ray tube 

Fig.2.10 Layout of the X-ray detection. 

Due to ion implantation there will be relative change of netplane distano 

(dd/d). The well known Bragg equation that describe diffraction process Cal 

be written as, 

2dsines = nA, ............................ : ....................... ..................... (3.6, 

where, 

d - distance of the diffraction netplanes, 

BB - Bragg angle, 

n - Order of diffraction (n = 1,2,3, .... ) 

1-wavelength of X ray used. 

Perfection of a lattice can be described by the statistical randoJl 

displacement of atoms from their position. Every defect distorts the lattice ove 
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a certain finite region, and accumulation of defects increases mean square 

displacement of atoms. 

Statistical distribution of the displacement of any atom according to a 

spherically symmetrical Gaussian form fs given by, 

W = (81["2/ .\2)sin2 e 8 x U 2 , •••••••••••••••••••••••••••••••••••••• '" ••••••••••• (3.7) 

where, 

W - Static Debye-Waller factor, 

U - Depends on the random displacement standard deviation. 

Perfection P of a crystal lattice is described by exp( -W). It goes to zero 

in the case of amorphization. 

2.11.2a Determination of grain size 

Grain size of film can be a calculated using the Debye-Scherrer 

fonnula, 

Where, 

D = 0.9>" , ................................................................ (3.8) 
{3CosB 

D - the diameter of the crystallites, .. 
1- the wavelength ofCuKa line (1.5145 A), 

P - the FWHM of the XRD peak in radians and 

fJ - the Bragg angle. 
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2.1l.2h Determination of lattice strain 

Williamson-HaIl [74] approach allows us to separate two differen 
" 

causes for a line broadening. It is usually assumed [75] that the broadening {j 

of a Bragg reflection (hkf) originating from the finite grain size of I 

polycrystalline material follows the Sherrer equation. 

i3
T 
= >. , ........................................................................ (3.9: 

Tcos8h1d 

Where 

..t - The X-ray wavelength, 

8 hid - Bragg angle, 

T- Mean 'effective' size of the coherent scattering region normal t{J 

the reflecting planes. 

Additional stress-induced in th~ lattice could also contribute to broadening jJl 

of the line, which is given by the Wilson formula: 

Pe = 4c tan 8 hid , ................................................................... (3.10) 

Here, 

&- strain, which is a dimensionless value. 

It is assumed to be proportional to the square root of density of dislocations. 

Thus, for total reflection width j3hl1, 

Phkl = /3r+/3& 
>. = . + 4€ tan 8 hJcl' ................................................... (3. 11) 

Tcos8hkl 
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~m the plot of measured value Phkl cosE>hkl as a function of 4sinE>hkl' one 

O-~uld estimate the strain (B) as the slope of the straight line and rfrom its 

,cbttersection with the vertical axis. 

1.12 Conclusion 

Eventhough, implantation of impurity atoms for doping semiconductor 

wafers offers many advantages such as rapidity, mass separation for purity 

requirements, accuracy and a wide range of doses, flexibility of profile depth 

and control <?ver the amount of ions in a specific region, the amount of damage 

caused due to energetic ions influence the chemical, electrical and optical 

properties of the material. The consequence of ion bombardment is the 

amorphization of the semiconductor surface. At high ion concentrations, the 

presence of electrical defects such as interstitial impurities, dislocations, grain 

boundaries, and inhomogeneties are dominant. This implantation-induced 

disorder, leads to strong degradation of the electrical features of the materials 

and also strongly modify the recombination properties of the semiconductor 

that may affect its operation. As the size of electronic device decreases to 

submicron levels, it becomes an important issue to understand the effects of 

ion implantation. 

Accelerators exists for various ranges so as to provide the user with the 

required acceleration of ions. Eventhough, high energy-accelerators of energy 

more than GeV (109 eV) is not presently very popular, a meaningful energy 

range for materials science is from 1 keY to 10 MeV. However, there are few 

machines in the world that are capable of creating high-current heavy ions in 

the Continuous mode. For materials engineering, not only the high energy but 
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also the high current density is an important factor. The high number densil 

provides a technological merit, so that atoms can be efficiently implanted inl 

a solid for a short period. Also, the higher energy ions, of Me V range, are nl 

sensitive to surface charging. 

Optical, structural, thermal and electrical changes that occur aftc 

implantation could be analysed using optical absorption, X-ray analysil 

thennal wave analysis or photothermal deflection spectroscopy, which are ~ 

non-destructive techniques. 
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Studies on doped and ion implanted CdS thinfilms 

: STUDIES ON DOPED AND ION IMPLANTED 

", CdS THIN FILMS 

3.1 Introduction 

Cadmium sulfide had long been used widely in opto electronics and 

microelectronics due to its good optical and electrical properties. Pure and 

doped monocrystals and thin layers of this material are often used in 

photoconducting, photovoltaic and optoelectronic devices [1]. CdS is well 

known for its tendency to form non~toichiometic compound, having excess 

cadmium, leading to n-type conductivity. The kind and number of defects and 

hence the electric, optical and luminescent properties of the material depend on 

, ~~e technique of sample preparation and its thermal history [2]. Thin films of 

~CdS have been prepared by several techniques such as sputtering [3], 

evaporation [4], serigraphy [5], chemical vapor deposition [6], chemical spray 

pyrolsis [7] and chemical bath deposition [8, 9]. Production of large surface 

area CdS thin films by easy and low cost techniques for industrial use is of 

great importance. Chemical spray pyrolysis method has proved to be a reliable 

technique for this [10-13]. 

Even though electrical and optical properties strongly depend on the 

preparation conditions, pure or undoped CdS films generally show high 

electrical resistivities. Thus, it is difficult to produce undoped CdS films with 

good electro-optical properties, just by controlling the preparation conditions. 

However intrinsic CdS film is extensively used as window material in solar 

cells, having CulnSe2 or CulnS2 or CdTe absorber layer [14]. One of the 
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factors affecting the efficiency of thin-film solar cells is the electrica 

properties of the buffer layer, which in turn, depend mainly on the presence 0 

different trap levels [15]. The basic requirements of thin films for solar eel 

applications are controllable optical and electrical properties with bettel 

crystallinity. An effective way to obtain CdS films with the desired parameten 

is to introduce dopants, and there have been many reports on this sort of worl 

[16-18]. 

Fabrication of homojunction in CdS layer has great practica 

application, in the case of solar cells with CdS forming the buffer layer. Ther 

one can imagine tandem cell structure with a homojunction in the top CdS 

layer. This homojunction can absorb photons of higher energy, while photoru 

of lower energy can be absorbed by the lower junction. It has been generallJ 

concluded that formation of p-type CdS is very difficult because of self. 

compensation effects due to sulfur vacancies [19] and hence conventiona: 

doping technique is ineffective. Copper is a well known luminescence 

activator [20] and acts as a deep acceptor, strongly influencing optical an~ 

electrical properties [21]. Therefore, it is important to study the effect 01 

doping CdS with Cu by analysing the interaction between the Cu centers and 

the host material [22J. 

Ion implantation has been used for doping semiconductors. Conversion 

of n-type CdS into p-type by ion implantation with impurities such as P+, Bi~ 

and W has been proved to be possible [23]. Ion implantation has several 

advantages over other techniques such as, precise control of the depth and 

concentration of dopants. It is also not limited by solubility constraintS. 

However this technique introduces considerable amount of lattice defects tha1 

will modify optical and electrical properties of the material. Effect of Jo" 
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'::energy ions such as, Ar+, Kr+, Bi+, Ne+ implantation in CdS crystals were also 

. studied [24]. 

Photothennal deflection spectroscopy (PDS) is a highly sensitive and 

non-destructive technique developed in 1980 [25]. It has become an important 

tool for subband gap absorption study in both thin films and bulk material of 

semiconductors. Its non contact nature for probing optical [26J, thennal [27], 

electrical [28] properties has placed it high amongst other analytical 

techniques. It allows the study of excess charge carrier lifetime, minority 

diffusion constant, and surface recombination velocity of a p-type material 

[29]. Since it is not affected by diffuse reflectance or light scattering, weak 

optical absorption coefficient can also be easily determined [30]. 

In this work, we used PDS t~chnique to study Cu doped (through 

thermal diffusion and ion implantation) CdS. Ion species used were Ar+, He+ 

;;; and Cu+. For studying the defects, caused exclusively due to ion implantation, 

·~e selected He+ and Ar+ for our study, as Cu+ electrically is active in CdS. Due 

to AI+, which is heavier compared to He+, a comparative study of the amount 

of damage created by heavy and light ions was also possible. 

3.2 A brief review of earlier works 

3.2.1 Research on CdS thin films 

Reynolds et af [31] were the first to observe photovoltaic effect in 

single crystal CdS with various metal electrodes. This gave a kick start for the 

Work on single crystal CdS. Bube [32] observed photoconductivity and crystal 

imperfections in CdS crystal. He calculated the speed of response of 

photoconductivity for high intensity light excitation. High conductivity CdS 
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crystal, with chloride impurity, showed only a very low dependence of 

photosensitivity on temperature with a maximum near 173 K and' low a 

conductivity for pure CdS crystals .. showed much greater variation of 

photosensitivity with temperature [33]. Ashour et al [34] had investigated the 

morphology of evaporated cadmium sulphide films. They observed that as· 

grown film, of thickness less than 30 nm, exhibited protrusions which were 

identified with films grown along c-axis. Structure of the deposited film was 

analysed using XRD pattern, with particular emphasis to the effects of 

preparation condition on the orientation, crystallite grain size and residual 

microstrain. Hemandez et ~/ [35] reported the thermal annealing studies of 

CdS thin films prepared using chemical bath deposition (CBD). They reported 

variation of optical and electrical properties of thin films, before and after 

annealing in sulphur atmosphere, and found that the absorption edge shifted 

towards higher wavelength when the annealing temperature was increased. 

This was attributed to structural transformation. Kale et al [36] studied 

electrical and optical properties of the films prepared by chemical method. 

They studied the effects due to variation in deposition temperature and dipping 

time. Depending on condition of deposition, chemically deposited CdS thin 

films showed a blue shift as high as 0)5 eV in the optical band gap. It was 

found that as the deposition temperature decreased from 358 K to 273 K, the 

band gap increased from 2.4 eV to 2.7 eV. 

Spray pyrolysis technique is very economic and gIves highly 

reproducible samples having large area. Chamberlin and Skarman [37] were 

the first to develop chemical spray method for producing large area films of 

CdS and CdSe by spraying the solution onto a heated substrate. In their work 

on CU2S-CdS photovoltaic cell, they achieved electron density of 
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lOIS~1016 cm-3 and electron mobility as high as 90 cm2 V-I S-I. WU and Bube 

.., [38] investigated electrical transport properties of sprayed CdS films. They 

found that photoconductivity of solution sprayed film was caused primarily by 

an increase in electron mobility. The variation in electrical transport properties 

of sprayed CdS films, as a function of substrate temperature, was correlated 

with variation in orientation, cubic/hexagonal phase ratio and its morphology 

[39]. Palafox et al [40] prepared pure and Indium doped thin films by chemical 

spray method. They acheived the low"est resistivity of 3xl0-2 Qcm for CdS:ln 

thin films. Chow et af [41] had studied the chemically sprayed CdS thin films 

for their physical properties and preparation conditions .. They observed the 

substrate temperature playing a vital role in determining the grain structure and 

the transport property. Films prepared by spray over a hot substrate maintained 

around 300 GC exhibited photovoltaic grade property with orderly structures 

.... and fairly well defined crystal grains. 

It has generally been observed that the formation of p-type CdS is very 

difficult, because of self compensation effect due to sulfur vacancies [42, 43] 

and the depth of the acceptor level in CdS (-1 eV) [44]. There are only very 

few reports on conversion of CdS int,9 p-type. Woods et al [45] were able to 

achieve p-type conduction in CdS through Cu diffusion. Grimmeiss et al [46] 

prepared p-type CdS by depositing thin films of CdS and Cu followed by 

annealing at high temperature. This resulted in diffusion of Cu atoms into CdS 

layer, giving rise to p-type conduction. They also achieved photovoltaic effect 

on these films. Kashiwaba et af [17] had also reported achievement of p-type 

characteristic of Cu doped CdS thin'films. They found that Cu could easily 

diffuse into CdS film when it was deposited on a thin Cu film at 200 °C. Hall 

l1leasurement and positive Seebeck coefficient confirmed p-type 
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characteristics. The same group [47] later fabricated thin film diodes composef 

of Cu-'doped p-type CdS(CdS(Cu)) and undoped n-type CdS films 0 

CdS(Cu)/CdS structure and observed light emission of blue green (500 nm) 

green (600 nm) and red (700 nm) colour under a forward current at 77 K 

Sebastian [48] could prepare p-type"CdS thin films using CBO by dopinl 

copper ions in the bath. He observed p-type CdS thin films formed when Cue 

solution was added to the bath containing cadmium acetate triethanolamine 

ammonia solution and thiourea. Mathew et at [49] achieved p-type conversiOI 

of CdS prepared using CSP technique and doping copper atoms by allowing le 

diffuse into the CdS thin films after annealing the Cu/CdS bilayer system. Ho 

probe and Hall effect measurements were used to confirm n-type CdS film! 

converted into p-type. Resistivity of these films was quite high for low Cl 

concentration while further addition of Cu caused a drastic decrease in it 

resistivity. 

Khawaja [50] had studied the optical properties of evaporated Cd~ 
.' 

films. They obtained optical constants (n and k) of these films. Optica 

absorption studies on the CdS:Cu as a function of Cu concentration hac 

revealed deep levels in the energy gap ofCdS [51). Absorption coefficient nea! 

the edge was also found to be modified. Sunny et al [52] studied optical anC 

surface properties of spray pyrolysed CdS thin films using Spectroscopic 

ellipsometry to identify the conditions for preparing polycrystaJline CdS filml 

having better electrical and optical properties. They studied the variation o! 

real and imaginary parts of the refractive index with preparation conditions anC 

found the optical constants (n and k) to increase with increase in substratc 

temperature. They also evaluated surface roughness and found that it decrease( 

with increase in substrate temperature and reached a minimum in the range 
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f;'80.300 °C. Zeenath et af [15] studied trap levels in n-type and p-type 
I. 

j"l1chemical spray pyrolysed CdS thin films, using thennaIly stimulated current 

~:and dark conductivity measurements. For n-type CdS, they obtained activation 

;energy of sulphur vacancy using short period of light excitation and for a 

longer excitation they could find out activation energies of both Cd and S 

vacancies. In case of Cu doped p-type CdS, they observed both S vacancy and 

eu impurity irrespective of period ofIight excitation. 

Another method of doping CdS thin film was by ion implantation of 

various acceptors, such as phosphorous, nitrogen, and bismuth ion species 

[23, 53, 54, 55]. These studies gave rise to p-type chara,cteristics of CdS thin 

films. Anderson [56] implanted high·-energy phosphorous ions into CdS and 

bad shown evidence of conductivity type conversion after annealing. Type 

conversion was confinned by thermal probe measurements done on the 

implanted surface. Diode fabricated from these implanted material showed 

good rectification characteristics and Iow voltage electroluminescence at room 

temperature. In this case, phosphoro~s substituted anion in 11-VI compounds 

acted as an acceptor impurity [54] that resulted in p-type conductivity. Effect 

of implantation of Bi and Cu ions into CdS was studied by Tell et al [57]. 

They observed that variation in optical absorption, photovoltage and 

photoluminescence occurred due to implantation effect. Ratnasagar et af [58] 

studied amorphisation of CdS thin films due to argon ion irradiation. Kitagawa 

and Yoshida [59] studied defect recovery in CdS crystals irradiated with 10 

Me V electron at 77K and observed three -stages of recovery between 80 K and 

410 K. Ruxandra et al [60] perfonned electron irradiation in thin 

Polycrystalline CdS layer. Influence on electrical properties and modification 

of trap distribution were studied. A unifonn trap distribution appeared after 
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first session of irradiation and for the second session an exponential trap 

distribution was induced in the band gap of CdS layer. Dawar et al [61 J studied 

the effect of laser irradiation on structural and electrical properties of CdS thin 

films deposited by resistive heating technique. XRD studies revealed that 

crystallites of these films were improved on laser irradiation. Narayanan et al 

[53] studied the effects of 130 keY ~ ion implantation in CBD CdS. They 

observed an increase in electrical conductivity of these films with increase in 

nitrogen ion concentration. Hot probe measurements confirmed p-type 

conductivity in implanted samples and n-type conductivity in pristine samples. 

The same group [63] carried out depth profiling studies using positron 

annihilation on 140 keY Ar+ ion implanted CBD CdS films of 1 ~m thickness, 

grown over glass substrate. They observed that, for increase in Ar+ ion dose, 

there occurred formation of anti site defects in the surface region. At sample 

depths corresponding to peak damage layer there was no large vacancy clusters 

formed. Senthil et al [64] investigated 100 keY W ion implanted in vacuum 

evaporated CdS. They observed the formation of Cd metallic nanocluster of 

size 5.3 nm from low frequency Raman scattering measurements. Yakushevet 

ai [65] investigated 2.5 keY 0+ ion implanted in Cu(InGa)Se2 thin films coated 

over a 30 nm CdS layer and studied the passivating effects on electrically 

active defects using D+ ion. 

Basol et al [66] reported that chemically prepared CdS films performed 

better as window material in thin film solar cells. They used very thin layer 

(-50 nm) of CdS, as the window material in CdS/CulnSe2 solar cells arid had 

observed that this structure of solar cell lead to high efficiency. Varkey et al 

[67] fabricated homojunction using spray-pyrolysed CdS thin films followed 

by thennal evaporation of Cu and annealing the CdS/Cu bilayer film. Fill 

0..1 
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~factor and efficiency observed were 0.44 and 0.73% respectively. H.L. Kwok 

~f68] analysed the electronic properties of chemically sprayed CdS films and 

• i solar cells. His observation was that although theoretically the mobility was 

"; found to be proportional to the ratio of grain to intergranular dimensions, this 

dependence alone was insufficient to explain the measured changes in mobility 

in case of chemically sprayed CdS films. He used an equivalent circuit model 

to explain the photovoltaic effects. Dressner et af [69] studied structural and 

electrical properties on evaporated films. They observed that electronic 

mobility had dependence on orientati~n of the crystallites and resistivity of the 

high mobility films could be controlled by addition of Cl or Ga at the proper 

stage of processing. Tomas et af [70] found that resistivity of the film reduced 

due to annealing in hydrogen atmosphere. A process to reduce the resistivity of 

the film was to passivate chemisorbed oxygen at the grain boundaries. 

Narayanan et af [91 also reported the drastic reduction in resisitivity on 

cadmium sulphide thin films, prepared by CBD, when annealed in flowing air. 

Observed reduction in resistivity happened only when substantial quantity of 

CdO phase was formed. 

3.2.2 Studies on semiconductor materials using PDS technique 

Yuang et af [71] used photothermal deflection spectroscopy (PDS) for 

studying time dependence of optically induced degradation in CdS and edSe 

semiconductor doped glasses. They observed absorption peaks in PDS 

experiment and used a theoretical model, to evaluate average radii of 

semiconductor microcrystals. It was observed that the estimated average radii 

of quantum dots were consistent with that obtained from other methods and 

they found this technique as an alte~ative tool for study of optical properties 
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of semiconductor microcrystals. Grus etal [2] studied CdS polycrystalline 

powder, doped with eu, using photoacoustic' spectroscopy and observed 
.' 

change in the density of states in the energy gap. Kuo et af [27] measured 

thermal diffusivities of solids using this technique. They compared data of 

various pure elements with those of compound semiconductor materials from 

two other laboratories. The values obtained were also in good agreement with 

those in literature. Salazar et af [72] used PDS to measure thermal diffusivity 

in solids and also developed theoretical equation for determination of thermal 

parameters. Madhusoodanan et af [73] used photoacoustic spectroscopy to 

study. the variation of optical energy gap and also measured thermal diffusivity 

of GexSe) oo.x( 1 0:5x:538) glasses. ThermaLdiffusivity was found to be maximum 

for the stoichiometric composition x=33. They also studied the optical 

absorption in the subband gap regio~. Bertolotti et 01 [74] did an extensive 

study of materials, having low thermal diffusivity, using PDS. Determination 

of thermal diffusivity was done using computer simulation, by solving heat 

diffusion equation along with experimental results. KyrilI et af [75] measured 

thermal parameters of bulk materials, thin films, and multilayered structures by 

using PDS. Foumier et 01 [28] used PDS technique to investigate transport 

properties of semiconductors. They had also developed a theoretical model that 

was used to quantitatively describe the transport parameters such as mobility, 

life time, surface recombination velocity and carrier concentration in a 

semiconductor material. They demonstrated purely thermal behaviour using 

silver coated thick glass slab and photogenerated carriers in semiconductors 

due to photoexcitation alone usingp-type Si crystal. Friedrich et al [761 

published a rigorous theoretical work on photothermal imaging quantitatively 

by means of a point spread function (PSF). This represented image of a buried 
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; 

;~emulI point defect, and provided a non destructive subband gap imaging of 

'thennal point defects in a material or a semiconductor. Grauby et al [77] 

developed a high resolution photothermal imaging technique for high 

frequency phenomena, using a charge coupled device camera associated with a 

multichannel lock-in scheme. Spatial resolution was better than 1 jlm. loule 

and Peltier heating effect was photothermally imaged for a 2.5 kQ 

polycrystalline silicon resistor across ,~hich a sinusoidal current was flowing. 

Kawahara et af [78] performed non contact imaging of buried structures in 

open air atmosphere by using photothermal deflection method. They could 

image optically opaque buried structures in layered samples. Material 

parameters such as thermal diffusivity were also calculated. Tilgner et al [79] 

used two layer model for studying a thin absorber layer coated over substrates 

such as glass and copper. The same group [80] developed a three layer model 

for determining thickness and thermal properties of buried layers much thinner 

than their thermal diffusion length. Fujimori et al [81] developed a non contact 

technique for the measurement of film thickness using photothermal 

deflection, from theoretical and experimental results employing the deflection 

amplitude alone. The calculated resulJs showed the thickness in a range from 

skin depth to the thermal diffusion length of an opaque film that could be 

determined from the deflection amplitude. Velinov et al [82] used one 

dimensional model for studying influence of optical, thermal, elastic and 

thermoelastic parameters, as well as to derive the thickness of absorbing layer 

Using amplitude of the photothermal wave. Walther et al [83] proposed a new 

approach for estimation of depth pro'fiIe by combining lateral scanning and 

frequency variation. For this, the heating beam was focussed and the surface 

temperature was measured at different distances apart from the heating spot. 

Q7 
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These measurements had to be repeated at different modulation frequencies for 

better signal to noise ratio. Nagasaka et a/ [84] used three dimensional heat 

flow in the low frequency range and solved heat conduction equations for 

multi-layered samples. They detennined distributions of thermal diffusivity, 

for a four layered Ni/Zr02 (functionally graded material) at room temperature. 

3.3 Experimental Details 

3.3.1 Preparation of CdS thin films over Sn02 layer 

Chemical Spray Pyrolysis (CSP) technique was used for preparing CdS 

thin film samples for the present work. Glass coated with Sn02 layer (of 

thickness -500nm) was used as the substrate, which had optical transmission 

of 80% and resistivity of 25x 10-6 !'lm. CdS thin film was deposited by spraying 

an acqueous solution of cadmium chloride (O.02M) and thiourea (O.02M) on 

the Sn02 coated glass substr~te kept at a temperature of 300 °C with 

compressed air as carrier gas. The droplets underwent pyrolytic decomposition 

to fonn stoichiometric CdS film having thickness -lllm. The growth on oxide 

semiconductors took place as soon as the droplets reached the hot surface. 

Sample preparation was discussed in detail elsewhere [67). Schematic of the 

sample is represented in Fig. 3.1. This sample is named "Type I". 

-.-------.~ CdS layer (-1IJm) 

~ Sn02 (-O.SJ,lm) 

~u..u.~~~~".£.£4.~:LU."-".£~~JU.Lu;.u~ ------~. Substrate (Glass) 

Fig.3.! Schematic representation of the 
sample. 
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f; 

~.3.2 Cu doping in "Type I" CdS thin film samples 

Cu was deposited using vacuum evaporation technique, at pressure of 

. lO-s tOIT over a masked area on "Type I" sample. This bilayer sample was 

tannealed in vacuum (lO-5 torr) at 300 °C for 45 minutes. This formed "Type II" 

sample. At annealing temperatures above 500°C oxygen reacted with the CdS 

lattice at a relatively high rate, and a CdO layer, whose thickness depended on 

the temperature and O2 concentration [40], would be formed. So we chose to 

keep the annealing temperature below 500°C. In order to increase quantity of 

Cu diffused into CdS layer, more copper was deposited. Thus "Type III" 

sample were prepared with more Cu doping. For this a second layer of copper 

was vacuum evaporated on the same" position on "Type II" sample and was 

again annealed under same condition for 45 min. This process was repeated on 

"Type III" sample in order to obtain "Type IV" sample. Annealing for 45 min 

in vacuum ensured complete diffusion ofCu. Thickness of vacuum evaporated 

copper layer, before diffusion, was approximately 25 nm for all the cases. Fig. 

3.2 shows the Cu layer above the "Type I" sample before diffusion. 

----+) Cu layer(-25nm) 

~~ii~~~iii!!!"JE-------)· CdS layer (-1jJm) 
~ ----+> Sn02 (-O,5I-Jm) 

-~r.LU.:££L..'"-'.'LLLU£i.~~'"-'.'LLLU£i.~a.::l -----). Su bstrate (Glass) 

Fig. 3.2 Schematic representation ofCu 
evaporated CdS sample before annealing. 

3.3.3 Ar+ ion implantation in CdS thin film samples 

Mass analysed beam of At ions from a low energy accelerator (1-15 

Sames 150 kV accelerator) was used for implanting one set of "Type" 
~\~\\'J3.1 ( 

~~/-­
.'t'/,~ 
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samples. Beam current was maintained around 0.5 to 0.8 J.lA. to avoid heating 

effect during ion implantation. Samples were irradiated to various dosages in 

the range 1015 to 1017 Ar+ ions/cm2 for an accelerating voltage of 100 keY. 

Implantation was carried out at room temperature at 10-5 torr. SRIM 

calculations were done to get an idea of ion penetration into CdS sample. The 

modelling of ion implantation in semiconductors is usually accomplished by 
" 

approximating the ion distribution using standard mathematical formulae. Pure 

Gaussian forms were used initially and the expression for ion distribution is 

given by, 

Where, 

Ion distribution (Y) = C exp[(X-Xoi 12<12J, ................... , ....... (3.1) 

Xo - the initial position of the ion at the surface, 

X - the peak position or projected range due to ion distribution into the 

material and 

(J - the straggling or width of the distribution, 

C - Constant. 

This was soon found to be" inadequate and dual Gaussians were 

intn?duced such that, one was good for the left side and the other for the right 

side of the distribution. The whole work was to reproduce experimental data. 

Fig.3.3 is the (calculated using SRIM) pictorial representation for 100 keY Ar+ 

ions into CdS. The Ar+ ion distribution was found to be almost Gaussian and 

the maximum penetration depth was around 800 A. Table 3.1 is the tabulated 

value of SRIM data. This also shows that the projected range is 0.08 !lm. 

100 
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--Ar ion distribution 
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Fig. 3.3 Graph depicting Ar+ ion distribution 
in CdS for an accelerating voltage of 100 
ke V; SRIM calculation. 

(Electronic (Nuclear Projected 
Stopping) Stopping) Range 

dEldx dEldx (llm) 

0.6748 1.053 0.0800 

Longitudinal 
Straggling 

(llm) 

0.0451 

Table 3.1 Values obtained from SRIM 
calculation for Ar+ ions into CdS sample for 
accelerating voltage of 100 keV. The 
Projected range tabulated here is used in our 
calculation for non destructive depth profiling 
using PDS. 

2000 

Lateral 
Straggling 

(llm) 

0.0333 
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3.3.4 Cu+ ion implantation in CdS thin film samples 

In order to implant Cu into CdS film, mass analysed beam of 1 MeV 

Cu+ ions from a high energy accel;rator (Pelletron accelerator) was used. 

Beam current was maintained around 0.5 to 0.6 )lA, to avoid heating effect 

during ion implantation. Samples were irradiated to various dosages in the 

range 1013 to 1015 Cu+ ions/cm2
• Implantation was carried out at room 

temperature in vacuum (10-6 torr). Fig.3.4 is the pictorial representation 

(calculated using SRIM) for 1 Me V Cu + ions into CdS. It was found that Cu 

ion distribution into CdS was not uniform as in the case of Ar ion. As Cu ion is 

heavier than Ar ion, the cascade damage caused due to its immediate stopping 

could be more. Moreover, much higher energy was used to get it implanted 

into CdS. The penetration depth was found to be around 5000 A and Table 3.2 

is the tabulated value of SRIM data. 

3.5xIO"'~---------------....., 

r 3.0xlO'" 

E 
~ 

] 2.5xIO'" 
Cl < ... __ 2.0xlO 

...... 
,.(" 

E 1.5x10" 
~ 
E ... .s I.OdO 
$ 

S.OxIO..! 

-- Cu ion distribution 

0.0 +-'-"'-r-"T........,...~--r-....---r-"T........,...~-r-"T--r--.----.--..~"--l 
o 1000 2000 3000 4000 5000 6000 7000 8000 9000 

Target depth (A) 

Fig. 3.4 Graph showing Cu + ion distribution in CdS for 
an accelerating voltage of 1 MeV; SRIM calculation. 
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- Ion (Electronic (Nuclear 
Stopping) 

dE/dx 

Projected 
Range 
·(~m) 

Longitudinal 
Straggling 

(jJm) 
energy Stopping) 

dE/dx 

1MeV 
-

2.186 1.249 0.4915 0.1711 

Table 3.2 Values obtained (from SRIM 
calculation) for Cu + ions implanted in CdS 
sample using accelerating voltage of I MeV. 
The Projected range tabulated here was used 
in our calculation for non destructive depth 
profiling using PDS. 

3.3.5 He+ ion implantation in CdS thin film samples 

Lateral 
Straggling 

(jJm) 

0.1359 

He + ions were also implanted in another set of "Type I" sample, using 

a low energy accelerator (J-IS Sames 150 kV accelerator) for various 

accelerating voltages from 60 keY, 80·keV, 100 keY and 120 keY maintaining 

a constant dosage of 5xlO 16 He+ ions/cm2
• Beam current was maintained 

around 0.5 to 0.8 J.LA, to avoid heating effect during ion implantation. 

Implantation was carried out at room temperature in vacuum (10-5 torr). The 

idea of increasing the acceleration energy of the ions is to penetrate deeper into 

the material. SRIM calculations were done to get an idea of ion penetration 
~ 

into of CdS sample. Fig.3.5 depicts result of SRIM calculation for 60 ke V, 80 

keY, 100 keY and 120 keY He+ ions into CdS thin film samples. It is clearly 

seen that the range distribution shows a shift to deeper depths into the sample 

with increase in acceleration energy of the ions. Table 3.3 gives the details of 

variation of different parameters with acceleration voJtages. The projected 

range increases from 0.36 J.Lm (for 6D keY) to 0.62 J.Lm (120 keY) and the 

aVerage shift is - 0.085 J.Lm. 
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Ion 
energy 

60 keV 

80 keV 

100 keV 

120 keV 

3.0xl0-l..,.-----------~-~-------, 

o 2000 4000 6000 8000 

Target depth (A) 

Fig. 3.5 SRIM calculated plot for He + ion 
distribution into CdS for accelerating voltages 
of60 keY, 80 keY, 100 keY and 120 keY. 

(Electronic (Nuclear Projected Longitudinal 
Stopping) Stopping) Range Straggling 
dE/dx dE/dx (~m) (~m) 

0.0302 8.761 0.3639 0.1899 

0.0309 7.384 0.4569 0.2084 

0.04117 6.42 0.5418 0.2223 

0.04565 5.714 0.6204 0.2331 

Table 3.3 Values obtained from SRIM 
calculation for He+ ions into CdS sample for 
accelerating voltages of 60 keY, 80 keY, 100 
keY and 120 keY. The Projected range 
tabulated here was used in our calculation for 
non destructive depth profiling using PDS. 

10000 

Lateral 
Straggling 

(~m) 

0.1663 

0.1884 

0.2060 

0.2207 
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3.4 Results and Discussion 

3.4.1 Cu thermally evaporated and diffused into CdS Sample 

3.4.1.1 Optical absorption studies 

As CdS was a direct band gap material, energy band gap was 

calculated from (uhvi versus hv curve. There was an increase in energy band 

gap initially for "Type II" sample and a steep decrease on further Cu doping. 

Fig. 3.6 shows the variation in Eg due to Cu doping in CdS thin film for "Type 

I", "Type II", "Type III" and "Type IV" samples. 

2.46,...-----------------, 

2.45 
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G.J 
'-' 
C. 
~ 2.42 

~ 2.41 
G.J 
c 

IoW 2.40 

2.39 

2.38 

\ • 

-+- Energy gap 

• 
2.37+--,_-~--,_--~-,_-~-~~ 

Type I Type 11 Type m Type IV 
Sample type 

Fig. 3.6 Energy band gap variation for Cu 
doped CdS samples 

Pristine sample showed a band gap value of2.4 eV. It was found to increase to 

2.45 eV on Cu doping in case of "Type I" sample. On further Cu doping, the 

band gap showed a sharp decrease to 2.38 eV. Fig. 3.9 shows the grain size 

value calculated from the XRD data. It was found that the grain size shows a 
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decrease for "Type II" and was found to increase with further increase in Cu 

doping. The decrease in band gap, due to the increase in Cu concentration, 

could be possibly due to increase in grain size. Kale et al [36] observed 

decrease in band gap with increase in annealing temperature, which was due to 

the grain growth. Mahuya et af [100] observed an increasing nature of band 

gap for balI·milIed Bh03 powder due to reduction of grain size. Here also 

grain size of "Type II" sample decreased and this supports increase in band 

gap for this sample. 

3.4.1.2 X-Ray Diffraction studies 

X-ray diffraction (XRD) pattern' for "Type I", "Type II", "Type III" 

and "Type IV" sample indicated that there existed 7 peaks corresponding to 

(100), (002), (101), (110), (103), (112) and (203) planes. Fig. 3.7 shows XRD 

pattern for CdS(Cu) samples for various quantity of copper doping. The peaks 

indicated that CdS had hexagonal orientation and there were no peaks 

corresponding to any copper compounds like CuxS or CuO. It was evident that 

eu merely diffused into CdS and did not form any chemical reaction with 

sulphur to form new compounds. Abe et al [85] reported similar result in case 

of evaporated CdS over Cu layer. The c-axis of crystallites was mostly 

oriented perpendicular to the substrate. From the XRD pattern, it was found 

that peak corresponding to (112) and (203) planes showed very sharp increase 

and then decreased with increase in eu doping. 
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Fig. 3.7 XRD pattern for variation of Cu 
doped CdS samples 
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Lattice strain of copper diffused samples was calculated from the XRD 

pattern, from line broadening. Fig.3.8 shows lattice strain. Lattice strain Was 

least for "Type II" sample and was observed to increase with Cu doping. Since 

Cu atom had smaller atomic radii than a Cd atom, small quantity of Cu doping 

could result in occupying interstitial site and for heavy Cu doping it was also 

possible to have eu atoms in the interstitial/grain boundaries. This could be 

the reason for relaxation of lattice strain for "Type II" sample and an increase 

in lattice strain for further eu doping. Similar kind of effect was observed by 

Susumu et al [86J. They had reported that, an infinitesimally small number of 

Cu atoms in CdS film occupy the Cd sites and a greater number of ~u atoms 

were probably distributed at the grain boundary. Thus our reasoning goes well 

with the above result. 

O.0005~---------------..-, 
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Fig. 3.8 Lattice strain variation of eu doped 
CdS samples 
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Grain size calculated using Debye-Scherrer formula for the (112) peak 

'from the XRD pattern is plotted in Fig. 3.9. It was observed that there 

occurred a decrease in grain size from 16.89 nm for "Type 1" sample to 12.36 

run for "Type II" sample. On increasing the quantity of Cu doping, it showed 

an increase and attained a value of 15.84 nrn for "Type IV" sample. This grain 

growth could also be the reason for decrease in energy band gap for heavy Cu 

doping. In that case, stuffing of Cu atoms into a unit cell could lead to 

variation in cell dimension. Thus we calculated unit cell volume from "a" and 

"'e" lattice parameters. Fig. 3.10 gives variation of the unit cell volume for 

different eu doped CdS sample. 

17 --- Grain Size 

16 

13 

12+---~--~--~--~--~--~---r--~ 
Type I Type 11,.. Type III Type IV 

Samples 

Fig. 3.9 Grain size variation for Cu doped CdS 
samples 

The unit cell volume was maximum for "Type II" sample and 

decreased for further Cu doping. The opserved increase in unit cell dimension 



Chapter 3 Studies on doped and ion implanted CdS thin films 

for "Type IJ" sample was very small and this could be due to the positioning of 

eu atoms at interstitial positions while for "Type Ill" and "Type IV" sample 

eu atoms might have gone to grain boundaries causing a increase in grain size. 
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Fig. 3.10 Variation of volume of unit cell with 
increase of Cu in CdS samples. 

3.4.1.3 Photothermal Studies 

3.4.1.3a Thermal diffusivity measurement 

Fig. 3.12 shows the log amplitude versus square root of frequency plot 

for "Type I" to "Type IV" samples. The initial steep decrease, which is due to 

thermal contribution because of optical absorption of the sample was fitted 
" 

linearly to obtain the thennal diffusivity value. Detailed procedure is explained 

in chapter I (section 1.5.1). 

Thermal diffusivity was found to decrease from 0.42 cm2/s for 

"Type I" sample to 0.16 cm2/s for "Type 11" sample. On further increasing eu 
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~ping, the value of thermal diffusivity increased attaining a maximum value 

of 0.32 cm2/s for "Type IV" sample as shown in Fig. 3.11. Decrease in thennal 

diffusivity for "Type 11" sample could be due to the thennal barriers existing 

between the grain [87]. XRD studies indicated decrease of grain size in "Type 

nn sample making the effect of this thennal barrier prominent and for "Type 

ID" and "Type IV" samples grain size was found to be increasing. 
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Fig. 3.11 Plot for thennal diffusivity for 
various Cu concentrations into CdS 

3.4.1.3b Non contact mobility measurement 

Mobility of the sample was detennined by non-contact process using 

photothennal deflection spectroscopy as described in chapter 1 (section 1.5.2). 

Fig. 3.12(a), (b), (c) and (d) show th~ plots of (log amplitude versusJl) 

"Type I", "Type II", "Type Ill" and "Type IV" samples respectively. The plots 

exhibit an initial steep linear decrease between the frequency regime ."jf = 5 to 
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20 ...JHz followed by series of humps between frequency regime from ...Jf = 20 

and 30 ...JHz. 
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Fig. 3.12 Log amplitude versus square root of 
frequency curve of Cu, doped CdS samples. 
These curves were used for calculating the 
thermal and electronic property of the sample 
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Series of humps observed after 20 "'Hz might be due to complex 

interaction of photo generated minority carries. To calculate mobility, 

·electronic diffusivity was first calculated within the frequency regime from ...ff 

:= 20 and 30 ...fHz. This value was used in Einstein-Smoluchowski relation 

which coupled the mobility p and the diffusion coefficient D (As discussed 

earlier in chapter 1, section 1.5.2) and hence mobility value for the thin film 

sample was determined. 

Mobility decreased initially from 9.5 cm2V-1s-I for "Type I" to 2.37 

cm2V·1fI for "Type II" sample and then there occurred a drastic increase to 
~ 

16.8 cm2V·I S-I for further Cu doping. Fig. 3.13 shows the calculated mobility 

plot for different Cu doped CdS samples. The variation of mobility was found 

to be very similar to the variation observed for the grain size (Fig. 3.9). 
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Fig. 3.13 Mobility variation for Cu doped CdS 
samples 
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Grain size of "Type U" sample was found to be decreased very much. 

Similarly mobility also decreased for this sample. On increasing the Cu doping 

concentration both grain size and mobility increased. It is quite evident that 

larger grain size will always lead to higher mobility. 

The mobility values of evaporated CdS thin films prepared for solar 

cell applications were in the range 0.1 to 10 cm2V-1s-1 [90, 91, 92, 37]. The 

values of mobility obtained using PDS in the present work were in close 

coincidence with those reported earlier. 

3.4.1.3c Non destructive thickness measurement 

Thickness of the samples was detefI!lined using curve fitting method as 

described in chapter 1 (section lA). This was done assuming a three layer 

model. The top layer was the Cu diffused layer (11), while middle layer was Cu 

free CdS layer (12) and the bottom layer, pure Sn02layer (/3). Schematic of the 

model is shown in Fig. 3.14. Modulated pump beam is irradiated on layer (I.). 

The thennal waves, generated due to non-radiative transition because of 

optical absorption, travel through (I.) to (I) through (12). Fig. 3.15 is a typical 

graph of photothennal deflection amplitude versus chopping frequency for 

"Type IV" sample, which was used to do theoretical curve fitting to determine 

the film thickness. Thickness obtained through theoretical fitting is tabulated in 

Table 3.4. 
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~ .---u: 
Modulated pump 
beam 

Fig. 3.14 Schematic of the model of sample 
used for thickness determination in the curve 
fitting method. 
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Fig. 3.15 Graph showing deflection amplitude 
versus chopping frequency of "Type IV" Cu 
doped CdS sample. This was one of the curve 
which was used for calculating the thickness 
of sample using curve fitting method. 
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Sample 

Type 11 

Type III 

Type IV 

Studies on doped and ion implanted CdS thin films 

Copper diffused Bottom layer Sn02layer:-
layer thickness thickness thickness 

{11! {I:!m} {/2} {~m) {13} (I;:!m) 

0.259. 0.862 0.52 

0.482 0.621 0.52 

0.491 0.723 0.52 

Table 3.4 Values of thickness of Cu diffused 
region in CdS thin films, detenni~ed using 
curve fitting method. 

Error 
Bar 
{I:!m~ 

± 0.011 

± 0.040 

± 0.013 

X-ray photoelectron spectroscopy (XPS) was used earlier for depth 

profiling "Type Ill" sample showed that Cu distribution on top layer ofCdS is 

uniform and there existed n-CdS layer below the p-CdS:Cu layer which was 

free ofCu atoms [93]. Thickness measured earlier using EIlipsometry [88] and 

XPS technique on similar kind of sl!mpie indicated that thickness of Cu 

diffused layer is -500 nm. Thickness values obtained from PDS studies were 

coinciding well with those obtained from Ellipsometry and XPS technique. 

As the Cu doped region had become p-type, it fonned a junction with 

the lower n-CdS and the junction so fonned was found to be very stable. Voc 

and Isc values of the samples prepared remained more or less constant for about 

ten months [67] without any protective fayer. 
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3.4.2 Ion implanted CdS thin film samples 

3.4.2a Studies on Ar+ ion implanted ·CdS 

3.4.2a.l Optical absorption studies 

Variation in energy band gap of Ar+ implanted samples was studied by 

the same method as described earlier in section 3.4.1.1. The energy band gap 

decreased with increase in dosage for 100 keV Ar+ ion implantation. Fig. 3.16 
,.. 

is the plot for Eg versus Ar+ ion implanted in CdS for various dosages. 
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Fig. 3.16 Energy band gap variation for Ar+ 
implanted CdS samples 

Observed decrease in energy band gap may be due to the creation of , . 
defect levels within the band gap that lead to an increase in absorption 

coefficient. 
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3.4.2a.2 X-Ray Diffraction studies 

XRD peaks of At ion implanted samples indicated that CdS "had 

hexagonal orientation and there were no peaks corresponding to CdO. The c­

axis of crystallites was mostly oriented perpendicular to the substrate. Six 

prominent planes were identified and these were (100), (002), (l01), (lIO), 

(103) and (112). It was found that peak corresponding to (103) plane decayed 

with increase in dosage except for samples irradiated with a dosage of 1xlOI6 

Ar+ ions/cm2
. Fig. 3.17 is the XRD patt~rn for At implanted CdS samples. 

-=­~ 

f = - 4xl015 

Fig. 3.17 XRD pattern for Ar+ ion implanted CdS samples. 
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Implantation with Ar+ ions is likely to produce vacancies and 

interstitials causing lattice damage, defect clusters such as argon bubbles and 

dislocation loops. Narayanan et al [62] had reported argon bubble formation 

for At implantation in CdS. Mady et al. [95] reported the formation of zinc 

clusters in ZnS films due to nitrogen irradiation. From the XRD data, we could 

neither observe any indication of Cd cluster formation or any other phase 

formation after implantation. So we could only suspect Ar bubble formation. 

Lattice strain calculated from the XRD data showed a drastic decrease 

for lxlOI6 Ar+ ions/cm2 implanted sample. Fig. 3.18 depicts the variation of 

lattice strain with dosage of Ar+ io~ in CdS samples. Grain size was also 

calculated using Debye-Scherrer formula for the (110) peak from the XRD 

pattern and is plotted in Fig. 3.19. Grain size gradually decreased as dosage 

increased from lxlO I5 to lxlOI6 ions/cm2• In the case of pristine samples, grain 

size was -16 nm and for sample irradiated with a dose of lxlO l6 ions/cm2 the 

grain size was -10 nm. But there was a sudden increase in grain size at the 

dose of IxlOI7 ionslcm2 (-24 nm). 
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Fig. 3.18 Lattice strain for Ar+ implanted CdS 
samples. 
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Fig. 3.19 Grain size for Ar+ implanted CdS samples. 
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Fig. 3.20 shows the variation· of volume of the unit cell on Ar+ 

implantation. Unit cell volume calculated from XRD pattern showed a more or 

less stable value upto a dose of7xl0 1s ion/cm3• Sudden increase was observed 

for IxlO l6 Ar+ ions/cm2• The drastic decrease in strain for 1xlO16 Ar+ ions/cm2 

could be due to an increase in volume of the unit cell, causing a relaxation in 

strain. It is to be specifically noted that changes in unit cell volume and lattice 

strains occurred for sample irradiated with a dosages of IxlO16 Ar+ ions/cm2• It 

is for this sample the XRD peak corresponding to (103) plain re-appeared. 
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Fig. 3.20 Unit cell volume for At implanted 
CdS samples. ' -
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3.4.2a.3 Photothermal Studies 

3.4.2a.3a Thermal diffusivity measurement 

Fig. 3.21 shows the variation in thermal diffusivity for various dosages 

of Ar+ implantation in CdS. Detailed procedure for measuring thermal 

diffusivity is discussed in chapter I (section 1.5.1). The thermal diffusivity 

value was found to increase linearly with the increase in ion dosage. Increase 

in absorption due to ion implantation could be due to the increase in defects 

created by high energy ions, leading to enhanced probability of non radiative 

transition. This might be resulting in the increase of thermal diffusivity. 
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Fig. 3.21 Thermal diffusivity for Ar+ 
implanted CdS samples. 

3.4.2a.3b Non destructive thickness measurement 

Depth of Ar+ ion penetration into CdS was determined using PDS. 

Detailed procedure for depth profilometery was discussed in chapter 1 (section 
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lA). From SRlM calculation, it was found that Ar+ did not penetrate into 

Sn02 layer. Thus two layer model was sufficient for theoretical modelling, in 

our case, If being the damaged CdS layers due to Ar+ implantation and 12 the 

undamaged CdS layer. Fig. 3.22 shows the photothermal deflection amplitude 

versus chopping frequency curve for Ar+ implanted CdS thin films for a dose 

of 7xlO I5 ions Icm2 that was used for curvefitting. All other samples were 

depth profiled using same method. Thickness of Ar+ implanted layer, obtained 

by curve fitting, is tabulated in Table 3.5. 
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Fig. 3.22 Deflection amplitude versus 
chopping frequency curve for 100 keY At ion 
implanted CdS sample for a dosage of 7xlO l5 

ions/cm2
• This was one of the curves, which 

was used for calculating the thickness of 
sample using curve fitting method. 
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Sample 
{At ions/cm 2

) 

Pristine 

1x1015 

4x1015 

7x1015 

1x1016 

1x1017 

i 

Ar+ ion implanted layer :Bottom pure CdS layer 
thickness {It) {~m} thickness {/2) {~m) 

1.02 

0.082 0.919 

0.083 0.916 

0.083 0.916 

0.084 0.915 

0.084 0.915 

Table 3.5 Penetration depth of 100 keV Ar+ 
ion in CdS thin films de~ermined using the 
curve fitting method (PDS technique) 

:Error Bar -
, 

±O.OO11-

± 0.0042 

± 0.0060 

± 0.0140 

± 0.0051 

± 0.0022 

It was observed that thickness values of At ion implanted layers, 

obtained from PDS studies for various dosages, coincide well with SRlM 

calculated values given in Table' 3.1. 

3.4.2h Studies on Cu+ ion implanted CdS 

3.4.2h.l Optical absorption studies 

Energy band gap was calculated from (ahv/ Vs hv curve. It was found 

that there was an increase in energy band gap initially to 2.448 e V for very Iow 

dosage of Ix 1 013 Cu + ions/cm2
• But for further increase in dosage, the band 

gap was remaining almost constant. This was followed by a steep increase to 

2.473 eV at 5xlO15 Cu+ ions/cm2
• Fig.3.23 is the plot for Eg versus Cu+ 

implantation for various dosages in CdS thin film sample. 
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Fig. 3.23 Energy band gap variation for Cu + 
implanted CdS Samples 

The observed increase in energy band gap could not be explained from 
~ 

the studies and was not clearly understood. There was no such drastic 

reduction in grain size leading to the increase of band gap. No cluster 

fonnation was observed. But CdtoCu3 phase appeared from a dose of 1xlOI5 

ions/cm2• Band gap was also increasing from this dose. Probably this may be 

the reason for increase of band gap. 

3.4.2b.2 X·Ray Diffraction studies 

Fig. 3.24 depicts results of XRD analysis of Cu+ implanted CdS 

samples. XRD peaks indicate that CdS had hexagonal orientation. The c-axis 

of crystalIites was mostly oriented perpendicular to the substrate. Seven 

prominent planes were identified and)hey were (100), (002), (101), (102), 

125 
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(110), (103) and (112) in the case of pristine samples. The peak at 29 = 47.810 

might correspond to (103) CdSHex, (202) CuO, (131) Cd,oCu3. It was found 

that peak correspond ing to' 29 ::: 47.810 decayed with increase in dosage and 

reappeared for samples irradiated with a dosage of IxlOl5 Cu+ ions/cm2• This 

peak was then found for very high dosages of 5xl015 Cu+ ionslcm2 and 7xl01S 

Cu + ions/cm2• Since implantation was done under high vacuum of 10-6 torr, the 

possibility of fonnation of (202) CuO could be ruled out. In case of pristine 

there was no chance ofCu contamination. Hence, this peak definitely was due 

to (103) CdS with Hexagonal orientation. Since the 29 = 47.810 peak decayed 

due to Cu+ implantation its reappearan~e for the dose of lxlO'5 Cu+ ionslcm2 

indicated that this peak might correspond to (131) Cd,oCu3 plane. Mady et al 

[95] had observed the fonnation of zinc clusters in ZnS films due to nitrogen 

irradiation. 
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Fig. 3.24 XRD pattern for Cu+ implanted CdS 
samples (arrow mark indicates the re­
appearance of (103) peak) 
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Fig. 3.25 depicts the lattice strain variation of Cu· implanted CdS for various 

dosages. Lattice strain calculated from XRD data showed a decrease initially 

for initial dosage of lxlO13 ions/cm2 and increased for higher dosages from 

5xlOI3 ions/cm2
, Not much variation was observed for further increase in 

dosage till 7xl 014 ions/cm2
• Finally there was a drastic decrease in lattice strain 

for lxlOI5 ions/cm2
• It should be noted that this sample showed the 

reappearance of 29 = 47.810 peak. 
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Fig. 3.25 Lattice strain variation for Cu + 
implanted CdS samples 

Fig 3.26 depicts the grain size variation ofCu+ implanted CdS. Grain size was 

calculated using Debye-Scherrer formula for (l 01) peak from the XRD pattern. 

Grain size remained almost unaffected till a dosage' of IxlO14 ions/cm2
• From 

here onwards the grain size was found to increase for increase in dosage and 

attained a maximum value of 15.28 nm for IxlO lS ions/cm2
• 



Chapter 3 

8.0xlO·' 

Studies on doped and ion implanted CdS thin films 

---- Grain Size (nm) 

° /\ 

/\ /0 0 . _-0-1 
• 

Prislide blOL> SdO" 7dOd IdO" SdO" 7dO" IdOlS 'JlO" 7dO" 

Cu + implanted samples 

Fig. 3.26 Grain size variation for Cu+ 
implanted in CdS. 

It is to be specifically noted that changes in lattice strains and grain size 

occurred for sample irradiated with a dosages of IxlOls Cu+ ions/cm2• Band 

gap also showed a drastic change from this dosage onwards. As stated earlier, 

the appearance of Cd1oCu3 phase, which also occurred at this dose, may be 

behind these changes. 

3.4.2b.3 Photothermal Studies 

3.4.2b.3a Thermal diffusivity measurement 

The~al diffusivity calculated from linear portion of log amplitude 

versus square root of chopping frequency is plotted in Fig. 3.27 for various 

dosages of Cu + implantation. Detailed procedure for determining the thermal 

diffusivity is discussed in chapter 1 (~ection 1.5.1). The thermal diffusivity 
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values increased with dosage. It showed maximum value of 0.0169 cm2/s for 

1 xl 015 ions/cm2 and decreased for higher dosages. 
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Fig. 3.27 Thermal diffusivity variation for Cu + 

implanted CdS smnples with dosages. 

Here also the decrease lxlO ls ionslcm2 appeared to be critical as in the 

case of band gap, grain size and strain values. 

3.4.2b.3b Non destructive thickness measurement 

Fig. 3.28 shows the photothermal deflection amplitude versus 

chopping frequency curve for Cu + implanted CdS thin films for a dose of 

5x10 13 ions /cm2• Using SRIM calculation, it was found that 1 MeV Cu+ did 

not reach Sn02 layer. So we used two-layer model as before (section 

3.4.2a.3b) for depth profiling. Detailed procedure for depth profiling was 

discussed in chapter 1 (section 1.4). Here 1/ is the thickness of damaged CdS 
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layers due to eu + implantation and 12 is the thickness of the undamaged CdS 

layer. Thus two layer model was sufficient for the calculation: All other 

samples were depth profiled using same method. Thickness of these Cu + 

implanted layers obtained by curve fitting is tabulated in Table 3.6. 
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Fig. 3.28 Deflection amplitude versus 
chopping frequency curve for 5x1013 ions/cm2 

Cu+ implanted CdS samples. 
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Sample Cu· ion implanted layer 
(eu+ ions/cm2~ thickness !/1! (I:!m! 

Bottom pure CdS layer 

Pristine 

1 x1 013 

5x1013 

7x1013 

1x1014 

5x1014 

thickness (/2) {I:!m! 

1.020 

0.461 0.530 

0.493 0.512 

0.452 0.541 

0.481 0.511 

0.476 0.538 

Table 3.6 Values of penetration depth of I 
MeV Cu+ ion in CdS thin films detennined 
using the curve fitting method (PDS 
technique) 

Error Bar 

± 0.018 

± 0.060 

± 0.012 

± 0.050 

± 0.032 

± 0.015 

It was observed that the thickness values obtained from PDS studies 

for Cu + ion implanted layers for various dosages coincided well with SRIM 

calculated values, as seen in Table 3.2. 

3.4.2c Studies on He + ion implanted CdS 

3.4.2c.l Optical absorption studies 

Energy band gap was calculated from (ahvi versus hv curve. Fig. 3.29 

is plot of energy band gap variation of He + ion implanted CdS samples for 

various accelerating voltages. It was found that there was a slight decrease in 

energy band gap initially from 2.456 eV (for pristine) to 2.432 eV for low 

energy implantation of 60 keY He+ ionslcm2
• Energy band gap then increased 

to a more or less steady value. The overall variation in the band gap is very 

small and probably the fact that the He + ion might not be able to create serious 

damage, was the reason behind this. 
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Fig. 3.29 Energy band,gap variation of He+ 
implanted CdS samples. 

3.4.2c.2 X-Ray Diffraction studies 

Fig. 3.30 shows variation in XRD peaks due to He+ implantation. XRD 

pattern indicated that CdS had hexagonal orientatiol1. The c-axis of crystallites 

was mostly oriented perpendicular to Jhe substrate. Seven prominent planes 

were identified and they were (100), (002), (101), (102), (110), (103) and 

(112). An additional peak corresponding to 29 = 38.02° in the case of pristine 

samples coincided well with (200) CdO peak as per JCDPS value. Probably 

peak did not appear for implanted samples. Thus this could be from surface 

oxide layer and during the process of implantation this might have been 

sputtered off. 
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Fig. 3.31 is the lattice strain variation ofHe+ implanted CdS thin films 

for" various accelerating energies. Lattice strain c~lculated from XRD data . 

increased upto 80 ke V and then decreased for 100 ke V. 

80keV 

60keV 

20 25 30 35 40 45 SO SS 60 
2ee> 

Fig. 3.30 XRD diffraction pattern for He+ 
implanted CdS samples for various energies . 
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Fig. 3.31 Lattice strain variation for He + 

implanted CdS samples for various energies. 

Fig. 3.32 depicts the grain size variation for He+ implanted CdS sample for 

various accelerating energies. Grain size was calculated using Scherrer's 

formula. Here one can see a general ""increase in grain size with accelerating 

voltage indicating that there was not much severe damage to grain / lattice. A 

small decrease was found at 100 ke V. This might be due to the fact that He + 

had comparatively very small size and hence could not create much damage to 

lattice. 
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Fig. 3.32 Variation of grain size of He+ 
implanted CdS samples with increase in 
accelerating voltage. 

3.4.2c.3 Photothermal studies 

3.4.2c.3a Thermal diffusivity measurement 

Thennal diffusivity calculated from linear portion of log amplitude 

versus square root of chopping frequency is plotted in Fig. 3.33 for various 

accelerating voltage of He+ ions. Detailed procedure for determining the 

thennal diffusivity is discussed in chapter 1 (section 1.5.1). Thermal diffusivity 

values generally decreased with increase of ion energies. But it showed an 

increase in the case of sample irradiated with He+ ions of energy 100 keY. This 

may also be indicating the low level damage created by He+ ions. 
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Fig. 3.33 Variation of thennal diffusivity of 
He + implanted CdS samples with accelerating 
voltage. 

3.4.2c.3b Image mapping of ion implanted damage profile 

Ion implantation damage distribution profile is roughly Gaussian as 

observed from SRIM calculation profile depicted in Fig. 3.3, 3.4 and 3.5. 

Understanding the damage distribution created by the energetic ions in the 

target helps us in tailoring semiconductor sample for its best usage. Hence, we 

perfonned one dimensional scanning of the sample across the implantated 

portion by moving the pump beam along a line. A layout of the experiment is 

shown in Fig. 3.34. 
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Modulated Pump Beam 

region 

Sample 

Fig. 3.34 Schematic of layout for imaging 
measurements .. 

The pump beam was modulated at a fixed chopping frequency of 5 Hz. 

Using this fixed chopping frequency, the amplitude of photothermal deflection 

was measured for different samples irradiated using He + ions accelerated at 
'" different voltages. For an inc"rease in accelerating voltage, the depth of 

implantation into the sample increased resulting in the increase of thickness of 

damaged region. Hence the amplitude of deflection of PDS signal from this 

region increased considerably. As the pump beam was moved from 

unirradiated to irradiated region there was a sudden increase in the PDS signal. 

From this one could get an idea of the depth of implanted region. Data 

obtained from photothermal deflection method was plotted as a graph of 

deflection amplitude versus scanned distance for various accelerating voltages 

(Fig. 3.35). Signal collected from unirradiated portion of the sample shows 

minimum deflection amplitude. As we reach the implanted region, a sudden 

increase was observed that resulted in large value of photothermal deflection 

amplitude. The signal then saturated as we move inside the implanted region. 
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For increase in accelerating voltage the damage depth inside the sample also 

increased. We also observed that the strength of the signal was maximum for 

120 keY and decreased for lower accelerating voltages and finally the signal 

was minimum for pristine sample. 

-0- Pristine 
-0-60keV 
-b--SOkeV 
~10OkeV 

~120keY 

Undamaged Area 
.U015~--~,~--~,~--~,~~-~,---T-,~~----~ 

o 10 20 30 40 ,50 60 70 
Distance Scanned (xl 00 urn) 

Fig. 3.35 Graph showing deflection amplitude 
at different distance; Line scanning done over 
the un implanted and implanted region on He + 

implanted samples for various accelerating 
voltage 

To study the implantation damJlge along the depth of the sample, 2-

dimensional image was reconstructed from the PDS amplitude value for the 

pump beam chopping frequency of 5 Hz, 800 Hz and 3000 Hz. As already 

mentioned in chapter 1 (section 1.4) the penetration depth of thennal waves 

could be controlled by adjusting modulation frequency so as to get information 

about the damage created by the ions at different depth inside the sample. As 
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stated earlier, when chopping frequency is low (like 5 - 20 Hz), we get 

infonnation from deeper region. But for high frequency (like 1000 - 3000 Hz) 

infonnation from surface layer is obtained. The scanned area was 400 J.lm x 

500 J.lm in steps of 50 ~m over pristine, 60 keY, 120 keY He+ implanted CdS 

thin films. 

Fig. 3.36 shows the nonnalized two dimensional image plot for pristine 

sample for a constant pump beam chopping frequency of 5 Hz. A colour bar 

shown adjacent to the image plots is the reference of the nonnalized amplitude 

value. For low chopping frequency, as the PDS signal is from the depth of the 

sample, there is not much variation in the PDS amplitude for pristine sample. 

It can be seen that the pristine is almost d~fect free from this study. 

Fig. 3.37 and Fig. 3.38 show the 2-dimensional PDS image plot for 

pristine, 60 ke V and 120 ke V He + implanted CdS samples for 800 Hz and 

3000 Hz respectively. 
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. , 
Fig. 3.36 Two dimensional image plot ofprisline sample. Tllis 
surface plot was generated using POS amplitude values of a 
constant pump beam chopping frequency of 5 Hz (Figures 
showing minimum variation in the POS amplitude signal). 
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120 keY li e · ion implanted samples. Th is surface plot was 
gcnl!rated using PDS amplitude values o f a constant pump 
beam chopping frequency of 800 Hz (Fig. (c) shows 
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Fig. 3.38 Two dimcnsinnal image plot of pristine. 60 keY and 
120 keY He · ion implantcd samples. This surface plot was 
gencratcd using PDS amplitude val ues for :l constant pump 
beam chopping frequcncy of 3000 Il z (In Fig. Ib) and Fig. (c). 
the damage caused is visible). 
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On increasing the chopping frequency to 800 Hz, we get infonnation from the 

central region of thc film. But this region will be having minimum damage in 

the case of pristine and the onc irradiated using He+ ions accelerated with 60 

keY. Of course the former sample will always have minimum damage. In the 

case of sample irradiated with 60 keY ion. the maximum damage will be 

created near the surface layer itself. I Icnce studies using 800 Hz will not give 

information about this. On the other hand samples irradiated using 120 keY 

ion will have maximum damage in the central region and hence PDS signal 

obtained from XOO I-Iz may contain intolmation about this. It is observed that 

Fig. 3.37 (c) shows the maximum damaged area, whereas for 60 keY (Fig. 

3.37 (b» the damage is observed to be Jes.s and for pristine (Fig.(3.37) (a») it 

is the least. It is to be noted here that Fig. 3.3 7( c) is for sample irradiated 

using 120 keY ion. As expected it had maximum damage in the central 

region. SRIM calculation also shows the same (Table 3.3). 

On further. increasing the chopping frequency to 3000 Hz. the signal 

contribution was mostly from the topmost layer of the sample. At the surface, 

the ion just enters il1to the film in a direction perpendicular to the surface of the 

film with enough energy to pass through the layer and when this energetic ion 

comes to an immediate stop. excess energy is dissipated by dislocating the 

neighbouring bound atoms. This initiates the process of a cascade collision 

whose magnitude could be less as it reaches the surface. J lence the damage 

caused in this layer might be minimum. This could be the reason for decrease 

in damage. observed from Fig. 3.38 (b) and Fig. 3.38(c) for 60 keY and 120 

keY samples respectively. 
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3.4.2c.4 Photoluminescence studies 

Fig. 3.39 is the Photoluminescence (PL) spectrum of He+ implanted 

CdS for various dosages. PL studies on unimplanted samples showed two 

peaks (PI and Pu). PI was a sharp peak at 2.37 eV and another (Pn) broad peak 

at 1.97 e V in our case. 

£ 
<It 

5 .... 
c -

2.37 eV 
<I*t, . .. 
I \ , , . ~ 

~ r • ~ ! . ~ • • .. 
~ • . 

o Pristine 

o 5x1018 60kev 

+ 5x1018 80ke ... 

o 5x101'100kev 
.. 5x1018 120kev 

1.97 eV 

u u u u u u ~ u u u u 
Energy (eV) 

Fig. 3.39 PL spectrum ofHe+ implanted CdS 
samples. PL spectrum of pristine sample is 
also given for comparision. 

Earlier reports on Photoluminescence characterisation of CdS revealed 

that there were three emissions [96]. One was a well defined green emission 

with a maximum at 2.4 eV, attributed to direct band to band recombination 

[97]'. The second one was a broad red emission centered around 1.6 - 1.7 eV 

and the third was a broad infrared emission centered around 1.2 - 1.4 eV [98, 

99]. However, we did not observe the third peak. Peak height ratios (PIlPlI) 

calculated for pristine and implanted samples was found to be almost constant 

145 



Chapter 3 Studies on doped and ion implanted CdS thin films 

(-1.8), whereas PI and Pn peak height decreased with increase in acceleration 

voltage. 

Shiraki et at [101], Hiramotp et at [102] and Humenberger [103] 

proposed a self-activated center (SAC) model for the red emission, in which 

the emissive center was a Cd vacancy (Ved) associated with a halogen impurity 

substituting an S atom. Lambe, Klick and Dexter [104] proposed Lambe-Klick 

model in which they attributed the red emission to electrons trapped in S 

vancancy (Vs) recombining with valence-band free hole. 

3.5 Conclusion 

CdS thin film samples, prepared using chemical spray pyrolysis, were 

studied to analyse the effect of Cu doping and ion implantation. In the case of 

Cu doped samples, both thermal diffusivity and mobility were found to 

decrease initially for small quan.tity otCu doping. But these two increased with 

higher doping concentration. The grain size also showed an initial decrease 

and then an increase with Cu doping. Thus, it was observed that the grain size 

had a major role in determining the transport property of the material. Depth of 

diffusion of Cu atoms into CdS layer was also determined by non-contact 

depth profiling process. It was found out that the Cu atoms diffused to a depth 

of -500 nm, which was also confirmed using XPS studies. 

In case of ion implanted samples, penetration depth of different ions 

species into CdS thin film was determined through curve fitting, using as two 

layer model. In this model, the bottom layer was considered to be undamaged 

and the top layer was assumed to be damaged due to ion implantation. Values 

obtained for penetration depth of 100 ke V Ar+ ion and 1 Me V Cu + ion into 
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CdS layer of 1 ~m thick, was found to coincide with the values obtained from 

SRlM calculation. 

Distribution profile of the implanted ion in the sample was studied 

from l·dimensional line scanning, performed over the implanted region of the 

sample. Depth of penetration was found to increase with increase in ion 

acceleration voltage. Two·dimensional imaging was done in order to 

understand the damage caused along the depth of the ion implanted sample. 

These results showed that the damage" caused was somewhere near the central 

region of the sample. 

Photoluminescence studies showed two peak at 2.3 eV and at 1.9 eV. 

The former due to direct band to band recombination and the latter due to 

electrons trapped in S vancancy recombining with valence-band free hole. 

Peak intensity of PI and Pn reduced \'.lith increase in ion acceleration voltage, 

whereas PlPu ratio was found to be constant. 

PDS technique was used to determine the depth of Cu diffusion in CdS 

in the case of doped samples. For ion implanted samples, thickness of 

damaged layer due to implantation was also calculated. Ion distribution in the 

sample due to implantation could be studied and the damage caused could also 

be 2·dimensionally mapped along the depth. 
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Chapter 4 

STUDIES ON INDIUM SULPHIDE THIN FILMS 

4.1 Introduction 

. ~·In2S3 is a semiconductor with a band gap of 2.0 - 2.8 eV having 

excellent photoconducting, photoluminescent properties that makes it a 

promising optoelectronic material [1]. This material had been used in the 

preparation of green and red phosphorsand in the manufacture of picture tubes 

for colour televisions [6], dry cells [7] and heterojunctions to be used as 

photovoltaic devices (8]. 

In2S3 is a IIl-VI compound originating from II-VI compound 

semiconductor by replacing group II metals by group III elements [9]. It exists 

in three different forms viz., a, p and y [1 OJ. In this, a-1n2SJ has cubic structure 
r 

between 420°C and 754 °C and y-In2S3 has trigonal structure above 754°C 

[11]. p-In2S3 has tetragonal structure below 420°C and gets transformed into a 

layered structure at 740 °C [12, 13, 14]. Recently, there has been great interest 

in the optoeiectronic properties of indium sulphide [15, 16]. 

Optical properties of In2S3 thin films depend mainly on the method of 

prepration and stoichiometry. It can be found that its band gap varies from 2.0 

eV [17] to 2.8 eV [15]. This large band gap makes this material good 

candidate, to substitute CdS as buffer layer in thin film solar cells. This is a 

very effective replacement for cadmium containing buffer layer, in thin film 

solar cells to obtain more environmentally friendly photovoltaic technology 

and to improve the light transmission in. the blue region due to wider band gap. 
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A number of techniques had been used to prepare this compound in thin film 

form such as organometallic chemical vapor deposition [18], spray pyrolysis 

[15, 19-21], thermal evaporation [22] and rf sputtering [23]. Among these, 

chemical spray pyrolysis (CSP) is a simple, low tech and cost effective 

technique, suitable for depositing large area films. Here one uses solution 

containing salts of the elements of the compound whose film is to be coated. 

Usually chlorides of metal elements are used. This results in unintentional 

introduction of chloride into the film. In the case of In2S3 films also, InCh is 

usually used and this results in doping with chlorine. In order to avoid this, 

indiurn nitrate or indium acetate can be used as precursor. When nitrate is used 
~ 

substrate temperature can also be reduced. There are works going on in this 

direction [45]. Successive Ionic Layer Adsorption and Reaction (SILAR) is 

another recent technique for thin film deposition [28]. This technique has been 

used for depositing In2S3 films very recently [47] in our own lab. 

In this chapter we describe the optical, electrical and thermal 

characterisation of In2S3 prepared tising CSP and SILAR techniques. 

Characterisation is done using PDS technique. 

4.2 Brief review of earlier works on In2S3 films and crystals 

By around 1949 Hahn et al [29] studied the crystal structure of indium 

sulfide. This could probably be the earliest study on In2S3. By 1959 Rooymans 

et al [30] interpreted some extra lines in the XRD pattern indicating that In2S) 

was in fact tetragonal. The tetragonal unit cell was formed by the superposition 

of three spinel blocks and a four-fold screw axis appeared as a result of in diu m 
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vacancy ordering. The same year Bube et at [3 I] and Syrbe et af [32] studied 

dectrical properties of indium sulfide. By 1962 Gil1es et al (33] studied 

photoconductivity of indium sulfide and observed that this compound behaved 

like compensated semiconductor when it was prepared using direct synthesis 

under a pressure of sulphur of order 5 to 10 atmospheres. The sample, so 

prepared, had dark conductivity at room temperature in the order 10'7 a-Jcm- I . 

When an illumination of 1000 lux was given the conductivity increased by five 

orders of magnitude. They also observed that Cu doping markedly increased 

the photosensitivity of this compound. Photoconductivity decay time was 

found to be in the order of 10-3 second. By 1965 Rehwald et al [12] published 

work on conduction mechanism of :;ingle crystal P-1n2S3. They found that 

In2S3 samples, grown by chemical transport reaction, showed n-type 

conductivity and samples having high resistivity exhibited an exponential 

increase of Hall mobility with temperature. They explained this effect by 

assuming a mixed conduction and different scattering mechanisms for 

electrons and holes in the same temperature range. They also demonstrated 
~ 

that by heating, sulphur treatment and doping, the concentration and sign of 

charge carriers deviated from stoichiometric composition. 

Herrero et al [34] prepared n-type p-In2S3 thin films having good 

crystallinity by chalcogenization of metallic electroplated indium. These thin 

films were found to be thermodynamically stable in the polysulphide 

electrolyte because its photodecomposition potential was more positive than 

the polysulphide redox couple potential. Asikainen et af [I] prepared p-In2S3 

by atomic layer epitaxy using InCI3 and H2S as precursors. They observed that 

the films had a modified spinel structure in which one third of the tetrahedral 

metal sites remained empty and vacancies were ordered onto the 41 screw. The 
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photoresponse observed was reversible and recovery of conductivity occurred 

shortly after the sample had been re-exposed to light. Yu et al [10] prepared 

nanocrystalline powder ofp-In2S3 through hydrothennal process. The particles 

were spherical in shape with a grain size of 13 nm. The same group [35] 

prepared nanocrystalline p-1n2S3 by organothennal synthesis having the 

crystallite size of 7.7 nm. Lokhande etal [36] deposited In2S3 thin films using 

Chemical Bath Deposition (CBO) technique. From Transmission Electron 

Microscopy (TEM) results they found that the initial growth of the film on 

glass substrate was "(-1n2S3 phase. Seyam [37] had studied the optical and 

electrical properties of indium monosulfide thin films prepared using thermal 

evaporation. He observed that films deposited at a substrate temperature of 
~ 

473 K were homogeneous and stoichiometric. XPS results revealed the 

composition to be 50.76 % Sand 49.24 % In. Barreau et af [38] synthesized 

wide band gap In2S3 using Physical Vapour Deposition (PVD) method. Energy 

band gap was found to be 2.8" eV. The observed band gap and the optical 

constants (n and k values) did not significantly depend on annealing 

temperature. The same group [39] did a comparative study on 1n2S3 films 

prepared using CBO and PVD 1n2S3. They found that, by annealing in 

appropriate conditions, PVD In2S3 films could be grown with similar 

properties of CBD In2S3. They also observed the presence of oxygen 

contamination that was in fact advantageous. Choe et af [40] prepared p-In2S3 

and P-1n2S3:C02+ single crystals grown by chemical transport reaction method, 

using In2S3, S, and ZnS as starting materials and (ZnCb+I2) as transport agent. 

Optical studies were preformed in temperature range from 5 K to 300 K. 

Indirect and direct transitions of the films were also studied and they observed 

optical absorption peaks due to ~-ln2S3:C02+. Xiong et al [41] prepared In2S3 
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nanocrystais using solvent-reduction method. They also used 

cetyltrimethylammonium bromide (CTAB) as a modifier' to shape the 

products. The product was found to be quantum confined. In2S3 nanoparticles, 

short nanowhiskers, nanorods and 'finger structured nanocrystaIs having 

stoichiometric composition could be prepared using this method. 

Kim et at [42] coated Cox1n2S3+x thin films by CSP method having 

tetragonal structure of In2S3 and the films became amorphous above x=0.6. 

The energy band gap of these films decreased with increasing x. The same 

group [15] studied optical and structural properties of p-In2S3 prepared using 

CSP method. Kamoun eta! [19] prepared InS films with composition close to 

that of 1n2S3 by an airless spray techniql!e from spray solutions with 

composition ratio (y =[ln3+][S2<]) varying from 0.43 to 0.6. Films having 

composition y = 0.6, were p-ln2S3 having high crystalline quality. The same 

group [43] had deposited p-In2S3 and p-In2<x AlxS3 using spray method on 
,-

different substrates such as, pyrex glass, Sn02/pyrex and steel. They reported 

that, nature of substrate and presence of Al atoms in the material contributed to 

the growth of deposited film. Best crystallinity for p-In2S3 was observed when 

deposited on Sn02/pyrex. The best composition was obtained for 1n2S3 

deposited on Sn02 after annealing. Bhira et al [44] studied structural and 

photoelectrical properties of sprayed p-In2S3 thin films. Photoconductivity 

measurements carried out using visible light at different modulation frequency 

and bias voltages showed that the energy band gap was comparable to that of 

values obtained through optical absorption methods. Teny et al [21] had 

studied In2S3 thin film samples prepared using CSP method. Good control over 

the photosensitivity of these samples ,..could be acheived by varying substrate 

temperature or In/S ratio. The same group [45] also prepared In2S3 thin film 
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samples using indium nitrate precursor in order to avoid chlorine 

contamination. 

Mane et al [28] used SILAR method to deposit In2S3 thin films. These 

films were observed to be highly resistive (of the order 105 Q cm). SEM 

images revealed that the films were homogeneous, pinhole free and without 

cracks. Ranjith et al [47] prepared p-In2SJ thin films using SILAR method. 

They did a comparative study with ~amples prepared using (CSP). X-ray 

diffraction (XRD) studies showed tha~ the grain size for SILAR samples were 

very small (about 6.54 nm) when compared with CSP samples (24.91 nm). 

Detailed study of the conduction mechanism in single crystal p-In2S3 

was carried out by Rehwald et al [12]. The,y reported that conductivity was 

always n-type and no p-type conduction could be observed even when the 

samples were doped with copper or cadmium. Mirovsky e~ al [48] had done 

the thermodynamic studies of the photoelectrochemical behaviour of In2S3. 

Gasanly et a/ [49] studied Photoluminescence (PL) of InS single crystals in 

low temperature range (between 8.5 - 293 K). They observed three PL bands 

centered at 2.05 eV, 1.98 eV and 1.51 eV. These peaks were observed at 8.5 K. 

In this the last peak, centered at 1.5 eV, was very weak. On increasing the 

temperature, peak intensities decreased. Jayakrishnan et al [50] observed four 

peaks at 563 nm, 612 nm, 663 nm, and 840 nm. Qasrawi et a/ [51] identified 

defect levels in InS crystals using optical and electrical measurements. They 

assumed these levels to be due to the presence of native structural defects and 

strain in the films. 

Hara et a/ [52] fabricated an electrochemical solar cell based on 

nanocrystalline In2S3/In203 thin film electrodes. They observed photon to 

electron conversion efficiency of33 % at 410 nm while solar cell conversation 
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efficiency was 0.31 %. Teny et al [531 fabricated CuInS2/In2S3 thin film solar 

cell, fully using CSP method, having an efficiency of9.5%. 

We could not find any reported work of characterisation of 1n2S3 thin 

films, prepared using CSP or SILAR method using PDS technique. To the best 

of our knowledge, this could be the first kind of work in that direction. 

4.3 Experimental Details 

4.3.1 Preparation of In2S3 using SILAR method 

Thin film samples of In2S3 were prepared using SILAR technique, in 

the foHowing method. InCb solution (0.01 M; pH -4) was used as cationic 

precursor and Na2S solution (0.0 I M; pH -11) was the anionic precursor. 

Cleaned glass substrates were immersed in cationic precursor (lnC13 solution) 

for a short time "s" seconds, which resulted in adsorption of Indium ions on 

the surface of the glass substrate. The substrate was then immersed in double 

distilled water for a short time "w" seconds. This was done to prevent 

homogeneous precipitation on the substrate during the film deposition. The 

substrate was then immersed in anionic precursor (Na2S solution) for "s" 

seconds. As the last step, the substrate was again immersed in double distilled 

water for "w" seconds and this completed one "SILAR" cycle. Thin layer of 

film, coated over the substrate, was visible. During the process of dipping, 

sulfide ions were reacting with adsorbed indium ions on glass substrate, 

resulting in the formation of In2S3 layer. All these samples were deposited at ,. 
room temperature. Uniform layer of good quality thin films was found to be 

coated after 100 cycles. To increase the film thickness, we repeated the process 

up to 300 cycles. Above 300 cycles, the film surface was observed to be 

1 hl 
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powdery. Water used for rinsing was removed after every ten SILAR cycles. 

For the film deposition, we used an indigenously designed microprocessor 

controlled set up. Using this, we could control dipping time as well as number 

of dips in precursors and water. 

One set of samples prepared were named as 5s2w, 6s2w, 8s2w, 10s2w, 

12s2w and 15s2w, where "s" indicates the dipping time in the precursor 

solution and "w" the dipping time in water. We called this as "Set 1" samples. 

Another set of samples were prepared by varying dipping time in water 

(2 to 15 seconds) and constant (2 second) rinsing time in solution. We selected 

best samples for PDS studies from this set and they were "2s2w" and "2s6w". 
. ." 

These were samples from "Set 2", These samples were latter annealed at 400 

°C for 1 hour in vacuum at 10-5 Torr. Annealed samples were named as 

"A2s2w" and "A2s6w". 

4.3.2 Preparation of In2SJ thin film samples having various atomic 

concentrations of indium and sulphur using CSP technique 

In2S3 samples, having various thicknesses, were prepared by spraying 

the solution of indium chloride (In2Ch) and thiourea (CS(NH2)2) over a hot 

glass substrate kept at 300°C. Atomic concentration ofIn:S in the solution was 

kept constant at 2/5. By increasing the volume of spray solution we could 

increase sample thickness. Volume of solution sprayed was 400 m!, 600 ml, 

800 ml and 1000 mL Rate of spray was kept at 20 mllmin for all cases. 

Detailed description of sample preparation is given elsewhere [21). Samples 

thus prepared were named as "400", "600", "800" and" 1000". These samples 

were annealed at 400°C for 1 hour in vacuum maintained at 10.5 Torr. 

Annealed samples were named as "A400", "A600", "A800" and "A I 000". 
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In2S) samples, with various In/S ratio, were prepared by varying the 

molar concentration of InCb and (CS(NH2)2) for In/S ratio varying between 

2/1 to 218. Quantity of spray solution taken was 400 ml in all the cases. 

In2S3 thin films were also prepared using indium nitrate (In(N03)3) and 

thiourea (CS(NH2)2) as precursor solutions. Indium to sulphur ratio was varied 

by varying molar concentrations of pre~ursor solutions for InlS ratios ranging 

from 211 to 218. This was done be maintaining the molarity of indium nitrate at 

0.025 M and by varying the molarity of thiourea. Detailed description of the 

sample preparation is given elsewhere [45]. Total volume of the solution 

sprayed was 400 ml and the rate of spray was 20 ml/min in all cases, keeping 

the substrate at 300°C, with air as the carrier gas. These samples are named in 

terms of InlS ratio. 

4.4 Results and Discussion 

4.4.1 In2S3 thin film samples prepared using SILAR method 

4.4.1.1 Structural and optical properties 

The direct band gap of 1n2S3 thin films prepared using SILAR method 

was estimated by plotting (uhv/ versus hv and extrapolating the linear 

portion near the onset of absorption edge to the energy axis. Band gap value 

showed linear decrease from 2.54 eV to 2.26 eV with increase in dipping time 

in solution for 5s2w to 15s2w in "Set 1" samples. Similar trend was observed 

for unannealed and annealed samples in "Set 2" also. 
r 

XRD studies showed that all these samples should -either be 

amorphous or polycrystalIine in nature. Only after annealing, the samples 

showed weak peaks corresponding to p-In2S3. In "Set 1 ", the crystalline quality 
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for "IOs2w" was found to be better (Fig. 4.3). When it comes to "Set 2", they 

were all observed to be amorphous in nature and after annealing, only 

"A2s2w" showed peaks corresponding to ~-In2S3. Enhancement of p In2S3 

peak after annealing could be due to orderly rearrangement of cationic vacant 

sites [11]. 

4.4.1.2 Photothermal studies 
, 

Understanding the microstructural, thermal and transport properties for 

these thin films are important because SILAR is a new method for thin film 

preparation and hence there are not much reports this type of samples. As PDS 

technique generates thermal waves within -the sample, understanding its 

propagation within the materials gives an idea of thermal and transport 

property. Moreover, it is non-contact and non-destructive. Thermal diffusivity 

and mobility of these sample is determined using the procedure described in 

chapter I (section 1.5.1 and 1.5.2-respectively). 

4.4.1.2a Thermal diffusivity measurement 

Fig. 4.1 gives variation of th,ermal diffusivity of "Set 1" SILAR 

samples having different dipping timing in solution. Thermal diffusivity was 

observed to be maximum for "IOs2w" showing a value 0.357 cm2s-1
• The 

value was found to decrease with increase in dipping time in solution. From 

XRD pattern it was observed that "10s2w" showed relatively good crystalline 

quality (Fig. 4.3). Fig. 4.2 shows the variation in thermal diffusivity for 

annealed SILAR samples from "Set 2". Thermal diffusivity values measured 

for unannealed samples was very low. Samples after annealing had better 

thermal diffusivity compared to the unannealed samples. Thermal diffusivity 
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values calculated for "A2s2w" sample was found to be 0.167 cm2s-1 and was 

the maximum. Thermal diffusivity was found to decrease linearly for "A2s2w" 

and "A2s6w" reaching a minimum of 0.136 cm2s· l • High thermal diffusivity 

for "A2s2w" could be due to its improved crystalline quality (Fig. 4.4). 

However, if we compare Fig. 4.3 and Fig. 4.4, one can see that crystallinity is 

much better for annealed samples. But thermal diffusivity values of annealed 

sample is much lower than that of "Set 1" samples. This is not clearly 

understood. 
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Fig. 4.4 XRD pattern of In2S3 thin films 
"2s2w" and "A2s2w" in "Set 2" samples 
prepared using SILAR method. XRD pattern 
of a sample prepared using CSP technique is 
also shown for comparison. 

4.4.1.2b Mobility measurement 

Fig. 4.5 shows the variation in mobility of "Set 1" SILAR samples. 

Mobility value was found to be low for "5s2w" and "8s2w", which was -1 

cm2y.1 5.1• The value showed a sudden increase for "I Os2w" sample. This 

sample had the maximum mobility val~e of 6.478 cm2
y.l s·l. But on increasing 

dipping time in solution the mobility value decreased. From XRD pattern, it 

was observed that "IOs2w" sample had better crystalline quality (Fig.4.3). This 

sample also showed high value for photoresponse (IL-ID)fID -2.1. (Where, IL -

Current measured while illuminating the sample and ID - Dark current). 

le"? 
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For short dipping time in solution the film growth could not have been 

completed. During SILAR cycle there occured a transition between the growth 

of a compact adherent and homogeneous film, and a porous layer containing a 

large amount of trapped solution [54]. As the porous grown mechanism 

occured, growth of the inner compact layer stopped almost completely. This 

could be probably the reason for decrease in mobility for sample with long 

dipping time in solution. Dipping time of 10 seconds in solution and 2 seconds 

in water should have been the ideal condition for the preparation ofIn2SJ using 

SILAR method. 

Fig. 4.6 shows the variatioIJ. in mobility of annealed SILAR samples 

from "Set 2". Mobility value was found to be maximum, showing a value of 

1.61 cm2V·1s·1 for "A2s2w" sample. The value was found to decrease to -0.2 

cm2V·1s·1 for "A2s6w". Decrease in mobility for these two'samples could be 

due to its poor crystalline quality. As observed from XRD, (Fig. 4.4) high 

value of mobility for "A2s2w" sample could be due to its better crystalline 
" 

structure which might enhance the transport of photogenerated charge carriers 

through the sample. Here also one can see that the mobility of "Set 1" samples 

is much higher than that of "Set 2" and this is not understood from the present 

studies. 
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4.4.2 InzS3 thin film samples having different sample thicknesses 

4.4.2.1 Structural and optical properties 

Samples having different thicknesses were studied to know their 

optical absorption. It was. found that the band gap had steep increase from 

2.659 eV for sample "400" to 2.881 eV for "600". But further increase in the 

thickness of the samples by increasing the volume of spray solution did not 

result in an increase of the band gap. Instead it remained more or less a 

constant upto sample prepared by spraying 1000 mt. On annealing, the band 

gap was found to decrease. The highest band gap was observed for "A400" 

sample with a value of.2.491 eV. This gradually reduced to 2.158 eV for 

"AIOOO". The observed decrease in bal)d gap after annealing could be due to 

increase in grain growth. 

Results from transmission spectrum showed that annealing caused an 

increase of the absorption coefficient of the films. It 'was observed that 

"A 1 000" sample showed the ieast transmission of about 6 % amongst both 

unannealed and annealed samples, whereas "400" showed the highest 

transmission of about 65 % amongst un annealed samples. 

XRD pattern showed that compound formed was p-In2S3 with 

tetragonal orientation. Reflection from (103), (220) and (309) planes were 

observed (Fig. 4.12). (l03) and (309) peaks were observed to be very weak. 

Crystalline quality was observed to be very poor for "400" sample. This 

improved with increase in thickness. The intensity of (220) peak was also 

found to "increase with thickness and "1000" sample showed the maximum 

intensity for (220) peak. This peak height was found to increase with 

annealing. 
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In terms of crystalline quality, "A 1000" was found to be the best. Fig. 

4.7 is plot showing variation of lattice strain of annealed samples having 

various thicknesses. Lattice strain calculated from XRD data showed a gradual 

decrease for annealed samples for "A400" to "AgOO" and a steep decrease for 

"A 1 000". When crystallinity is better the strain should be less and, this could 

be the reason for the drastic decrease in lattice strain for "A 1 000" sample. 

Grain size was calculated using Scherrer's formula. Fig. 4.8 is the plot 

showing grain size variation of annealed samples. Grain size was observed to 

increase from 24.3 nm for "A400" to a maximum value of 27.9 nm for 

"A 1 000" sample. 
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Fig. 4.7 Graph showing lattice strain of 
annealed In2S) samples prepared using CSP 
techniques by spraying different volumes of 
solution to increase sample thickness. 
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Fig. 4.8 Graph showing grain size of annealed 
In2S3 samples prepared using CSP techniques 
by spraying different volumes of solution to 
increase sample thickness. 

4.4.2.2 Photothermal Studies 

PDS technique was used to detennine the thennal diffusivity and 

mobility of In2S3 samples having various thicknesses. The procedure used for 

thennal diffusivity and mobility detennination was as described in chapter 1 

(section 1.5.1 and section 1.5.2 respectively). 

4.4.2.2a Thermal diffusivity measurement 

Fig. 4.9 is a typical plot, showing log amplitude versus square root of 

chopping frequency for "AIOOO" In2S3 sample. Both thennal and electronic 

contribution could be clearly distinguished in this sample. Thennal diffusivity 

was detennined from the slope of the curve in the low frequency range. 
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Variation in thermal diffusivity of samples having various thicknesses is as 

shown in Fig. 4.10. Thermal diffusivity value was observed to stay constant at 

0.02 cm2/s for "400", "600" and "800". A sudden increase was observed for 

"1000" sample attaining a value of 0.1066 cm2/s. Thermal diffusivity values of 

annealed sample are shown in Fig. 4.11. It was observed that generally the 

thermal diffusivity value increased with annealing. Here also, the sample 

"A1000" showed the maximum thermal diffusivity value. It is worth pointing 

out here that both "1000" and "AIOOO" samples are having good crystallinity 

as revealed by the XRD pattern (Fig. 4.12). This may be the reason for high 

thermal diffusivity exhibited by these two samples. On comparison between 

Fig. 4.10 and Fig. 4.11 one can see that annealed sample had better thermal 

diffusivity. 
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Fig. 4.9 Graph showing log amplitude versus 
;/f for "A I 000" In2S3; a typical curve used for 
calculating thermal diffusivity and mobility. 
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Fig. 4.12 XRD pattern of Io2S3 thin film 
sample prepared with different thicknesses. 

4.4.2.2b Mobility measurement 

Fig. 4.13 shows the plot for mobility variation for pristine In2S3 

samples. Mobility values were found to be almost constant for "400", "600" 

and "800" (between 5.25 cm2V· ls·1 and 6 cm2V· ls· I). However, for "1000" 

there occurred a drastic increase reaching a value of 7.51 cm2V'\ S·I. Fig. 4.14 

1'7-C;: 
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shows the plot for mobility variation for annealed In2S3 samples prepared for 

various thicknesses. The mobility did not improve much on annealing for 

"A400", "A600" and "A800". However, a drastic increase was observed for 

"A 1000" reaching a value of 11.17 cm2V·\s·l. From XRD pattern (Fig. 4.12) it 

was observed that this sample had maximum intensity for (220) peak. 

The reason for this could be, reduction in grain boundary scattering 

due to better grain size and minimum lattice strain in the case of "A 1000". As 

annealing enhanced the grain growth and preferable orientation of the crystal, 
" 

it is natural for "A 1 000" to show an increase in mobility. 
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Fig. 4.13 Mobility values of unannealed In2S3 
samples having different thicknesses. 
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Fig. 4.14 Mobility values of annealed In2S3 
samples having different thicknesses. 

4.4.2.2c Thickness measurement 

Thickness of the samples calculated using curve-fitting method was as 

described in Chapter 1 (section 1.4). In the present case, the curve fitting was 

done, assuming single layer model. An absorbing layer (11) coated over that of 

backing layer I glass substrate (which was assumed to be non-absorbing). This 

structure was immersed in the fluid medium. Schematic of the model is shown 

in Fig.4.1S. Modulated pump beam irradiated over this absorbing layer 

resulting in thennal wave generation inside the material due to optical 

absorption. 

Fig. 4.16 shows the plot for typical photothennal deflection amplitude 

versus chopping frequency for pristine In2S3 samples having different 

thicknesses. These curves used for theoretical curve fitting to detennine the 
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film thickness. Multiparameter least square fitting procedure was done to 

optimize the experimental result. From the experimental PDS data, it was 

clearly observed that, as the volume of spray solution was increased the 

deflection amplitude was found to increase for very low chopping frequency. 

Thickness obtained through theoretical fitting is tabulated in Table 4. I and the 

thickness measured by Stylus method is also given for comparison. These two 

values were coinciding very much. 

Samples 

400ml 

600ml 

800 ml 

1000 ml 

11 

.--
Modulated 
pump beam 

Fig. 4. I 5 Schematic representation of the 
model used for detepnination of thin film 
thickness. 

Thickness measured Error bar Thickness measured 
using PDS method (/1 using Stylus method 

~ml ~I:!ml 
0.96 ± 0.012 1.00 

2.02 ± 0.082 2.05 

2.15 ± 0.057 2.11 

3.94 ± 0.011 4.10 

Table 4.1 Tabulated value of the measured thickness 
OfIn2S3 samples having different thicknesses. 
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4.4.3 InzS3 thin film samples prepared with various atomic concentration 

of indium and sulphur using chloride as precursor 

4.4.3.1 Structural and optical properties 

The energy band gap was calculated from (ahv)2 versus hv plot. The 

bandgap of the sample with an InJS ratio of 2/3 was found to be 2.67 eV. On 

decreasing the sulphur concentration tb 211 the band gap was found to increase 

to 2.81 e V and on increasing the sulphur concentration to 2/8 it was found to 

decrease to 2.64 eV. The wider band gap may be due to poor crystallinity and I 

or due to presence of oxygen [39]. XPS studies done earlier on 212 samples 

showed that samples having very low sulphur. concentration had oxygen in 

excess [21]. 

XRD studies showed p.1n2S3 phase with good crystallinity and 

preferential orientation along the (220) plane except for those having very low 

sulphur concentration (Fig. 4.21). The characteristic peaks of ~-In2S3 were 

found to appear for samples having an InJS ratio of 2/2. The sample with an 

InJS ratio of 2/3 showed good crystallinity and orientation along the (220) 

plane. Increase in the sulphur concent;ation, resulted in increase of intensity of 

the peak corresponding to (220) plane. This increase was observed up to an 

In:S atomic concentration of2/5. Further increase in the sulphur concentration, 

resulted in the decrease of XRD peak intensity. Optical transmission studies 

shows that the percentage of transmittance decreased from 85% to 55% when 

the In/S ratio varied from 211 to 2/8, in the wavelength range 350-1200 nrn. 

Fig. 4.17 shows the variation of the lattice strain with the variation in 

atomic ratio of different samples. Lattice strain calculated from the XRD data 
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showed that strain was minimum for 2/5 sample, where as it increased for and 

high sulphur concentration samples. Intensity of (220) peak for 2/5 sam'ple was 

found to be maximum, and hence preferred orientation of grain growth could 

be the reason for minimum lattice strain. Grain size was calculated using 

Debye - Scherrer formula. Fig.4.18 is the plot showing variation of the grain 

size. Grain size was also observed to be maximum for 2/5 sample, as the (220) 

peak intensity was found to be maximum from XRD studies for this sample. 

Grain size was found to decrease for I.ow and high sulphur concentration. This 

could be because 2/5 showed good crystallinity amongst these samples. 

Oxygen contamination COl;lld be one reason for decrease in grain size for 

samples with Iow sulphur concentration, while crystal degradation could be the 

reason with high sulphur concentration. 
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Fig. 4.17 Lattice strain of In2S3 thin film 
sample having different sulphur concentration 
(prepared using chloride as precursor). 
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Fig. 4.18 Grain size of In2S3 thin film sample 
having different sulphur concentration 
(prepared using chloride as precursor). 

4.4.3.2 Photothermal studies 

Thermal diffusivity and mobility of the In2S3 samples were determined 

using the procedure described earlier in chapter 1 (section 1.5.1 and 1.5.2 

respectively). 

4.4.3.2a Thermal diffusivity measurement 

Thermal diffusivity variation due to the variation In atomic 

concentration of In2S3 prepared using chloride as precursor solution was 

studied (Fig. 4.19). Samples with low sulphur concentration showed low value 

of thermal diffusivity. The value was almost constant (about 0.04 cm2s·l
) for 

samples having InlS ratio of 211 to 214. But for 2/5 sample, the thennal 

diffusivity value showed a drastic increase attaining a maximum of 
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0.0956 cm2s·l
• For further increase In sulphur concentration (2/6 to 2/8 

samples), the thermal diffusivity again showed a decrease to 0.04 I cm2s·1• As 

the crystallinity, grain size and microstructure of the material influenced 

thermal transport property of the material, maximum thermal diffusivity 

observed for 2/5 sample was expected as this sample showed good crystalline 

quality. 
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Fig. 4.19 Thermal diffusivity of 1n2S3 thin film 
sample having different sulphur concentration 
(prepared using chloride as precursor). 

4.4.3.2b Mobility measurement 

As mobility is an important parameter controlling electronic transport, 

one among the transport property, we used PDS technique for studying the 

variation in mobility for various atomic concentration ofIn to S and Fig. 4.20 

is the plot for mobility variation. Mobility value was found to be almost stable 

around 5 cm2V·ls·1 for low InlS concentration samples (211 to 2/3). The value 

l-W~ 
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was found to show a sudden increase for 2/4 sample to 13 cm2V·1s·1 on further 

increase in sulphur concentration for 2/5 the value increased to 17.5 cm2V·1s·1• 

This value was found to be maximum. Further increase of sulphur 

concentration resulted in the decrease of mobility. Better crystallinity of this 

sample might be the reason for high mobility. 
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Fig. 4.20 Mobility of In2S3 thin film sample 
having different sulphur concentration 
(prepared using chloride as precursor). 
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Fig. 4.21 XRD pattern for In2S3 samples 
having various In to S prepared using Chloride 
as precursor solution [21]. 
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Eventhough the crystalline quality played a major role in controlling to 

mobility of charge carriers, oxygen impurty observed though XPS studies 

should also be a reason for the decrease for low sulphur concentration samples. 

Since oxygen is not present· for high sulphur concentration, crystalline 

degradation should be the only reason. 

4.4.4 In2S3 thin film samples prepared with various atomic concentration 

of indium and sulphur using nitrate as precursor 

4.4.4.1 Structural and optical properties 

From the plot of (uhvi versus hv, band gap was calculated for all 1n2S3 

samples. The band gap showed a steady decrease with increase in sulfur 

concentration. 2/1 showed the highest band gap value of 2.95 eV. The 

observed increase in band gap for low sulfur concentration could be due to the 

presence of secondary phases as 'observed in XPS studies. 

From XRD pattern [45], it was observed that only 2/3 sample exhibited 

good crystalline property. There were five distinguished peaks corresponding 

to (l03), (I09), (220), (309) and (2212 or 400) orientations of P-1n2S3. Except 

for this sample, all other samples were observed to be highly amorphous. In 

the case of samples having sightly high sulphur concentration, the XRD 

pattern showed a peak along (l03) plane, which was very weak. Further 

increase in sulphur concentration result in change of orientation to (109) from 

(l03) plane. This plane was observed for samples above 2/6. Two additional 

peaks corresponding to (103) and (400) also appeared on increasing the sulfur 
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concentration. Grain size was calculated using Debye - Scherrer formula. It 

was observed that 2/3 showed the maximum grain size of28 nm. 

4.4.4.2 Photothermal studies 

In this case also we used PDS technique for studies on thennal 

diffusivity and mobility variation. These were determined using the procedure 

described earlier in chapter 1 (section 1.5.1 and 1.5.2 respectively). 

4.4.4.2a Thermal diffusivity measurement 

Thermal diffusivity variation of samples having various atomic 

concentration of indium to sulphur, prepared using nitrate as precursor, is 

plotted in Fig. 4.22. The value was --found to be maximum for 2/3 sample 

(around 0.24 cm2s·1) and decreased for high sulphur concentration falling 

down to 0.1 cm2s·1• Similarly, low thermal diffusivity value was observed for 

samples with low sulphur concentration. 
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Fig. 4.22 Graph showing variation of thennal 
diffusivity of In2S3 samples prepared with different 
sulphur concentration using nitrate as precursor. 

187 



Chap/er 4 Studies on lndium Sulphide /hinjilms 

4.4.4.2b Mobility measurement 

Fig. 4.23 is the plot depicting mobility variation of sample having 

various indium to sulphur ratio prepared using nitrate precursor. Mobility 

value was found to be around 1 cm2y- IS-l for 211 and 2/2 samples. But for 

2/3sample it increased to around 7.45 tm2
y-l S-l, which was the maximum. On 

further increasing the sulphur concentration, mobility again decreased. 

From XPS studies, it was found that atomic concentrations of indium 

and sulphur were almost equal for 2/3. Moreover, XRD analysis indicated that 

only thin sample was having good crystal quality and these two factors may be 

the reason for high value of mobility [45]. Lower value of mobility for rest of 

the samples could be due to their amorphous nature as indicated in XRD 

studies. 
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Fig. 4.23 Graph showing variation of mobility 
of In2S3 samples prepared with different 
sulphur concentration using nitrate as 
precursor. 
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4.5 Conclusion 

In2S3 thin film samples, prepared using SILAR and CSP techniques, 

were analysed to know the details of their thermal and transport properties. For 

SILAR prepared samples, thermal diffusivity and mobility was found to be 

maximum for sample having more dipping time in solution (lOs2w). This 

sample also showed comparatively good crystalline quality, as observed from 

XRD studies. For another set of samples which was prepared by keeping 

dipping time in solution constant and varying the rinsing time in water, it was 

found that sample having equal dip~ing time in water and solution (2s2w) 

showed a high value of thermal diffusivity and mobility. Annealing these 

sample enhanced the grain size, and both the thermal and mobility values were 

also found to increase. 

In2S3 thin film samples having various thicknesses (prepared usmg 

CSP technique) were also studied to know about the variation of their transport 

properties. Depth profiling was done ~ on these samples using PDS technique. 

Thickness values obtained were found to coincide well with Stylus method. 

For increasing the sample thickness amount of spray solution was increased in 

steps of 200 m\. Thermal diffusivity and mobility values were maximum for 

the thickest sample. These values were increasing with annealing temperature 

also. 

In2S3 thin film samples were also prepared using chloride and nitrate as 

precursor solution. Thin films prepared using chloride precursor solution were 

found to have high thermal diffusivity and mobility values. When nitrate was 

used as precursor solution, only the sample having In/S ratio 213 showed high 

value of thermal and mobility values. From our studies we observed that 2/5 
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sample, obtained by using chloride precursor, showed a mobility value of 17.5 

cm2y-l s-1 and that of 2/3 sample prepared using nitrate as precursor showed a 

mobility value of 7.45 cm2y- I S-I. Hence in our observation 2/5 sample 

prepared using chloride as precursors exhibited good electrical property. 
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Chapter 5 

STUDIES ON UNDOPED AND ION IRRADIATED ZoO 
THIN FILMS 

5.1 Introduction 

Zinc oxide (ZnO) emerged as one of the most promising optoelectronic 

materials due to its attractive optical and electrical properties, high chemical 

and mechanical stability, eco-friendly nature and abundance. Moreover, it is a 

low cost material compared with the most currently used TeO materials like 

ITO and Sn02 [1]. During past few decades, ZnO had been used in many 
r 

optoelectronic devices. For example, highly oriented piezoelectric zinc oxide 

films find great use in many acousto-optic components, such as acousto-optic 

modulators which are used in optical switching, Q-switching and mode 

locking of lasers. The light emitting property of ZnO is the result of its large 

exciton binding energy (60 meV). Another advantage of this material is that 

there are well developed bulk and epitaxial growth processes [2]. Moreover, it 

plays an important role in realizing blue and ultraviolet light-emitting diodes 

and lasers. Due to its large band gap, ZnO is suitable for the fabrication of 

high-temperature, high-power devices with application, just as GaN. Further 

practical advantages of ZnO include amenability to conventional wet chemical 

etching, which is compatible with Si t~chnology [3]. 

Properties of ZnO films such as crystallite orientation, grain size, layer 

resistivity, carrier mobility or optical transparency are influenced by 

fabrication techniques and processing parameters [4]. These films were 
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prepared usmg sputtering [5, 6], reactive thermal and electron beam 

evaporation [7], pulse laser depositio~ [8, 9], spray pyrolysis [10, 1 I, 12, 13], 

chemical vapor deposition [14, IS] sol-gel (16], atomic layer deposition [17]; 

and molecular beam epitaxy [18, 19, 20]. Among these, the spray pyrolysis 

technique received good attention because of its simplicity, low tech nature 

and it does not require a high vacuum apparatus. Moreover, it can be adapted 

easily for production of large area films especially for display devices [21]. 

However, film reproducibility remains a problem, despite considerable 

research into ZnO deposition [22]. 

Suitable doping can increase the conductivity. of the ZnO thin films. 

This is achieved by replacing Zn2
+ with atoms of higher valence such as 

indium [23], aluminium [24] and gallium [25]. Presently a lot of research is 

going on to convert this material into .p-type as this can lead to the fabrication 

of unique pn junction, which will be an important device in the semiconductor 

technology [26]. The difficulties of p-type doping in ZnO arises from various 

reasons such as, the deep acceptor level preventing easy low thermal excitation 

of holes, low solubility of the dopant and/or induction of self-compensating 

processes on doping [26]. 

Study of the modification of optical, electrical and piezoelectric 

properties by ion beam bombardment is motivated by the potential use of the 

ZnO in irradiation environment such as space application [27,2]. 

In our work, we prepared ZnO thin films using spray pyrolysis method 

for different thicknesses and irradiated 120 MeV AU197 ions using Pelletron 

accelerator. Doping was also carried out using Indium. These samples were 

analysed using PDS technique and the results are presented in this chapter. 
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5.2 Brief review of earlier works done on ZnO 

In 1959, Thomas was the first to report [28] on the enhancement of n­

type activity in ZnO by doping In. Considerable efforts were made to increase 

electrical and optical property of ZnO thin films there after [29, 30, 31]. 

Cruz et al [32J prepared sulphur doped ZnO thin films using chemical 

bath deposition. These thin films showed red and green luminescence. Jayaraj 

et at [33] studied electrical and optical properties of ZnO thin films, prepared 

using rf magnetron sputtering. The films showed an average transmission of 

about 85 % in the visible range. They also studied effect of various substrate 

temperatures and target-to-substrate distances. The best film properties, in 

terms of conductivity and transmission, were obtained for a substrate 

temperature at 423 K and for substrate to target distance of 1.5 cm. Wang et al 

[34J deposited ZnO films on Si substrate using rf magnetron sputtering. From 

Photoluminescence (PL) studies, they observed two peaks, a strong violet 

emission located at 402 nm and a weak ultraviolet emission at 384 nm. 

Pushparajah et al [35J studied the physical properties of spray 

pyrolysed (pure and doped) ZnO thin films, as a function of substrate 

temperature and Li concentration. Best films were obtained for Ts = 400°C 

with conductivity 6.3xlO-3 n-! cm-! and mobility of 104 cm2y-Is-!. They also 

observed that transmission of these films decreased as Li concentration 

increased. Resistivity was also found to increase by 3 orders. Nunes et al [1] 

studied effects of different dopant elements on the properties of ZnO thin 

films. They observed that films doped with 1 at% of In showed maximum 

change in the electrical property with a resistivity value of 1.9x 10-1 Qcm. 
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Studenikin et al [36] studied optical and electrical properties of undoped ZnO 

films grown by spray pyrolysis using Zinc nitrate solution. They also observed 

a critical temperature, Tc::; 180°C, below which the thermal decomposition of 

ZnD did not occur or was incomplete. Films prepared above Tc showed strong 

preferred orientation of polycrystals along the c-axis, while the films grown 

below Tc showed a powder like, non oriented polycrystaIline structure. Time­

resolved luminescence and photoconductivity were also studied. El Hichou et 

at [22] studied undoped ZnD and F-doped ZnFxD(I-x) (x=5 at%) films prepared 

by spray pyrolysis technique. They observed that doping with fluorine kept the 

optical absorption th~eshold unchanged. They observed intensive blue-green 

light emission (A = 520 nm) and a red emission (A = 672 nm) for undoped ZnO 

sample and the presence of fluorine gave rise to a new light emission 

corresponding to A = 454 nm and lead to a more homogeneous re-partition of 

the emitting centers. 1.M. Bian et al [37] prepared N-In codoped p-type 2nO 

films using ultrasonic spray pyrolysis. They also conducted electrical studies 

on these films and observed that incorporation of indium caused a change in 

the chemical state of nitrogen, which promoted the fonnation of p-type 

conduction. 

Minegishi et al [31] fabricated p-type 2nO at room temperature by 

chemical vapour deposition, through N doping using NH3 _ The films showed 

poor reproducibility, high resistance of -100 Q cm and low carrier 

concentration of - lxlOl6 cm-3• Ning et al [38] and Hiramatsu et al [39] 

observed that doping of AI, Ga or In increased its electron conductivity 

without affecting the optical transmission. Kolb et al [40] observed doping of 

Li increased its resistivity. Yamamoto et al [41], using theoretical calculations 

proposed, that codoping of donor and acceptor dopants in ZnO could lead to 
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the formation ofp-type ZnO. Joseph et al [26] could observe p-type behaviour 

in ZnO thin films, prepared using codoping method. They were able to 

fabricate p-type ZnO films by N doping. These films showed resistivity of 

5xl05 Q cm and carrier density of 2xlO JO cm·3, Low resistivity films were 

prepared using codoping, with Ga as donor and N as acceptor. These films 

were observed to have resistivity of2 Qcm and carrier density of 4xl019cm-3
• 

'Zu et al [42] fabricated ZnO thin films by pulsed laser deposition. 

These films showed stimulated emission at room temperature. Ohta et al [43J 

fabricated a transparent light emitting diode using P-SrCu202/n-ZnO 

heterostructure. Purica et al [4] studied the optical and structural properties of 

ZnO thin films, prepared using chemical vapor deposition (CVD). Energy 

band gap of these thin films was quite high (3.47 eV) when compared to that 

of bulk (3.2 eV). Xu et al [44] studied the electronic structure and spectral 

properties of ZnO using "full potential linear Muffin tin orbital" method. 
'" 

Naoki et af [45] studied the band-edge emission of undoped and doped ZnO 

single crystals at room temperature. They observed an increase in carrier 

concentration for AI doped ZnO samples. It had a negative effect on PL peak 

which was assumed to be caused by donor to free hole recombination. Auret et 

af [46] observed the presence of four electron traps, from Deep level transient 

spectroscopic studies, on vapour grown single crystal ZnO over which 

Schottky barrier diodes were fabricated. They observed two major levels 

situated at 0.12 eV and 0.57 eV below the conduction band. Ratheesh et af [47] 

studied the effect due to fluorine doping on structural, electrical and optical 

properties of ZnO thin films. From PL studies, they observed a single broad 

peak at 517 nm for undoped sample ~hile three additional peaks appeared for 

fluorine-doped film. Electrical resistivity and photosensitivity were decr ONW 

~~ !!.t ~ 
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considerably on doping. Temperature dependent conductivity studies revealed 

that prominent shallow donor levels are Zn in interstitial and regular lattice 

positions. Wacogne et af [48] perfonn~d in-situ measurement of film thickness 

and optical losses, using interferometric method. They observed that the losses 

were not only due to absorption in the film, but were also a result of the 

scattering of light by the columnar structure of sputtered films. By their 

method, the maximum film thickness that could be measured was 32.85 ).lm. 

Kohiki et af [49] observed an enhancement in conductivity of zinc 

oxide by implanting it with 100 ke y-'W ion. Look et af [2] studied electron 

irradiation damage in ZnO and post annealing effects. They found that the 

activation energy of the dominant donor prod~ced by the irradiation was about 

30 meY. Matsunami et af [27] studied the structural, optical and electrical 

properties of 100 keY Ne ion irradiated in ZnO thin films (grown on MgO). 

They observed that films (with a-axis orientation) showed an increase in grain 

size and rearrangement of their- orientation after irradiation. They also found 

that the resistivity increased by three order of magnitude for small dose. Kono 

et af [50] observed nanoparticles of Cu fonned in ZnO substrate, by negative 

Cu ion implantation, using an acceleration voltage of 60 keY. 

We could not find any reported work of characterisation of ZnO thin 
-' 

films, (prepared using CSP or on ion irradiated) using PDS technique. To the 

best of our knowledge, this could be the first kind of work in that direction. 

5.3 Experimental Details 

In the present work, ZnO thin films were prepared by spraying a 

solution 0[0.6 M Zinc acetate dissolved in ethanol and water taken in the ratio 
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1: 1. A set of samples was prepared by spraying various volumes of spray 

solution from 50' ml to 300 ml keeping the substrate at 400 'C. Detailed 

description of the sample preparation is given elsewhere [13J. 

Films of about I cm2 area were irradiated with 120 MeV AUJ97 ions 

using 15UD Pelletron tandem accelerator installed at Nuclear Science Centre ~ 

New Delhi, on a set of samples (thickness -0.5 ).lm) with dosages ranging 

between lxlOl2 to 3x1013 ions / cm2.,.Beam current was maintained around 1 

nano ampere. Ion beam was focused to a spot of I mm diameter and then 

scanned over 1 cm x 1 cm area using a magnetic scanner. In our case, high 

energy was selected to have the range of the ions to few microns so that no 

ions are implanted in the film and there will be defects only due to the 

irradiation. 

5.4 Results and Discussion 

5.4.1 ZnO thin film samples prepared for various thicknesses 

5.4.1.1 Structural and optical properties 

Energy band gap (Eg) of the samples were estimated by plotting (ahui 

versus hu and extrapolating the linear portion near the onset of absorption edge 

to the energy axis in the wavelength range 300 to 900 nm. The measured Eg 

values showed a steady increase with increase in sample thickness from 3.26 

eV for "50 mI" sample to 3.35eV for "200 ml" sample. For further increase in 

the film thickness the Eg value was found to decrease slightly, to 3.29 eV. 

Initial low value of Eg could be due to poor crystallinity of the film, as 

revealed by the XRD (Fig. 5.5). 
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From the XRD pattern, a strong peak located at 28 = 34.40, 

corresponding to (002) plane, was observed. Another weak peak located at 29 

= 36.15°, corresponding to (101) plane, was also observed. The (002) peak for 

"50 ml" and "300 ml" samples were found to be very weak. The crystallite size 

was estimated using Debye - Scherrer fonnula. Grain size of 270 nm was 

observed for "200 ml" sample and this was found to be the maximum value. 

The grain size also steadily increased with thickness of the sample. 

The increase in grain size for "200 ml" could be due to good 

crystalline quality, as (002) peak intensity was found to be maximum for this 

sample, which was evident from XRD pattern [13]. Observed increase in (002) 
" 

peak with increase in film thickness could be due to the fact that the grains 

with lower surface energy becomes larger as the film grows. This showed that 

(002) texture of the film might fonn easily [33]. Fig. 5.1 shows the lattice 

strain variation for ZnO samples calculated from XRD pattern. It was seen that 

the lattice strain was least for "200 ml" sample. This indicated that "200 rnl" 

sample was fonned with good crystalline quality. 
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Fig. 5.1 Plot for variation of lattice strain for 
ZnO samples prepared for various sample 
thicknesses 

5.4.1.2 Photothermal studies 

All the ZnO thin film samples were analysed using the existing PDS 

setup. The only change was that, as ZnO is a wide band gap material, we used 

300 nm line from Xe-arc (Oriel) lamp after passing the light beam through a 

monochromator. Beam optics was adjusted by setting the wavelength at 532 

nm. 

5.4.1.2a Thermal diffusivity measurement 
• 

Fig. 5.2 is the typical log amplitude versus square root of chopping 

frequency plot. We used this curve for the determination of the thermal and 

electrical property of the thin films. The procedure used was explained earlier, 

in chapter 1 (section 1.5.1). Fig. 5.3 shows the variation of thermal diffusivity 

for ZnO samples having various thicknesses. 
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Thermal diffusivity values show a decrease from 0.021 cm2f l for "50 

ml" sample to 0.009 crn2s·1 for" I 00 ml" sample. On further increasing the 

sample thickness the thermal diffusivity value was found to increase to 0.022 

cm2s·1 for "200 ml". However, for sample sprayed for "300 rnl" showed a 

decrease of 0.0 16 cm2s- l • 
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Variation of thermal diffusivity with film thickness can be explained on the 

basis of density of film. When the thickness is very low as in case of 50 rnl 

spray, the film has an island structure making density very low and hence a 

higher thermal diffusivity. But on increasing the film thickness by increasing 

the spray volume, the density increases. This makes thermal conductivity low. 

But as the thickness increases further, the increase of grain size may be 

overcoming the effect due to increase in grain size and hence the thermal 
~ 

diffusivity increased very much. 

SOml IOOml lS0ml lOOml 300ml 

Samples 

Fig.5.3 Plot for variation in thermal diffusivity 
for ZnO samples prepared for various 
thicknesses. 

S.4.1.2b Mobility measurement 

Fig. 5.4 shows the graph, depicting variation in mobility of samples 

having various thicknesses. Tabulated mobility value of these samples are 
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shown in Table 5.1. This was calculated using Einstein-Smoluchowski 

relation. Calculation was done using the procedure described earlier in chapter 

1 (section 1.5.2). Mobility showed an increase and attains a maximum value of 

16.1 cm2y.i s·1 for "200 ml" samples. This value agrees with the reported value 

[33,51,52-54]. 

Increase In mobility observed with increase in volume of spray 

solution could be due to improvement in crystalline quality. The (002) peak 
.-

intensity increased with the volume of spray (Le. with film thickness), which 

was observed from XRD pattern shown in Fig. 5.5. The grain size calculated 

using Debye-Scherrer's fonnula also showed an increase with volume of spray 

solution (Fig. 5.6). Then understanding the mechanism of mobility became an 

important factor. Mobility of charge carriers within a material can be 

understood this way. 
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Fig.5.4 Mobility variation for ZnO thin films 
prepared for various sample thickness. 

The grain boundaries h~ve an inherent space charge region due to the 

interface and band bending occurs th:;\t results in the potential barriers to the 

charge transport. Volger [55] proposed a model, which consisted of an 

inhomogeneous conductor consisting of series connected, separately 

homogeneous domains of high and very low conductivity. The high 

conductivity domains were the grains itself, and the low conductivity domains 

were the grain boundaries. This model represented a polycrystalline 

semiconductor in which ohmic transport of the carriers dominated. A 

schematic representation is shown in Fig. 5.7. Then mobility can be expressed 

as [64], 

P = Pg {[I +(/2/11 )exp( q~b / kT) JI +(/2/ IJ )}, ••••••••••••••••••••••••••••••• {5.1) 
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Where, 

11 - grain size, 

12 - boundary width, 

p - Hall mobility, 

J.ig - Bulk grain mobility, 

iflb - Barrier potential, 

-:J 
ni -
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Fig.5.S XRD pattern for ZnO samples 
prepared for various thicknesses 
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Moreover, there occurs a possibility of grain boundary trapping. A large 

concentration of active trapping sites are present at the grain boundary which, 

in turn captures free carriers [56, 57 and 58], and as a result, the charge states 

at the grain boundaries become potential barriers and these barriers limit the 

transport of carriers between grains. Hence the mobility will be low for 

samples whose grain size is small, as there will be large number of grains in 

the sample. This could be the reason for decrease in mobility for samples of 

low thickness. 

Hence from the above argument it is clear that as grain size increased 

(or ll·increased) mobility would naturally increase. In the PDS measurement 

here, we found the same thing; sample prepared by spraying had maximum 

grain size, and it has maximum mobility also. 

Samples 
Mobility measured using PDS 

Other references 
curvefittins {cmzv"s"~ Error Bar 

ZnO 50 rnl 2.95 ±0.42 
" 

ZnO 100rnl 2.24 ± 0.81 

ZnO 150ml 7.90 ±0.32 

ZnO 200rnl 16.10 ± 0.52 [33], [51],[52- 54] 

ZnO 300rnl 4.37 ±O.90 

.-
Table 5. I Tabulated value of mobility of ZnO thin film 
samples. The value was calculated using PDS technique 
and references are also given for comparison. 
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5.4.1.2c Thickness measurements 

Optical techniques are usually the preferred method for measuring 

thickness of transparent thin films because these are accurate, nondestructive, 

and require little or no modification of sample. Most commonly used optical 

measurements are spectral reflectance, elIipsometry and recently PDS 

measurements. Spectral reflectance measures the amount of light reflected 

from a thin film over a range of wavelengths, with the incident light normal to 

the sample surface. Ellipsometry measures the reflectance at non-normal 

incidence and at two different polarizations [63]. Variable Angle 

Monochromatic Fringe Observation (V AMFO) is also a simple nondes~ructive 

method for measuring the refractive index and thickness of transparent films 

on reflecting substrates. Fringe counting could be laborious and this can have 

errors [59]. As PDS technique uses thermal wave propagation for thin film 

characterization, this is not affected by light scattering. One can confidently 

use it even for the characterisation of transparent or opaque films. 

Thicknesses of the samples were calculated using the curvefitting 

method in PDS technique as described In chapter 1 (section lA). Curve fitting 

was done assuming single layer model. Backing layer was glass substrate, 

which was assumed to be non absorbing. But film coated over this backing 

layer was absorbing. The whole system was immersed in fluid medium. This 

constituted the model for our theoretical analysis. Schematic representation of 

the model is as shown in Fig. 5.8. Modulated pump beam, when irradiated 

over the absorbing layer, generates thermal waves- due to non-radiative 

transition in the film. The thermal waves so generated propagates through this 

layer to the surface of the sample and we obtain the PDS signal. This is plotted 

as graph, showing variation of signal for different frequencies (Fig. 5.9). Curve 
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fitting was done on these graphs using one layer model as shown in Fig. 5.8. 

Thickness of the samples determined by this way, is tabulated in Table 5.2. 

Thickness measured for "200 ml" using Stylus method is also given for 

comparison. It can be seen that PDS value coincided well with the Stylus data. 

Multiparameter least square fitting procedure was done to optimize the 

experimental result. Since thickness was an input parameter, we could derive it 

from many trials from the best fitted curve. From the experimental PDS data it 

was clearly observed that for increase in volume of spray solution, there was 

an observed increase in the deflection amplitude for very low chopping 

frequency. For low chopping frequency, the signal is from the bottom most 

layer of the sample, resulting in increase in deflection amplitude for increase in 

sample thickness. 

:;:;~ Sample 

~V 
~]1~ "0 
M~ *:; /+-------
iin ~ Modulated 
1ill pump beam 

Fig. 5.8 Schematic representation of the model 
used for thin film thickness determination. 
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Samples 

ZnO 50 ml 

ZnO 100ml 

ZnO 150ml 

ZnO 200ml 

ZnO 300mi 

Studies on undoped and ion irradiated ZnO thin films 

Thickness measured using PDS 
curvefitting (llm) Error Bar 

Thickness measured 
(llm) using stylus 

method 

0.17 ± 0.011 

0.20 ± 0.032 

0.32 ± 0.116 

0.57 ± 0.012 

0.73 ± 0.024 

Table 5.2 Tabulated value of thickness 
calculated using PDS method for ZnO samples 
prepared with different volume of spray 
solution. Measurement ~from stylus for "200 
ml" sample is also given for comparison. 

0.563 

5.4.2 ZnO thin film samples irradiated with 120 MeV AU197 ions 

5.4.2.1 Structural and optical properties 

XRD pattern of ion irradiated ZnO samples showed a systematic 

decrease in intensity of (002) plane for dosages of lxlO13 and 3xl 013 ions/cm2
• 

Peak corresponding to (101) plane also decreased with increase of ion dosage. 

Fig. 5.10 is the XRD pattern for both pristine and irradiated samples. Lattice 

strain was also calculated from XRD data. Lattice strain increased with ion 

dosage. Fig.5.1l shows the lattice strain of pristine and irradiated samples. 

Grain size was calculated using Debye, Scherrer formula from the XRD data 

and this decreased with ion dosage. Fig.5.l2 is the plot depicting variation in 

grain size of pristine and irradiated samples for various dosages. 
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Ion irradiation or ion implantation causes stress due to the 

bombardment of energetic ions into the target and hence there is an observed 

increase in lattice stain in irradiated ZnO samples. On ion implantation, the 

strain tensor related to the density yariation from p to p+f1p can be express as, 

e, = - t>; [I-exp( - :, ll ....................................................... (5.2) 

where 

<I>p - is the characteristic dose of densification. 

<D - Ion dose. 

Strain tensor for whole of the material can be expressed as the sum of 

thennal component, density component and intrinsic strain component, 

c(X,C:P)=CT+Cp +c;' ............................................................. (5.3) 

As a result, stress distribution versus depth is not unifonn and follows the 

distribution of implanted ions [62]. 
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5.4.2.2 Photothermal studies 

An the irradiated thin films were analysed using the existing PDS setup. 

As ZnO is a wide band gap material, we used 300 nm line from aXe-arc 

(Oriel) lamp source, as the pump beam, after passing the light beam through a 

monochromator (Oriel). Pump beam irradiating the sample surface was 

focused to an area of lx1.5cm2
• Beam optics was adjusted by setting the 

wavelength at 532 nm. 

5.4.2.2a Thermal diffusivity measurement 

Variation in thermal diffusivity of pristine and irradiated samples is as 

shown in Fig. 5.13. The calculated value of thermal diffusivity showed a steep 

decrease with increase of ion dosage. The value decreased from 0.023 cm2s'! 

for pristine sample to 0.016 cm2s'! for- irradiated sample of dosage 1 x 1 013 ions 

/cm2
• Thus, we can conclude that the thermal diffusivity decreased with ion 

irradiation. This decrease could be attributed to the bond breaking or rupturing 

due to impinging of energetic ions. More the time of exposure of the target to 

ion beam, more is the damage. However, there are reports on self annealing of 

dangling bonds [27] occurring due !o exchange of high energy during the 

process. Increase in lattice strain and decrease in grain size (Fig. 5.11 and Fig. 

5.12) in the present study also supports the decrease of thermal diffusivity. 

By definition, thermal diffusivity is the capacity of the material to 

transport or allow the diffusion of thermal energy. In our work, measurement 

of thermal diffusivity was done by generating thermal waves within the sample 

and detecting it at the sample surface. As thermal wave propagation depends 

on the microstructural property of the material, any change in the regularity of 
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the material structure could be identified. This is been used for studying the 

presence of damage due to ion irradiation. 

We could not find reports on thermal diffusivity studies on ZnO thin 

films and this could be the first work ~carried out on ion irradiated transparent 

conducting oxide material, such as ZnO thin films, to the best of our 

knowledge. 

2.4xl0·'-.---------------------. 
--- Thermal diffusivity 

2.3xl0·' 

/! 
:::::::: +--r----r---.---.---.,--...........,r---rl---.---r-~ 

Pristine 

Samples 

Fig. 5.13 Graph showing variation of thermal 
diffusivity of prisitine and irradiated samples 
for various dosages. 

S.4.2.2h Mobility measurement 

Fig. 5.!4 is plot for log amplitude versus square root of frequency for 

pristine and ion irradiated ZnO thin film samples. The second slope in these 

curves, which is due to the photogenerated carriers [56] was used to determine 
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the mobility of the sample. Details of mobility calculation is given in chapter 1 

(section 1.S.2). 

Mobility values calculated were found to decrease with irradiation 

dosage as shown in Fig. 5.15. The values ranged from 12.2 cm2V·1s-1 (for 

pristine sample) to 1.93 cm2y-1f l (for irradiated sample of dose 3x103 

ions/cm2). Mobility value of 9.S cm2Ns was reported for irradiated film by 

Shigemi et at [49] for 100 keY W fon implanted in ZnO thin films upto a 

tluence of 1015 to 1017 ions/cm2• Decrease in mobility should be due to 

increase in defects caused by irradiation making mean free path of 

photogenerated charge carriers small. Moreover, there is degradation in grain 

size also (section SA.1.2b). 
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Fig. 5.15 Graph showing variation of mobility 
of prisitine and irradated samples. 

5.5 Conclusion 

Thermal diffusivity and carrier mobility of ZnO films were determined 

using PDS techinque. Samples prepared using different volumes of spray 

solutions were studied and it was observed that, "200 ml" sample showed the 

maximum thermal diffusivity and mobility value. The crystalline property was 

also found to be good for the sample~ from XRD studies. Film thickness was 

also measured using PDS technique. The data obtained was found to coincide 

with the value from Stylus method. 

Ion irradiated ZnO thin film samples were studied using PDS 

technique to know the thermal and transport properties. It was observed that 

ion irradiation caused degradation of the material microstructure. From XRD 
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pattern (002) peak intensity was found to decrease drastically with increase in 

ion dosage. Lattice stain calculated showed an increase with ion dosage and 

the grain size calculated from the XRD data showed a decrease with ion 

dosage. Both thennal diffusivity and mobility were observed to show a sharp 

decrease due to ion irradiation. These effects were attributed to damage caused 

due to ion irradiation. 
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Chapter 6 

PDS FOR INDUSTRIAL APPLICATION 

6.1 Introduction 

Finished materials, products and equipments, which fail to achieve 

their design requirements or projected life, due to undetected defects, may 

require expensive repair or early replacement. Such defects may also cause 

unsafe conditions or could lead to catastrophic failure, as well as loss of 

revenue due to unprecedented plant shutdown. Thus material analysis through 

Non-Destructive Testing (NDT) becomes very important. NDT can be applied 
" 

in each stage of an item's construction to understand materials homogeneities 

or to determine its quality [1]. 

NDT, Non-Destructive Evaluation (NDE), Non-Destructive Inspection 

(NDI) are the terms commonly used in connection with the techniques that are 

based on the application of physical principles employed for the purpose of 

determining characteristics of material/components/systems, for detecting and 

assessing the inhomogeneties and hannful defects without impairing the 

usefulness of the material/components/systems. In other words, it is used for 

the examination of materials and components in such a way that, it allows 

materials to be examined without changing or destroying their usefulness. 

NDT of engineering materials, cOJl1ponents and structures has steadily 

increased in recent years because of the all-round thrust for improving material 

quality and performance reliability. 

The concept of component design strives towards greater efficiency 

and improved performance. This can be achieved by employing materials with 
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acceptable but mInImum level of defects analysed through quality testing. 

NOT can be used to find out the size and to locate superficial as well as 

subsurface flaws and defects. WeJdedjoint, cracks, porosity, voids, inclusions, 

etc., can be examined using NOT .. 

Performance of surface hardened parts is a major issue in automotive 

and aerospace industries. There is, therefore, a strong need to improve the 

quality control by introducing new measurement systems which allow for non­

destructive, non-contact hardness profile measurement as an alternative to the 
" presently used destructive inspection method [2]. Table 6.1 is the list of the 

merits and demerits ofNDT with respect to destructive techniques. 

Non-Destructive tests Destructive tests 

Advantages Limitations 

1. Tests are made directly on the Tests are not made on the objects 

object. 100% testing on actual directly. Hence correlation between 

components is possible. the sample specimen used and object 

needs to be proved 

2. Many NDT methods can be A single test may measure only one 

applied on the same part and henc~ or a few of the properties 

many or all properties of interest 

can be measured 

3. In-service testing is possible In-service testing is not possible 

4. Repeated checks over a period of Measurement of properties over a 

232 



time are possible cumulative period of time cannot be 

possible 

5. Very little preparation is sufficient Preparation of the test specImen IS 

costly 

6. ~ost test methods are rapid Time requirements are generally 

high 

Limitations Advantages 

7. ~easurements are indirect. ~easurements are direct and reliable 

Reliability is to be verified 

8. Usually qualitative measurements·· Usually quantitative measurements 

9. Skilled judgments and experience Correlation between 

are required to interpret measurements and 

indications propertie~ are direct 

.-
Table 6.1: List of merits and demerits of NOT 
with respect to destructive techniques. 
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6.2 The commonly used NDT methods 

(i) Liquid penetration inspection: , 

This technique is based ~m the ability of a liquid to be drawn into a "cleant! 

surface-breaking flaw by capillary action. After a period of time (called the 

"dwell"), excess surface penetrant wiII be removed and a developer will be 

applied. This acts as a "blotter" and it draws the penetrant from the flaw to 

reveal it's presence. Major demerit of this technique is that this gives 

information about cavities that are open to the surface only. Very viscous 

liquids become unsuitable as penetrants, because they do not flow. Moreover, 

coloured penetrants require 'good white light while fluorescent penetrants need 

to be used in darkened conditions with an ultraviolet "black light". 

(ii) Eddy current: 

This technique uses magnetic li!les of force, when an energised coil is brought 

near to the surface of a metal component. Due to magnetic induction, the lines 

of force get distorted by the presence of a flaw. Major disadvantages of these 

technique is that, as Eddy current testing is an electromagnetic technique, it 

can only be used on conductive materials. Surface irregularities and scratches 
, 

can also give misleading indications. Therefore it is necessary to ensure very 

careful preparation of the surface before magnetic particle testing is to be 

undertaken. 

(iii) X-Ray and Gamma rays detection: 

The x-ray or gamma rays, is allowed to pass through the material to be 

inspected, and is then captured on a film. This film, when processed, gives an 
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image with a series of grey shades between black and white. The choice of 

type of radiation to be used, as to whether X-Ray or gamma ray, depends on 

thickness of the material to be tested. Major disadvantage with this method is 

that, X-rays and gamma rays are very hazardous. Special precautions must be 

taken when performing radiography. Hence the operator should use 

appropriate barriers and warning signals to ensure that there are no hazards to 

personnel. 

(iv) Ultrasonic detection: 

It is based on the principle that, ultrasonic waves produced inside any material, 

could propagate through the material, since solid materials are good 

conductors of sound waves. The waves are not on~y reflected at the interfaces 

but also by internal flaws such as matyrial separations, inclusions, etc,. This is 

one of the most popular NDT and is the "present day quality testing tool". 

(v) PDS technique 

PDS technique is one among the NDT tool. It works on the principle of 

understanding thermal wave generation and propagation within the material. 

The thermal wave is generated inside"the material through optical absorption. 

Since this technique uses laser beam, localized information to an area of ~m 

range can be derived. Moreover this makes it non-destructive. Companies such 

as Jenoptik, PHOTOTHERM in Europe and Thermawave InC. in US, have 

started to manufacture apparatus based on PDS technique, for quality control 

(mainly of silicon wafers) which are based on optically and thermally 

modulated optical reflection from semiconductors [3]. This is for measuring 

thickness of surface coating like paint etc,. Lot of effort has gone in for the 



transfer of technology from laboratory scale to industrial plant scale. This was 

because, it requires additional optimization comprising of cost considerations, 

security and reliability aspects. Most importantly the device has to work under 

the special conditions dictated by the industrial demands, with considerable 
; 

reduction of the available measuring time [3J. 

In the present study, we attempt to show the use of PDS tool for 

industrial application. We tried to study the quality of welded joint, to 

determine the thickness of paint coated over a substrate and to understand the 

homogeneity of polymer doped with various filler components. 

6.3 Review 

Gibkes et al [4] had developed a trace gas detector using photothermal 

technique for industrial application. It uses either a tunable laser adjusted to an 

absorption line of the trace molecule or spectrometer to scan the whole 

absorption spectrum. The advan-tage of this detector is that it can be adapted to 

different gases by changing simply a narrow band IR-filter in the front of the 

excitation beam. The use of limited number of electronic, mechanical and 

optical components makes the system reliable and less sensitive to 

environmental changes. 

Busse et al [5] measured thickness of paint, using modulated 

photothermal radiometry, as this was an appropriate method for remote and 

nondestructive evaluation of thickness and the thermal properties of thin films 

I coatings deposited on thick substrates. A 48-Jlm-thick layer of grey paint on 

brass was investigated. The measurements were performed with the 

Photothermal Microscope (model PTMI) made by PHOTO THERM -
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Germany [6]. Wu et al [7] investigated turbine blades for hidden defects using 

this technique. They used combination of Lock-in technique and commercial 

IR-thermography. This allowed a fast, remote and nondestructive inspection of 

components. Even at low modulation frequencies (0.03 Hz) the measurement 

time was within 3 minutes. 

Walther [8] inspected rough steel surface using photothermal 

technique. He used an effective layer model and compared his results with 

experimental data. He also observed that the signal corresponds to the spatially 

averaged surface temperature, if the diameter of the heating spot was larger 

than the correlation length (which is the mean lateral distance between 

characteristic hills or valleys of the rough surface) and fulfills the conditions of 

one dimensionality. He had also published another work, which was based on 

the equivalent layer model. The effect of roughness induced thermal wave 

dispersion was studied on hardened steel. He could successfully demonstrate 

the validity of the theory by comparing calculations with photothermal 

radiometric measurements [9]. 

Pandey et a/ [10] studied polymeric materials usmg photothermal 

techniques. Thermal diffusivity values for polymer materials such as, Biaxially 

oriented polypropylene film (HOPP), Tubular Quinched polypropylene film 

(TQPP), Carhon fibers, fullerene and composite ceramics were determined 

using this technique. 



6.4 Experimental Details 

6.4.1 Welded joint 

Two individual Steel plates (MS ENS) of dimension 2 x 1 inch and of 

thickness 5 mm were welded along a "V" Groove using a 3 mm welding rod, 

maintained at 120 Amp current, with an input voltage of 440 V. Protruding 

surface at this joint, after welding, wa~ grounded and polished, so that the joint 

becomes visually invisible. Fig. 6.1 shows the schematic of the welded joint. 

This joint was analyzed using PDS technique, and was also tested using 

mechanical testing methods. 

Debris at the surface was thoroughly washed and finally rinsed with 

acetone. For PDS studies, sample was loaded in the sample cell immersed in 
~ 

CC14 solution. Chopped laser beam from a semiconductor diode laser (NdY AG 

- CASIX) of wavelength 532 nm and of power 25 mW was used as the pump 

beam. Pump beam scanning was done over an area of 600 x 1000 J.1m~within 

the welded portion for two different chopping frequencies of 250 Hz and 3000 

Hz. 

Steel Plate 

Q::====-!. 
Fig. 6.1 Schematic representation of the 
welded joint. 

238 

Welded joint 



6.4.2 Thickness of paint 

A layer of black paint was coated over a glass substrate using an artist 

brush. ~ig. 6.2 is the schemat ic of paint coated over glass substrate. Thickness 

was calculated using gravimetric method, to be - 0.8 mm. 

The painted substrate of dimension I x 5 cm was mounted in the 

sample ce l!. Chopped laser beam from a semiconductor diode lase r (NdYAG -

CAS IX) of wavelength 532 nm and of power 25 rnW was used as the pump 

beam. CCI4 was not used as the coupling medium this time, as we observed 

that the painted layer got eroded when dipped in this liquid. For su rface 

imaging, scanning was done over an area of 800 x 1000 jlmL at a fixed 

chopping frequency of 3200 Hz, so as to reconstruct a two-dimensional image 

of the paint coated area over the substrate. To determine the thickness, PDS 
. 

data was collected over a range of chopping frequency of 5 Hz to 700 Hz. We 

used one layer model for curvefining, as the painted layer was absorbing layer 

(/1) and the substrate was non-absorbing (12)' Detailed description of thickness 

calculation is given in chapter I (section 1.4). 

~ ______ .... Layer of paint 

r----
Fig. 6.2 Schemati c of painted substrate 

6.4.3 Effects of fille r in Polymer material 

Substrate 
(Glass) 

The sample used for this measurement was developed for 

encapsulating or potting heat generating devices. Polyurethane (PU) prepared 
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from Empeyol sp 10 1 and MDI Cosmonate LK obtained from ManaIi 

petrochemicals, Chennai, was used as the polymer matrix. Required a~ount of 

SP 101 and Cosmonate LK were take.n in the ratio of 100:30. This proportion 

was thoroughly mixed and filler components were added immediately. The 

composition was kept in continuous stirring condition till the filler got 

dispersed in the polymer. Entrapped air was removed by applying vacuum. 

This mixture was then poured into the mould for casting and left for 24 hours. 

Unlike any conventional methods, where the sample is directly heated, 
, 

PDS method is based on the principle of generation of thermal waves within 

the material by optical excitation. The thermal waves so generated traverse 

through the material, which in turn is governed by the material's thermal 

property. Thus, a direct relation could be obtained and the thermal diffusivity 

of the material could be determined nondestructively for PU doped with 

various fillers such as Mica, Boron Nitrate (BN), Zinc Oxide (ZnO), 

Aluminium Oxide (AhOj). Samples were identified with running numbers as 

"1 to 9" and the sample detail is tabulated in Table (6.2). 

240 



Sample Id Sample 

1 PolyUrethane(PU) 

2 PU+Mica 

3 PU+BN(1g) 

4 PU+BN(O.1g) 

5 PU+ZnO(1g) 

6 PU+BN(O.5g)+Mica(O.5g) 

7 PU+BN(O.5g)+Silica(O.5g) 

8 PU+Silica( 1 g-precipitate) 

9 PU+BN(O.1 g)+ZnO(O.9g) 

10 PU+BN(O.1 g)+AI203(O.9g) 

11 PU+AI20 3( 1 g) 

12 PU+Silica( 1 g-Ultrafine) 

13 PU+BN+ZnO(2.5g) 

Table 6.2 Details of undoped and doped PU 
polymer samples 

The samples used for PDS studies were cut in a disc shape of km radius. 

Chopped laser beam from a semiconductor diode laser (NdYAG - CASIX) of 

wavelength 532 nm and of power 25 m W was used as the pump beam. In this 

case too we did not use CC 1..\. as CCL, was observed to degrade the polymer 

material. Details of thermal diffusivity measurement is described in chapter 1 

(section \.5.\). 
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6.5 Results and Disseussion 

6.5.1 Welded joint 

Two-dimensional PDS amplit!Jde plots obtained for two different 

chopping frequencies of 250 and 3000 Hz is as shown in Fig. (6.3), It was 

observed that for 3000 Hz the signal was almost unifonn. When the chopping 

frequency was decreased to 250 Hz. non unifonnity in the POS amplitude 

signal was observed. 

For low chopping frequencies the signal is from the bottom layer of the 

sample and as the chopping frequency is increased the signal contribution is 

onl y for the surface. Thus. the non unifonnity in POS amplitude signal for 250 

Hz cou ld be due to hidden damage such as, entrapped air-pocket or unwelded 

portion inside the welded portion. 

:> 
E -• " 60 , -'a 
E 
~ 

c 40 
0 

" u • 20 
" • 0 

6 

250 Hz 

3000 Hz 

';;" I,c"nn,ecl distance 

o 

Fig 6.3 PDS ana lys is of welded joint; Two 
dimensional Plot. 
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6.5.2 Thickness of Paint 

Fig. 6.4 is a two dimensional image plot of PDS amplitude from paint 

coated over glass substrate. The data presented is for nonnalized PDS 

amplitude signal and the surface seems to be rough (Colour bar is given at the 

side is for indication). The irregularities in the plot represents roughness of 

painted portion. Thickness of this layer was also calculated using the 

curvefining method. assuming a one layer model. the va lue was calculated to 

be -0.72 mm. Fig. (6.5) is the PDS amplitude versus chopping frequency 

curve used for the detennination of the paint thickness. Experimental data was 

curvefined with the theoretically generated values. This study was for online 

monitoring of surface finishing of painted layer during mass. 

Fig. 6.4 Two dimensiona l image plot or surface 
ofpaillt coated layer over a glass substratc . 
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Fig. 6.5 PDS amplitude versus chopping 
frequency of painted layer over glass 
substrate. 

1000 

6.5.3 Effect of filler in Polymer material 

Fig. (6.6) is the typical log amplitude versus square root of chopping 

frequency of PU (which is the basc material) and PU doped with Mica. 

Thcnnal ditfusivity was determined using linear curve fitting of the 

experimental data. Thcllnal difnlsivity of all other materials was determined 

the same way and thc values are tabulated in Table (6.3). It was found that 

"samplc 9" (PU doped with (0.1 g) BN and (0.9g) ZnO) showed the maximum 

thermal diffusivity value of 0.4115 (I O'() m2 Is) and the least was observed for 

"sample I" (pure PU) of value 0.00113 (10'(' mC is). Fig. (6.7) is the 
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normalised thermal diffusivity value "for PU polymer samples. This gives a 

comparison study among the samples. 

Thermal diffusivity is directly related to thermal conductivity (a) by 

the equation, 

k ' 
et = -, .............................................................................. (6.1) 

pc 

Where, 

k - Thermal conductivity, 

p - Density of the material, 

c - Specific heat. 

The improvement in thermal diffusivity from the base material is 

largely related to the volume fraction of filler, and it's thermal conductivity. 

The type of thermally conductive filler, including its size, shape, and 

dispersion, determine the thermal conductivity of the mixture. Spherical fillers 

have the least impact on viscosity increase, but also have the least impact on 

thermal conductivity improvement. When particles interact in such a way that 

a structured network is formed, thermal conductivity is enhanced. Some of the 

spheroid filler particles agglomerate forming a network and facilitate heat 

conducting through the material [11]. It also depends on the aspect ratio of the 

filler and it's maximum packing fraction. 
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(a) • Polyurethane (PU) 
0.[5 --Linear fit 
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Fig. 6.6 Depicts the log amplitude versus square 
root of frequency for polymer samples 
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Relative thermal diffusivity by Photothermal denection spectroscopy 
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Fig. 6.7 Nonnalised thennal diffusivity values 
of polymer samples 
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Sample Id Thermal diffusivity (x10-6m2/s) 
> 

1 0.00113 

2 0.02561 

3 0.2951 

4 0.1112 

5 0.0313 
" 6 0.0503 

7 0.3513 

8 0.2879 

9 0.4115 

10 0.09034 

" 11 0.1122 

12 0.0615 

13 0.0485 

Table 6.3 Tabulated value of thennal 
diffusivity for PU and PU doped with various 
fillers " 

6.6 Conclusion 

Welded joint was studied using PDS technique. Entrapped air-pocket 

or defect caused during the process of welding could be non-dt:structively 

detected. A layer of paint coated ov~r a glass substrate was studied for its 

surface texture. Thicknes$ of this layer of paint was also detennined using PDS 

curve fitting method. Thermal diffusivity of polyurethane, before and after 
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adding filler components was also detennined. Polyurethane doped with boron 

nitride and zinc oxide had the highest thermal diffusivity value and was found 

to be the best candidate amongst other filler combinations such as, Alumina, 

Mica, and Silica. 
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Chapter 7 Summary and Conclusions 

Chapter 7 

SUMMARY AND CONCLUSIONS 

In the present work PDS technique was used for studying the optical, 

thermal and electrical properties of different semiconducting thin film 

materials. In this we have included wide band g,!-p transparent material like 

ZnO and opaque materials like CdS aqd 1n2S3. Studies were mainly to measure 

film thickness carrier mobility and thermal diffusivity. Along with this, other 

structural and optical studies were also done. 

First study was conducted on CdS film prepared using CSP technique. 

CdS been used widely in opto electronics and microelectronics due to its good 

optical and electrical properties. It is well known for its tendency to form 
~ 

nonstoichiometic compound having excess cadmium leading to n-type 

conductivity. Pure or undoped CdS films generally show high electrical 

resistivity. So doping or ion implantation technique is adopted for improving 

the electrical property of this material. Cu doped and ion implanted CdS thin 

films were studied to know the thermal, optical and transport properties, using 

PDS technique. Both thermal diffusivity and mobility were found to decrease 

initially for small quantity of Cu doping. These two parameters were found to 

increase with higher doping concentration. Similarly, grain size showed an 

initial decrease and then an increase with Cu doping. Thus, it was observed 

that the grain size had a major role in determining the transport property of the 

material. Depth of diffusion of Cu at~ms into CdS layer was also determined 

by using PDS technique. It was found out that the Cu atoms diffused to a depth 

of ~500 nm, which was also confirmed using XPS studies. In the case of ion 
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implanted samples, penetration depth of different ions species into CdS thin 
, 

film was determined through curve fitting using as two layer model. In this 

model, the bottom layer was considered to be undamaged and the top layer 

was assumed to be damaged due to ion implantation. Values obtained for 100 

keY Ar+ ion and 1 MeV Cu+ ion penetration into CdS layer of 1 /lm thick was 

found to coincide with the values obtained from SRIM calculation. 

Distribution profile of the implanted ion in the sample was studied from one­

dimensional line scanning performed over the implanted region of the sample. 

Depth of penetration was found to increase with increase in ion acceleration 

voltage. Two-dimensional mapping was also done in order to understand the 

damage caused along the depth of the ion implanted sample. These results 

showed that the damage caused was somewhere near the central region of the 
" 

sample. Photoluminescen~e studies showed two peaks at 2.3 eV and at 1.9 eV. 

The fonner was due to direct band to band recombination and the latter was 

due to electrons trapped in S vancancy recombining with valence-band free 

hole. Peak intensity of these two peaks were found to reduce with increase in 

ion acceleration voltage, whereas the peak ratio was found to be constant. 

Second study was' on p-In2S3. It is a semiconductor with a band gap of 

2.0 - 2.8 eV having excellent photoconducting and photoluminescent 

properties that makes it a promising optoelectronic material. This large band 

gap makes this material good candidate, to substitute CdS as buffer layer in 

thin film solar cells. In the present work this sample was prepared using CSP 

and SILAR. In CSP technique, we used precursor solution containing indium 

chloride / indium nitrate and thiourea. It was observed that introduction of 

chloride into the film could be avoided by using indium nitrate as precursor. 
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Chapter 7 Summary and Conclusions 

The use of InCh for sample preparation usually resulted in chlorine doping. 

When nitrate was used substrate temperature could also be reduced. In2S3 thin 

film samples prepared using SILAR and CSP techniques were analysed to 

know the details of their thermal and transport properties. Thickness values 

obtained using PDS were found to coincide well with Stylus method. Thermal 

diffusivity and mobility values were found to be maximum for the thickest 

sample. These values were increasing with annealing temperature. For SILAR 

prepared samples, thermal diffusivity (0.357 cm2/s) and mobility (0.478 

cm2Ns) was found to be maximum for sample having more dipping time in 

solution (10s2w). This sample also showed comparatively good crystalline 

quality. For another set of samples, Which was prepared by keeping dipping 

time in solution constant and varying the rinsing time in water, it was found 

that sample having equal dipping time in water and solution (2s2w) showed a 

high value of thermal diffusivity and mobility. Annealing these samples 

enhanced the grain size, and both the thermal and mobility values were also 

found to increase. When nitrate was used as p~ecursor solution, only the 
.-

sample having InlS ratio 213 showed high thermal diffusivity and mobility 

values. Samples having In/S ratio 215 prepared by using chloride precursor 

showed a mobility value of 17.5 cm2V·1s-1 and that of 2/3 sample prepared 

using nitrate as precursor showed a mobility value of 7.45 cm2y- IS·I. Hence, 

2/5 sample prepared using chloride as precursors exhibited good electrical 

property. 

We selected ZnO for the next study, due to its attractive optical and 

clectrical properties, high chemical and mechanical stability, eco-friendly 

nature and abundance, has emerged as onc of the most promising 
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optoelectronic materials. ZnO is suitable for the fabrication of high­

temperature, high-power devices with application, just as GaN. Further 

practical advantages of ZnO include amenability to conventional wet chemical 

etching, which is compatible with Si technology. Suitable doping can increase 

the conductivity of the ZnO thin films. Conversion of this material into p-type 

can lead to the fabrication of unique~ transparent pn junction. In the present 

work, samples were prepared using CSP technique. ZnO thin film samples 

prepared using different volumes of spray solutions were studied and it was 

observed that samples sprayed for "200 ml" showed the maximum thermal 

diffusivity (0.0254 cm2/s) and mobility (16.1 cm2Ns) value. The crystalline 

property was also found to be good for this sample from XRD studies. PDS 

technique was used to determine the thickness of the samples. The data 

obtained was found to coincide with the value obtained from Stylus method. 

Ion irradiated ZnO thin film samples were also studied using PDS technique to 

know the thermal and transport properties. Studies on thermal properties of 

ZnO thin film using PDS will be the first work as there was no reports found in 
" 

this area. For 120 MeV ~u+ irradiated ZnO thin film sample, the XRD pattern 

showed (002) peak intensity to decrease drastically with increase in ion 

dosage. Lattice stain calculated showed an increase with ion dosage and the 

grain size decreased with ion dosage. Both thermal diffusivity and mobility 

were observed to show a sharp decrease due to ion irradiation. 

PDS has found applications in the estimation of coating thicknesses, 

characterization of layered samples and also to detect hidden patterns inside 

opaque and strongly scattering samples. We studied a welded joint and found a 

region having hidden defect. Online paint thickness monitoring could also be 
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done using PDS technique. In the present work, we analysed painted layer 

using PDS technique. Homogeneity of bulk polymer material was studied after 

doping it with filler components. Thermal property of this material was also 

determined. The advantage of PDS over other techniques is that, as the pump 

beam is from a laser source, after focusing, the area of sample irradiation could 

be restricted to a few ~m. 

In this work we have shown that PDS technique can be readily used for 

measurement of film thickness, thermal diffusivity and carrier mobility. 

Measurements were done on opaque and transparent semiconductors. 

Moreover values were found to be agreeing with earlier reported values 

obtained using other techniques. 

Future scope 

We had developed 3-layer model, which helps in studying the thermal 

wave propagation in the sample. This can be used to understand the material 

property such as thickness of the sample and thermal property exclusively for 

to one particular layer, in case offuncfionally graded materials. 

When it comes to doped or ion implanted samples, restricting sample 

to 6-layers was found to be highly insufficient. Thus an n-layer modelling 

should be developed, which is expected to provide infonnation for small 

variation in optical and thermal properties of a material for a small change in 

modulation frequency of the pump beam. 

For depth profiling studies, thermal and optical parameters of the 

sample are an important input values and the thickness is derived from 

curve fitting method after modelling the sample that contains certain number of 

layers. For rapid determination of sample thickness, a software containing 
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bank of material parameters with iterative curve fitting programs can be 

developed. The software can start curvefitting after a minimum required 
,. 

number of experimental data are recorded. Thus a simultaneous online 

thickness measurement could be possible. This same program could also be 

used to find the unknown compounds formed, as the known materials 

parameters are already stored in the data bank. 
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