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Preface

Photovoltaic is the cleanest and the most efficient mode of conversion of solar
energy to electrical power. Today silicon is the most popular material in this field. In
the US, the current voltaic system based on crystalline silicon wafers has an estimated
cost between $ 0.25 and $ 0.6 / kWh. This increased cost of Si cells is mainly due to
the high manufacturing cost, in spite of reasonably high efficiency. It is estimated that
50% of the cost of a module is due to the cost of processed silicon wafer. It is
surprising to note that in spite of this high cost and complicated manufacturing
process, crystalline silicon still dominates the market. The best laboratory efficiency
for single crystal silicon is today 24.5%. But this efficiency can only be realised with
very elaborate technology. The best commercial cells now have an efficiency of only
15 -16 %.

Moreover, when we think of future, the big question mark before us is the
source of highly purified silicon for this purpose. For 1 GW photovoltaic instillation,
the required quantity of high quality silicon is estimated as 8000 tons. In such a
scenario, if photovoltaics have to supplement or at least complement the conventional
energy system of today, it is necessary to develop other cost effective materials. It can
be argued that efficiency can be sacrificed to some extent, provided the cell is cheap
and eco friendly.

In such a context, success of photovoltaics largely depends on the deposition
of semiconductors in large areas. Hence the PV technology is undergoing a transition
to a new generation based on thin films. The main attractions of thin film technology
are the possibility of large area deposition in any predetermined shape, with large
variety of available deposition processes with minimum material input and the
possibility of controlling the doping profile as required. Though much has been talked
about the copper ternary compounds like CulnSe; and CulnS; in this field, today the
attraction is slowly shifting towards new promising materials that can be prepared
easily and are environment friendly. The present work concentrates on preparation
and characterization of few of such materials viz., different phases of copper selenide

thin films and Iron sulfide thin films.



The thesis is organized in six chapters. Each chapter has separate conclusion
and reference section. The chapter wise description of the contents of this thesis is
given below.

First chapter of the thesis includes a detailed review on the technique of
Chemical Bath Deposition for the preparation of compound semiconductor thin films.
This technique involves controlled precipitation of a compound from a solution on a
suitable substrate. Significance of this simple technique is duly highlighted, while
references are made to a wide range of chalcogenides (eg. CdS, CuSe, ZnS, CdSe,
Bi;Ses, Sb,S;, etc.) and chalcopyrite materials (eg. CulnSe;, CulnS;) which can be
prepared using CBD.

Second chapter refers to the material, copper selenide. Various techniques of
preparation of this material are touched upon, with due emphasis on preparation of
Cuy.4Se and CujSe; thin films using CBD technique. In the present work cubic
Cus..Se and tetragonal Cu3Se; thin films could be prepared by the above technique by
varying the ratio of Cu:Se in the reaction mixture and it is observed that pH of the
reacting mixture is the main factor that determines the composition of the film.
Hence these phases could also be prepared from a similar reaction mixture containing
same Cu:Se ratio but differing in pH.

Analysing thin film with precession is a challenging job. Third chapter gives a
detailed description of characterization of these two phases. Morphology of the film
was studied using SEM. Electrical studies include resistivity measurements and Hall
measurements, while optical band gap is calculated from the absorption spectrum.
XRD confirms the phase identification. Stoichiometry is confirmed using XPS and
ICP techniques. XPS depth profile revealed a uniform composition through out the
depth.

Inter phase conversion of Cu,«Se <-> CusSe; is dealt in detail in chapter four.
Reddish brown colour of Cu,.«Se thin film slowly changes to bluish green (typical of
CusSe; phase) on exposure to ambient conditions. ie. as an effect of aging the Cu,.,Se
phase gets converted to the Cu;Se; phase along with the formation of copper oxide
impurity. It is also found that the Cu;Se; phase reverts to Cu;..Se phase when heated
above 140 ° C. This inter phase conversion was confirmed using different analytical

techniques and is described in detail in this chapter. The cyclic nature of this



conversion and the possible theory behind the process is mentioned along with

measures to prevent the phase conversion.

Chapter five highlights the advantages of the material Iron pyrite as a
promising photovoltaic material. Various preparation techniques of the material are
summarized in the form of a table. Later part of this chapter deals with the report on
preparation of pyrite using Chemical Bath Deposition. Instability of the as-prepared
films was mvestigated and is accounted as mainly due to deviation from stoichiometry
and the formation of iron oxide impurity. A detailed account of the trials carried out
to improve the stoichiometry by annealing the film in sulfur atmosphere is also
included in this chapter. A sulfur-annealing chamber for this work was designed and
fabricated. These samples were also analysed using optical absorption technique, XPS
and XRD. The pyrite films obtained by CBD technique showed amorphous nature and
the electrical studies carried out showed the films to be of high resistive nature.

Chapter six summarises the results pertaining to the preparation of copper
selenide and iron sulfide thin film by Chemical Bath Deposition process and also the

inter phase conversion of copper selenide thin films.
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CHAPTER1

CBD technique in the preparation of semiconductor
thin films for photovoltaic applications - A review

1.1 Chemical Bath Deposition (CBD)
1.1.1 Application of CBD in chronological order
1.1.2 Principle of CBD technique
1.1.3 Process of the film deposition
1.1.4 Factors influencing the deposition process
1.1.5 Mathematical model for CBD growth
1.1.6 Quantum confinement effect
1.1.7 Photoresponse of CBD films
1.1.8 Advantages and disadvantages of CBD technique

1.2 Various semi-conducting thin films prepared by CBD technique for use in

photovoltaic applications.
1.2.1 Cadmium sulfide
1.2.2 Cadmium selenide
1.2.3 Copper sulfide
1.2.4 Antimony sulfide
1.2.5 Zinc oxide
1.2.6 ZnS, Cd,Zn,,S and ZnSe
1.2.7 B4i,S, and Bi,Se,
1.2.8 Indium hydroxy sulfide
1.2.9 Copper indium diselenide.
1.2.10 Copper indium disulfide
1.2.11 Copper selenide

1.3 Conclusion
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1.1 Chemical Bath Deposition (CBD)

As David Smyth-Boyle’s homepage! puts it, CBD refers to ..... a typical

synthesis employing mild conditions.” The technique of Chemical Bath
Deposition involves the controlled precipitation of a compound from a solution on a
suitable substrate. This technique offers many advantages over the more established
vapour phase routes to semiconducting thin films, such as CVD, MBE and spray
pyrolysis. In this preparation technique it is possible to control the film thickness and
composition by varying the solution pH, temperature and reagent concentration. The
ability of CBD to coat large areas in a reproducible and low cost process is one added
attraction of this method. The first report of CBD was in 1884 [1] for the preparation
of PbS. Today a wide range of chalcogenides (eg. CdS, ZnSe, MnS) and chalcopyrite
materials (e.g. CulnS, and CulnSe,) have been prepared using this method.

The pioneers in this field include Bode et al. at Santa Barbara Research
Center, G.A Kitaev et al. at Ural Polytechnic, USSR, Chopra er al. at Indian Institute
of Technology, Delhi, and P.K. Nair et al. at Centro de investigation en Energia ,

Mexico.

1.1.1 Applications of CBD

The use of PbS and PbSe as photodetectors form the first recorded application
of chemically deposited semiconductor thin films [2]. This was followed by CdSe
photodetectors [3]. Around 1980, the focus of CBD films slowly turned towards solar
energy applications. One of the earlier developments towards this was in solar
absorber coatings [4]. Application in the field of solar control coating was suggested
in 1989 [5]. It has been found that chemical bath deposited PbS and Cu S thin films
offer comparable or superior solar control characteristic as against commercial solar

control coatings deposited by much expensive vacuum coating techniques.

T http://www.ch.ic.ac.uk/obrien/barton/dsb/dsbebd.html




CdS and CdSe turned out as probable candidates in the field of photo
electrochemical solar cells [6-9]. Recently, work on chemically deposited CdSe and
Sb,S, films with incorporation of WO, has shown appreciable conversion efficiency
and stability in photo electrochemical solar cell configuration [10].

It is only 10 years since chemically deposited thin films have found their
active role in thin film solar cells. In 1990, a thin layer of CBD CdS thin film was
integrated into a structure Mo/CulnSe,/CdS/ZnO producing approximately 11%
conversion efficiency [11]. Later improved cell design resulted in record efficiencies
greater than 17% [1-18]. Theoretical calculations have shown that the thickness of
CdS film should be as small as possible for better cell efficiency. This could be
attained easily by CBD technique. The fabrication of heterojunction solar cells using
chemically deposited Sb,S; thin films on p(Si)/p(Ge)/p(InP) wafers has been reported
recently [13,14].

P. K. Nair and group have many publications on this simple technique of
CBD [15-18]. Lokhande et al. [19] in his review article has mentioned about more
than 35 compounds prepared using this technique. All these hint that the number of
materials that are deposited by CBD will increase significantly in the coming years.

In the field of CBD, the Photovoltaic laboratory at University of Science
and Technology has also contributed significantly. The first CIS/CdS trial thin film
solar cell in which both the n- and p- type materials were prepared using CBD
technique comes to the credit of the same group (section 1.2.1.h). We have also
succeeded in depositing elemental selenium thin films from an acidified bath of
sodium selenosulfate. This work is to be published in the forthcoming issue of Thin
Solid Film [20]. Moreover, work in the direction of preparation of ternary
chalcogenides of CulnSe, and CulnS, by diffusing In into the chemically deposited
thin film of Cu,Se and Cu,S are in progress.

So to conclude the history of CBD technique- The scope of this technique
in the field of photovoltaics is immense. This can form the most ideal technique for

the production of large area thin films required for solar energy applications.

1.1.2 Principle of CBD technique

In chemical bath deposition process, precipitation of the solid phase occurs

due to the super saturation in the reaction bath. At a given temperature when ionic



product of reactants exceeds the solubility product, precipitation occurs. Where as if
the ionic product is less than the solubility product, then the solid phase produced will
dissolve back to the solution resulting in no net precipitation. This forms the basic
principle behind any chemical deposition process. Or in other words, the principle of
CBD technique is to control the chemical reaction so as to effect the deposition of a
thin film by precipitation.

This deposition technique is mostly used for preparation of metal
chalcogenide thin films. In a typical CBD procedure, substrates are immersed in a
solution containing the chalcogenide source, the metal ion and an added base. A
complexing agent is added to control the hydrolysis of the metal ion. The process
depends on the slow release of chalcogenide ions into an alkaline solution in which
the free metal ion is buffered at a low concentration. The free metal ion concentration
is controlled by the formation of complex species according to the general reaction,

M(A* &M*+ A.

Here concentration of the free metal ions at a particular temperature is represented by

2+
the relation %(A]-S[—zﬁ% =K, (K being the instability constant of the complex ion). The

instability constant is different for different complexing agents. As the instability
constant increases, more number of ions will be released. The stability of the complex
also depends on temperature and pH of the reaction bath. Increase in temperature of
the solution will make the complex less stable, where as an increase in pH generally
makes it more stable. Thus the concentration of metal ions can be controlled by the
concentration of an appropriate complexing agent and the temperature of the reaction
bath. The common complexing agents needed for certain ions are given in Table
(1.1).

If high concentration of S* or Se* ions exists locally such that the solubility
product is exceeded, localized spontaneous precipitation of a sulfide or selenide may
occur as the case may be. This situation can be avoided by generating chalcogen ions
slowly and uniformly throughout the volume of the solution. For example, this is
achieved in the case of sulfur by having thiourea in alkaline aqueous solution, so that

the reaction given below proceeds slowly.
(NH,),CS+OH™ - CH,N, + N, + H,O+ HS™

HS +OH™ — H,0+8§*



Selenide films are obtained by replacing thiourea by selenourea or other derivatives.
Selenium ions are generated by dissolving inorganic sodium selenosulphate in an

alkaline solution as given by the reaction

Na,SeSO,+OH~—>Na,SO, +H,0 +Se*”

Elements Complexing agent
Ag CN, NH,, CI
Cd CN, NH,, CI', CH,0,”, C,H,0,%, EDTA
Co CN, NH,, SCN, C,H,0,”, C,H,O*
Cu CN, NH,, CI, EDTA
Hg CN, NH,, CI', EDTA
Mn C,0,7 C,H,0,>, CH,O4%, EDTA, CN
Ni CN;, NH,, SCN", EDTA
Pb EDTA, CH;0,”, C,H,0., OH
Sn CH,0,*, C.H,0,%, OH, C,0.*
Zn CN, NH,, CH,0,”, C,H,0,*, EDTA

Table (1.1) Ions and their common complexing agents

1.1.3 Process of thin film deposition

There are three different possibilities for the process of thin film deposition
in CBD technique. They are schematically shown in Fig.(1.1). First possibility is the
ion-by-ion process in which the ions condense at the reacting surface to form the film.
The second is the cluster-by-cluster process in which colloidal particles that are
formed in the solution as a result of homogenous reaction gets adsorbed at the
substrate surface to form thin layers. Usually both these processes may occur or may
interact each other, leading to films in which colloidal material is included in the
growing films. The predominance of one mechanism over the other is governed by
the extent of heterogeneous and homogeneous nucleation. Heterogeneous nucleation
is a result of reaction occurring at the surface of the substrate while homogeneous

nucleation is a result of reaction occurring within the bulk of the solution.



1.1.4 Factors influencing the deposition process

The various factors that influence the deposition process in CBD technique are
(1) nature and concentration of reactants and complexing agent, (2) temperature, pH

and duration of the reaction and (3) nature and spacing of the substrates.

1.(a) Nature of the reactants

Nature of the reactants influences the composition of the products. In the
preparation of copper selenide it is observed that when sodium selenosulfate is used
as the selenium source, the final phase is usually Cu,Se, while the use of dimethyl
selenourea results is CuSe phase {21-23]. The growth kinetics also depends on the
nature of reactants. For example, when metal sulfate is employed to deposit metal
selenide films using sodium selenosulfate, the rate of deposition decreases and the
terminal thickness increases. Here the SO,* ions obtained from the metal sulfate
reduce the concentration of Se” ions.
1.(b) Concentration of reactants

The deposition rate and terminal thickness initially increases with an increase
in the ionic concentration of the reactants. However, at high concentration the
precipitation becomes very fast, leading to decrease in film thickness on the substrate.
1.(c) Nature of complexing agent

Nature of complexing agents may influence the final products. For example,
when ammonia is used as a complexing agent for the preparation of ZnS thin film, it
is found to result in ZnO/Zn(OH), phase rather than ZnS. However when two
complexants ammonia and hydrazine are used, the oxide and hydroxide phases could
be avoided to a great extend [24].
1.(d) Concentration of complexing agent

In a general reaction the metal ion concentration decreases with increasing
concentration of the complexing ions. Consequently the rate of reaction and hence
precipitation are reduced leading to a larger terminal thickness of the film. Such
behaviour has been observed for CdSe, CdS, PbSe and ZnS films.

2.(a) Reaction temperature
Temperature of deposition is another factor that influence the rate of reaction.

As temperature increases dissociation of the complex increases. The kinetic energy of



the molecules also increases leading to greater interaction between ions. This will
result in increase or decrease of terminal thickness, depending on the extent of super
saturation of the solution.

2.(b) Reaction pH

When the pH value of the reaction bath increases, the metal complex usually
becomes more stable, reducing the availability of free metal ions. This will decrease
the reaction rate resulting in higher terminal thickness.

Recently there was a report by Paul O’ Brien [25], on a novel approach to the
deposition of CdS by CBD. He succeeded in depositing CdS from an acidic bath for
the first time. It was observed that the film properties were very much different in the
case of such films when compared with that of films deposited from alkaline bath.
2.(c) Duration of reaction

The dependence of film thickness on the duration of deposition (all the other
factors remaining the same) has been studied in detail for different semiconductor
thin films obtained by CBD technique [15]. The results are summarised in Fig.[1.2].
In general, the growth of good quality semiconductor thin films proceeds at a slow
rate. This technique of CBD is ideally suited for producing uniform films with
thickness in the 0.05-0.3 pum range in most cases and rarely to an extend of few

microns.

3.(a) Nature of substrates

This factor plays a major role in the reaction kinetics and in the adhesion of
the deposited film. Hence cleaning of substrate surface form the first important step in
the thin film deposition procedure.

Higher deposition rates and terminal thickness are observed for those
substrates whose lattices and lattice parameters match well with those of the
deposited material. During deposition of PbSe thin films under similar conditions,
higher rates and thickness have been observed on Ge rather than on Si because of
better matching of the lattice parameters of PbSe with those of Ge [26].

On a presensitised substrate surface, no incubation period for nucleation is
observed since nucleation centers already exist on the substrate. Also when the
substrates are suspended in the container before forming the complex in the solution,

film thickness increases in a manner similar to that of the sensitised surface, there by
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showing that the nuclei for the formation of the film are provided by the solution
itself.
3.(b) Spacing of substrates

Recently Arias- Carbajal et al. [27] have studied the film thickness as a
function of separation between substrates in batch production. It was observed that
film thickness reach an asymptotic maximum with increase in substrate separation.
This behaviour is explained on the basis of the existence of a critical layer of solution
near the substrate, within which the relevant ionic speciés have a higher probability of
interacting with the thin film layer that contribute to precipitate formation. The
critical layer depends on the solution composition, the temperature of the bath, as well
as the duration of deposition. In the case of CdS thin film, this critical layer is found
to extend from 0.5 to 2.5 mm from the substrate surface, depending on the deposition
conditions.

The above mentioned influencing factors do not actually affect the chemical
reaction individually, but the final result is due to the cumulative effect of
interdependence of all these factors. K. L. Chopra and S. R Das in “Thin Film Solar
Cells’ have represented the influence of few of the above parameters on the thickness

of the deposited film as experimental graphs. [26].

L1.1.5 Mathematical model for CBD growth

P. K. Nair et al. has worked out a mathematical model simulating the

growth of compound semiconductor thin films via. chemical bath deposition [28].

This model can be used to simulate the growth curve of the CBD thin films for large

area coatings as a function of the initial concentration, temperature and duration of

deposition. Development of this model was based on the experimental growth curve

of thin films of different materials grown in this method. The general characteristics
of the different stages in CBD growth process were classified as:

1 The existence Aof an induction period called the nucleation or incubation

period, during which the various chemical equilibria are established in the

bath and an initial monolayer of the metal chalcogenide is formed on the

substrate.



2 The initial monolayer of the metal chalcogenide formed on the substrate acts
as a catalytic surface for the condensation of the metal ions and chalcogenide
ions resulting in the film growth. This is called the growth phase.

3 Film growth assumes a maximum rate at a certain time, depending on the bath
parameters and finally reaches a terminal phase at which the film ceases to
grow.

4 A decrease in the duration of the induction period with increase in the
temperature as well as with the concentration of ions in the bath.

5 An optimum temperature-concentration combination to obtain maximum film
thickness for a given duration of deposition.

In this technique, the metal ions are complexed with ligands and depending on
their instability constant they will slowly dissociate releasing free metal ions. This
forms the main rate determining step. Hence first order reaction rate kinetics is
applied to the dynamics involved in CBD process.
iggt—) = —kC(t) where C(t) is the unreacted metal ion concentration at time t resulting
from an initial concentration Ci.

C(t) = Ci exp (-kt) where k = A exp(-E,/RT)

(A is the Arrhenius constant, E, the activation energy, R the universal gas constant
and T the temperature). The used up concentration C,(t) of the metal ions can be
expressed in the form of Avrami equation

C. () =C; [1- exp (-kt)]

Based on the theory developed with this idea and the concepts of geometric factor and
induction factor, the growth curve for CdS thin film was simulated. This was found to
be in good agreement with the experimental curve.

The other important experimental observations that were reaffirmed through this
modal include,

(i) It is necessary to combine a relatively high initial metal ion concentration with a
relatively low temperature of deposition for getting films of thickness greater than 0.5
um by single dip.

(i) If the objective is to deposit a very thin film of typically 0.05 um, a very dilute

bath and a relatively high deposition temperature is appropriate.



L11.6 Quantum confinement effect

Thin films of several materials deposited using chemical bath possess a
nanocrystalline structure [29]. Small crystal size leads to quantum size effect and a
blue shift is observed in the optical spectra. In the case of CdSe, it is observed that
there is a certain critical ratio between the complexing agent and Cd concentration in
the bath used for preparation of the film, below which there is a pronounced blue shift
[30]. This observation was correlated with decrease in crystal size.

In the case of a polycrystalline semiconductor with crystalline grain width
L, the enhancement of band gap (Eg),., as compared to that of é bulk semiconductor

crystal, can be represented as [31].

(Eg)pc=(Eg)buu+%(2h—”] . (m,, sz,, )':ei

where m, and m, are the effective masses for hole and electron respectively. The last
term represents ‘screening term’ in a medium of permittivity §. (Eg),. generally
approaches (Eg),., for L > 50 nm, but takes values considerably higher than the bulk
value for L < 5 nm. For example, in the case of CBD-CdSe films, with grain sizes <5
nm, optical band gap goes up by ~0.7 eV above the bulk value (1.74 eV) [29].
Annealing of as-prepared films improves the crystallinity and hence the discrepancy

in band gap will be reduced [32].

1.1.7 Photoresponse of CBD films

A comparative study on photocurrent response of a number of chemically
deposited thin films has been reported, Fig (1.3) [15]. Except for CdS, the films do
not exhibit large photocurrent. Most of the films were highly resistive in the dark and
their electrical conductivities in dark varied in the range 10® to 10° Q'cm™.
Exceptions were CuS and Cu,_Se thin films, where conductivities were in the range
10* -10* Q'cm™. Such high conductivities were reported to arise from copper
deficiency in these films, which make them p-type [33]. This is also responsible for
the large free carrier absorption in these films in the IR region.

Air annealing is found to have significant influence in the photoresponse of
some of the chemically deposited semiconductor films. It is reported that though the
CdSe thin films possess very poor photosensitivity, annealing in air makes the film

highly photoconductive. This is due to the combined effect of grain size growth and



chemisorption of oxygen [34,35]. Fig.(1.4) represents this effect figuratively, where
photosensitivity S is defined as S = (I,-I) / I; (I, and I, are the photocurrent and
dark current respectively)

On the other hand photoconductivity of CdS is found to degrade under the
same annealing process, [Fig.1.5]. The photosensitivity of the as-prepared films gets
lowered by 4 to 5 orders due to annealing at 300-400°C. Annealing at high
temperatures improves the dark conductivity drastically [36]. This is due to the
formation of a top layer of CdO [37].

1.1.8 Advantages and disadvantages of CBD technique
Advantages
1) CBD is a simple and low cost technique:

Of all the thin film deposition techniques, CBD is the simplest as no
elaborate arrangement is required. It can be as simple as given in Fig.[1.6], with a
beaker containing the reaction bath and glass slides dipped in it. It is to be specifically
noted that the deposition is usually carried out at atmospheric pressure and at
relatively low temperature.

The above mentioned reasons along with the fact that high purity chemicals
is not an essential requirement, makes this a low cost technique. In this method there
is very little chance of incorporation of impurities from the reaction bath on to the
deposited thin films. Only if the impurities present in the bath are capable of forming
insoluble compounds under the existing conditions of deposition, there is chance of
incorporation into the film. This will happen only if the ionic product of the impurity
species is greater than its solubility product. However chances of this are rare, as the

impurity concentrations will be usually less than 2%.

2) Multicomponent films can be prepared

With CBD technique it is possible to deposit multicomponent chalcogenide
thin films over a wide range of stoichiometry. Some of the ternary alloys prepared
using this method are given in Table (1.2) [26].

Alloys of chalcogenide films are prepared by reacting sodium selenosulfate
or thiourea with a mixture of different complexed metal ions. If two non-interfering

and independent complexing agents (say A and B) are used for complexing two
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cations (say M and M'), then the ions dissociate in an aqueous solution to give free
metal ions according to the reactions

M(4)" & M* +nd

and M'(B)» & M'* +mB

The stoichiometry of the as-deposited film depends on the initial salt
concentration, complexing salt concentration and temperature of the bath. An
altemative technique to vary the composition is to change the concentration of the
complexing agents without altering the ratio of the salt concentrations. For example,
the composition of Cd, Pb,Se films could be varied by adding different amounts of

NH,Cl solution to the reaction mixture [26].

Alloy Composition
Pb,HgS 0<x<0.33
Pb, Hg Se 0<x<0.35
Cdl-ngxS 0<x<1.30
Cd, Hg,Se 0<x<0.15
Cd,.Zn,S 0<x<1
Cd, . Pb

1D, Se 0<x<l
CdSe,_S,

0<x<1
PbSe, S,
0<x<l1

Table (1.2) Few alloys prepared using CBD technique

3) Intewype conversion possible by easy methods

Many of the chemical bath deposited intrinsic semiconductors can be
converted to n-type or p-type by easy and simple methods. For example, immersion
of intrinsic CBD-CdS thin film in a dilute solution (0.05 .M) of HgCl, for a few
minutes and annealing in air at 200°C, produces n-type conductivity of ~ 1 Q'cm’
[36]. Similar results are reported for CdSe also [38]. This result is attributed to
chlorine incorporation in the film. The main drawback of this conversion is loss of
conductivity at high annealing temperatures. Recently another method was suggested

for the conversion of CdS and CdSe to n-type [39-41]. This was based on evaporation



of a 20 nm thick indium layer on to the film surface and annealing at 300-350°C. This
resulted in n type films of low resistance and high stability.

The conversion of CBD-CdS thin films to p-type by topoaxial reaction in
copper chloride solution is well known. The incorporation of copper ions in CBD-
CdSe thin films by immersion in a dilute solution of CuCl, (0.005 M) result in p-type
conductivity with the reduction in sheet resistance from 10 €/ Oto 10° ¢/ O[15]. A
similar case with ZnSe is also reported [42]. In ZnS-CuS or PbS-CuS multilayers,
thermally stable p-type films of low sheet resistance can be prepared by interfacial

diffusion of metal ions [16].

4) It is a safe procedure with minimum environmental hazards

Safety of this technique arises from two angles: 1) Due to the simplicity of
the procedure which avoids sophisticated setup or high temperature and pressure. 2) It
does not involve reactants in the vapour phase. For example, while the usual
selenisation process involves H,Se or Se vapour, they can be avoided in CBD
processes. It is well known that toxicity hazards associated with lead, cadmium,
mercury, selenium, etc. are severe when inhaled. An analysis on the toxicity hazards
in the production of chemically deposited PbS thin films is given in Ref.[43] ,where it
was established that the chemical bath technique does not entail the usual health

hazards associated with lead pollution.

5) Suitable for large area deposition

Large area deposition is necessary for commercial purpose. This is possible
with in this technique by carefully laying down the substrate on a shallow tray
containing the deposition bath. The substrate surface should be kept at a height of 5
mm from the bottom of the tray with the help of spacers. In such an arrangement the
film deposited at the bottom surface is found to be of better quality. Coatings on glass
sheets of 60x60 cm? are.usually prepared from 2000 ml of solution using the above
arrangement [15]. This technique can be used for uniform film coating on substrates

of any desired shape and form by suitably choosing the bath container.



6) Reproducibility is high

Once all the bath parameters that influence the deposition of thin film are
standardised, this technique can give good reproducibility especially in the case of
binary compounds.

7) Wastage can be minimized

Precipitates are unavoidable in CBD technique. However, in large-scale
deposition, precipitate can be filtered out and reacted with acids or other suitable
reagents to retrieve the starting materials for deposition. In many cases the precipitate
may be rinsed well, dried and stored to serve as precursor for other deposition
techniques.

For example, some precipitates can be used for screen-printing or
production of composite coatings. Screen-printing has been successfully used in the
production of CdSe-CdTe solar cells [44]. This process involves the precipitation of a
paste containing the semiconductor pigment, a flux material that will fuse at a
temperature much below the melting point of the pigment and a binder usually
ethylene glycol or propylene glycol. This paste is printed on suitable substrate using a
silk screen or polyester screen, dried for a few hours at 50-80°C and then sintered at a
temperature higher than the melting point of the flux.

The precipitate produced in the chemical deposition bath is usually
stoichiometric. The purity of such precipitate will be superior to that of the starting
chemicals in the bath as the chances of incorporation of impurity is very less in this
deposition technique. Thus the precipitate can serve as a relatively pure source of

semiconductor material for vapour phase deposition [45].

Disadvantages

1. 1t is not easy to dope the intrinsic semiconductor thin films with external dopants at
the time of film formation. This is due to the fact that slight concentrations of dopants
included in the reaction bath will not be incorporated to the film unless the condition
for precipitation (i.e. ionic product > solubility product) for that particular dopant is
satisfied.

2. When used for the deposition of ternary and other multicomponent compounds, the
control of stoichiometry will be difficult. In order to ensure the reproducibility of the
process a precise knowledge of the effect of various parameters on the growth

medium should be thoroughly understood.



3. Selection of substrate is restricted in CBD as there is possibility of reaction of
substrate with the reaction mixture. Hence inert materials such as glass or SnO,/ITO
coated glass or inert metal surfaces are required.

4. Deposition of multilayers by CBD technique has to be done carefully. Or in other
words, order of deposition of multilayers is to be selected. This is due to the
possibility of reaction of the initially deposited layer with the solution bath meant for
depositing the second layer. For example, CulnSe, cannot be deposited over CdS to
form a multiplayer since CdS when dipped in a copper containing solution gets
partially converted to Cu,S.

5. This technique cannot be used to deposit very thick layer of materials. The
maximum thickness attainable in a single dip is more or less fixed. Hence repeated
dipping cannot lead to thickness greater than few microns. Moreover, in repeated

dipping the chances of pealing off the film is high.

1.2 Various semiconducting thin films prepared by CBD technique

for use in photovoltaic applications

The number of semiconducting materials that are deposited by this simple
technique of CBD is increasing at a rapid rate. In this review a list of materials that
finds application in the field of photovoltaics are included. Neither the list nor the
cited references is complete or exhaustive. In the following section an attempt is
made to introduce a few of these materials, with special emphasis on CdS and
CulnSe,.

1.2.1 Cadmium sulfide (CdS)

As far as photovoltaic is considered, CdS is the most successful material
prepared using CBD technique. This is an extensively studied material with its direct
band gap, high absorption coefficient, good electronic affinity and effective ohmic
contact [46]. Growth of CdS is usually columar and perpendicular to the substrate
surface [47]. This means that grain boundaries parallel to the junction that impedes
the flow of photogenerated carriers are few. This material with its high conversion
efficiency and stability has proved to be a good window material in solar cells [48].

Though various deposition techniques such as sputtering [49], spray pyrolysis [50],



vacuum evaporation [51] electrodeposition [52], screen printing [53] and molecular
beam epitaxy [54] have been reported for the preparation of CdS, CBD technique has
attracted much attention as a simple and promising one to obtain device quality films
[55-57].

Even within the field of CBD-CdS, a comparative study of properties is
impossible as no two preparation conditions coincide. For example, in the list of
preparations given below, the cadmium salt can be seen to vary from sulfate, chloride,
acetate, iodide and so on, leave alone the variations in deposition conditions like
temperature, pH, duration of deposition, etc. Here an attempt is made to mention
some of the gradual progresses on CBD films of this material, with more emphasis on

recent works.

a} Photoconductive CdS by CBD process

In 1977 N. R. Pavaskar et al. [36] reported a detailed study on
photoconductivity in CBD CdS films. He standardised the conditions under which
these films could be produced with a high degree of reproducibility with respect to
thickness, structure and electrical behaviour. The preparation procedure was as
follows: 10 ml of 1 M cadmium sulfate solution and 50 ml of 2 M ammonia solution
were mixed to form a complexed compound. To this solution, 10 ml of 1 M thiourea
was added. The reaction bath was heated to 80-90°C for 30 min. A pre-cleaned pair of
substrate was kept rotating approximately 2.5 cm below the surface of the solution.

The films formed were washed in distilled water and preserved in dark desiccator.

b) Growth kinetics

K. L. Chopra et al. [58] revealed the growth kinetics of chemical deposition
of CdS film from alkaline solution of cadmium acetate, in the year 1980. The kinetics
was studied with respect to temperature of deposition and the relative concentrations
of the various reactants in the solution. It was established that the growth of the film
takes place either by ion-by-ion condensation of Cd** and S™ions or by adsorption of
colloidal particles of CdS formed in the solution, depending on the various deposition
parameters and the method of preparation. The former process of growth result in
thin, hard, adherent and highly reflecting films. The same group also proposed a

model for growth mechanism.



¢) Preparation of device quality CdS films

T. L. Chu et al. in the year 1992, deposited device quality CdS film on
glass and on SnO,:F/glass substrates from an aqueous solution containing cadmium
acetate, ammonia, ammonium acetate and thiourea [59]. Well cleaned S, O,:F/glass
substrates were vertically suspended in an aqueous mixture of CdAc, (10°M), NH,Ac
(0.02 M), NH,OH (0.4 M) and (NH,),CS (5x10°M) at 85°C under constant stirring.
This solution had a pH around 9.1. The reaction started within 10-15 min and was
complete in about an hour. The average deposition rate of CdS on SnO,/glass
substrate was 20-30 A%min.
The expected reactions were as follows
NH, + H,O <> NH,” + OH"
Cd** +2 OH™ <> Cd (OH),
Cd** +4 NH, & Cd (NH,),**
(NH,), CS+2 OH <> 8* +2 H,0+ H,CN,
Cd* +8* & CdS

d} Conversion to n-type by boron doping

Boron doping was tried by adding Boric acid to the above mentioned
reaction mixture [59]. Boron atoms were expected to occupy Cd sites in CdS to serve
as donors. Studies were done by varying the molar ratio of BO,*/Cd*" in the solution
in the range 10 to 102 This doping made CdS n-type and it was found to have a
pronounced effect on the dark conductivity. A minimum in dark resistivity was
observed at a BO,*/Cd?* ratio of 0.001. With further increase in boron concentration,
the dark resistivity was found to increase and it finally approached the value for
undoped film (around 2x10* Qcm). However, the illuminated resistivity of boron
doped CdS films deposited at large BO,*/Cd** ratios was found to be independent of
the boron concentration. From the photoconductivity study of these films it was
observed that the incorporation of boron into CdS films increases the time constant

appreciably indicating the formation of slow states in the band gap.

e) Conversion to n-type by indium diffusion
Boron doping in CBD-CdS reduced the optical band gap of the as-prepared

film. Hence in 1996, P. J. George et al. suggested a successful method of indium



diffusion to make CdS n-type and that too without tempering the large band gap of
the material [60]. As-prepared CdS thin films were deposited at 80°C for 4 hrs from a
chemical bath containing citratocadmium ions and thiourea. An indium layer of
10-40 nm thickness was evaporated on to the CdS film surface that was thermally
diffused by heating the sample in air at 250°- 350°C for 1-4 hrs. XPS analysis
revealed the diffusion of indium into the CdS film leading to the conversion of
chemically deposited intrinsic CdS thin film into n-type with conductivity upto 50 &
'em’'. Optical transmittance spectra of these films indicated that the band gap was still
> 2.5 eV. This has opened up the scope for using such n-type CdS films directly as a

window layer in heterojunction solar cells.

f) CdS deposition from acidic bath

CdS deposition is always associated with baths that are alkaline [61].
However, Paul O’ Brien et al. have very recently (1999) reported for the first time
that CdS can be deposited from acidic bath containing thioacetamide [62]. CdS thin
film was grown on pre-cleaned tin oxide glass substrates from solution containing
cadmium salt (chloride 0.02 mol/dm®), urea (0.5 mol/dm®) and thioacetamide (0.2-
0.02 mol/dm’), to obtain a solution (100 cm’) of final pH 5.5-4.9. The temperature of
deposition was around 75°C and occasional stirring was given.

The adherence of the film was good, but they did nc')t resemble in
morphology or properties to the alkaline bath CdS. Air annealing improved the
crystallinity of this hexagonal phase and it also induced the migration of chloride ions
to the surface region. No evidence of oxidation was observed on air annealing. These
results have opened up the possibility of developing ternary films of (CdZn)S under

acidic conditions.

g) Modification of CBD apparatus

In the year 2000, G. Sasikala et al. [63] has suggested a modified set up for
CBD deposition of CdS. This modification is in order to obtain a precise control over
the pH of the reaction mixture. The vital role of pH on the quality of the CBD-CdS
films were also revealed with this modified apparatus, Fig.[1.7]. Here the substrate
suspended from the sample holder can be rotated at a constant speed so as to ensure

homogenous heat transfer to the substrate from the hot reaction bath. A reservoir



arrangement was made for simultaneous addition of thiourea into the bath during the
growth process. A pinch cork was provided to adjust the rate of flow. The other
reactant was cadmium chloride complexed with ammonia. Temperature of deposition
was maintained at (0°C) with the help of oil bath. pH of the reaction bath will
decrease slowly due to evaporation of NH, gas. In order to avoid this, the vessel was
provided with mercury liquid seal for the stirrer. Main upper portion of the vessel was
arranged to be exposed to atmosphere in order to help ammonia vapour to condense
and fall back to the deposition solution. To take care of high pressure, a safety valve

was also provided.

h) CBD —(CdS based solar cells
CdS/CdTe cell: (1992)

T. L. Chu et al. reported an n-CdS/p-CdTe solar cell where the CdS layer
was prepared using chemical deposition [59]. On SnO,F/glass substrate device
quality CdS films of thickness 600-1000A° was deposited as mentioned earlier in
section (c). It was converted to n-type through boron doping (as mentioned in section
(d)). On to such a layer, p-CdTe film was deposited using close-spaced sublimation
(CSS) technique. Substrate (CdS/SnO,:F/glass) and the polycrystalline CdTe source
were separated by about 0.2 cm. Source materials and substrate were maintained at
about 700°C and 600°C respectively. The deposited film was 4 to 5 um thick. Devices
of about 1cm?® area were isolated. The study conducted at NREL revealed that such

solar cells could give efficiency higher than 14.5% under global AM 1.5 conditions.

CdS/CIS cell: (1996)

Hai-Ning Cui and Shi-Quan Xi in 1996 reported the test trial of ITO/dip-
CdS/CIS/Mo/glass structured cell. This cell with chemically deposited CdS acting as
widow layer and CIS (CulnSe,) acting as absorber layer showed considerably high
efficiency [64]. Here chemically deposited CdS was prepared as follows
Solution 1: CdCl, (0.01 M), NH,Cl (0.039 M), NH,OH (0.76 M)

Solution 2: Thiourea (0.17 M); NH,C1 (0.039 M); NH,OH (0.76 M)
Equal volumes of solutions 1 and 2 were mixed at 50°C and placed in the deposition
beaker in which cleaned glass slides were kept vertically. This beaker was placed in a

water bath held at 73°C. pH value of combined solution was approximately 11.
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During cell construction, in order to increase the optical transmission range of the
window material, only a very thin resistive layer of the CdS was used. On this a
transparent conducting layer of ITO was deposited using rf sputtering. This double
layer formed a good window region for the solar cell.

Recently, a CBD-CdS/CBD-CIS cell was reported and the details of this
are included under the following section ‘All-CBD cell’.

CdS/CIGS cells: (1998)

Y. Hashimoto et al. [65] fabricated a solar cell with an active area of
0.48 cm?, with a structure MgF,/ITO/ZnO/CdS/CIGS/Mo/glass. The high quality
CIGS (copper indium gallium selenide) film was deposited on Mo coated soda lime
glass by applying the composition monitoring system to the 3-stage process.
Stoichiometric CdS layer of thickness 100A° was deposited on the CIGS layer by
CBD technique. The chemicals used for this include equal amount of 0.0014 M Cdl,,
NH; and 0.14 M CdI,, NH, and 0.14 M thiourea solution. The deposition was carried
out in a solution of pH 11.8, at a temperature of 70°C and the duration of deposition
was 20 min. The ZnO layer with thickness of 0.2 pm and the ITO layer with thickness
of 0.1 um were deposited by RF magnetron sputtering. The MgF, antireflection layer
with thickness of 0.12 um was deposited by electron beam evaporation. The device
had a high conversion efficiency of 17% (V,, = 0.65 V, J.=35.1 mA/cm? FF =
0.747). This result indicates that the performance of the solar cell becomes

appreciable on improving the stoichiometry of the CdS layer by CBD technique.

All - CBD Cell:

The first report of ‘All-CBD cell’ i.e. CBD-CdS/CBD-CIS cell was from
the Photovoltaic laboratory, Dept. of Physics, Cochin University of Science and
Technology [66]. The details of cell fabrication is as given below:

A SnO,:F/glass substrate was dipped in a reaction mixture containing aqueous
solutions of copper citrate (7.5 ml, 0.2 M), indium citrate (25 ml, 0.2 M) and sodium
selenosulphate (20 ml, 0.1 M). Deposition was carried out at room temperature at a
pH of 6.5, under stirring. For a deposition time of lhr, a thickness ~ 120 nm was

obtained. For higher film thickness, repeated deposition was done.
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As a next step CdS was deposited on this by CBD technique itself. A
reaction bath containing cadmium chloride (CdCl,), triethanol amine, thiourea and
ammonium hydroxide was used. The temperature was kept controlled at 90°C and pH
at~10.5. Film of thickness ~ 600 nm was obtained in 30 min time.

These samples were then annealed in air at 200°C for 7 hrs to improve and
stabilise the characteristics. Then the top CdS layer was given a chemical treatment
by dipping the sample in hot (50°C) stannic chloride solution (0.5 M) for few seconds
and drying at 100°C for 5 min. This was done to reduce the series resistance of the
cell. The device fabrication was completed with deposition of a top electrode. The
electrode was vacuum evaporated indium in the form of a grid. Then the sample was
annealed in a low vacuum of 10" Torr at a temperature of 150°C for 1 hr. The total
area of the film deposited was 5x1.25 cm?’. It was divided into small cells of area
0.lcm?. Each cell was then tested for its photovoltaic activity.

The schematic diagram of CBD-CulnSe,/CBD-CdS thin film solar cell is
shown in Fig.[1.8] [67]. The cell parameters obtained for the best cell were, V.= 365
mV, J.= 12 mA/cm?, FF= 61% and 1n=3.1% under an illumination of 85 mW/cm® on
cell of active area 0.1 cm®. The J-V and C-V characteristics and the spectral response

were also studied.

1.2.2 Cadmium selenide (CdSe)
CdSe thin films with a direct band gap of 1.7 €V and n-type conduction are

of great relevance in photovoltaic systems [68]. A recent report of p-type conduction
in this material prepared by molecular beam epitaxy (MBE) technique has enhanced
its scope [69]. Highly stoichiometric CdSe films are prepared by hot-wall epitaxy,
vacuum evaporation and MBE [70,71]. Chemical techniques like spray pyrolysis,
screen-printing, electrodeposition and evaporation of the residual precipitate from
chemical bath deposition [72-75] are also reported. But a major problem with this
polycrystalline film is the considerable reduction in photo response due to the grain
boundary defects. A report that appeared this year on the success of laser annealing
has given rays of hope for betterment [76].

Based on chemical kinetics it has been found that initiation of CdSe film
formation will be possible by CBD technique only in the region of existence of

hydroxide [77]. Nair and Nair has suggested the following preparation procedure
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[34,35], 30 ml of 0.1 M Cd(NO,), 4H,0, 12 ml of 1 M sodium citrate, 1.2 ml of 30%
(~15M) NH,OH and 0.4 g of N,N-dimethyl selenourea dissolved in 30 ml of freshly
prepared 0.01 M Na,SO; is mixed and the volume is made upto 100 ml by addition of
water. Thin film deposited from this reaction bath at room temperature after a

duration of 24 hrs, is found to be smooth and uniform.

123 Copper sulfide (Cu_S)

Ever since the discovery of photovoltaic effect in CdS/Cu,S structure in
mid fifties, there has been wide spread interest in Cu,S thin films. Various methods
such as evaporation, reactive sputtering and improved topoaxial reaction has been
tried to obtain Cu,S films with x~1.997 as required for solar cell applications [18]. In
recent years this material is pursued for its solar control application also [5,8].

Many researchers have reported on chemical bath deposition of Cu,S. Fatas
et al. [78] mixed 1 M CuSO,, 1 M sodium acetate and 7.4 M TEA solution and then
added 1 M thiourea in alkaline medium. They reported an optical band gap of 2.58 eV
and resistivity of the order of 3x10°Qcm. A. J. Varkey [79] has reported CuS
deposition using EDTA as a complexing agent in a béth comprising of CuCl, NaCl
and hydroxylamine hydrochloride solutions. In 1993, Gadave et al. [80] did this in a
different way. An aqueous solution of 15 ml 0.1 M CuSO, and 15 ml 1 M sodium
thiosulfate was mixed and clean glass slides were introduced in this reaction bath of
pH 0.5 for ~ 40 min. The temperature of deposition was 60°C. This resulted in Cu,S
films of band gap 2.4 eV and electrical resistivity of the order of 10*Qcm.

1.2.4 Antimony sulfide (Sb,S)

Sb,S, thin films have been successfully used in schottky barrier solar cells
(Pt-Sb,S;) [81] and in hetero junction solar cells (n-Sb,S,/p-Ge) [14] with conversion
efficiencies of 5.5% and 7.3% respectively. This material is usually prepared by
vacuum evaporation technique [82] and chemical bath deposition technique
[14,83,81]. Depending on the deposition process the films may show n or p type
conduction [84,85].

For the deposition of antimony sulfide thin films by chemical bath method,
Mandal and Mondal [83] used a solution containing potassium antimony tartarate,

triethanol amine, aqueous ammonia and thioacetamide. Later, Savadogo and Mandal



(86]) showed that addition of a small quantity of silicotungstic acid in the bath yields
films with enhanced photoconductivity with WO, incorporated in them. Grozdanov
(87] reported deposition of Sb, S, films from a bath consisting a solution of SbCl; (3.5
to 4 g) dissolved in glacial acetic acid (7 ml), 1 M sodium thiosulfate (100 ml) and
cold (10-15°C) distilled water (400 to 500 ml). Thin films of thickness up to 1.3 pm
were obtained from this bath after 24 hrs of deposition. In 1998, Nair et al. [85] did
this in a slightly different way. In a 100 ml beaker, 650 mg of Sb, S, was dissolved in
2.5 ml of acetone. 25 ml of 1 M sodium thiosulfate at 10°C was added to this and it
was followed by the addition of 70 ml deionised cold water. The deposition was
carried out at 10°C. Annealing of these as—prepared films at 250°C in nitrogen
atmosphere improved the crystallinity, decreased the band gap from 2 eV to 1.7 eV

and increased the photosensitivity.

1.2.5 Zinc oxide (Zn0)

Zinc oxide can be used as a transparent electrode material in photovoltaic
cells because of its good material properties [88]. Recently this material has evolved
as a suitable buffer layer on p-CulnS,, so as to replace the CdS layer. ZnO layer with
its band gap of 3.3 eV is found to improve the light transmission in the biue
wavelength region. It can be a substitute for CdS layer, thus avoiding the toxic
cadmium. There are various deposition techniques for this material [89].

Paul O’Brien [89] deposited ZnO films by CBD. The reaction bath
consisted of 0.0188 M Zn and 0.042 M ethylenediamine. The starting pH was made
upto 10.5-11 by addition of NaOH. The film grown on clean glass substrates dipped
in this reaction bath was uniform and adherent.

Recently, Ennaoui et al. [90] deposited CBD-ZnO by two other
procedures. In the first method the substrates were immersed in the beaker containing
reaction mixture of dilute tetraamine zinc at 65°C. The second method was SILAR
(Successive Ionic Layer Adsorption and Reaction) which consisted of there main
steps: (i) specific adsorption of zinc amine solution by substrate immersion in a
solution containing Zn(NH,),** at room temperature (ii) introduction of the substrate
in hot water at 95°C (iii) water rinsing in order to remove loose ZnO particles before
starting a second cycle. A ZnO/CulnS, junction was fabricated with this CBD-ZnO

layer.



In order to compare the performance of this ZnO/CulnS, junction with that
of the standard CdS/CulnS, solar cell, both junction were prepared and the device
properties were measured under AM 1.5 solar spectrum. The output characteristics of
the cells and corresponding spectral quantum efficiencies are shown in Fig.[1.9-a,b].
Due to the higher band gap of the ZnO layer, an enhanced response in the short
wavelength of the spectrum was observed. However this cell had only a low
efficiency of around 4%, while the CdS cell prepared under the same conditions had
efficiency of 9%. Fill factor and photocurrent values were comparable. Anyway this

has opened up the scope for Cd free cells.

126 ZnS, Cd Zn, S and ZnSe

These are few other materials that could be prepared by CBD technique,
which finds applications in photovoltaic devices [24]. It is expected that in CdS based
solar cells the use of wider band gap materials such as ZnS or Cd,Zn,,S can lead to
decrease in window absorption losses and iﬁlprovement in the short circuit current of
the cell.

Reports have shown that it is not easy to prepare high quality ZnS by CBD,
though Paul O’ Brien has suggested strategies for the same [24]. Nair and Nair [91]
have given the recipe as, 5 ml of 1 M zinc sulfate, 4.4 ml of NH,/NH,Cl (pH 10), 54
ml of 50% TEA, 2 ml of 1 M thioacetamide and the rest deionised water to make up
to 100 ml by volume. Deposition of ZnS films of 0.2 pm thickness could be obtained
at 50°C by about 6 hrs or at room temperature by about 20 hrs.

Cd,Zn,,S is a more promising material for photovoltaic cells due to the
possibility of tailing its semiconductor properties between the values corresponding to
the pure binaries. This fact allows to adjust the material properties as per the device
requirements. The techniques adopted for preparation of Cd,Zn, . S include
evaporation, CVD, spray, electrodeposition, SILAR and CBD. Dona et al. [92] has
prepared this phase by CBD using 1.4 M 5% ammonia, 2.25 M 80% hydrazine, 0.14
M thiourea and CdSO, and ZnSO, concentration between 0 and 0.1 M, i.e. [ZnSO,] +
[CdSO,] = 0.1 M. CdSO, and ZnSO, were added first to the NH,/NH,-NH, solution

“under stirring followed by the addition of thiourea solutivn. The temperature of

deposition was 70°C.
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P.K. Nair et al. [15] has found ZnSe to be more photosensitive than ZnS.
The preparation suggested was, 35 ml of 0.1 M zinc acetate, 16 ml of 0.8 M sodium
citrate, 5 ml of 7.4 M ammonium hydroxide mixed with 20 ml of 0.07 M N N
dimethyl selenourea and the volume made up to 100 ml with deionised water.

Depositions could be made at room temperature or at 60°C.

1.2.7 Bi,S; and Bi,Se,

Sulfides and selenides of bismuth are also finding their place in the field of
photovoltaics. P. K. Nair et al. [45,93] prepared Bi,S; from a bath of 10 ml of ~0.5 M
Bi(NO,);. 5 H,0 solution, 8 ml of 50% triethanol amine and 4 ml of 1 M
thioacetamide made upto 100 ml. The duration of deposition was 24 hrs.

Similarly, the same group has reported the deposition of Bi, Se, thin films
from a bath consisting of 7 ml of 0.5 M Bi(NO,), solution, 7 ml of 50%
triethanolamine an 20 ml of 0.07 M N,N-dimethyl selenourea solution finally made
up to 100 ml. Films of 0.2 pum thickness could be deposited in about 9 hrs at 40°C or
in about 60 hrs at room temperature [94].

1.2.8 Indium hydroxy sulfide

Most recent trend in R&D activities in solar cell include the idea of
fabricating chalcopyrite based devices replacing the CdS buffer layer by other CBD
compounds with similar or even better properties [95]. One promising candidate to
achieve this goal is the CBD-prepared indium hydroxy sulfide. In(OH),S, when used
as buffer layer in solar cells gave good 1-V characteristics [96,97]. Some of the thin
film properties of this material are mentioned in Ref. [98].

Conditions of chemical bath deposition that lead to good quality indium
hydroxy sulfide thin films with high growth rate were [99]- [In CL] = 0.025 M,
[thicacetamide] = 0.1 M and f[acetic acid] = 0.1 M at 70°C and at acidic pH. A
terminal thickness of 1800A° was obtained after 45 min of deposition. XPS analysis
showed the as-prepared samples to be consisting of more than 80% indium hydroxy
sulfide and some quantities of indium oxide and indium sulfate. The molecular
formula suggested for this phase was close to InOHS with slight variation in the OH:S

proportion.



1.2.9 Copper indium diselenide (CIS) (CulnSe,)

In the field of heterojunction solar cells, CulnSe, has a potential scope with
its attractive properties of direct band gap (~1 eV), high optical absorption coefficient
(@ ~ 10° cm"), good lattice match and electron affinity with other binary
semiconductors such as CdS. In recent times, CulnSe, thin film based single junction
solar cells have shown efficiencies as high as 18.8% [100].

There are various preparation techniques reported for this material [101].
However all these techniques involve sophisticated and expensive set up. Moreover,
handling of poisonous gases like H,Se or selenium vapour is a major problem in
many of these processes. It is in this context that the significance of chemical bath
deposited CIS arise.

The first report on CBD-CIS came in the year 1987 [102]. The preparation
procedure was as follows: 10 ml of 0.5 M copper chloride solution was mixed with 6
ml of 7.4 M triethanolamine and 20 ml of 13.4 M ammonia solution. To this mixture
18 ml of 0.5 M freshly prepared sodium selenosulfate solution was added to get a
resulting pH of 10. The deposition mixture was magnetically stirred during the
growth process and the duration of depositions was standardized at 30 min. It was
observed that at low temperatures of deposition (~50°C), Cu reacts much faster with
selenium than In does. This resulted in the incorporation of CuSe phase. The
stoichiometry of the as-prepared films deposited at 50°C and 90°C were evaluated as
Cu, In,Se, o, and Cu,,, In,Se, 5 respectively, from EDS analysis.

In the next year (1988) there was a report on fabrication of a junction on a
trial basis [103]. CulnSe, preparation was reported as: Cu** ions were complexed with
ammonia solution and mixed with Na,SeSO, solution. To this mixture, solution
containing a complex ion of indium and citrate was added. The reaction was carried
out at 40°C for 14 hrs to obtain uniform films of CulnSe, on glass and quartz
substrates. The XRD analysis showed a chalcopyrite structure. While EPMA analysis
revealed the composition to be nearly stoichiometric, Hall measurements showed that
the films were p-type with a carrier concentration of about 10°cm?, py, ~lem*V''s
and conductivity of about 10°Q"'cm™. The photosensitivity of the film was found to
be maximum when annealed at temperature greater than 450°C.

A p-CulnSe,/n-Si hetero junction was tried by depositing this CIS layer of

2 um thickness on a Si wafer of 1 Qcm resistivity. This cell suffered from large series



resistance that lead to deterioration of short circuit current and fill factor. After a heat
treatment of the device at 520°C in air for 30 min, the open circuit voltage was 300
mV. However in general the junctioa performance was not appreciable.

In the year 2000, there was a report on CBD-CIS [101]. The deposition
bath consisted of CuCl,, InCl,, H,SeO, and LiCl dissolved in deionised water. The pH
of the bath was adjusted to 2.2 by adding dil. HCl. EDAX analysis showed the
composition of the surface layer of the film to be close to the required stoichiometry.
However the composition determined by ICP analysis deviated much from the EDAX
results. Hence it was inferred that an indium rich region is formed near the surface
and a Cu rich region is formed towards the bottom. For the same reason, the as-
prepared films could only be considered as a good precursor for CIS films. The film
property was found to improve with annealing in Se atmosphere.

The first report on device level CulnSe, thin film by chemical deposition is
from the Photovoltaic lab of Cochin University of Science and Technology [104].
The details are already included in section (1.2.1.h) under the heading ‘All-CBD cell’.

1210 Copper indium disulfide (CulnsS,)

The ternary compound semiconductor of CulnS, is an attractive matenal for
solar energy conversion as its band gap is 1.55 eV. A number of deposition
techniques are used for the synthesis of this material. This includes single, dual and
three source evaporation, spray pyrolysis, RF sputtering, electrodeposition and
sulfurisation. The highest conversion efficiency attained with this material was 7.3%
[105].

G.K. Padam et al. has reported the preparation of this material by CBD [106].
The deposition mixture consisted of 10 ml CuCl, 2H,0 (0.5 M), 5.5 ml InCl, (0.5 M),
40 ml thiourea (0.5 M), 6 ml triethanolamine (0.5 M) and 20 ml ammonia (13.4 M).
The deposition was carried out at 80°C and the duration of deposition was 45 min.
Films obtained were found to be extremely adherent to the glass substrate and
homogenous in appearance when stirring was given to the mixture, where as unstirred
films gave powdery appearance. X-ray analysis proved this material to be crystalline
but with slight deviation from the standard d-values of CulnS,. Both the EDS and the

spectrochemical methods showed that the Cu to In ratio is 1.08 instead of 1.



12.11 Copper selenide

Cu,Se is a cuprous chalcogenide film that always show p-type conduction
due to copper vacancies. This material has an indirect band gap 1.1-1.27 eV [107],
which makes it an absorber material and a direct band gap > 2eV [108], which makes
it a2 window material in solar cells. Photovoltaic junctions Cu,Se/Si, Cu, Se/CdS,
Cu,,Se/CdSe and Cu,Se/InP are reported. Prospects for this material also lies in the
feasibility of producing the ternary compound CulnSe,, starting with Cu,,Se
precursor. Though there are various deposition techniques for this material, CBD is
the simplest. Chapter 2 elaborates the preparation technique and applications of this

material in photovoltaics.
1.3 Conclusion

The principle behind chemical bath deposition technique is the controlled
precipitation of a compound from a reaction bath. Nature of reactants and substrates
and the temperature and pH of the reaction are few of the factors that influence the
deposition process.

Semiconducting thin films prepared using CBD find applications as photo
detectors, solar control coatings and solar cells. In the field of solar cells, apart from
the direct use of CBD films of binary compounds, there is also scope for use of films
like Cu,S and Cu,Se as a precursor for preparing the leading materials such as CulnS,
and CulnSe,. Efforts in this direction by diffusing indium into these binary CBD
films have been reported from Photovoltaic laboratory, Dept. of Physics, Cochin
University of Science and Technology [109].

Theoretical modeling of thin film deposition by this technique has been an
area of constant interest among researchers [110]. The advantages of CBD include
simplicity and low cost of the procedure, minimum wastage of chemicals and
possibility of deposition on large areas. In this chapter the disadvantages of this
technique are also described in detail. Few CBD based cells are highlighted along
with the reported cell efficiencies. The preparation procedures of various thin films
by this chemical method, that finds application in photovoltaics are also briefly

mentioned.
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The Photovoltaic division of Cochin University of Science & Technology
has been working in this field of CBD thin films for the past few years. PbS, CdS,
Cu S, CulnSe, etc. has been our material of constant interest. An ‘All-CBD cell’ with
CdS/CulnSe, junction was fabricated in this lab [66]. Though the efficiency was only
around 3%, it has opened the avenue for large area-low cost thin film solar cells.
Recently our interest has been slowly shifting towards relatively new materials that
may turn out as successful candidates of tomorrow. This thesis work forms a part our

sincere endeavor in this direction.
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21 Review on copper selenide

211 Introduction

Recent years have witnessed intensive research in the field of preparation and
characterisation of thin film metal chalcogenides. These compound semiconductors
find numerous applications in electronic and electro-optical devices. In the present
century, thin film heterojunction solar cells are going to play an important role as low
cost, large area and high efficiency devices in solar energy conversion. Today there

are well established n-type semiconducting films such as SnO2 [1],’In203 [2], indium

tin oxide [3] and CdS [4] which act as window material when deposited on p-type
semiconductors, giving rise to various type of heterojunctions. On the contrary, there
are only few thin films showing p-type conduction. Cuprous chalcogenide binary

films such as CuZS, CuZSe and CuzTe are typically p-type and highly conductive.

Among these, copper selenide is an interesting metal chalcogenide
semiconductor with a wide range of stoichiometric compositions and also with
various crystallographic forms for each of these compositions. The well-known forms

of this compound include CuZSe, CuSe and Cu}Sez, though other compositions such
3 CuSeZ, Cu3Se etc. are also reported [5,6]. Phase diagram of copper-selenium

system [Fig.(2.1)] as reported by R. D. Heyding [7] shows that thermal stability of

these compounds varies depending on the stoichiometry.

212 Cu,,Se phase

Copper (I) Selenide in the CuZSe form (more precisely in the Cu, Se form) is

a p-type semiconductor. It exists in widely differing crystallographic modifications
even at room temperature. This includes orthorhombic [8,9], monoclinic {5,10] and
cubic [11-15] forms depending on the method of preparation.

This material has an indirect energy gap of 1.1-1.29 eV [16] which is near the
optimum value for solar cell applications. Apart from this, it has a direct band gap
>2¢eV [11] that makes it a suitable window material. In vacuum evaporated thin films

of Cu, Se, for the value of non-stoichiometric index (x) between 0.1 and 0.3,
hole mobility of the order of 10 em'V's' and carrier concentration in the range of

10"-10" em” are reported [17]. This material with its advantageous property of high



electrical conductivity, also finds application as an electroconducting layer on
transparent polyester sheets [18]. Moreover, Cu,,Se is a well-accepted superionic
conductor in its high temperature phase [14].

Cu,Se has been used in several heterojunction systems: Cu, Se/ZnSe for

ijection electroluminescence [19], CuZSe/AglnSe2 [20] and CuZSe/Si [21] for

photodiodes, Cu, Se/CdS [20], Cu,,Se/CdSe, Cu,Se/InP [11] and Cu, Se/Si [9] for
solar cells. Cu,,Se/InP cell has a reported efficiency of 1.7% [13], while Cu,
Se/CdSe cell has 4% [22], Cu,,Se/CdS cell has 5.3% [22] and Cu,,Se/Si cell has
88% of efficiency [11]. Attraction of these cells lies not only on the gradual

improvement in efficiency, but also on the simplicity of preparation procedure of Cu,.
Se.

1

Better prospects for this material lies in the feasibility of producing the ternary

compound CulnSez, which is one of the most attractive photovoltaic materials [23-

25). This is achieved by incorporating indium into this binary compound. In 1994,

first heterojunction between p-CulnSe2 (CuZSe being the precursor) and n-CdS was

reported [26].

2121 Preparation techniques of Cu, Se phase
a) Vacuum evaporation [11,13,22.27]

Vacuum evaporation is the frequently used technique for the preparation of
Cu,,Se phase when it is used for solar cell applications. A schematic representation of
vacuum deposition system as adopted by Chen et al. [22] is shown in Fig.(2.2). Cu
and Se were evaporated onto heated glass substrates at various temperatures
160 - 250°C. The Cu boat and Se ring source were concentrically mounted to prevent
material compositional gradients across the substrate. Individual elemental
evaporation rates were controlled using quartz crystal microbalances. By adjusting the
individual rates, Cu,,Se films of various compositions could be deposited. This
technique was used to study the composition dependent properties such as resistivity,

carrier density and carrier mobility in detail.

b) Direct reaction [15, 28- 30] -

Kashida et al. prepared CuZSe samples by a direct reaction of stoichiometric

amounts of copper (purity 99.99%) and selenium (purity 99.999%) sealed in
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evacuated silica tubes [28]. The mixture of the components was kept at 1000°C for
about 1 week and then cooled gradually to room temperature. In another report
making use of the same technique [14], powdered copper and selenium (99.999%

pure) were mixed thoroughly in the atomic ratio of (2-x):1 before being sealed under
vacuum in a Pyrex capsule. The mixture was heated at about 200°C for 48 hrs. and

after pressing into a pellet, it was heated again at 400'C for 48 hrs.

¢) Electrodeposition [31-33]
Thouin et al. used copper sulfate, selenous acid and citric acid for electro

deposition [33]. The concentrations of CuSO4, citric acid and HZSeO3 were 10°M,

04 M and 1.4x10°M respectively. Oxygen in the solution was removed using an
argon flux and the pH was maintained at 1.8. Substrates were glass sheets covered
with conductive and transparent tin oxide. Voltammograms were obtained 1llsing a
three electrode cell and a potentiostat driven by a microcomputer. The potential was
monitored with respect to a standard mercurous sulfate reference electrode (mse).

It was seen that at potentials less negative than an edge value, composition of
the deposit was determined by the diffusion fluxes of the solutes. In a 200 mV wide
potential range, the composition of the deposit was controlled by the composition of
the solution, which is the only parameter acting on the fluxes of the species arriving at
the electrode surface. According to various solution compositions, copper selenides

such as CuZSe, Cu3Se2 and CuSe and their mixtures were obtained. For potentials

more negative than 0.8 vs. mse, cuprous selenide was formed. Here Se** arriving at
the electrode was directly reduced to Se® state, due to the instability of cupric

selenides at these potentials. |

d) Chemical Bath Deposition (CBD) [18, 34-38]

CBD technique is the most frequently used method for depositing Cu,_ ,Se thin
films. It is well accepted as the most convenient and simplest technique. In this
technique, there are many variable parameters such as nature of reactants and
complexing agents, concentration of reactants, pH, temperature and time of

deposition and the nature of the substrate, that influence final composition and



properties of the products. This interesting fact makes each report on CBD different
from the other and unique by itself. Few of the main reports are summarised here.

P. K. Nair et al. in 1999 have reported the cubic phase of Cu,,Se from two
similar reaction baths making use of sodium selenosulphate [35]. Bath SI: 10 ml of
05 M CuSO4.5H20, 1.5 ml of 30% NH3 (a@) (~ 15 M), 30 ml of freshly prepared

solution of ~ 0.18 M NazseSO3 and the rest distilled water to make the volume to
100 ml. Bath S2: 10 ml of 0.5 M CuSQ4.5 HZO, 1.5 ml of 30% NH3 (aq) (~15 M),
12 ml of freshly prepared ~ 0.4 M NaZSeSO3 solution and the rest distilled water to

make up to 100 ml. Substrates were placed vertically immersed in the deposition
baths against the wall of the beaker. Deposition was allowed to proceed at room
temperature ~ 25°C for different durations, 2 to 25 hr.

Clement et al. prepared Cu,,Se film on inert Pt substrate from a bath

containing selenosulphate, at 75'C [38]. The reaction bath was prepared by mixing
25 ml of a solution mixture (prepared by mixing 30 ml of 3 M copper acetate, 9 ml of
98% TEA, 7 ml of 25% ammonia and 45 ml distilled water), with 25 ml of another
solution mixture (prepared by reacting S5 g of Se with 95% Na,SO, in 25 ml distilled
water).

In another report [33], for a total volume of 100 ml, 8 - 10 ml 0.5 M aqueous
solution of CuSO, was introduced in a 100 ml beaker and 1: 3 aqueous solution of
ammonia was added until a clear, deep-blue coloured solution was obtained. pH of
the bath was in the range 9-11. Then 4-5 ml 1 M aqueous solution of sodium

selenosulphate was added and the solution turned yellowish. Substrates were then

vertically mounted in the bath and kept at 40-450C. Within a few minutes, transparent
yellow to reddish films were deposited into the substrate. 25-40 minutes later the
films were taken out, washed with distilled water and dried in air.

G. K. Padam [37] prepared Cu,,Se (x = 0.1) films on glass substrates using a
deposition mixture containing an aqueous solution of CuC12.2H20 (0.5 M, 24.6 ml)

sodium selenosusfate (0.5 M,18 ml), triethanolamine (7.4 M, 6 ml) and ammonia

solution (13.4 M, 20 ml). The pH of the resulting mixture was of the order of 10. The

temperature of deposition was around 90-95'C while the time of deposition was 30

minutes.



¢) Solid-solid reaction (39, 40]

Preparation of copper selenide phases by solid-solid reaction was carried out
in different ways. Experimental set up of evaporation sources of Kaito et al. [39] is
shown schematically in Fig.(2.3). Two Cu films, one a polycrystalline Cu film and the

other an epitaxially grown Cu film were produced by evaporating Cu from a tungsten

boat A on a KCI substrate heated at 200°C, at a pressure of 10” Pa. Se particles were
also produced by two evaporation methods in Argon gas after the vacuum evaporation
of Cu. One is the direct heating of Se ribbons from molybdenum boat B without boat
C, which results in large Se particles with size of pm order. In order to produce Se
particles less than 100 nm in size, two tungsten boats B and C were set. When boat B
was heated to 14000C, boat C attained 300'C and there by Se ribbons in boat C melted
and evaporated.

With this experimental set up, Se particles of various sizes were put onto Cu
film and the morphological image of the Se particles was elucidated based on the
formation of selenides. The different reactions according to the particle size are
summarised schematically in Fig.(2.4). Solid-solid reactions were clearly affected by

the particle sizes. Se particles around 100 nm size resulted in CuZSe phase.

In another work [40] amorphous Se films of thickness 20-30 nm were vacuum
deposited on glass substrates cooled to liquid nitrogen temperature. Copper films of
micrometer thickness were prepared using vacuum deposition on cellulose
acetobutyrate films. Se film was wet-stripped from the substrate and mounted on the
copper film. CuSe crystals resulted immediately after specimen preparation while

Cu}Se2 and Cu,,Se crystals were formed after 20 and 50 days respectively.

f) Epitaxial growth [41, 42]
Shafizade et al. [42] have grown epitaxial films of CUZSe. It was prepared by

depositing synthesised material of CUZSC composition onto single crystals of NaCl in

the temperature range 200'C and 400°C with subsequent slow cooling to room
temperature. For substrate temperature below 400°C the films formed were textured.

Monocrystalline films were obtained by deposition onto substrate at 400°C.



Fig.(2.3) Schematic view of the process of depositing Se particles on
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g) Hydrothermal deposition [43, 44]

In one of the reports [43] CuZSe was produced as a byproduct of reaction
between HZSeO4 and the copper gasket of a hydrothermal pressure vessel, during the
production of a-quartz crystals. The growth took place in the presence of 0.5 N

RAOH solvent at temperature of (440 * S)OC and pressure of 1275 + 35 M Pa.

Crystals grown under these conditions were found to be Cu2 Se, rather than in
-X

stoichiometric form.

h) Reaction of Cu plate with selenous acid [8,9]

Here Cu plates which form the substrates were first polished to mirror finish.
These were then etched with a solution of 10 % nitric acid in ethanol and later washed
in distilled water [9]. Deposition was carried out by placing copper plates vertically in
the plating solution for typically half an hour. Plating bath composed of selenous acid
in 0.3 % sulfuric acid at a pH of about 1. After the film formation samples were
immediately rinsed with Ar saturated distilled water and dried in a vacuum desiccator.
In some cases, Ar gas was bubbled through the solution before and during film
growth to avoid copper oxide formation. Reaction leading to the electroless synthesis

of copper (I) selenide is given below.
4Cu+HSeO +4H —2Cu” +CuSe+3HO

Films thus prepared were found to be orthorhombic Cu, ,Se.

i) Flash evaporation [20,45]

Resistivity of copper selenide deposited using conventional vacuum
evaporation was not reproducible. It was expected that excess of Cu was entering the
deposit. In most cases a composite film of cuprous selenide and cuprous oxide was
formed.

For these reasons, S. G. Ellis [45] tried flash evaporation for the first time to

prepare CuZSe phase. For a given source temperature and rate of particle feed,

reproducible results could be obtained with this technique. The other observations

were, at slow rate of particle feed, resistivity of the film became higher and as the



film grew in thickness, resistance fluctuated considerably. However, proper rate of
particle flow (which means that the time for a particle to evaporate is longer than the
interval between the arrival of particles at the substrate) leads to good films with the

same composition as the charge.

21.2.2 Applications of Cu, Se phase
a) Photodiode [20,21]
Tell et al. constructed a heterojunction of p-type CuZSe on n-type AgInSe2

substrate [20]. 1 um thick CuZSe layer was flash evaporated on AgInSe2 substrate

which was heated to 200-250'C. Later this structure was annealed in Se atmosphere at

250'C. In order to improve the characteristics of the junction, a thin layer of resistive
Se was also tried on AgInSe2 surface by sequential evaporation prior to CuZSe
evaporation [46,47]. This junction appeared to operate as a switch, which is activated
by light. This light detection mechanism is interpreted as a combination of
photovoltaic and photoconductive effects. The rectifying l?arrier is between the CuZSe
and an interfacial photoconductive layer in AgInSez. In dark, the structure exhibits
reasonable diode characteristics. Under illumination, the diode characteristics
deteriorate resulting in a dramatic increase in reverse current. Hence this could be
better used as a highly sensitive detector or switch near A = 1.05 pm.

In another work, design and fabrication of high-speed photodiodes with semi-

transparent CuZSe film on silicon is reported [19]. Optimised width of the depletion

layer of the photodiode was calculated for a selected cut-off frequency.

b) CuxSe/InP solar cell [13]

Tadashi Saitoh et al. reported a poly crystalline Cu,Se/InP thin film solar cell
[13]. Polycrystalline InP films were first chemically deposited on thick Mo sheets
using an In-PClB-H2 reaction system [48]. Later cuprous selenide film with a thickness
of around 4000 A was prepared in vacuum on this undoped 20 pm thick InP films.
Gold grid patterns with 50 pm line width and 1 mm spacing were formed in vacuum

on the Cu Se films. Then InP deposited on the Mo back surface and periphery of the

cells was etched off to reduce the series resistance and the leakage current



respectively. Finally, a lead wire was attached to the gold grid with a silver epoxy
resin and a SiO anti reflecting film was applied. The resulting configuration of

CuxSc/ InP cell is schematically shown in Fig.(2.5).
As the CuxSe film is a degenerate semiconductor, the space charge layer in the

InP side plays an important role in current injection. Fig.(2.6) shows the fill factor,
short circuit current density and open circuit voltage to be 0.47, 11 mA/cm® and
0.34 V respectively for a cell of efficiency 1.7%. The highest collection efficiency
obtained for this cell was 40 % at the 0.65 um wavelength.

¢) Cu, Se/ CdS solar cell [6]

A cross section of the back wall ‘all thin film’ Cu,,Se/CdS cell is shown
schematically in Fig.(7). As the first step, a Mo/Au grid was formed by a combination
of sputtering and etching techniques, on glass substrate in order to reduce the cell
series resistance. An indium tin oxide film of 1000 A thickness and sheet resistivity of

7Y Gvas 1f sputtered over the Mo/Au grid to provide ohmic contact to the CdS. A

CdS film of thickness 12-25 pm was vacuum evaporated using a graphite source onto
the substrate heated to a temperature of 200-220° C. CdS was then etched in 20% HCI
for 30 s at room temperature. The Cu, ,Se film was deposited (vacuum evaporated)
onto the etched CdS surface at a temperature of 200° C. Finally, a gold electrode was
vacuum evaporated on to the top layer.

Fig.(2.8) shows the photovoltaic characteristics of such a cell. The cell is
reported to have an efficiency of 5.38 % under AM 1 illumination. The cell area was
| em’ and there was no antireflection coating. V. was 457 mV, I, was 18.7 mA and
fill factor was 0.63. It is reported that better output is possible by optimising the
Cu,,S¢ deposition, so as to eliminate Cu nodules for small values of ‘x’.
Theoretically they expected cells with 10 % efficiency, by minimising the reflection
loss through anti-reflecting coatings and by redesigning the grid structure to reduce

the shadowing loss.

d) Cu, Se/ Si solar cell [11]
Cu,Se powder (99.99% pure) was evaporated and deposited onto the (111)
face of n-type silicon substrates. The source temperature was maintained around

1100°C during evaporation. Each sample consisted of a small circular dot of Cu,_,Se
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of diameter 1-3 mm, on an n-type silicon substrate with a standard dimension of 4x4

mm?.

The junctions prepared on cold substrates showed better rectifying properties
than those prepared on heated substrates. Junction capacitance C of the cell was
investigated [49]. The junctions were assumed to be abrupt because of the high carrier
density in the Cu, ,Se layers. C* was found to vary linearly with the applied voltage.
The impurity concentration of the cell, obtained from the slope of C*~V plots, almost
coincided with the carrier concentration of the n-type silicon substrate.

Here semitransparent and highly conductive Cu,_Se films act advantageously
as a window material to permit solar radiation to the junction. According to the
electrical properties of this junction, the depletion layer is in the bulk material so that
the substrate material mainly determines the photovoltaic properties of the cell.

The maximum values of the open-circuit photovoltage and the closed circuit
photo current at room temperature for such a cell were 0.45 V and 2 mA/cm’
respectively. The current-voltage-load characteristics of the cell without antireflection
coatings are shown in Fig.(2.9). Under sunlight intensity of 75 mW cm?, at air mass
1.3-1.6, the maximum solar conversion efficiencies for a suitable load resistance were
8.3% for a Cu,_,Se layer of 3 mm in diameter and 8.8% for a Cu,,Se layer of 2 mm
diameter. Fill factor of these cells was in the range 0.62-0.65. Optimum thickness of
Cu,,Se films to obtain a good photovoltaic effect was in the range 300-400 A. The
lower conversion efficiency for the large area cells was assumed to be due to non-

uniformity and pinholes in the Cu, ,Se layer.

¢ CuISe as a precursor for CulnSez phase [25 - 26, 50]
CuInSe2 (CIS) is a ternary compound semiconductor of the group I-I1I-VI, and

has chalcopyrite structure with direct bandgap. Properties of this compound which
make it suitable for solar cells are high absorption coefficient and desirable bandgap
of 1.04 eV [52,53]. No evidence of long or short-term device degradation, as reported

in a-Si devices is observed in the cells of CulnSe,. CuInSe2 based heterojunction solar

cells [54,55] are studied extensively and they are one of the most promising devices.
However, control of elemental ratio of CIS thin film is very important as the
character of these films change significantly with composition and method of

preparation. Usual preparation methods of CulnSe thin films are sputtering [56],
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molecular beam deposition [57], co-evaporation [58,59], selenisation [60] and so
forth, but most of these methods require very complex set up for handling poisonous
gases. In another method, selenisation of copper indium metallic films was carried out

in HZSe atmosphere [61,62]. Of all the methods, simple methods like chemical bath
deposition [63,64] and evaporation of two binary compounds (CuZSe and Inzses)
[25,26] are gaining interest today.

Recently there was a detailed report on the CulnSe2 phase formation during
CUZSC/ InZSe3 inter diffusion reaction [65]. CuZSe and InZSe3 ingots were prepared

and sectioned to slices of 3 mm thickness. These pieces were coupled with clamps

made of invar to minimise thermal expansion during isothermal heat treatment. When

this diffusion couple was annealed at 550'C for 90 minutes, various binary phases
along with CulnSe, developed. CIS phase precipitated with dentritic morphology and

was produced within the CuZSe side, far from the initial interface, indicating that In

was the fast component during inter diffusion. It was concluded that, orientation
relationship and similar structure between these two phases, as well as their relative
diffusion and nucleation behaviour, account for the development of CIS dentritic

morphology within the CuZSe matrix.

Figure (2.10) shows schematic representation of the system to prepare

CuInSe2 thin films by using two-source vacuum evaporation method with rf plasma
[26]. Binary compounds, CuZSe and InZSe3 powders were used as evaporation sources,

as they are among the most stable selenide compounds of Cu and In. Temperature of
the source was increased very quickly with large electric current, so that the source
compounds would evaporate instantaneously and hardly decompose in vapour phase.

It was found that by using rf plasma, the CuZSe phase completely disappears and only

CIS phase results. At an rf power of 200 W the (112) oriented film contains other
orientations also, where as at powers of 400 W or 600 W, a highly oriented film along

(112) plane was obtained. With this arrangement p-CulnSe, thin films were prepared

by shifting the source element ratio as required.

Such p-CIS was deposited on vacuum evaporated n-CdS thin films. Fig.(2.11)
shows the current-voltage characteristics of the CIS/CdS/Glass film. Shape of the I-V
curve suggested that CIS thin films prepared by this method could be used for

fabricating good junction devices.
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Park et al. [25] deposited CuInSe2 films by sequential evaporation of InZSe3

and CuZSe compounds through three-stage process on corning glass. The three stages
were- 1) the evaporation of InZSe3 films on glass substrate at 400°C ii) the formation of

Cu excess CuInSe2 films by evaporation of CuZSe at 600-700'C and ii1) the removal
of secondary CuZSe by further evaporation of InZSc:3 on the CuInSe2 film. CIS film

prepared by this method was found to be Cu rich and hence electrical resistivity and
composition were controlled by post annealing in hydrogen.

In 1992, R. N. O Brien and K. S. V Santhanam reported a novel method for
incorporating In into copper selenide [24]. They prepared copper selenide by
electroless deposition from a selenic acid bath containing copper sulfate and indium
sulfate. Indium was incorporated into the film by a galvanostatic cathodic polarisation

in an indium salt solution using a Ti anode i.e., when 8§ mM CuSO4, 8 mM HZSeO3
and 0.1M Inz(SO“)3 were electrolysed in a cell with Cu cathode and Ti anode, a black

deposit of copper indium selenide was obtained. Though the resulting phase was non
stoichiometric, it behaved well as a photo-anode in a photovoltaic cell. This was

reported as one of the easiest methods of producing CIS.

Jj] Cque as an electro-conductive coating on polymers [18]

Electro conductive coating on non-conductive organic polymers has recently
received considerable attention [66 - 69]. Such conductive coatings deposited on
flexible substrates have numerous technological applications in opto-electronic
devices [70], display devices [71] or active electrode material for energy storage [72].
Limitation in this direction arises due to the fact that organic polymers are usually
inconvenient substrates for the most frequently used deposition techniques such as
eletrodeposition and vacuum deposition. Also, the difficulty in achieving good
adherence of the inorganic layer onto the polymer surface is an additional
discouragement.

Recently, electroconductive thin films of copper selenide (Cuzse) were

deposited on transparent polyester sheets by a simple electroless deposition technique
based on hydrolic decomposition of selenosulfate in alkaline aqueous solution [18].
Surface resistivities of such films varied from 50 to 500 €/ UThese films were fairly

transparent in the visible region, while the transmittance dropped substantially in the



near-infrared region. This also suggested the use of such films as microwave/infrared

shielding coatings.

213 CuSe phase

Cupric selenide (CuSe) is a compound in which rectifying effect was observed
during the early stages of semiconductor research. When CuSe was brought in contact
with a proper metal, an asymmetrical resistance or rectification appeared [73]. Solid-
state physics treat CuSe as a semiconductor, probably owing to this rectifying effect.
But whether the rectification has to be ascribed to a possible semiconductivity of
CuSe, or to some barrier formed on its surface is a question yet to be answered
satisfactorily. Ogorelec et al. [74] feels that this rectifying effect cannot be ascribed to
the bulk semiconductivity properties of this material, for cupric selenide behaves
more or less like a typical metal. They also accept the fact that the signs of
thermoelectric power and the Hall constant indicate that the charge carriers may be
holes.

o CuSe (Klockmannite) is often reported as hexagonal with a = 3.934 A
¢=17217 A at 298 K [5,7]. It transforms to B CuSe at 323 K under atmospheric

pressure with an enthalpy change of 0.84 + 5 KJ/mol. This modification is
orthorhombic with a =3.948 A, b=6.958 A , ¢ =17.239 A at 324 K. With increasing
temperature, the orthorhombic a/b ratio increases rapidly, until at 393 K the transition
toy CuSe is complete. This modification is hexagonal with a = 3.934 A, ¢ = 17.288
A at 430 K. CuSe is unstable above 5 K bar at 298 K and it decomposes forming
Cu}Se2 and CuSe.

The major preparation techniques of this material are summerised here.
i) Direct synthesis [74]: Cupric selenide was prepared by direct synthesis of pure and
precisely weighed components in an evacuated and sealed quartz tube at 600" C.
When the synthesis was completed after 8 hrs., the tube was cooled to room
temperature over a period of 24 hrs. to get the gray-black ingots of CuSe. Single
crystals of CuSe are not obtainable because of the phase transition at 53" C from o to
f phase as mentioned earlier.

ii) Vacuum evaporation [75]: CuSe thin films of thickness 350 - 400 A were prepared

by vacuum evaporation of synthesised material onto NaCl single crystals at room
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temperature. When the substrate temperature was maintained at 400 C,

monocrystalline specimens were obtained. The lattice parameters for CuSe samples at

room temperature were found to be a = 3.96 A'andc=17.26 A"

iif) Solid-solid reaction [39,40] : As explained in section 2.1.2.1.e, depending on the
particle size of Se, CuSe phase can be prepared by solid-solid reaction of Cu and Se
[39]. In reference [40] it was observed that CuSe crystals appear immediately after the
mutual contact of Cu with Se.

iv) Chemical bath deposition [35,76-78]: The procedure of CBD technique, as
reported by Nair et al. [76] is as follows- 35 ml of 0.05 M CuCl2 and 20 ml of sodium

tartrate were mixed in a 100 ml beaker. A freshly prepared solution of 0.2 g N, N-

dimethylselenourea in 20 ml of 0.01 M sodium sulfite was added and the final volume

was made to 100 ml with distilled water. The deposition was carried out at 50'C. The
obtained film was uniform and brownish black in colour, with a thickness of 0.25 um
for a deposition time of 5.5 hrs.

In another report [77], 5 ml of 0.5 M cupric sulfate solution was taken in a
50 ml beaker, to which about 8 ml of 9.8 % triethanolamine was added. About 6 ml of
0.25 % ammonia and 5 ml of 0.45 M sodium selenosulfate solutions were then added
in succession to the reaction mixture. Volume of the resulting solution was made up
to 50 ml with distilled water. Glass substrates were dipped in this mixture for 4 hrs.
with continuous stirring. Then CuSe film was deposited on both sides of the

substrates.

214 Cu3Se2 phase

Cu}Se2 phase (Umangite) is one of the least explored phases of copper

selenide. Often this phase is reported as an impurity phase which grows accidentally
along with copper (I) selenide [38,75]. There are reports of dentritic growth [79] as
well as non-dentritic growth [80] for this material. These are only few techniques

reported for preparing pure Cu}Se2 phase. For the same reason, properties and

applications of this material are yet to be studied in detail. In the present work

deposition of Cusse2 using CBD technique and its characterisation are reported.

Symmetry of this material is tetragonal with space group P42,m (a = 6.406 A

and ¢ = 4.279 A) [81]. Here Se atoms are arranged as a face centered tetragonal cell.



Each Cu (I) is surrounded by four Se at 2.49 A and four Cu (II) at 2.63 A; and each
Cu (I) by four Se at 2.43 A and 2.37 A, two Cu (I) at 2.63 A and by one Cu (II) at
266 A. Each Se is surrounded by the two Cu (I) at 2.49 A and by four Cu (II) at 2.43
Aand 237 A.

Planar defects of CuJSe2 crystals produ'ced by solid-solid reaction were
studied by Hiroshi Morikawa [82]. He expected narrow crystals precipitates on both
(111) and (021) defect planes of CuJSez. These crystals may have a lattice similar to
the CuJSe2 crystals. Since selenium atoms of CuJSe2 crystal frame up a face centered
tetragonal lattice and are much larger than copper atoms, Cu}Se2 crystals may behave
nearly as a simple face centered crystal composed of selenium atoms inspite of the
defects that appear on (111) planes of the Cu Se crystal. It was expected that the
narrow crystals might have non-stoichiometric composition near to CuBSez.

The fact that at atmospheric pressure Cu}Se2 disproportionates to Cuz_xSe and B
CuSe at 386 K has lead to many trials to prepare Cu3Se2 from reaction of Cu,,Se with

CuSe below 385 K. However this reaction was found to be very slow and remained
incomplete even after several years at room temperature. This transformation is
enhanced by pressure and shear and may be brought to completion by grinding for
extended period with a mortar and pestle [5].

When Cu,,Se and CuSe mixture was quenched from 633 K, it resulted in

CuJSe2 as the major phase [7]. It is uncommon for a phase to appear on quenching

from well above its stability field, when the rate of transformation just below the
transformation temperature is very slow. This can be explained on the assumption that
selenium-rich limit of the Cu,,Se phase moves to higher selenium concentration with
increase in temperature, as indicated by the dotted line in Fig.(2.1). On quenching

from the Cu,,Se/ B CuSe field, Cusse2 may be formed by a precipitation mechanism

imposed by the decreasing number of Cu vacancies in the Cu,,Se solid solution. It

was also found that when mechanical mixtures of Cu,  Se and CuSe2 in stoichiometric
proportion were ground lightly with mortar and pestle, the conversion to Cu3862 was

complete in less than 1 min [5].

In another report [81] copper and selenium in the ratio 2.9 to 2.0 were

enclosed in an evacuated silica tube and kept at 500" C for 2 days. The product was



ground to fine powder, resealed in a new evacuated silica tube, kept first at 500°C for

a week and then at 80'C for a month. After the run, the final product was covered
with small crystals of Cu}SeZ. However the inner portion had a mixture of Cul 8Se
and CuSe.

There are few reports on solid-solid reaction of Cu and Se leading to Cu}Se2

[40,82). In one of the reports [82], selenium (99.999 % pure) was vacuum deposited
from a tungsten filament onto a glass plate at room temperature. The deposited film
was amorphous and it was wet-stripped from the substrates and mounted directly on

copper grids. Copper selenide crystals in the Cu}Se2 form along with CuZSe and CuSe

were formed by the reaction of copper with selenium films at room temperature.

CuJSe2 could also be prepared by electrodeposition techniques by controlling

the diffusion fluxes of the solutes. Details of this technique are already included in

section 2.1.2.1. c.

2.2 Preparation of thin film samples of copper selenide using CBD
technique.

As mentioned in the first chapter, CBD technique has many advantages such
as simplicity and cost effectiveness, but repeatability forms the major limiting criteria.
Parameters like concentration of reactants, temperature of deposition, pH of reacting
mixture, and time of deposition decide repeatability to a great extent. Apart from
these, various other factors such as nature of substrate and cleaning procedure and
spacing between substrate, which appear to be insignificant at first sight, also play a
major role in the reproducibility of samples. Hence each of these factors can form a

field of research by its own [83].

221 Cleaning of substrate

The substrate material and its surface texture has a major role on the adhesion
of thin films. Generally adhesion is better on rough surface rather than on perfectly
smooth surface. In the present work, Cu,Se, phase had good adhesion on rough

sufaces like ground glass or spray pyrolysed SnO, substrate, while Cu, Se phase

showed fairly good adhesion even on smooth glass substrates.



Procedure of cleaning of substrate is important, as it is one of the factors
determining the composition and grain size of the film. One can opt for various
cleaning methods depending on the nature of the substrate, type of contaminants and
the extent of cleanliness required for thin film deposition. Surface of the substrate will
be usually contaminated with fingerprints, oil, lint and dust. So the procedure can
involve a ‘solvent cleaning’ at first stage and an ion beam bombardment cleaning as a
secondary stage for extra cleanliness. But in CBD ion beam cleaning does not have
much significance, as substrate is not maintained in vacuum after cleaning.

In this work, ordinary micro slides of soda lime glass of dimension 26 x 76 x 2
mm were used as substrates. The ‘solvent cleaning method’ was as follows - Glass

slides were first dipped is freshly prepared chromic acid heated to 60'C. Nascent
oxygen liberated from the chromic acid cleans the substrate surface. Slides were
removed from acid and washed in flowing water. Then they were dipped in alkaline
soap solution (Merck) for 10 minutes and after this, washing in running water was
repeated. This point is of great significance as neutral or acidic soap solution is found
to have undesirable effects on the deposited films. By keeping in alkaline soap
solution traces of acid present on the surface can be removed. The slides were again
washed in double distilled water. The next stage included ultrasonic cleaning in
distilled water. This gives a scrubbing effect on the substrate and removes dust

particles that still adhere to the surface. Finally the slides were dried in hot air oven.

22.2 Preparation of SnOz substrate

Fig.(2.12) shows the experimental set up used for preparation of SnO, thin
film. Spray head and the substrate along with heater are kept inside a closed chamber
provided with an exhaust fan for removing gaseous by-products. Size distribution of
droplets and spray rate are mainly determined by geometry of the nozzles for carrier
gas and sprayed solution. These parameters in turn determine the quality of the films
prepared using this technique. A fine capillary tube is used for carrying the solution
and another tube with comparatively larger diameter is used for carrying the carrier

gas (air in the present case). Best results are obtained when both the tubes intercept at

an angle of 80' [84].
Cleaned glass slides are placed on a hot plate made of thick iron block that can

be heated to the required temperature with a controlled heater. Temperature of the



substrate holder was measured using a digital thermometer. During spraying the

temperature of the substrate was kept constant. Crystallinity of the Sn_O2 film does

matter significantly, when the samples deposited on this layer are analysed for crystal
structure using XRD. As the XRD peaks of the substrate should not interfere in the
analysis and interpretations of the XRD spectrum of the sample, it becomes necessary

that the SnO2 film should have definite and well-defined XRD peaks having good
reproducibility. Structural quality of SnO2 largely depends on the temperature of the

glass slides during spray pyrolysis. Moreover, when samples deposited on these
substrates are analysed for optical studies like absorption or transmittance, it is a must
that the substrate should have very low absorption of its own, so as to have least
interference with the analysis of material under study. With these ideas in mind, the
temperature of glass slides on which SnO, film is to be prepared was standardised. It

was observed that the best quality SnO, films were obtained when substrate
temperature was maintained at 400°C. The temperature of substrate was kept constant
with an accuracy of £ SOC during spraying.

In order to get good adhesion and the above-mentioned qualities, the spray

solution was also standardised. Optimum composition of the solution was, 33 ml of
hydrated stannic chloride (SnC14.5 HZO) dissolved in 33 ml of water and 33 ml of

ethanol. About 15 ml of this mixture was sprayed for 90 seconds at a uniform rate.

XRD spectrum of the standardised SnO2 coated substrate is shown in Fig.(2.13).

22.3 Preparation of Cu,_Sephase

. . . . 2, .
Preparation of Cu,,Se phase using CBD involves reaction of Cu ions with

.. . :
Se ions in a controlled manner in the bath. Copper salt used for the preparation was

LR grade of copper sulfate (CuSO4.5 HZO). Initially, different sources of selenium

were tried along with this. It is well accepted that the use of N, N-dimethylselenourea
as the selenising reagent in the chemical deposition of metal selenides has several
advantages over other reagents [76]. Though it is easy to prepare this reagent by
dissolving N, N- dimethylselenourea in sodium sulfite solution, it has the
disadvantage of instability on storing. It has to be carefully stored in a dry nitrogen

atmosphere in a dark container. Moreover it is very costly and hence selenium dioxide
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was tried. However in this case, the reaction speed could not be easily controlled.

Finally sodium selenosulfate (N aZSesos) prepared in our lab, was opted.

2.2.3.1 Preparation of sodium selenosulfate solution
The procedure of preparation is as follows- Selenium granules of 99.99 %

purity were ground to fine powder. Sodium sulfite was dissolved in water and heated

to 900C. Selenium powder was then added to the sodium sulfite solution and
vigorously stirred using a magnetic stirrer until all the Se powder dissolved in the
solution. Sodium sulfite has to be added in excess for the complete conversion of Se

into NaZSeSOJ. For preparing 200 ml (0.2 M) solution, 15 gm of sodium sulfite was

dissolved in 200 ml water. If excess Se is present, then it precipitates out on cooling.

The final solution was filtered and stored for later use.

Direct reaction of copper sulfate solution and sodium selenosulfate solution

did not yield any film deposition due to sudden precipitation. So the Cu’" ions had to
be complexed using a suitable complexing agent to ensure slow release. After many
als with complexing agents such as ammonium hydroxide, ethylene diamine
tetraacetic acid (EDTA) and trisodium citrate (TSC), TSC was found to be the most

suitable one.

123.2. Optimisation of concentration of reactants

Concentration of NaZSeSO3 was fixed at 0.2 M. Concentration higher than this

was found to result in sudden precipitation of selenium. Concentration of copper
sulfate solution was varied from 0.1 M to 1 M. 0.2 molarity was found to be the

optimum concentration for CuSO, solution, so that the reaction rate was under

control. Molarity of the complexing agent was always chosen to be slightly greater

than the copper ion concentration.

2233 Optimisation of deposition temperature

Temperature of the bath was varied from 5'C to 70°C and this influenced the

rate of reaction. Finally for convenience, deposition at room temperature was opted.



2234 Effect of stirring

Deposition was possible with or without stirring. For deposition with stirring,
a 2V DC motor and a variable resistance to control the speed was used. The glass
slides were arranged vertically along the inner wall of the beaker and stirring was
given at the center. As deposition could be obtained without stirring also, most of the
deposition was done without stirring. In the absence of stirring, the deposition
arrangement could be modified so as to increase the area of deposition. This involves
introducing a small clean beaker at the center of the main container, so as to increase
the effective solution level in it. For example, 10 ml of each reagent (total 30 ml)

taken in a 100 ml container, with a 25 ml beaker kept at the center, would give a total

thin film area of 112.5 cm’ (i.e., an area of 11.25 cm’ on both sides of 5 glass slides
kept vertically in between the main container and the 25 ml beaker). This arrangement

minimises wastage of chemicals.

2.23.5 Optimisation of pH

Apart from variable parameters such as concentration of the reactants and
temperature of deposition, pH of the reacting mixture also plays a major role in
determining the composition and quality of the deposited thin film. From the
preparation procedure given below, it can be inferred that pH of the final reaction
mixture is the main factor that determines the phase of copper selenide thin films. pH
values of some standard concentration of the various reagents used in the present
study are given in Table(2.1). Digital pH meter (pH scan 2 of Merck) was used for
measuring pH of the solution.

Variable parameters involved in this deposition process were concentration,
temperature and pH. Depending on various permutations and combinations of these
parameters, the preparation conditions are labeled as Bath 1:1, Bath 2:1, Bath 3:1,
Bath 5:1, Bath 1:2 and Bath 1:1 Na.



CuSO, TSC NazseSO3
Molarity PH Molarity pH Molarity pH
0.1M 4.1 02M 8.5 02M 10.1
02M 3.7 03M 8.8
04M 3.5 05M 8.9
0.6 M 33 0.7M 9.3
1.OM 3.1 1M 9.5

Table (2.1)  pH values of some standard concentrations of the various
Reagents

Bath 1:1

Here Cu:Se ratio in the reacting mixture is taken as 1:1. 0.2 M (10 ml) CuSO,
solution is mixed with 0.3 M (10 ml) TSC and 0.2 M (10 ml) sodium selenosulfate
solution is added to this with constant stirring. 0.2 M CuSO4 solution has a pH of 3.7,

which on addition of 0.3 M TSC (pH 8.8) will lead to a resulting mixture of pH ~ 4.8.
This mixture has blue colour of CuSO, solution. But when 0.2 M Na,SeSO, solution
(pH 10.1) is added to this mixture, the pH suddenly increases to a stable value around
1. At the same time, colour of the solution changes from blue to green. As the

reaction slowly proceeds, the pH also increases slightly to around 7.7. Deposition is

carried out at room temperature (270C) on glass substrates. It is observed that the film
growth starts only after an initial nucleation period of about 30 minutes. Optimum
deposition time is around 70 minutes, during which the terminal thickness (90% of
the maximum film thickness) is attained. If kept for a longer time, the solution
becomes transparent, with all the residual precipitates settled at the bottom of the
beaker. When these samples are left for few hours in this residual bath, the deposited
film either peals off or develops wrinkles on the surface. Hence, after reaching the
terminal thickness the slides are taken out, washed with distilled water and then dried
in flowing air. These samples are here after referred to as sample No. 1 for
convenience.

In order to increase the thickness of the film, double dipping can be given.

Deposition time is to be modified in this case. Maximum time for double dip was
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optimised as 90 minutes. Second dip solution should be prepared and kept ready for

30 minutes before finishing the first dip.

Bath 1:1 LT (Low temperature)

In order to rule out the dependence of composition of the film on temperature,
deposition is carried out under the same bath conditions, but at a lower temperature of
$C. This is achieved by placing the beaker containing the solution mixture in a water
bath, maintained at ice-cold temperature by continuous addition of ice cubes.
Nucleation period for film formation depends on the extent of cooling. Here time of
deposition prolongs for 3 to 4 hours and deposited copper selenide film is thick and
wiform. A comparative study of this low temperature film with the Bath 1:1 film is

done by different characterisation techniques and is detailed in the next chapter.

Bath 2:1

Here Cu:Se ratio is taken as 2:1 in the reaction mixture. The details are the same as
that of Bath 1:1 except that the CuSO, solution is 0.4 M and TSC is 0.5 M, while
woncentration of Na,SeSO, is maintained at 0.2 M. When 0.5 M TSC of pH 8.9 is
added to 0.4 M ‘CuSO‘, solution (pH 3.5), the resulting mixture has a pH of 4.3. When
02 M Na,SeSO, solution is added to this, the pH increases to a stable value around
§4. At the final stage of deposition pH remains around 6.7. The time of deposition is

round 40 min.

Bath 3:1

Here Cu:Se ratio is taken as 3:1 in the reaction mixture. The details are the same as
that of Bath 1:1 except that the CuSO, solution is 0.6 M and TSC is 0.7 M, while the
concentration of Na,SeSO, is maintained at 0.2 M. When 0.7 M TSC of pH 9.3 is
added to 0.6 M CuSOQ, solution (pH 3.3), the resulting mixture has a pH of 4.2. When
12 M Na,SeSO, solution is added to this, the pH increases to a stable value around

58. The duration of deposition is around 30 minutes.

Bath 5:1

Here Cu:Se ratio is taken as 5:1 in the reaction mixture. CuSO, solution is 1 M and

15Cis 1 M, while the concentration of Na,SeSO, is maintained at 0.2 M. When 1 M
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TSC of pH 9.5 is added to 0.4 M CuSO, solution (pH 3.1), the resulting mixture has a
pH of 3.9. When 0.2 M Na,SeSO, solution is added to this, the pH increases to a

stable value around 4.6. The duration of deposition is around 20 minutes.

124 Preparation of Cu,Se, phase

While preparing Cu,Se, phase, the initial arrangements and the chemicals used
are similar to that of Cu,,Se phase, except otherwise mentioned. The main difference
in the deposition procedure of this phase, from that of the earlier phase, is in the pH of
the reacting mixture. However altering of pH to a more alkaline value increases the

rate of reaction, making film deposition impossible at room temperature. Hence this
e . 0
deposition is carried out at low temperatures below 10 C. The procedure adopted for

deposition at 5 C has already been described in the previous section. In this case, the

NazSeSO3 solution and the mixture to which it is to be added, are taken in separate

beakers and pre-cooled by keeping in cold-water bath. This reduces the chance of
immediate precipitation when mixed with each other.

CuJSe2 phase has little adhesion on glass substrate. Hence, SnO2 coated glass

(the preparation of which has already been explained in section (2.2.2)) is used as
substrate. In this case, stirring is found to increase the film thickness considerably.

Speed of the stirrer is adjusted to a moderate level using a potentiometer.

Bath 1:2

Here Cu: Se ratio is taken as 1:2 in the reaction mixture. For this, the copper sulfate

concentration is reduced to half, i.e. 0.1 M CuSO4 (10 ml) solution is mixed with 0.3
M (10 ml) of TSC. Addition of 0.3 M TSC of pH 8.8 to 0.1 M CuSO4 solution of pH

41 results in a mixture of pH 5.6. To this solution, 10 ml of pre-cooled 0.2 M
Xa’SeSO3 solution (pH 10.1) is added with constant stirring. Here the resulting pH is

comparatively alkaline i.e., around 7.9 and the solution is light green in colour. This
light colour becomes darker as reaction proceeds and finally becomes black at the end
of the reaction. Here initial nucleation period is only 15 minutes while the time of
deposition is around 30 minutes at 5°C. It is to be noted that timings mentioned here
ae not constant, but varies with the extent of pre-cooling of the reactants and

temperature of the reaction bath. In order to get sufficiently thick films of CuSe, two



dippings are performed consecutively on the same SnO2 substrate. For certain

analyses, these films are deposited on glass substrates also. Then two or three
dippings are given by reducing the time of deposition of each dip. Such films are
found to be non-uniform. On attaining terminal thickness, the slides are taken out,

rinsed in distilled water and then dried in flowing air.

Bath 1:1 Na

Here the concentration of Cu:Se is maintained at 1:1, as in the case of Bath 1:1. With

the aim of increasing the pH of the resulting mixture of 0.2 M CuSO4 and 0.3 M TSC,

from 4.8 to a value of 5.6, a few drops of sodium hydroxide solution is added. It is to
be specifically noted that addition of NaOH solution should be done drop by drop
with constant stirring.

Before adding Na, SeSO, solution, pH of the mixture of CuSO, and TSC is
made ~5.6 by the addition of 3 M NaOH solution (~ 5 drops). Optimisation of this
step has to be done very carefully, as this is the deciding stage of the final pH of the
solution and thereby the composition of the deposited film. Objective of this step is to
adjust the pH to approximately 7.9, when 0.2 M Na,SeSO, is added. This reaction is
amied out at temperatures below 10°C and time of deposition is around 50 minutes.
Here also, this time is not a fixed parameter, as rate of deposition will depend on the
extent of pre-cooling of the solution and also on the temperature of deposition.
Considerable thickness is obtained on two consecutive dips with constant stirring.
Samples are then removed from the bath and rinsed in distilled water and dried in

warm air. These samples are here after referred to as sample No. 2, for convenience.
13 Chemistry behind the formation of Cu,_ Se and Cu,Se, phase

Deposition of copper selenide thin films involves controlled release of copper
ions from the copper trisodium citrate complex [Cu(TSC)2+] and its reaction with

SeSOsz' ions of NaZSeSO3 present in the reaction bath. In Cuzse phase copper is in

“l . e . . +1 2+
Cu state and in CuJSe2 it is in the mixed state of Cu and Cu state.
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As mentioned in the section (2.2.3.1), excess of sodium sulfite is always used
for preparing sodium selenosulfate solution. The excess sulfite ions present, converts

tosulfate ions in the presence of hydroxyl ion as follows: -
S0, +20H >80, +HO+2e  —mmremem 1

InBath 1:1, Bath 1:1 LT, Bath 2:1, Bath 3:1 and Bath 5:1 which results in Cuz_ Se

phase, Cu”"is reduced to Cu'" by the above excess electrons [85].
R Y o R @)
So the final reaction occurring at a neutral or slightly acidic pH is

2Cu” +5e SO +2 OH - CuSe+S0, +HO -—oemerme 3)

This leads to the formation of Cu (I) selenide (more precisely Cu,_Se in this case).

In Bath 1:1 Na and Bath 1:2, the final pH of the reacting mixture is around
19, 1.e. it is more basic than the earlier mentioned baths. Moreover, as the reaction
proceeds the solution becomes more and more alkaline. Then the preferred reaction in
the presence of e~ from eqn. (1) becomes

3Cu” +28¢S0, +4 OH +2e"—> CuSe +250 +2HO  wrerreeee @)

This leads to the formation of Cu,Se, phase.

In Bath 1:1 Na the reaction given by eqn (4) is enhanced by the addition of

NaOH solution to the reacting mixture, thereby increasing the OH™ ion concentration.

While in Bath 1: 2 this reaction is enhanced by the presence of excess concentration

2, 2+, . .
of Se:SO3 ion when compared to Cu ions in the reaction bath.

24 Conclusion

In this chapter the significance of the semiconducting material copper selenide
is highlighted with brief mention to various preparation techniques. Cu,Se and CuSe
are the frequently deposited phases of copper selenide using CBD. In the present
work, Cu,,Se and Cu,Se, phases were prepared from similar reaction bath. This
forms the first report of preparation of Cu,Se, by CBD. It was observed that pH of the

final reaction mixture is the major factor deciding of the phase of the deposited film.



Bath pH pH pH
conditions (CuSO, (CuSO+TSC+ (after
+TSC) Na,SeS0;) deposition)
Bath 1:1 4.810.1 7.110.1 7.740.1
Bath 2:1 4.310.1 6.410.1 6.710.1
Bath 3:1 4.240.1 5.840.1 6.140.1
Bath 5:1 3.9+0.1 4.610.1 4.610.1
Bath 1:2 5.610.1 7.940.1 10.1+0.1
Bath 1:1Na 4.840.1 (+NaOH few 10.110.1
drops) 7.9+0.1

Table (2.2) Comparison table of various preparation conditions

The films of Cu, Se and Cu,Se, phases could be prepared either by varying
the Cu:Se ratio in the reaction bath or by controlling the pH of the bath that contains
equal amounts of Cu and Se ions. The various preparation conditions are summarised
inTable (2.2) and Table (2.3).



Bath

condition

Conc. of

reactants

Temperature of

deposition (°C)

Time of

deposition (min)

Resulting phase

Bath 1:1

0.2 M CuSO,
03MTSC
0.2 M Na,SeSO,

27

70

Cu,,Se

Bath I:1 LT

0.2 M CuSO,
0.3 M TSC
0.2 M Na,SeSO,

~ 4hrs

Cu,Se

0.4 M CuSO,
0.5 M TSC
0.2 M Na,SeSO,

27

40

Cu,,Se

0.6M CuSO,
0.7 M TSC
0.2 M Na,SeSO,

27

30

Cu,_Se

T Bath 51

IM CuSO,
IMTSC
0.2 M Na,SeS0,

27

20

Cu,,Se

Bath 1:2

0.1M CuSO,
0.2MTSC
0.2 M Na,SeS0,

30

Cu,Se,

Bath 1:1 Na

0.2M CuSO,
03 MTSC
0.2 M Na,SeSO,
NaOH (3 M)

50

Cu,Se,

Table (2.3)

added in equal volume)

pH during the various stages of reaction (all the reactants
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3.1 Introduction

Preparation and characterisation of any material are two equally important
aspects like the two sides of a coin. In the case of thin films, appropriate
characterisation often widens the scope of applications. However characterising thin
films with precision is a challenging job.

This thesis work includes: -

i) Morphological characterisation by visual appearance, thickness measurement using
Tolansky method and Stylus method and surface morphological studies using SEM
(Scanning Electron Microscope).

ii) Structural characterisation using XRD (X-Ray Diffraction) analysis.

iii) Optical characterisation using absorption and transmission spectral studies.

iv) Compositional analysis using XPS (X-ray Photoelectron Spectroscopy), ICP
(Inductively Coupled Plasma) and XRD analysis.

v) Electrical characterisation using Hall measurements

3.2 Morphological characterisation

Microstructure and thickness have profound influence on the properties of thin
films. For instance, when copper selenide finds application as an absorber layer in the
field of photovoltaics, two major requirements are large grain size and a film

thickness around 2um [1]. Moreover, in solar cells where Cuz_xSe is used as window

material, the poor cell efficiency was attributed to non-uniformity and presence of
pinholes in the Cuz_xSe film [2].

3.2.1 Visual appearance
Thin films of Cuz_xSe prepared from Bath 1:1, Bath 2:1, Bath 3:1 and Bath 5:1

were reddish brown in colour [2] and uniform in appearance. Bath 1:1 Na and Bath

1:2 resulted in Cu}Se2 films with a bluish green colour. The group of cuprosic
selenides, which includes Cu}Sez, is known to have a similar colour [3]. When

observed with naked eye the film from Bath 1:1 Na was more uniform than that from

Bath 1:2. In short, Cu_ Se phase has a reddish colour, while Cu3582 is bluish green.

Hence preliminary differentiation of the two phases was very easy.



3.2.2 Thickness measurement

Thickness of as-prepared films was measured using Tolansky technique. For
this method, it is necessary to have a sharp and well defined straight edge of the film.
Usually CBD films have a curved hazy edge, as the solution bath forms a meniscus
curved downwards due to capillary rise. In order to get a sharp edge, glass slides were
masked with tightly wound teflon tapes before dipping in the reaction bath. After the
final stage of drying the films, teflon tapes were removed carefully.

In the case of Cuz_xSe film, thickness of one-dip was found to be around 0.2

um. As two-dip and three-dip films were thicker than the measurable range of this
technique, they were analysed using gravimetric method. The thickness was estimated
to be around 1 um 1.2 um. For Cu,Se, film the thickness of two-dip was near 1.2 um.

In order to counter check the accuracy of this method, Stylus profiling was
also done on few of the samples and the results were found to agree with the Tolansky
method. Stylus profiler makes use of a diamond probe, which moves over the film
suface. When this probe encounters the step formed by the thin film edge, a
corresponding electrical signal is generated from which thickness of the film can be

calculated.

3.2.3 Surface morphology

Scanning electron microscope (SEM) was used for studying surface
morphology and micro structural features of the as-prepared copper selenide thin
films. In this technique, secondary electrons are emitted from the surface layer of the
film and hence the micrograph obtained will be a faithful reproduction of the surface
features.

SEM equipment of Hitachi Co. (model: S 2400) was used for the present
study. As copper selinide films were low resistive, no additional conducting coating
was given to the film surface. 15 K magnification was chosen as most suitable for
observing grains in the as-prepared thin films. From this morphology study, it was
possible to understand the effect of varying the relative concentration of copper in the
reaction mixture, the effect of substrate and temperature of deposition on the grain

size and also to differentiate Cuz_xSe phase from Cu3Se2 phase.
Micrographs of Cu_ Se film prepared from Bath 1:1 and Bath 2:1 are shown

in Fig.(3.1) and Fig.(3.2) respectively. Both have more or less same appearance and



”‘. s

x15k 8068 15kV

Fig (3.1) SEM micrograph of Cu,.,Se film from Bath 1:1

s

x1Sk 0096 1SkV

Fig .(3.2) SEM micrograph of Cu,.4Se film from Bath 2:1



average grain size around 0.2 pm. Grain boundaries are well defined even in the as-
prepared form. Detailed examination reveals that film from Bath 1:1 is slightly more
uniform than the film from Bath 2:1. The micrographs of film prepared from Bath 3:1
and Bath 5:1 [Fig.(3.3) and Fig.(3.4)] show that the grain boundaries become more
diffused when the relative concentration of copper is increased beyond a Cu:Se ratio
of 2:1. In films from Bath 5:1, the granularity of the phase is almost lost. In the
present work, due to the most uniform surface morphology, the films from Bath 1:1
are chosen as the representative sample of the Cuz_xSe phase (referred as sample
No: I).

All the above mentioned films were deposited on glass substrate. However

Fig.(3.5) shows the film deposited from Bath 1:1 on SnO2 substrate. Average grain

size in this case is found to be 0.3 pm. This reveals the effect of substrate on grain
size of Cuz_xSe phase, i.e. bigger grain size is obtained on SnO2 substrates than on
glass substrates.

Comparison of SEM micrograph of film from Bath 1:1 LT [Fig.(3.6)] with
Fig.(3.1) reveals the effect of temperature of deposition on the surface morphology. It
can be observed that surface of the film deposited at low temperature is not uniform
as the grains have a tendency to grow as clusters. Moreover the grain boundaries are
not well defined.

Fig.(3.7) shows the micrograph of CuSSe2 phase deposited from Bath 1:1 Na.
Here average grain size is around 0.4 pm. When compared with standard Cuz_xSe
phase (Fig.(3.1) ), surface of Cusse2 film shows ups and downs along with cluster
formation. The grain size of Cu:‘Se2 phase is almost double that of Cuz_xSe phase.

Hence the general conclusions are:

] Cuz. Se film from Bath 1:1 is very uniform with distinct grains of average size

0.2 pm.
ii) The gradual increase in concentration of copper in the reaction bath leads to poor

film morphology.

i) Deposition at low temperature is found to result in grain growth in the form of

clusters.

iv) When compared with Cuz_xSe phase, CuSSe2 phase grows in clusters with less

defined grain boundaries, but with a larger grain size of the range 0.4 pm.
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Fig (3.3) SEM micrograph of Cu,.,Se film from Bath 3:1

Fig (3.4) SEM micrograph of Cuy.,Se film from Bath 5:1
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Fig (3.5) SEM micrograph of Cu,..Se film from Bath 1:1 SnO,

Fig (3.6) SEM micrograph of Cuy.,Se film from Bath 1:1 LT



This study on grain size and surface nature is significant when these thin films

find applications in optoelectronics and photovoltaics.

33 Structural characterisation

33.1 XRD analysis

X-ray diffraction is the most convenient tool for crystallographic structural
analysis. In the present work this was used as a major analytical technique for
differentiating various phases of the as-prepared copper selenide thin films. This
analysis was done using Rigaku (D.Max.C) X-ray diffractometer, which makes use of
Cu K, (A=1.5405 A) radiation. After preliminary trials, the scan range for 26 was

fixed between 20o and 550 for these thin films.

a) Cuz.xSe phase

XRD pattern of the film from Bath 1:1 is shown in Fig.(3.8). On comparing
the d values of this spectrum with the standard JCPDS data index 6-0680, the

structure was identified as cubic phase of Cuz_xSe. In the standard data the highest

intensity is attributed to (022) plane, while in the present case peak corresponding to
(111) plane has maximum intensity. Due to the amorphous nature of the glass
substrate the background intensity is very high in the spectrum. The d values and the

relative intensities after background correction are shown in Table (3.1).

d(A) d(A) 1, 1,
experimentally as per JCPDS hkl (Observed) | (Standard)
observed file 6-0680
3.323 3.330 111 100 90
2.030 2.030 022 71 100
1.729 1.729 113 18 80

Table (3.1) X-ray diffraction parameters of cubic Cu, Se film

The cubic phase of Cu, ,Se is usually known as the high temperature phase [4-

9). However depending on the extent of non-stoichiometry in the copper selenide
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Fig (3.7) SEM micrograph of Cu;Se; film from Bath 1:1 Na.
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Fig (3.8) XRD spectrum of Cu,.,Se film from Bath 1:1



phase, the cubic phase can occur even at room temperature. The phase diagram shown
in Fig.(3.9), as reported by Tonejc et al. [10], depicts this situation clearly. It suggests
that the low temperature phase exists as the single phase only if the composition is
around Cu, 4,Se. At this composition when the temperature is increased to 130°C, the
high temperature phase begins to appear and at a temperature above 140°C the sample
completely gets converted to the high temperature phase. The low temperature to high
temperature transition always occurs through a stage of mixed phase. But when 1.97
2 (2-x) 2 1.84, the low temperature phase is highly unstable in air and it gets
converted to high temperature phase, at temperatures lower than 130°C. From the
figure it is clear that at composition x > 0.2 the high temperature phase can occur as a
single phase at temperatures above 30°C. In the present case, the composition was
analysed to be x > 0.2 (refer section 3.5) and it justifies the cubic phase at room

temperature. Similar results are reported in other publications also [1,2,11-13].

'b) CuJSe2 phase

XRD pattern of the films deposited from Bath 1:1 Na and Bath 1:2 were
similar. However as the samples from Bath 1:1 Na were more uniform, they were
chosen as the standard film of Cu,Se, phase (referred to as Sample No.2). The XRD
spectrum of this is shown in Fig.(3.10) and the d values coincide with the JCPDS data
index 47-1745 for tetragonal Cu3$e2 phase. All the major diffraction peaks in the
standard file were repeatedly reproduced in the sample. As only a thin layer of this
material could be deposited on a plane glass substrate, the intensities of the diffraction
peaks were very small. Hence Cu}Se2 films were preferably deposited on SnO2 coated

glass. XRD spectrum of Cu}Se2 on glass and on SnO2 coated glass were the same

except for the difference in peak intensities, background intensities and the presence

of peaks from SnOz. Table (3.2) shows the XRD parameters of the CuJSe2 film (the

relative intensities being calculated after background correction).
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Fig. (3.9) Phase diagram of low temperature (L.T) and high temperature (H.T)
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Fig (3.10) XRD spectrum of Cu;Se; film from Bath 1:1 Na



d(A) d(4) /1, /1,
experimentally as per JCPDS hkl (Observed) (Standard)
observed file 47-1745
3.575 3.557 101 100 100
3.214 3.202 200 44 55
3.126 3.111 111 56 61
2.874 2.864 210 13 19
2.563 2.563 201 16 20
2.270 2.264 220 35 51
2.143 2.139 002 16 19
2.029 2.024 310 19 30
2.008 2.001 221 11 21
1.914 1.910 301 24 34
1.833 1.830 311 46 63
1.781 1.778 202 31 47

Table (3.2) X-ray diffraction parameters of tetragonal Cu, Se, film

¢) Effect of increase in film thickness of Cuz_xSe phase
Fig.(3.11) shows the XRD spectrum of Cuz_xSe films after one dip, two dip

and three dip respectively. The peak heights were found to increase considerably with
thickness. Values of FWHM (full width at half maximum) of the peak corresponding
10 the characteristic (022) plane in these three cases are tabulated in Table (3.3) along
with the maximum peak intensity. Decrease in FWHM of the peak with increase in

the number of dippings shows improvement in crystallinity of the Cuz_ Se film with

increase in thickness.

No: of FWHM | Maximum intensity
dippings (counts/s)
1 dip 2.226 112
2dip 0.949 181
3 dip 0.541 485

Table (3.3) Variation in FWHM and maximum intensity of XRD peak
with increase in film thickness
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Fig.(3.11) Variation in XRD spectrum of Cu,_Se film with thickness



d) Effect of increase in the relative concentration of copper in the reaction bath
Fig.(3.12) shows the XRD spectrum of films from Bath 1:1, Bath 2:1, Bath 3:1

and Bath 5:1 in succession. This reveals the influence of gradual increase in relative

concentration of copper for a fixed concentration of selenium in the reaction bath.

Peak intensity and FWHM of (022) plane for this series of Cuz_ Se film are tabulated
in Table (3.4).

Bath FWHM Maximum
conditions intensity (c/s)
Bath 1:1 0.589 181
Bath 2:1 0.949 209
Bath 3:1 1.495 170
Bath 5:1 1.548 158

Table (3.4) Variation in FWHM and maximum intensity of the XRD peak
with increase in copper concentration in the reaction bath

The highest intensity of (022) peak is for films from Bath 2:1 and it suggests
maximum thickness. Further decrease in peak intensity for films from Bath 1:3 and
Bath 1:5 shows decrease in film thickness. This is obvious with naked eye also. When
the relative concentration of copper in the reaction bath is increased, the rate of
reaction increases, leading to faster precipitation and thereby resulting in thinner
films. Here the gradual increase in FWHM hinds to the gradual decrease in grain size

of the Cuz_xSe film. SEM micrograph also supports this result.

34 Optical characterisation

Optical properties are very significant as far as applications in any
optoelectronic devices are concerned. Optical band gap and absorption coefficient are
two important parameters of a solar cell material.

In the present study, optical characterisation was done to the determination of
nature of absorption and transmission spectra and energy bandgap of copper selenide.
These properties have dependence on grain size and chemical composition of the thin
films. Therefore it is logical to study the optical properties in correlation with the

above mentioned factors.
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Fig.(3.12) Variation in XRD spectrum of Cu, Se film
with relative concentration of Cu in the reaction bath
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3.4.1 Optical absorption
UV-VIS-NIR spectrophotometer (U-3410 model of Hitachi group) was used

for the optical studies. Studies were mainly conducted in the range 340 nm to 2000
nm. Band edge calculated from the absorption spectrum was used as a tool to
differentiate the formation of the two different phases of copper selenide.

Determination of optical band gap is based on the photon induced electronic
transition between conduction band and valance band. At the absorption edge,
absorption coefficient a can be expressed as

a=(hv-Eg)' [14].

This was used to find out the nature of transition in the thin film material. Here hv
stands for photon energy, Eg for band gap and y is a constant which is equal to ' for
allowed direct transition, */, for forbidden direct transition and 2 for allowed indirect
transition.

For both Cu,,Se and Cu,Se, thin films, the plot of (athv)* versus photon
energy was found to be linear as shown in Fig.(3.13) and Fig.(3.14) (t stands for the
film thickness). The graphs suggest a direct bandgap for both the materials.
Extrapolation of these curves to zero absorption coefficient showed the optical energy
gap of the Cu,_,Se phase as 2.20 eV and Cu,Se, phase as 2.83 eV. This band gap of
Cu,,Se phase is comparable with that reported earlier by Garcia ef al. and others
[1,12,15]. To the best of our knowledge this is the first report on the band gap of
Cu,Se, phase and hence no comparison 1s possible [16,17].

Band edge calculated for one dip, double dip and triple dip of the Cu,_Se film
showed a shift towards lower values in succession, Fig.(3.15). The results are
tabulated in Table (3.5). This is due to the effect of increase in average grain size with
gradual increase in the number of dips. High value of band gap for the one-dip film
suggests the very small size of the crystals. This blue shift of the optical spectra is a
usual phenomenon in the case of chemically deposited thin films [18,19]. In the

present case, the results are also supported by XRD analysis (refer section 3.3.1.c).

No: of dippings Band gap (eV)
I dip 231
I1dip 2.20
I dip 2.05

Table (3.5) Variation in absorption edge of the Cu,_Se film with thickness
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Absorption spectrum is also found to vary slightly with increase in relative
concentration of copper in the reaction mixture. The absorption edge calculated for
films from the Bath 1:1, Bath 2:1, Bath 3:1 and Bath 5:1 (Fig (3.16)) are tabulated in
Table (3.6). The slight increase in the band edge with increase in relative
concentration of copper may be the result of decrease in grain size (as suggested in
section 3.3.1.d), decrease in film thickness and decrease in the non-stoichiometric

index (as mentioned in section 3.5.3).

Bath condition Band gap (eV)
Bath 1:1 2.20
Bath 2:1 231
Bath 3:1 2.32
Bath 5:1 234

Table (3.6) Variation in absorption edge with increase in relative
concentration of Cu in the reaction bath

3.4.2 Optical transmission

Fig.(3.17) shows the transmittance spectra of the Cu,_Se film deposited from
Bath 1:1 and the Cu,Se, film deposited from Bath 1:1 Na respectively. The peak
value of transmittance is around 780 nm for the Cu, Se film while it is around 580
nm for Cu,Se, films. A substantial decrease in transmittance is observed through out
the IR region for both the phases. This is the result of free carrier absorption in this
degenerate semiconductor films [1]. This transmittance spectrum of Cu,,Se suggests
apotential application of these films as microwave (IR) shielding coating or selective
solar control coating [12,13]. Such effects have been reported for all copper selenides

in general [20].

35 Compositional analysis

Characterisation by optical or electrical methods can be thought of as indirect
way of analyzing a material, for these properties in turn depend on the primary quality
of chemical composition or stoichiometry. Often the lack of repeatability and
discrepancy between the expected behaviour and experimental observation, are due to

lack of proper analysis and documentation of the composition of the material.
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X-ray photoelectron spectroscopy (XPS) is considered as one of the most
powerful tool, for characterising the chemical composition of thin films [21]. In the
present work this technique was used for elemental analysis. Inductively coupled
plasma (ICP) analysis was also done as a bulk analytical technique to confirm the
stoichiometry as suggested by XPS analysis. Indirect interpretation of composition

from XRD analysis is also included in this section.

3.5.1 XPS analysis

In XPS analysis it is possible to predict the chemical environment of various
elements and to evaluate the percentage composition. It is also possible to have depth
profile of the required region by sputtering the surface layers of the sample with
heavy ions. Chemical environment of each element is interpreted by comparing the
alculated value of binding energy from the XPS spectrum with the standard value for
high purity elements and compounds.

Here this technique was used to analyse the uniformity of composition and
also the atomic concentration along the depth of the copper selenide thin film. But as
litle reference is available on the XPS study of various phases of copper selenide, a
comparative study of this material was not possible.

A ULVAC-PHI unit (model 5600) employing argon ion sputtering was used
for the present XPS analysis. Here Al K, X-ray (1486.6 eV) with a beam diameter of
0.8 mm and a power of 400 W was used as the incident beam. An argon ion gun with
JkV voltage was employed for etching.

Fig.(3.18) shows the XPS depth profile of the as-prepared Cu,,Se thin film.
This sample was deposited on SnO, substrate. Hence the elements analysed by this
technique included tin, oxygen and silicon (Sn, O, and Si) apart from copper and
selenium (Cu and Se). In this figure, the two peaks of Cu refer to 2p,, and 2p,,,one
peak of Se refers to 3d,,, and one peak of O refers to 1s electronic spectrum (referred
in succession from left to right in the figure). The bottom layer of this figure refers to
the surface of the film while the top portion corresponds to the substrate region. The
substrate region can also be identified from the presence of Sn and O signal
coresponding to SnO,. This picture reveals the slight diffusion of copper and
selenium into the SnO, substrate. Each horizontal line of the spectrum refers to signal

collected after etching the surface for 1 minute in succession. This Cu,,Se sample
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Fig. 3.18 XPS depth profile of as-prepared Cu,_Se film



was etched for 100 cycles and hence there are 100 horizontal lines for each element in
the spectrum.

The constant peak height of Cu and Se spectrum from the top surface to the
bottom layer of the film shows that the composition of the film is uniform across its
thickness. In the first two cycles on the surface of the film presence of oxygen is
obvious. The binding energy of this O 1s spectrum is around 531 eV, which
coesponds to chemisorbed water or hydroxide [22,23]. This contamination is
unavoidable for any surface prepared under ambient conditions. Oxygen signal is
absent in the bulk of the film, revealing the absence of any oxide impurity phase.
Fig.(3.19) shows the total XPS survey i.e. N(E)/E versus binding energy in the wide
range of 0 eV to 1400 eV taken after the fifth cycle of etching. Absence of binding
energy corresponding to oxygen confirms the absence of oxides. This result is of
importance as copper oxide impurity has often been a concemn for copper selenide
films prepared in an aqueous medium [24]. The depth profile of the Cu,Se, thin film
has more or less the same appearance and is shown in Fig.(3.20).

This depth profile spectrum was insufficient to trace the exact binding energy
of Cu and Se in the Cu,,Se phase and Cu,Se, phase. Hence the enlarged spectrum of
these signals, after the fifth cycle of etching was taken. Fig.(3.21) shows the Cu
spectrum while Fig(3.22) shows the Se spectrum for both the phases. The peak
positions of Cu 2p and Cu 2 p,,, are more or less the same for Cu,_Se and Cu,Se,, and
they are positioned at binding energies of 952.1 eV and 931.1 eV respectively. The Se
3d ;, spectrum shows a very small shift of 0.2 eV between the two phases. For Cu,.
Se film it is seen at 53.9 eV while for Cu,Se, phase it is at 53.7 eV. A shift of 0.2 eV
being within the error limit, no useful interpretations can be made. The only reference
available for the binding energy of this material is for the CuSe phase and its energy
values are 952 eV for Cu 2p,, , 932.5 eV for Cu 2p,, and 55 eV for Se 3d,, [20].
Kasmerski et al. [25] have reported the binding energies for Cu,Se phase in general
and the values are included in Table (3.7) for comparison.

Atomic concentration of Cu and Se could also be measured by this analysis.
But as the response of the instrument was relatively less for Se when compared to Cu,
a correction factor had to be evaluated using a standard sample. Standard CuSe
powder (Soekawa Chemical) was analysed and the figurative results are tabulated
along with the data from the atomic concentration spectra of the present Cu,,Se and

CuSe, films, Table (3.8). Fig.(3.23) shows the percentage composition of Cu,,Se
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phase before applying the correction. From the table it can be seen that the estimated
stoichiometry of Cu, Se is Cu,4,Se where x = 0.18. Similarly for Cu,Se, phase, the

Cu:Se value is estimated to be 1.58:1. This is very close to the expected value of

1.5:1.

Binding energy (eV)
Culpy, Cu2p;, Se 3d s,

Cu,,Se (from the present work) 952.1 932.1 53.9
Cu,Se, (from the present work) 952.1 932.1 53.7
Cu,Se (reported by Kazmerski et al.) 952.1 9323 54.5
CuSe (standard sample powder- 952 932 54.2
Solekawa chemicals) studied in the
same instrument

Table (3.7) Binding energy values of Cu and Se in copper selenide

Sample Element Area Sensitivity | Concentration | Uncorrected | Corrected
cts -eV/s factor (%) Cu/Se Cu/Se

CuSe Se 3d 3386 14.570 40.62 1.46 1.00

standard Cu 2p3 20432 60.150 59.38

Cu,..Se Se 3d 3659 14.570 27.28 2.66 1.82
(from Cu 2p3 40273 60.150 72.72

present

work)

Cu;Se, Se 3d 4053 14.570 30.24 2.31 1.58
(from Cu 2p3 38603 60.150 69.76

present

work) )

Table (3.8) Cu/Se ratio as calculated from XPS analysis

3.5.2 ICP analysis

Inductively coupled plasma (ICP) analysis was performed on copper selenide
samples to confirm the stoichiometry. The thin film samples were completely
dissolved in conc. HNO, for this analysis. The resulting solution was diluted to a very
low concentration and it was sprayed as a fine jet into an evacuated high temperature
space where it gets converted to plasma state. Then the emission line intensity of each

element was quantitatively measured and was fitted on to a standard graph. The



standard graph is drawn separately for Cu and Se by measuring the emission counts of
a solution containing known concentration of these elements at various dilution. In
the present case standard solutions of CuSO, and Na,SeSO, were used. Making use of
this standard graph, copper to selenium ratio in the sample solution was calculated
depending on the corresponding emission intensity.

Cu,,Se thin films showed Cu:Se ratio to be around 1.80:1, while for Cu,Se,
film this ratio was around 1.54:1. These values support the expected proportion of Cu

and Se in the two as-prepared phases. This is in agreement with the XPS results.

3.5.3 XRD analysis
The inter planar spacing (d) of the (022) plane of the cubic phase of copper

selenide has a linear dependence on the stoichiometry of this compound as shown in
Fig.(3.24). This inter dependence has been used by many researchers to evaluate the
value of non-stoichiometric index ‘x’ in the Cu, ,Se phase [10, 26].

In the present study also, this linear dependence of d value on ‘x’ has been
used to understand the effect of varation in the relative concentration of Cu in the
thin film deposition bath. XRD spectrum of films from Bath 1:1, Bath 2:1, Bath 3:1
and Bath 5:1 were taken with special emphasis on the 26 region 42° to 47°
Corresponding to the peak position of the (022) plane, d values were noted from the
spectrum. Fig.(3.25) shows the selected area view of graph in Fig.(3.24) where the
experimental d values fit in.

Table (3.9) shows these experimental d values tabulated against Cu/Se ratio as
obtained from Fig.(3.25). Corresponding to the slight increase in d value from Bath
I:l to Bath 5:1 in succession, there is a slight increase in the Cu/Se value there by
esulting in corresponding decrease in the ‘x’ value of the Cu,,Se phase. The
corresponding ‘x’ value and resulting chemical formula is also included in the table.
Though these results vary slightly from the XPS and ICP analysis, the general trend
shown by this indirect method of compositional analysis can be accepted.

An important inference from these results is that, it is possible to influence the
sioichiometry of Cu,,Se phase to a small extent by changing the relative

concentration of Cu and Se in the reaction bath.



Deposition d values | Cu/Se value | ‘x’ value Chemical
bath formula
Bath 1:1 2.030 1.7145 0.29 Cu, ;Se
Bath 2:1 2.0311 1.7302 0.27 Cu, ,, Se
Bath 3:1 2.0322 1.7429 0.26 Cu, 7,Se
Bath 5:1 2.0365 1.8026 0.19 Cu, 5 Se

Table (3.9) Variation of stoichiometry of Cu, Se film with relative concentration of
Cu in the reaction bath as obtained from Fig. (3.25)

To understand the influence of temperature of deposition on stoichiometry, the
d values of the film from Bath 1:1 and Bath 1:1 LT were compared by fitting into the
standard graph of Fig (3.24) as in the above case. Fig.(3.26) shows the experimental d
values fitted on to the standard graph. The results are tabulated in Table (3.10).

Deposition bath d values | Cu/Se value ‘x’ value | Chemical formula
Bath 1:1 2.0300 0.7145 0.29 Cu, 5 Se
Bath 1:1 LT 2.0257 0.6534 0.35 Cu, ¢sSe

Table (3.10) Variation of stoichiometry of Cu,_,Se film with temperature
of deposition as obtained from Fig. (3.26)

From this observation it can be inferred that if the copper selenide deposition
is carried out at low temperature, the incorporation of selenium into the deposited thin
film can be enhanced. In the present case, the deposited phase shifts from the
chemical formula Cu,,,Se to Cu,¢Se. This forms the first report of a novel and
simple method to improve the selenium content in selenide films deposited using

CBD technique.

36 Electrical characterisation
3.6.1 Hall measurements

Hall measurements along with resistivity measurements were done on Cuz_xSe
and Cu}Se2 films and the present work forms the first detailed report of the kind. This

stidy helped to understand the conduction mechanism of copper selenides to a great
extent. Variation in resistivity with temperature could be understood in terms of

camrier density and mobility. The influence of variation in copper concentration in the
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reaction bath on the resistivity of the as-prepared films was noted from this study. The
effect of temperature of deposition on the carrier density and mobility was also
studied.

After loading the sample of 1sq.cm area on the sample holder with thermal
grease and then evacuating the enclosure, linearity check was done to confirm the
uiformity and ohmic behaviour of the contact. Resistivity of the sample was
measured by Vander Pauw method. Hall effect measurements were carried out to
determine the mobility, density of carriers, Hall coefficient and type of carriers.

For analysing the Hall measurement data in detail, here the following points
are considered:

1. Copper selenide is a defect semiconductor showing extrinsic behaviour in the

temperature range -192°C to 700°C depending on the extent of non-stoichiometry
[27]. Here copper vacancies act as acceptors [28]. Hence all forms of copper selenide
have p-type conductivity where the concentration of holes depends on the copper
deficiency [29].

2. Effect of copper vacancy should be understood in relation to superlattice crystal

structure of cubic Cuz_xSe phase [30]. A model of this is shown in Fig.(3.28). This

consists of an immobile sublattice of cubic cage structure (constituted by four Se ions
and four Cu ions) and a disordered mobile cation subsystem formed by the remaining
Cu ions statistically distributed over the cage interstitial sites.

3+ Copper vacancy scattering is the major factor that determines the mobility and
hence resistivity of the material.

4. Carrier scattering by grain boundaries in the film will only cause relatively little
reduction in mobility when compared to the decrease in mobility due to copper

vacancy scattering [28].
5. The carrier concentration of copper selenide phase is always in the order of 10°-

10%m”. Such high values make this material a degenerate semiconductor, or in other
words this is equivalent to a highly doped semiconductor. Hence mobility is generally

found to have inverse proportionality with carrier concentration.
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Fig.3.27) Structure of Cu, Se

Stacking sequence of the planes along the b super lattice axis ( [111], direction).
Immobile planes are a and ¢ (a — Se cage plane and ¢ — Cu cage plane). Mobile
planes of Cu are b and d (b — terahedrally coordinated d — octahedrally
coordinated). Here the arrows indicate pairing between tetrahedral vacancy and
octahedral ions.

a) Comparison of as-prepared Cuz_xSe and CuJSe2 phases: [Table (3.11)}

Holes are the majority carriers in both Cuz_xSe and Cu}Se2 phases. As-prepared

Cu} Se film is found to be low resistive. Resistivity is around 8x10 Qcm and it

agrees with the earlier reported values [4, 31]. Cubic phase of Cu,,Se is usually
reported as a superionic conductor where ionic conductivity varies with the non-
stoichiometry index ‘x’, Fig (3.28) [32]. In the present case as the ‘x’ value is
evaluated to be around 0.18 [section 3.5.1], the contribution from ionic conductivity

will be very low. According to the above reference, for x ~ 0.18 the contribution of
jonic conductivity at room temperature will be only around 1x10” Q-lcmil, while the

net observed conductivity in the present case is in the order of 1x10° ©'em . This
indicates that the ionic contribution to the conductivity of the as-prepared phase is
negligible [27].

The resistivity of the as-prepared Cuz_xSe film is found to be less by an order

when compared to that of Cu38e2 film which is around 6x10 Qcm. The carrier

20 3.
concentration is found to be ~ 5x10 c¢m in both the phases at room temperature but

there is difference in resistivity. The increase in resistivity of Cu}Se2 is the result of



very low carrier mobility. Hall coefficient of both phases is in the order of

l><10.2 cm3C-|.

Cu,,Se Cu,Se,
Resistivity (Q-cm) 8.0x10* 6.6x10?
Mobility (cm?% Vs) 1.5x10" 1.7
Carrier density (cm™) 5.2x10% 5.6x10%
Hall coefficient (cm*/ C) 1.2x10? 1.1x10%
Sheet resistance (€/ cm?) 8 6.6x10"
Type of carriers Hole Hole

Table (3.11) Comparison of Hall parameters of Cu, ,Se and Cu,Se phases

b) Effect of variation in copper concentration in the reaction bath: [Table (3.12)]

In order to understand the role of relative concentration of Cu and Se in the
reaction bath, Hall measurements were done on films prepared at various
concentrations of Cu for a fixed concentration of 0.2 M Se. The results of films from
Bath 1:1, Bath 2:1, Bath 3:1 and Bath 5:1 are tabulated in Table (3.12).

Bath 1:1 film is found to have very low resistance when compared to the rest.
This may be due to the fact that there can be large deviation for this film from the
stoichiometric form Cu,Se. The decrease in resistivity with increase in the value of x
has been reported by other researchers also, Fig.(3.29 ) [28, 33]. In films from Bath
21, Bath 3:1 and Bath 5:1, it is seen that the resistivity is higher by an order when
compared with Bath 1:1 films. But the order of resistivity of films from Bath 2:1,
Bath 3:1 and Bath 5:1 is almost same. This depicts the saturation of ‘x’ at a stable
value with the increase in concentration of the copper in reaction mixture.

XRD studies of section (3.3.1) and SEM studies of section (3.2.3) have
revealed the decrease in grain size of the Cu, Se film with the increase in copper
concentration in the reaction bath. Diffused grain boundaries and smaller grain size
increases the grain boundary scattering of the majority carriers. This may also
contribute to the decrease in the mobility and increase in resistivity with increase in

copper ion concentration in the reaction bath of Cu,_Se film.
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Bath 1:1 Bath 2:1 Bath 3:1 Bath 5:1
Resistivity (Q-cm) 8x10* 1.6x10* 1.7x10° 2.4x10?
Mobility (cm?/ Vs) 1.5x10" 6.1 5 35
Carrier density (cm™) 5.2x10% 6.4x i02° 7.2x10% 7.3x10%
Hall coefficient (cm*/ C) 1.2x107 9.7x107 8.7x1073 8.5x107
Sheet resistance (€/ cm?) 8 1.6x10' 1.7x10' 2.4x10
Type of carriers Holes Holes Holes Holes

Table (3.12) Effect of variation of copper concentration in the reaction
mixture on the Hall parameters of Cu, Se film

t) Effect of temperature (300 K- 400 K) on Cu)_,Se film: [Table (3.13)]
In order to understand the effect of temperature on electrical properties of Cuz_
xSe phase, Hall measurements were conducted in the temperature range 300 K- 400

K. To confirm the results, this study was carried out in films from Bath 1:1, Bath 2:1
and Bath 3:1. All of them showed the same trend with regard to resistivity and related
parameters. Resistivity is found to increase slightly with temperature, unexpected of
ordinary semiconductors. This is due to the decrease in mobility, which predominates
the effect of increase in carrier density as observed from the table. This effect is more

pronounced in films prepared from Bath 1:1. This may be due to the large deviation

from the stoichiometric form of CuZSe.

This metallic behaviour of decrease in mobility with increase in temperature
an be explained as follows: When temperature increases more and more copper ions
diffuse from the immobile cage structure into the mobile sublattice. The resulting

icrease in copper vacancy in the immobile subsystem leads to the decrease in

mobility of holes.

For the same range of temperature, Hall coefficient is found to vary from 10°

010'em'C" in Bath 1:1 films and from 10" t010” cm'C " in Bath 2:1 films. In the
case of Bath 5:1 films, this variation is less pronounced. From these observations, it
an be inferred that the influence of temperature on carrier density is less pronounced
n film having better stoichiometry. All these films invariably show p- type

conduction in this temperature range.



Bath 1:1

300K 350K 400K
Resistivity (Q-cm) 8x10* 9.1x10* 9.9x10*
Mobility (cm¥ Vs) 1.5x10' 1.3 9.7x10™!
Carrier density (cm™) 5.2x10% 5.3x10* ‘6.5x102'
Hall coefficient (cm®/ C) 1.2x1072 1.2x107 9.6x10*
Sheet resistance (€ cm?) 8 9.1 9.9
Type of carriers Hole Hole Hole

Bath 2:1

300K 350K 400K
Resistivity (Q-cm) 1.6x10° 2.1x10° 2.3x103
Mobility (cm? Vs) 6.1 2.7 2.3
Carrier density (cm™) 6.4x10%° 1.1x10%* 1.2x10%
Hail coefficient (cm*/ C) 9.7x107 5.6x103 5.2x10?
Sheet resistance (€ cm?) 1.6x10" 2.1x10! 2.3x10"
Type of carriers Hole Hole Hole

Bath 3:1
300K 350K 400K

Resistivity (Q-cm) 1.7x10° 1.8x1073 1.9x107
Mobility (cm? Vs) 5 3.9 14
Carrier density (cm™) 7.2x10% 8.8x10% 2.3x10%
Hall coefficient (cm’/ C) 8.7x107 7.1x103 2.7x10?
Sheet resistance (€/ cm?) 1.7x10" 1.8x10" 1.9x10!
Type of carriers Hole Hole Hole

Table (3.13) Effect of temperature on Hall parameters of Cu,_ Se films

d) Effect of temperature on the deposition of Cuz_xSe film: [Table (3.14)]

Hall parameters of film deposited at low temperature (Bath 1:1 LT) was
compared with the film deposited at room temperature (Bath 1:1). This revealed the



influence of deposition temperature on electrical properties of the film. It is found that
resistivity becomes almost half when deposition is carried out at low temperature.
This is due to the fact that at low temperature, film deposition proceeds in a more

ordered manner resulting in better crystallinity and improved mobility. Hence due to

: : . . . 2 2
increase in mobility, sheet resistance is seen to decrease from 8 Qcm  to 4.5 Qcm .

Room Low temperature
temperature

Resistivity (2-cm) 8.0x10* 4.5x10"
Mobility (cm? Vs) 1.5x10! 4.3%10'
Carrier density (cm™) 5.2x10% 3.2x10%

Hall coefficient (cm’/ C) 1.2x10? 1.9x102
Sheet resistance (€ cm?) 8 4.5

Type of carriers Hole Hole

Table: (3.14) Effect of temperature of deposition on the Hall parameters of Cu, Se
film

¢) Effect of temperature (300 K- 400 K) on CuJSez films: - [Table (3.15)]
In the range of temperature 300 K to 400 K CuSSe2 films are found to behave
in a different manner when compared to Cuz_xSe films. Resistivity of Cusse2 phase is

found to decrease with temperature, similar to the general behaviour of

semiconductors.

On heating CuJSe2 phase disproportionates into Cuz_xSe and Se (refer section
422.2). A cation vacancy or an anion presence can contribute to hole concentration
and so the presence of Se is equivalent to two holes [27]. Hence carrier concentration
increases as observed in Table (3.15). Here inspite of increase in carrier concentration

an increase in mobility is observed. The sheet resistance is found to decrease from 66
Qem” 10 9.5 Qem” in the temperature range 300 K to 400 K. Corresponding to the

: : . . . 2 3
icrease in carrier density the Hall coefficient is found to decrease from 10 to 10

order.



300K 350K 400K
Resistivity (Q-cm) 6.6x10° -1 1.5x107 9.5x10*
Mobility (cm¥ Vs) 1.7 55 6
Carrier density (cm™) 5.6x10%° 7.4x10%° 1.1x10%
Hall coefficient (cm?/ C) 1.1x107? 8.4x103 5.6x10?
Sheet resistance (€/ cm?) 6.6x10" 1.5x10" 9.5
Type of carriers Hole Hole Hole

Table (3.15) Effect of temperature on Hall parameters of Cu,Se, film

3.7 Conclusion

Cuz_xSe films deposited from Bath 1:1 were found to be most uniform and it
was considered as the representative sample of this phase. Cuase2 films deposited
from Bath 1:1 Na were chosen as the representative sample of this phase. Cuz_xSe

phase had a reddish brown colour while Cu,Se, had a bluish green colour.
SEM analysis helped to understand the film morphology of these films. XRD
analysis confirmed the formation of the two different phases of copper selenide.

Optical absorption studies showed the band gap of Cuz_xSe phase and Cu3Se2 phase to

be 2.2 eV and 2.8 eV respectively. Variation in band edge with the increase in
thickness of the film was also studied.

XPS analysis helped to evaluate the percentage composition. The chemical
formula suggested for the two phases was Cu, Se and Cu,,Se, ICP analysis
supported these results. Hall measurement studies showed both the phases to be of

low resistance. Cu}Se2 phase was found to be comparatively more resistive than Cuz_
Se phase. The carrier density was generally high and the carrier mobility low for both

the phases. With increase in copper ion concentration in the reaction bath of Cu,,Se
phase, decrease in mobility of the carriers and hence increase in resistivity was
observed. In the case of Cu, Se, resistivity increased with temperature while in the
case of Cu,Se, resistivity decreased with temperature. Carrier mobility was found to

increase in the Cu,, Se film when the deposition was carried out at low temperatures.
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4.1 Introduction to phase conversions in copper selenide

a) Cu, Se phase

Phase transition in Cu, Se is very complicated. Controversy regarding this
starts from its nomenclature of “high temperature phase” and “low temperature
phase”. While many call the high temperature phase as o and the low temperature
phase as B [1-4], others have used the same notation in opposite meaning [5-8]. In
order to avoid this confusion, this notation has been avoided in the present work as far
as possible.

Two main points of disagreement regarding Cu,,Se are (i) structure of its low
temperature phase and (ii) temperature of transition of low temperature phase to high
temperature phase. It is interesting to note that, while majority of the reports assign
monoclinic structure for the low temperature phase [9-10] proposal of orthorhombic
structure [11], tetrahedral structure and hexagonal structure [2, 10, 12] are not
uncommon. Santosh et al. [13] attributed these crystallographic structural variations
of low temperature phase to the method of preparation of the compound. Whatever be
the low temperature phase, it is well accepted that the high temperature phase is
always cubic.

The perfect stoichiometric form of Cu,, Se (viz. Cu,Se were x = 0) rarely
exists [1]. Hence in most of the reports, though the phase is mentioned as Cu,Se they
deal with Cu,_Se. In the present work also Cu, Se phase is considered and Cu,Se is
thought of as a special case of x = 0. The cubic Cu,,Se has a very narrow range of
homogeneity at room temperature centered at Cu,gSe [5]. It is stated that low
temperature phase exists as a single phase, only if the constitution is about Cu, ¢,Se
[7). So also, when x > 0.2, the cubic phase co-exists with Cu,Se, and when x < 0.15
the cubic phase co-exists with the Cu,,Se orthorhombic form [14].

Transition of the low temperature phase of Cu, Se to its high temperature
phase is very confusing. While some reports state that the transition occurs over a
30°C interval centered at 123°C [9], few others expect this to vary from 110°C to
nom temperature [3, 15]. Dependence of temperature of transition on non-
soichiometric index ‘x’ is well accepted. It is found that transition temperature
decreases with increasing value of ‘x’ [Fig.(3.9)] [7,16] and also with increasing

value of pressure [Fig.(4.1)] [9].



Transition of low temperature phase to the high temperature one is found to be
reversible. The high temperature cubic phase on cooling undergoes phase transition
back to the low temperature phase [16,17]. This cyclic transition is reported to be
faster than the fastest temperature change attainable in the X-ray camera [7,8]. This
phase transformation is a first order transformation. It shows a sharp increase in
electronic conductivity and a sudden symmetrical change in linear expansion
coefficient at the transition temperature. A second order phase transition, which
leaves the crystal structure undisturbed, is also reported for Cu, Se. [10]

Dialatometric investigations have been carried out in detail to clearly
understand these phase transitions [2,18]. A volume contraction of 1.4% is reported
during the first order transition from low temperature phase to high temperature phase
[17]. The low temperature phase is anisotropic due to the specific ordering of the
cation subsystem along monoclinic axis. But in the high temperature phase the cation
subsystem is completely disordered and this leads to isotropy. In Vucic’s view [10]
this transition corresponds to an order-disorder transition of the mobile cation
subsystem, along with rhombohedral to cubic symmetry transformation of the
immobile cage formed by Cu and Se atoms.

Low temperature to high temperature phase transition is usually achieved
either by heating the material [3,8,18] or by electrochemical polarization [6,14].
Various transformations are reported in liquid bath deposition procedures that include
electrodeposition as well as electroless depositions. Santhanam et al. reported a series
of phase transitions of copper selenide at room temperature [13]. This can be

schematically represented as

-0.78¥ Vs.SCE

Cu,Se —2*% 5 Cy,Se > Cu,Se
(Orthorhombic) (Cubic) (Orthorhombic)
+020V
Vs. SCE.
CuSe
(Orthorhombic)

Cu, Se phase (cubic) deposited using CBD technique was electrochemically

polarized to the low temperature phase (orthorhombic) in another report also [14].



This transition was found to occur when the copper vacancies reach a critical value of
x<0.15 and was induced by the impurity phase of Cu,Se, present in the cubic Cu,_Se
phase.

Tonejc et al. [8] studied the low temperature to high temperature phase
transition with respect to the disappearance of an X-ray diffraction peak of the low
temperature phase at 20 = 13° This transition was found to be cyclic and repeatable
with no hysterisis effect. It is a temperature dependent and time independent
phenomenon. A similar transition of Cu, Se at room temperature from its tetragonal
structure to its cubic structure was reported by S. G. Ellis [1].

Apart from the usual low temperature and high temperature phases, a new
phase called y phase is also reported [4]. This is obtained when the high temperature
phase is quenched rapidly to liquid nitrogen temperature. There are also rare reports
of formation of phases like Cu,Se from Cu,Se [19]. During the reaction of H,SeO,
with Cu plate, Cu,Se results according to the reaction
HSe0,+4 Cu+4H" — 2 Cu®* +Cu,Se +3 H,0
As Cu** concentration increases, another reaction
H,8¢0, + Cu,Se + Cu** + H,0 < SeO,* +4 H" + Cu,Se

takes place giving Cu,Se phase.

b) CuSe, phase

Cu,Se, disproportionates at 135°C to Cu,_,Se and B-CuSe [5]. Reverse reaction
of these products back to Cu,Se, is very slow. Cu,Se, is stable at 25°C to at least 35 k
bar of pressure. But at a temperature around 140°C and at pressure of 5 K bar, it
disproportionates to Cu,,Se and CuSe, (Pyrite). Here the reverse reaction is found to
be very fast [9].

In solid-state reaction between Cu and Se films [20], it is found that Cu,Se,
an transform to Cu, Se phase with the topoaxial relation (100) Cu,Se, // (100)
CuSeand (011) Cu,Se, // (011) Cu,zSe. During this transformation an intermediate

phase with a super lattice structure is formed.

¢) CuSe phase

The low temperature and atmospheric pressure modification of CuSe is called

tie @ CuSe. This transforms abruptly to B CuSe (orthorhombic) at 51°C. At 120°C



this transforms completely to y CuSe. Bgth these transformations are rapidly
reversible. The decomposition of this monoselenide occurs at 382°C to Cu,_Se and Se
at atmospheric pressure [5]. In a high pressure study the same author observed the
disproportionation of a CuSe to Cu,Se, and CuSe, occurring at pressure above 5 k bar
atroom temperature [9].

A more recent report on electron diffraction study on phase transition of CuSe

to Cu,Se in vacuum shows that the rate of transition is different depending on the

primary temperature [21].

00-300° C 300°C Cooling toroom
CuSe —2XC s Cu, Se —23 C(Cu,Se —Lmerare 5 (Cu,Se
(fco) - (fec) (low temperature
modification)
500 Cooling to room
CuSe —22E s Cu,Se —lmprawre 5 Cy,Se
(fee) (low temperature
modification)

In solid-solid reaction between Cu and Se film, Shiojiri et al. [20] observed
that CuSe crystals appear immediately when Cu is in contact with Se film. Slowly

with time, this changes to Cu,Se, and later to Cu, ¢Se.

d) CuSe,phase

This diselenide phase has two modifications viz. pyrite and marcasite. Of
these, the pyrite modification is remarkably stable at atmospheric pressure. Marcasite
CuSe, decomposes to form CuSe and Se at 342°C [5]. At room temperature under a

pressure less than 5 k bar, marcasite CuSe, transforms to pyrite phase. This

modification melts at 545°C and 20 k bar [9].

42 Interphase transformation of as-prepared Cu, Se and Cu,Se,
phases

In the present work, the Cu,, Se phase is found to convert to Cu,Se, phase
uder specific conditions. Reverse transformation of Cu,Se, to Cu, Se phase is also

found to be possible by annealing. These two conversions are dealt separately in the

following sections.



“Sample No.I” refers to the standard as-prepared Cu, Se film from Bath 1:1.
These films are uniform and reddish brown in colour. “Sample No. 2" refers to the
standard as-prepared Cu,Se, film prepared from Bath 1:1 Na. These films are also

uniform and are bluish green in colour.

42.1 Transformation of Cu,,Se phase to Cu,Se, phase.

On exposure to ambient conditions, reddish brown colour of as-prepared Cu,.
Se thin film (sample No.l) is found to change slowly to bluish green (typical of
Cu,Se, phase)[22]. This conversion does not occur throughout the film in the initial
stage, but begins at some arbitrary location and progresses radially with time. There is
no definite incubation period for this conversion to begin. This period is found to vary
from hours to months. Reason for this indefiniteness is discussed in the section
pertaining to the theory behind the conversion. Such Cu,Se, films, resulting from the
slow aging of the Cu,_Se phase, are referred to as “sample No.3”.

When as-prepared Cu,,Se film (sample No.l) is given a final dipping in Bath
1:1 Na or in dilute Na,SeSO, solution for a few minutes, Cu, ,Se phase gets converted
to Cu,Se, phase with bluish green colour. The Cu;Se, phase obtained by this

procedure is referred to as “sample No.4”.

421.1 Characterisation
i) SEM analysis

Fig.(4.2) shows the micrograph of sample No.3. This micrograph, when
compared with that of the as-prepared Cu,,Se phase (Fig.(3.1)) reveals the formation
of few round beads (drops) of considerable size on the film surface. The bright
appearance of these drops in this electron analytical technique is due to accumulation
of charge as a result of electron bombardment. This suggests the formation of some
low resistive material on which charge accumulation is possible. In the present case, it
is expected to be Cu drops that are formed on the copper selenide surface with age
[31]. This is quite possible as the conversion of Cu,,Se to Cu,;Se, results in free
copper (as explained in section 4.2.1.2).

Fig.(4.3) shows the micrograph of sample No.4. On comparing this

with sample No.1, it can be inferred that Cu has diffused in the form of small discrete
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Fig (4.3) SEM micrograph of sample No.4 (CusSe; phase resulting

from dipping of Cu,.4Se film in selenium solution)



grains on to the film surface. This may be due to the phase conversion of Cu,,Se to

Cu,Se, when dipped in Na,SeSO, solution.

i) XRD analysis

Morphological observations formed the preliminary stage of identification of
phase transformation, while XRD analysis formed the confirmatory stage.

Figures (4.4.a) and (4.4.b) show the XRD pattern of as-prepared Cu,_ Se film
before and after the phase conversion due to aging (i.e. sample No.l and sample
No3). A series of X-ray diffractograms taken at a regular interval of two weeks,
revealed intermediate stages of conversion from Fig.(4.4.a) to Fig.(4.4.b). They
depicted a gradual decrease of peak intensities of Cu,,Se phase and a slow
development of peaks corresponding to Cu,Se,. The final transformed phase as
represented by Fig.(4.4.b) appears to be less crystalline with low peak intensities
when compared with the as-prepared Cu,Se, phase (sample No.2). But it should be
specially mentioned that each of these small peaks corresponds to the standard JCPDS
data file 47-1745 for the tetragonal Cu,Se, phase. The d values of these XRD spectra
are listed in Table (4.1). This transformation is obvious from the disappearance of the
typical peaks of Cu, ,Se phase (reference JCPDS file 6-0680).

The X-ray diffractogram of sample No.4 is shown in Fig.(4.4.c). The
aystallinity of Cu,Se, phase of this sample is better than sample No.3. This suggests a
simpler method to prepare Cu,Se, phase. Original preparation condition of Cu,Se,
required low temperature as described in Chapter 2. Moreover, the film surface was
not so uniform. Another drawback was the difficulty to obtain thicker films of Cu,Se,
phase on bare glass substrate. But in the present method, 1.e. dipping of Cu,,Se thin
film in Na,SeSO, solution, required thickness can be obtained for the Cu,Se, film at
om temperature. Such film surfaces are found to be comparatively more uniform,
tough presence of diffused Cu was observed in SEM micrograph in Fig.(4.3). But
this Cu was not revealed in XRD analysis. This may be due to the fact that, the copper

gains are not crystalline or its quantity is too less to be identified in a bulk analytical

technique like XRD.
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| Experimentally observed d values (A) " st I'Standard JCPDS values

sample sample | sample [sample | sample File 47-1745 File6-0680

No. 1 No.2 No.3 No.4 No. 5 Cu,Se, Cu,,Se

Cu,,Se [ CusSe, | Cu;Se, | Cu;Se, | Cu,,Se [ d(A) hkl | d(A) 1hkl

3.323 3.575 3.566 3.573 3.311 3.557 101 | 3.330 | 111
2.030 3.214 3.212 3.212 2.023 3.202 [ 200 | 2.030 [ 220
1.729 3.126 3.118 3.118 1.726 3.111 111 | 1.729 | 311

2874 2.859 2.882 2.864 | 210

2.563 - 2.575 2.563 | 201

- 2.380 - 2380 | 211

2.270 2.265 2.265 2.264 | 220

2.143 2.139 2.139 2.139 | 002

2.029 - 2.027 2.024 | 310

2.008 - - 2.001 221

- 1.933 - 1.934 112

1.914 - 1.912 ] 1.910 | 301

1.833 1.831 1.831 1.830 | 311

1.781 1.781 1.779 1.778 | 202

Table (4.1) Comparison of XRD parameters of samples with the standard data
of Cu,,Se and Cu,Se, phases.

ii) Optical studies

Figure (4.5) shows the optical percentage transmittance of the Cu, Se film
before and after phase conversion (sample No.i and sample No.3). Transmission peak
shows a shift from 780 nm to around 540 nm. This value was around 580 nm for the
s-prepared Cu,Se, phase [Fig.(3.17)]. Moréover, due to this conversion to Cu,Se,
phase, the percentage transmittance has reduced considerably from 12% to less than

4. For the as-prepared Cu,Se, phase this was almost in the same range of Cu,_Se.



This difference in transmittance spectra of the Cu,Se, phase converted from Cu,_ Se
and the as-prepared Cu,Se, (sample No.3 and sample No.2) may be due to the
incorporation of impurity phase of copper oxide [23].

Direct band gap energy of these samples was calculated from the absorption
spectrum by plotting (athv)’ against photon energy [Fig.(4.6)] (a being the absorption
coefficient, t the film thickness and hv the photon energy). Formation of Cu,Se, phase
could be confirmed from shift of the absorption edge from 2.20 eV to 2.73 eV. The
slight variation of band gap of this Cu,Se, phase from the earlier observed value of
2.83 eV in section [3.4.1] may be due to the formation of copper oxide resulting from

oxygen incorporation. Absorption edge of copper oxide is comparatively towards the

lower range, i.e. around 2 eV [24].

iv) XPS analysis

XPS analysis of sample No.3 was done to get a better insight to the process of
phase conversion. This particular sample No. 3 was obtained from Cu, ,Se phase as a
result of aging for a period of 4 months. No appreciable binding energy shift for Cu
and Se signals was observed between this transformed phase and the original phase.
Fig.(4.7) shows the depth profile of the sample. The presence of a slight peak for the
0 1s signal throughout the sample thickness is obvious along with the strong signals
of Cu and Se. This suggests the formation of small quantities of oxide impurity in the
copper selenide phase as a result of aging. Binding energy of this oxygen is found to
be around 530 eV, which corresponds to metal oxide. This value is different from that
of the surface oxygen species having binding energy 532 eV. This value corresponds
to hydroxide or chemisorbed water [25] and it appears only as a surface contaminant.
Fig.(4.8) shows the percentage concentration of each element in the sample and it
reveals the concentration of oxygen to be around 9%. The total XPS survey, i.e.
N(E)/E versus binding energy graph, recorded after the 5" cycle of etching also shows
the presence of oxygen [Fig (4.9)]. This oxidation accounts for decrease in
crystallinity of sample No.3 as shown by Fig.(4.4.b)~ and also for the slight
discrepancies in the optical studies as already mentioned.

Another important point that was understood from the XPS studies is that
aging need not necessarily lead to phase conversion or oxide phase formation. To

prove this, an as-prepared Cu,_ Se phase stored in dry atmosphere for 4 months time
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101

without any phase conversion was analysed using XPS depth-profiling, Fig.(4.10). In
the figure, it is clear that presence of oxygen is limited only to the surface in the case
of this sample. There is no oxygen trace remaining after 1 minute of etching. This
study revealed that if stored in a dry atmosphere the phase conversion of Cu, Se can

be prevented to a great extent.

v Hall measurements

Hall measurements were used as one of the major techniques to understand the
mechanism of interphase conversion. All the basic ideas regarding the conduction
process in copper selenide, as mentioned in section (3.6.2), holds good as a
background for explaining the interphase conversion.

Table (4.2) summarises the results on' CuSSe2 phase converted from Cuz_ Se by
aging (sample No.3) and by dipping in NazSeSO3 solution (sample No.4). In the case

of sample No.3, carrier concentration has increased and mobility has significantly
decreased by an order. This supports the possible disproportionation of Cu (I) as:
2Cu(I) = Cu(II) + Cu (s) [Refer section 4.2.1.2]

leading to the phase conversion. When Cu (I) is converted to Cu (II) and Cu (s), the
Cu (s) diffuses out from the grain boundaries, while the Cu (II) contributes to the

Cu]Se2 phase formation. This diffusing out of Cu atoms increases the Cu ion vacancy

in the crystal structure leading to increase in hole density. This in turn reduces the
mobility. The fact that the crystallinity of the aged samples are less than the as-
prepared samples may also be contributing to the decrease in mobility.

When compared with the as-prepared Cu}Se2 phase, the copper vacancy

density is high. Formation of small amount of copper oxide, as shown by XPS
analysis of the aged sample, may also contribute to increase in Cu vacancy. Diffusion
of copper out of the grain boundaries aids in conduction, leading to slightly lower

resistance than the as-prepared Cusse2 phase. For the same reason of higher carrier
concentration in the aged film, the Hall coefficient is found to be as low as

6.2x10‘scm3/C, while the as-prepared film has a value of 1.1x10" em’/C.
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Cu,,Se Cu,. Se—> Cu;,Se— Cu,Se, Cu;Se,
as-prepared | Cu,Se, (aged) (dipped) as-prepared
(sample No.1) | (sample No.3) | (sample No.4) | (sample No.2)

Resistivity (Q-cm) 8.0x10* 4.8x10° . 9.2x10* 6.6x1073
Mobility (cm?/ Vs) 1.5x10' 1.3 25 1.7
Carrier density (cm™) 5.2x10% 1.0x10% 2.7x10% 5.6x10%
Hall co-efficient 1.2x1072 6.2x107 2.3x10° 1.1x10%
(cm’/C)
Sheet resistance 8 4.8x 10! 9.2 6.6x10"
(Q/em?)
Type of carriers Hole Holg . Hole Hole

Table (4.2)  Hall measurements of sample No.3 and sample No.4 in comparison
with sample No.l and sample No.2.

In sample No.4 the expected process of disproportionation is same as above.
Here also the increase in carrier concentration must be due to the significant diffusing

out of Cu to the film surface as seen in SEM micrograph in Fig.(4.3), leading to the

increase in Cu vacancies. This in turn reduces the mobility from 15 to 2.5 cm /Vs.
Due to the presence of Cu(s) on the film surface, the resistance is found to remain in

10* order, though the phase gets converted to Cussez.

42.1.2 Theory behind the transformation

When Cu,_Se thin film is left to itself in the anrbient conditions, it slowly gets
converted to Cu,Se, This happens due to two reasons: - 1) instability of Cu (I) in Cu,.
Sephase and (ii) high diffusion coefficient of mobile copper atoms.

In Cu, Se copper is in Cu (I) state while in Cu,Se, it is in a mixed state of Cu
() and Cu (II) [26]. It is generally observed that Cu (II) is more stable than Cu (I) and
hence preferred [27]. So when initiated by suitable stimulating factor, the Cu (I)
disproportionates according to the reaction.

2Cu()> Cu(I)+Cu [27,28]
This process only involves internal transfer of an electron from one of the Cu (I) to

another Cu (I), so that more stable forms of Cu (II) and Cu exists [29].




This would mean intermediate stages of

Cu,_Se = Cu,_,Se+ Cu

where x' > x. i.e. the copper selenide .slowly shifts towards the selenium rich phase.
When this disproportionation proceeds, it results in a stable situation where x' ~ 0.5.
Thus Cu,,Se phase gets converted to Cu,Se,.

2Cu,,Se - Cu,Se, + Cu

Formation of small amounts of copper oxide as observed in XPS study may also
contribute to the lowering of the Cu concentration in Cu, ,Se phase, leading to Cu,Se,
phase formation.

Structure of Cu, Se consists of a sublattice of immobile cage structure of Cu
and Se ions and another sublattice of mobile copper ions [10]. The mobile Cu forming
a superionic sublattice has high diffusion mobility [30]. It is known that mobile Cu
jons are in a more disordered state in the Cu, Se sublattice than in the liquid phase
[31]. Hence in the solid state itself, when stimulated by a suitable external factor, the
mobile Cu ions diffuse out after the disproportionation as elemental Cu. This makes
the remaining phase Se rich. Or in other words this leads to the conversion of Cu,_Se
to Cu,Se,. There are few reports [14, 21] that mention Cu,Se, as an impurity phase
appearing in Cu,_Se.This supports the above mentioned transformation.

The high diffusion coefficient of copper has been emphasised by Shirojiri et
al. [20] while explaining the solid-solid reaction between Cu and Se films kept in
contact with each other at room temperature. The immediate formation of CuSe
crystals at the interphase and the slow formation of Cu,Se, and further Cu, Se phase,
due to the high diffusion rate of copper atoms into the selenium film was documented
by the high-resolution electron microscopic studies.

Hiroshi Morikawa [32] reported a similar effe¢t in terms of crystal defects in
Cu,Se,. In electron microscopic studies he observed fine structures in the Cu,Se,
arystal. The extra stripes on the diffraction pattern were interpreted as due to narrow
Cu crystal precipitates on the (111) and (021) defect planes. In spite of this defect
formation Se ions (due to its very large size when compared to Cu atoms) will frame
up the unit cell in the same manner as a perfect Cu,Se, crystal. Ionic radius of Se” is
191 pm while that of Cu is 128 pm.

In the present case the external factor that stimulates the phase conversion was

raced out to be ions in the presence of humidity. These ions in ambient conditions



can induce electron transfer process required for the disproportionation of Cu (I). As
It is not easy to quantify this stimulating factor, the incubation period for this phase
transformation cannot be predicted.

In order to confirm the role of external ions and humidity, the Cu, Se film
was stored in different conditions like (i) diffusion vacuum (ii) in deionised water (iii)
at low temperature (iv) in desiccator and (v) in open atmosphere susceptible to metal
ions and alkaline or acidic pH along with the ambient humidity. After two weeks it
was observed that films stored in vacuum, deionised water, at low temperature and in
desiccator remained intact. This ruled out the direct role of oxygen, water,
temperature and humidity in the transformation of Cu,,Se phase to Cu,Se, phase. But
the films exposed to ambient conditions got converted to Cu,Se, phase within a period
of 2 to 3 days. Hence it was concluded that the stimulant for conversion was some
factor present in the atmosphere, which is active in the presence of humidity.
According to the chemistry of Cu (I) [27], in the presence of electrostatic interaction
with the surroundings Cu (I) has the tendency to convert to Cu (II). In the present
case, this electrostatic interaction may be due to the presence of ions like H", Na* or
OH in the presence of atmospheric humidity. But no aeﬁnite incubation period was
observed for this solid solution decomposition. as was reported in earlier works [31].

Influence of this stimulant was observed in an adverse manner when the Cu,.
Se film was exposed directly to fuming hydrochloric acid vapour. Within few
minutes time it was observed that the reddish brown phase of Cu,, Se phase got
converted to greenish colour of Cu,Se,. On further exposure all the copper diffused
out forming CuCl. This white precipitate soluble in HCI was partly carried away by
the acid fumes. The remaining film had the brick red colour of amorphous selenium.
Similarly when dipped in dilute acetic acid, Cu,,Se phase converted to uniform
Cu,Se, phase in 48 hrs.

As mentioned earlier when Cu,_,Se phase is dipped in Bath 1:1 Na solution or
in 0.1 M Na,SeSO; solution, then also this phase conversion occurs. This may be
brought out by the presence of excess Na* in both the cases.

From the above observations it is concluded that variation in pH of the
external surrounding or the presence of any ionic species forms the stimulant for the
conversion of Cu,,Se phase to Cu,Se, phase. Or in other words, Cu (I) state of copper
in Cu,,Se phase is stable only around neutral pH where the concentration of charged

species is minimum.



42.2 Transformation of Cu;Se, phase to Cu, Se phase

As-prepared Cu,Se, thin film (sample No.2) has a bluish green colour, as
mentioned in chapter 3. When this film is annealed in air at 140°C for lhr, it gets
converted to the reddish brown phase of Cu,,Se. This annealing need not be slow and
hence it is usually done by keeping the Cu,Se, thin film for 1 hr in a hot air oven

raintained at 140°C. Such Cu, Se sample converted from as—prepared Cu,Se, film
are hereafter referred as “sample No.5”.

422.1 Characterisation

i) SEM analysis

Fig.(4.11) shows the SEM micrograph of sample No.5. The average grain size
is found to be higher than that of the as-prepared Cu,.Se film (sample No.1).
Presence of irregular shaped large islets on surface of the film could not be

interpreted with certainity. It is assumed to be due to segregations of Se or oxides of

selenium.

ii) XRD analysis

Fig.4.12 (a) and 4.12(b) give the XRD patterns of sample No.2 and sample
No.5 resulting from the annealing of sampl¢ No.2. High intensity of the diffraction
peaks reveals good crystallinity for both the phases. Table (4.1) includes the d values
of these two samples in comparison with as-prepared Cu,,Se phase. It can be seen
that all the d values of sample No.5 coincide with that of sample No.1.

Based on the variation in the d value of the (022) plane of the cubic phase of
sample No.5 and sample No.1, stoichiometry was graphically predicted as depicted in
Fig(4.13). The results tabulated in Table (4.3) suggest that sample No.5 has a
composition of Cu, ¢,Se while sample No.1 is Cu, ,Se. Increased selenium content in

sample No.5 is justifiable as this is derived from a comparatively selenium rich phase
(1e. Cu,Se,).
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Fig. (4.11) SEM micrograph of sample No.5 (Cu,Se phase resulting

from annealing of CusSe; phase).
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Fig.(4.12) XRD spectrum of (a) sample No.2 and (b) sample No.5
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Fig.(4.13) Evaluation of stoichiometry of sample No.1 and

sample No.(5) from the XRD data



Sample code | d value [ Cuw/Se | x value | Chemical formula
Sample No.1 | 2.0303 | 1.7145 |0.29 Cu, 5 Se
Sample No.5 |2.0236 | 1.6214 | 0.38 Cu, ,Se

Table (4.3)  Evaluation of stoichiometry of sample No.1 and sample No.5
from the d values of (022) plane of the XRD spectrum.

iii) Optical studies

Just as Fig.(4.5) refers to the transmittance spectra of Cu, Se phase converted
to Cu,Se, phase, Fig(4.14) refers to the transfon;xa,tion of Cu,Se, to Cu, Se phase.
Both these figures are similar except for an increase in transmittance exhibited by
sample No.5, Fig.(4.14). This may be due to the annealing effect on crystal defects.
Same effect can be clearly observed in Fig.(4.15) where Cu,,,Se phase (sample No.1)
is annealed under same conditions for reference. Band gaps calculated for sample
No.2 and sample No.5 (i.e. before and after this phase conversion) are 2.84 eV and
2.27 eV respectively [Fig.(4.16)].

iv) Hall measurements

Table (4.4) shows the Hall measurement da'ta of Cuz_xSe phase converted from
CuJSez. The solid reaction behind this conversion iéads to Se rich Cu(I)selenide (refer
section 4.2.2.2). The presence of excess Se anions increases carrier density in a
similar way as absence of Cu cations does. But presence of anions aids the mobility of

holes. Hence mobility is found to increase from 1.7cm/Vs to 8 cm?/Vs. The slightly

low resistivity of the film when compared to as-prepared Cuz_xSe phase must be due to

the large extend of non stoichiometry existing in such films when it is derived from

the Se rich phase of Cu3Se2.
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Fig.(4.17) XRD spectrum revealing low crystallinity of
(a) as-prepared Cu, Se-> Cu3Se2 -> Cu, Se sample
(b) when compared with as-prepared Cu,Se, -> Cu, Se sample
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Cu;Se, Cu,;Se,— Cu,, Se Cu,,Se

as-prepared (annealed at 140°C) as-prepared
(sample No.2) (sample No.5) (sample No.1)

Resistivity (Q-cm) 6.6x10° 4.5x10* 8.0x10*
Mobility (cm?/ Vs) 1.7 8.0 1.5x 10
Carrier density (cm™) 5.6x10% 1.7x10* 5.2x10%
Hall coefficient (cm®/C) 1.1x10? 3.6x107 1.2x10
Sheet resistance({2/cm?) 6.6x10! . 4.5 8

Type of carriers Hole Hole ’ Hole

Table (4.4)  Hall measurements of sample No.5 in comparison with sample No.1
and sample No.2

4.2.2.2 Theory behind the transformation

When Cu,Se, phase is annealed at 140°C for 1 hour, it gets converted to Cu,,
JSe. This happens due to the dissociation of Cu'3Se2 into Cu,,Se and elemental
selenium according to the reaction.
2Cu,Se, — 3 Cu,,Se+Se
This Cu,,Se can be thought of as Cu deficient or Se rich Cu(I)selenide phase. XRD
analysis of this transformation has shown that slow sublimation of Se can occur with
prolonged annealing even at low temperature [refer section (4.4)]. A similar

decomposition was reported for CuSe by Heyding [5].

4.2.3 Cyclic nature of the interphase transformation

Conversions of Cu,_Se to Cu,Se, and Cu,Se, to Cu, ,Se are found to be cyclic.
When Cu,,Se is aged in ambient conditions or dipped in Na,SeSO, solution, stability
of Cu*' decreases and it partly converts to Cu?*. This also leads to diffusing out of Cu
to the film surface making the remaining phase selenium rich and there by getting
converted to Cu,Se,. When this is annealed at 140°C it converts back to Cu,,Se. But
in the reverse direction of the cycle it is found that the crystallinity decreases. XRD
spectrum in Fig.(4.17) shows this effect. The SEM in Fig.(4.18) reveals the diffused
grain boundaries at this stage. It is expected that this reverse cycle of conversion is
based on decomposition of Cu,Se, to Cu, ,Se with heating. When such a film is again

left for aging (i.e. forward process of 2™ cycle), it is observed that the rate of



Fig. (4.18) SEM micrograph of Cu,.,Se — Cu3Se; — Cu,«Se sample



conversion is significantly reduced. This may be the effect of annealing cycle by
which stability of Cu'* is improved. Then the diffusion of copper to form drops on the
surface is reduced considerably. In short, it is observed that this conversion has a
cyclic nature though the quality of the film degrades after every cycle.

Same is the case with as-prepared Cu,Se, film. When annealed it dissociates
into Cu,,Se and Se. When this Cu,, Se phase is left for aging it converts back to
Cu,Se, phase. But this happens at a very slow rate. So to conclude, the phase
conversion observed in Cu, ,Se and Cu,Se, phases is cyclic but the rate of conversion

is considerably reduced after each heating cycle.

42.4 Prevention of interphase transformation

Interphase conversion can be avoided by si.mple methods. When the as-
prepared Cu, , Se phase is annealed at 150°C for 2hrs, the Cu (I) state is found to gain
stability. This will prevent the conversion to Cu,Se, phase to a great extend. Such
samples when stored in dry atmosphere are found to remain intact even after one or
two years. Similarly, as-prepared Cu,Se, phase can be kept intact by avoiding any sort
of heat treatment. Heat treatment stabilises Cu, ,Se phas‘e while avoiding heat leads to

the stability of Cu,Se, phase.

43 Growth of excrescence in Cu, Se phase

Superionic conductors like Cu,,Se with mixed electronic and ionic
conductivity are known to exhibit growth of excrescences. Excrescences include
gowth of new formations like ‘whiskers’, ‘moustaches’, ‘drops’ or ‘fractal growths’
[33]. This is based on the development of the metallic sublattice of copper as a result
of disproportionation of Cu,_Se.

The series of SEM micrographs included in Fig.(4.19) show the growth of
excrescences in the Cu, Se phase. The first micrograph (a) shows the as-prepared
Cu,,Se film where there is no excrescence. Micrographs (b), (c) and (d) show the
stages of gradual growth of excrescences (all.these being taken under a magnification
of 800 times). The last micrograph (e) shows the well-grown excrescence in the form
of fractal growth (under 20 times magnification). This can be observed even with

naked eyes. The time of aging of the as-prepared films as mentioned in the Fig.(4.19)
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(b) After 3 days

Fig. (4.19) SEM micrographs that reveals the gradual growth of Cu excrescence in
Cuy.xSe film in the form of fractal growth.



(d) After 1 month

Fig. (4.19) SEM micrographs that reveals the gradual growth of Cu excrescence in
Cuy.«Se film in the form of fractal growth.



(e) After few months

Fig. (4.19) SEM micrographs that reveals the gradual growth of

Cu excrescence in Cu,Se film in the form of fractal growth.

Fig. (4.20) Arrangement of chemical potential level of Cu in metallic phase M and in

a M-X compound phase (a) before Cu diffusion (b) after Cu diffusion.



is arbitrary. This is because depending on ambient conditions the growth rate of
eXCrescences can vary.

Growth of excrescences is usually reported as stimulated by factors like
concentration, temperature, pressure differentials, ionizing radiations, electromagnetic
fields and plastic deformation of the samples. But in the present work the stimulant
for the growth was traced out to be the variation in pH of the surrounding atmosphere,
or generally the presence of any charged atomic species in the presence of humidity
[as explained in section (4.2.1.2)]. Here the observed excrescence is some time in the
form of fractal growth as in Fig.(4.19), or in the form of drops as in Fig.(4.2). The
condition under which these two cases results could not be differentiated in the
present study. But in both cases the presence of copper excrescence could be clearly
observed in the micrograph as bright regions. This is a result of charge accumulation
in Cu due to the incidence of electron beam during image recording.

Since the chemical potential of Cu in elemental state (p,,) is less than the
chemical potential of Cu in Cu,,Se (ny,) [Fig.4.20.a], copper exists in a
supersaturated state in Cu,,Se [31]. In the presence of a suitable external stimulant,
this supersaturated solid solution in copper selenide could attain equilibrium state by
undergoing the decomposition reaction

Cu,,Se » Cu,_,Se + Cu (where x' is greater than x)

with the formation of interstitial and surface microdeposits of Cu. As explained in
section (4.2.1.2), this happens due to the disproportionation of Cu (I) to Cu (II) and
Cu. Diffusion coefficient of this mobile Cu is in the order of 1-100 pm [30].
Moreover, in non-stoichiometric Cu,,Se the high concentration of Cu vacancies
permits the very rapid diffusion of copper [34].

These micro deposits of copper formed by the diffusion mechanism forms the
primary excrescence. In other words, the primary excrescence results due to the
instability of the condition p,, > .. But once the system stabilizes by the formation
of micro deposits of Cu, an equilibrium state is established in the system (py~ Hy.)
Fig.(4.20.b). Migration of Cu in these primary excrescences to the film surface leads
to the growth of secondary excrescences in the form of fractal growth or drops. The
ncleation center for primary excrescence can be the defect centers of the sample [30,
32, 35], while the primary excrescences form the nucleation center for secondary

excrescences.



It is reported that when the local increase in the Cu concentration is around
ACu > 10® cm?, it results in excrescence [31]. This ACu can be attained by a pressure
difference A P ~ 0.3-0.6 GPa [36], an electric current density J ~ 0.1 A/mm? [37] or
similar factors. In the present case, ions in the ambient atmosphere in the presence of
humidity are found to stimulate the growth of excrescence. To summarise, Cu (I) in
as-prepared Cu, Se phase is unstable. When stimulated by external ions in the
presence of atmospheric humidity Cu, Se phase disproportionates into elemental
copper and a relatively selenium rich copper selenide phase. This Cu diffuses out to
form excrescence. When this process leads to a situation where x ~ 0.5, the Cu,_,Se
phase converts to Cu,Se, phase.

In the present study, in order to avoid the growth of copper excrescences and
the phase transformation that follows, it is suggested to store the film in a neutral dry
atmosphere. Another method is to anneal the as-prepared Cu,,Se film in air at 150°C
for 2hrs., so that the copper ions in Cu (I) state attain better stability. By this
procedure it is observed that the copper ion migration and the consequent phase
conversion can be reduced considerably.

Another interesting observation is that this sort of migration or growth is not
observed in the as-prepared Cu,Se, phase. This stability can be accounted by
assuming the Cu,Se, phase as a special case of Cu,,Se, where x ~ 0.5. In a detailed
sudy of formation of excrescences in Cu,,Se phase, M. A. Korzhev [31] has
suggested the shifting of the solid state stoichiometry into a safe range of large x
value as a method to prevent the growth of both primary and secondary excrescences.

This justifies the stability of Cu,Se, phase.

44 Effect of annealing on Cu, Se phase

The interesting observation of phase change when Cu,Se, film was annealed,
prompted to study the effect of annealing the Cu,,Se film. Cu,_Se film from Bath 1:1
was considered for this study. In order to avoid influence of atmospheric oxygen at
high temperatures, annealing at a pressure of 10°m bar was preferred at temperatures
100°C, 200°C, 300°C and 400°C.

Substrate of Cu,,Se film was found to influence the stability of the phase
during annealing. Samples deposited on glass and on SnO, coated glass, when

amealed to a temperature of 300°C were found to be stable. But at 400°C samples on



glass substrate suffered a discoloration to bluish-ash along with the development of
pinholes. This is attributed to significant evaporation of selenium at high temperatures
(7, 9].

Cu,,Se film on SnO, substrate could withstand a temperature of 400°C without
decomposing. This suggests an extra stability for the sample on SnO, substrate. But as
SnO, is a crystalline and conducting substrate, samples prepared on it could not be
used for X-ray diffraction studies and electrical studies. Hence samples prepared on

glass were preferred for such analysis.

i) SEM analysis

SEM micrograph of Cu,,Se film annealed at four different temperatures at an
interval of 100°C was taken. Fig.(4.21.a) and Fig.(4.21.b) show the morphology of
films annealed at 200°C and 300°C respectively. Micrographs of the samples annealed
at temperatures of 100°C and 400°C are not included here, as they showed the same
trend as the samples annealed at 200°C and 400°C respectively.

It is found that grain size improves up to an annealing temperature of 200°C.
But annealing at 300°C and 400°C leads to diffused grain boundaries and smaller
grain size. Apart from this many bright islets of selenium appear on the film surface
at these high temperatures. This leads to the conclusion that degradation of the film
becomes significant at 300°C and at higher temperatures.

ii) XRD analysis _

Effect of annealing on crystallinity and stoichiometry of the Cu,_,Se phase was
studied in detail using XRD analysis. It is found that crystallinity of the as-prepared
films improves due to annealing for 1 hr at 100°C, Fig.(4.22.b). Further improvement
in crystallinity was observed in the case of film annealed at 200°C, Fig.(4.22.c). This
is reflected in the decrease of FWHM value of the (022) peak. But further increase in
temperature [Fig.4.22. d and e] resulted in deterioration in crystallinity as observed
from the peak heights and FWHM values tabulated in Table (4.5). This may be due to
the considerable escape of selenium at temperatures above 200°C and this supports
the observations seen in SEM analysis, Fig.(4.,i21.b).

Using the extrapolated standard relation of the d values of (022) plane of cubic
copper selenide on the composition of the material [Fig.(3.24)], the effect of

annealing on stoichiometry could be interpreted. Table (4.6) shows the d values,



Fig. (4.21) SEM micrographs of Cu,.,Se film
(a) annealed at 200°C (b) annealed at 300°C.



(d)

(©)
M
W

L ) M L) v L{ M ] v T v v

20 25 30 35 40 45 50 55
20 (degree)

Intensity (arbunits)

Fig.(4.22) XRD spectrum showing the effect of annealing Cu, Se film.
(a) unannealed (b) annealed at 100°C (c) annealed at 200°C
(d) annealed at 300°C (e) annealed at 400°C.



Cu/Se ratio and x values, as derived by fitting the experimental d values on standard
graph, Fig.(4.22). This suggests that there is a significant improvement in
stoichiometry as a result of annealing. But annealing above 200°C is found to lead to
significant deterioration of the film due to formation of pinholes and loss of
arystallinity. Hence the best method to improve the film quality is to anneal at 200°C

for longer duration.

Annealing conditions | Intensity (cps) | FWHM
Un annealed - 181 0.590
100°C 200 0.588
200°C 312 0.476
300°C 235 1.249
400°C . 178 1.070

Table (4.5)  Effect of annealing on intensity and FWHM value of the
XRD peak corresponding to (022) plane of Cu,_Se.

Annealing conditions | d values | CwSe | x values | Chemical formula
Un annealed 2.0300 1.7145 0.29 Cu, ,,Se
100°C 2.0365 | 1.8095 0.19 Cu, 5,Se
200°C 2.0409 | 1.8697 0.13 Cu, 4,5¢e
300°C 2.0431 1.9010 0.1 Cu,4Se
400°C 2.0585 | 2.1172 -0.12 Cu, ;,Se

Table (4.6)  Evaluation of stoichiometry of Cu,_Se thin film as a result of annealing
at various temperatures.

(i) Optical studies

Fig.(4.23) shows shift in band edge of the Cu,,Se samples as a result of
annealing. The band gap of 2.20 eV of the as-prepared film reduces to 2.16 eV on
anealing at 200°C. Gradual shift of band edge at various annealing temperatures is

tabulated in Table (4.7). This decrease in band gap may be due to increase in grain
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size. Higher annealing temperatures are found to increase the absorption edge further.
This may be due to considerable escape of Se leading to poor crystallinity.

Fig.(4.24) shows the percentage transmittance graph of the annealed samples.
It can be observed that all these samples show free carrier absorption leading to peak
like nature for the transmittance graph. Annealing is found to increase the percentage
of transmittance considerably. Increase in transmittance value of this sample annealed
at 300°C when compared to the sample annealed at 200°C is a result of considerable
escape of Se. But this situation arises only at a temperature of 400°C if the thin film is
deposited on SnO, substrate. Fig.(4.25) shows this result. This suggests an extra

stability for the films on SnO, substrate as mentioned earlier.

Annealing temperature | Band gap (eV)
un annealed ' 2.20
100°C 2.16
200°C ' 2.14
300°C 2.07

Table (4.7)  Shift of optical band gap of Cu,,Se film as a result of
annealing.

For the films deposited on glass, the peak value of transmittance shifts from
the as-prepared value of 780 nm to 785 nm and 840 nm on annealing at 100°C and
200°C respectively. But annealing at 300°C leads to the retrace of the peak position to
750 nm. Difference in the behaviour of the sample annealed at 300°C is attributed to
considerable escape of Se at 300°C. The results are tabulated in Table (4.8).

Annealing Maximum % Wavelength of
temperature transmittance maximum
transmittance
un annealed 11% 780
100°C 45% 785
200°C 38% 840
300°C 41% 750

Table (4.8) Effect of annealing on the transmission spectra of Cu, ,Se film.



-oyensqns sse[3 uo pajisodap wiyy a8’ “n)) jo
enoads uorssiwsuer) [eonido ay) uo Jurpesuue Jo 19319 (y7'¥) 814

0091 oovl

(wu) yi3usjorem

0021

A

0001 008 009

00y

psjeaueun
0, 00€ —e—

T
(=4
o

-0Y

0s

(%) 2ouenIWISURI],



-ajensqns ‘Qus uo paysodap wiiy 98" ‘n)
Jo enoads uoisstwsuer [eonido ay) uo Juijesuue Jo 309139 (S7'P) B4

(wu) y3uajarem

0091 oovi 0021 0001 008 009 ooy

0
Lol
Loz
[«5]
=
wn
=3
=
[sV]
2
-0€ o
S
L ov
L0S




iv) Hall measurements

Table (4.9) shows the effect of annealing on the Hall parameters of Cuz_xSe

phase. As mentioned earlier, the film deposited on glass when annealed at 400°C was
found to get damaged and hence could not be used for this analysis. Hence the

samples used for the Hall measurements were those annealed at temperatures of

100°C, 200°C and 300'C for duration of 1 hr.

Resistivity is found to increase as a result of annealing. This is possibly due to
slight evaporation of selenium, which leads to improved stoichiometry, i.e. Cu, Se
becomes Cu,,.Se (where x’< x). With the decrease in carrier density the Hall

coefficient is found to increase slightly.

As-prepared 100°C 200°C 300°C
Resistivity (Q-cm) 8.0x10* 1.7x10° 1.9x107 2.2x107
Mobility (cm? Vs) 1.5x10" 9.7 9 83
Carrier density (cm™) 5.2x10% 3.8x10% 3.5x10% 3.3x10%
Hall coefficient (cm’/ C) 1.2x107 1.6x10% 1.7x107? 1.8x10?
Sheet resistance (€/ cm?) 8 1.7x10" 1.9x10! 2.2x10"
Type of carriers Hole Hole Hole Hole

Table (4.9) Effect of annealing on the Hall parameters of Cu,_,Se film.



4.5 Conclusion

The Cu,_ Se and Cu,Se, thin films prepared using the CBD technique are found
to undergo cyclic interphase conversion. When exposed to ambient conditions, the
Cu,,Se phase gets converted to Cu,Se, phase along with the formation of Cu
excrescences and some copper oxide. Attempts to trace out the stimulant behind this
transformation are also included in this chapter. The Cu,Se, phase converts to Cu, Se
phase when annealed in air at a temperature above 140°C.

From these studies, it can be concluded that the tetragonal Cu,Se, phase is
stable in ambient conditions while the cubic Cu, Se phase is stable at temperatures
above 140° C. Measures to prevent these phase transitions are also discussed. This
phase conversion is of much relevance when these copper selenide phases find its

various applications.
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5.1 Introduction

High production cost of solar cell materials is the major factor that limits the
commercial applications of photovoltaic cells. In such a context, much attention has
been given on highly absorbing photoactive semiconductors that are abundant and
nontoxic. Today the widely used material is crystalline silicon. This material poses no
direct problgms for the environment, but has the disadvantage of high material
consumption and high-tech material processing. It is said that for 1 GW photovoltaic
instillatior,, approximately 8000 tons of high quality silicon is required. The other
leading materials of this field viz. GaAs, CdTe or CulnSe, have the disadvantage of
containing toxic substances such as Cd, Te, Ga, In or Se which makes them less
attractive for mass production.

Iron pyrite is an eco-friendly material that is abundant in nature. It is a
promising candidate with a minority carrier diffusion length much larger than its
absorption length (200 A at 2 eV) [1] and higher carrier mobility even in thin film
form (200-300 cm*/Vs) [2]. In the visible range this material has a high absorption
coefficient () of 6x10° cm™ [3-5]. Table (5.1) gives the comparison of this material
with the other known absorbers. Fig.(5.1) shows the absorption length (1/a) of FeS,
in comparison with other semiconductor materials [6]. With such a high absorption

coefficient this material is projected as the most suitable material for sensitisation

absorber materials

type solar cells [7].
C-Si a-si :H CulnSe, CulnS, FeS,
Energy gap 1.1 1.5-1.8 0.95 1.53 0.95
V)
Absorption
co-efficient { 5x 10° 3x10* 2x10° 2x10° 6x10°
o (cm)™ at
2eV
Absorption
length o’ 2x 10 33x10° 5x10° 5x 10 1.7 x 10?
(A)
Quantum
efficiency 25 - 25-30 20 80-90
v -
Table (5.1)  Comparative data of FeS, related to few well known




5.2 Properties of iron pyrite

Unless specially mentioned, the term ‘pyrite’ refers to iron pyrite (FeS,), even
though the term actually refers to a particular structure. FeS, generally crystallises in
a pyrite structure, whicn can be visualised by replacing the Na atoms in the NaCl
structure with Fe atoms and Cl atoms by sulfur dimmers. It also crystallises in
marcasite structure, an orthorhombic modification present in nature. Marcasite phase
often appears during preparation of pyrite, but it can be converted to pyrite by
annealing the sample under sulfur atmosphere at high temperature. Fig.(5.2) shows

the phase relation of Fe-S system [6].

Optical band edge reported for this material has a very wide range [5,8,9]. L. J.
Ferrer et al. [5] has summarised the values in the form of a table, Table (5.2). This
unusual behaviour is due to the fact that the general expression to determine the band
gap nature and the value of E, (given below) is not applicable for this semiconductor.

(ahv)" = A (hv-E,),
E, being the transition energy (E, is E, for direct transitions, E,= E, + E, for indirect
transitions, where E, is the energy of the associated phonon) and n depending on the
transition type, n = %, ', 2 or % for allowed indirect, forbidden indirect, allowed
direct and forbidden direct transitions respectively. This equation is defined to
describe electronic transitions in semiconductors between parabolic bands [10-12].
But this is not the case with pyrite. From band structure calculations carried out by
Bullett [13], it is known that the top of the conduction band is rather flat. Hence as the
pyrite band edges are different from those of ordinary semiconductors, it might be
necessary to modify the simple equations used to investigate direct or indirect

transitions.
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E, Transition type | Experimental Sample nature
(eV) Technique
0.9 photocurrent natural and synth. single crystal
0.95 indirect quantum efficiency natural and synth. single crystal
0.9 reflectance natural and synth. single crystal
0.95 reflectance natural single crystal
0.96 allowed optical absorption natural single crystal
indirect
1.6 indirect reflectance natural single crystal
0.9 direct reflectance synthetic samples
0.84 indirect quantum efficiency synthetic samples
1.03 direct
0.9 quantum efficiency single and polycrystal
0.84
0.95 indirect quantum efficiency thin films
2.62 direct transmittance thin films
1.45 indirect
1.05
1.95 forb. direct transmittance thin films
1.12 forb. indirect
1.82 indirect absorption coefficient | thin films
1.5 direct absorption coefficient | thin films
0.6 indirect

Table(5.2) Reported values of Eg and corresponding transition type of pyrite (FeS,)

In a chemical vapour transport (CVT) sample, typical Hall mobility of
electrons was in the range of 230-366 cm*/Vs and carrier concentration in the order of
10'%cm™>. A very high electron mobility of 1000 cm*Vs was observed at a low

temperature of 150 K. Though n-type conduction is usually reported [14-15], there are
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also reports of p-type conduction [16-19] in pyrite. The electrical resistivity of this
material is reported as a few Qcm [20].

Pyrite when acting as an electrode in electrochemical cell [6] reacts with water

to produce Fe**, SO,%, H" and electrons according to the reaction
FeS,+8 H,0 > Fe™*+2S0 +16 H + 15 ¢
Under illumination and in the absence of electron donors such as Br™ or I', the material
photo corrodes via. holes. The reaction is
FeS,+8 H,0+ 15h"*— Fe’*+2SO*+ 16 H"
In the presence of electron donor species, the system will have kinetic stability. Pyrite
has only a very narrow stability domain. This is obvious from Fig.(5.3) which
represents the potential-pH diagram for iron-sulfur-water system. Solid lines enclose
the areas of stability for the solid phase and the dashed lines define the equilibrium
between solution species.

Electrochemical treatment of atomic hydrogen based on the proton reduction
was found to be effective in increasing the photo effect. Hydrogen interaction with
both the pyrite surface and the bulk plays a significant role. Electrochemical treatment
is an etching process by which impurities such as FeS can be eliminated (by H,S
formation) or oxygen can be removed from the surface. In addition, neutralization of

bulk defects by insertion of hydrogen also occurs.

5.3 Iron pyrite based solar cells

Pyrite is comparatively a new material in the field of photovoltaics and for the
same reason cells based on this are still on trial basis. Few of the reports that have

appeared on this material in this field are summarised below.

5.3.1 Photo electrochemical solar cells

Generally in photo electrochemical solar cells (PEC) based on semiconductors
like Si, GaAs, etc., there are severe thermodynamic restrictions for stability. However
in FeS, these restrictions are minimized to a great extend due to the fact that photo
excitation in this material involves a non-bonding electronic transition that avoids

breaking of bonds.



A PEC based on n-type FeS, with high quantum efficiency and high stability
in presence of I/I* redox couple has been reported [20-22]. Fig.(5.4) shows the
photocurrent action spectrum across an n-FeS,/electrolyte (SM KI) interface. The
measured quantum efficiency at the maximum of spectral sensitivity exceeds 90%.
This indicates the possibility of using this material for solar energy conversion.

Figure (5.5) shows the output characteristics of a similar cell at 100 mWecm®
illuminations. The electrolyte used was 4 M HI, 0.05 M I, along with 2 M Cal,. This
cell reported a conversion efficiency of 2.8% [6].

A correlation between photovoltage and S/Fe ratio is shown in Table (5.3).
Here I, and I, are photocurrent and dark current respectively. The best results were

obtained for a S/Fe ratio close to 2 (in these cases Zn was used as the dopant).

S:Fe Zn Conc. (ug/g) | Voc (mV) Li/ly
1.98 2300 208 74
1.96 2000 193 165
1.94 3400 176 70
1.88 4500 160 15

Table (5.3) Correlation between photo voltage and S/Fe ratio.

In all these cells the limiting factor for high efficiency is the high dark current,

which leads to a small photovoltage.

5.3.2 n- pyrite/ metal Schottky barriers

Different n-FeS,/metal schottky barriers (metals like Pt, Au or Nb) were
fabricated by depositing transparent metal films (50-120 A’ on top of an
electrochemically etched pyrite surface [6-23]. This was performed in vacuum by
electron beam evaporation or chemical vapour transport. A schematic cross section of
a pyrite diode prepared in this manner is given in Fig.(5.6).

In spite of considerable reverse current (15 mA/cm? at 0.7V) and poor
rectifying behaviour at room temperature ( j grard/l reverse = 29 at 0.7 V), the n-FeS,/Pt-
barrier shows high short circuit photocurrents reaching values of 30 mA/cm* and
saturation photo currents of 100 mA/cm’ under illumination of 200 mW/cm?,

Fig.(5.7). The spectral response of this diode showed quantum yields of 40% and
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70%, at 1.3 eV photon energy under short -circuit and bias condition (0.7 V)
respectively. A high density of bulk defects (viz. sulfur deficiency) and surface states

were the factor that limited the junction performance [24].

5.3.3 Thin layer solar cell

Improvements in FeS, films have lead to development of thin film based solar
cells with a p-i-n structure [6]. Here an ultra thin film (10-15nm) of pyrite is
deposited on large band gap materials like TiO, WO,, ZnO, etc. so that the visible and
near infrared light is absorbed in the pyrite film. The strategy adopted is to develop a
solar cell where the absorber layer of FeS, absorbs the visible light and injects the
electrons into the conduction band of large band gap material. Thus generating a
photovoltage. The reaction of holes occurs with an electron donating electrolyte. Or in
other words, an appropriate redox electrolyte reacts with the holes like a p-type
contact. Such a p-i-n device, where a very thin layer of intrinsic pyrite is sandwiched
between suitable p and n-type window material, is capable of converting light into
electrical energy. Fig.(5.8) shows such a TiO,/FeS,/electrolyte interface. In contrast to
a conventional p-n junction where the device absorbs light as well as transport the
charge carrier, the pyrite-sensitised device separates the function of light absorption
and carrier transport. This type of cell was tried by Ennaoui et al.[7] and Fig.(5.9)]
shows its reported photoresponse. In that study it was found that FeS, layers thicker
than 150A° decreases the photo effect drastically.

5.4 Methods of preparation of iron pyrite

The various methods of preparation of FeS, as reported in literature are

summarized in the form of a table, with mention to references.



150
N
E 100 S ¢
P
E
— 50 -
£ / .o -
S 0 =
o
‘E —a— daik
£ 50 —e— light
3
Q
=100 =T 7 T T
0.3 0 03 0.6
Potential / V

Fig.(5.7)

Current—voltage characteristics of a pyrite/Pt diode

FnS’

Redox
system

hv

4O

%,
Electrotyte

~
Fao
o ?-.r 7 s,

20

El\

Fig.(5.8)

Schematic morphology of the TiO,/FeS, contact

showing electron injection

* 1H FalCH

Quanhum eMiciency /Arb. unit.
T T

2 4
Enargyfe¥

Fig.(5.9)
presence o

Photo voltage vs. time for an electrode in the

f an iodine/iodide electrolyte



Method of preparation

Properties/Studies/Observations

A. Sulfurisation of iron film [17,25-30]

Ref[17], thermal evaporation of iron
powder on glass substrate at 200°C;
sulfurisation under nitrogen flux for 30
min.; Fe film kept at 280°C and sulfur

source at 180°C.

Resistivity — 102Q cm;
p-type conduction;
band gap of 1.45 eV (direct) and 1.31 eV

indirect.

B. Sputtering [18,31-32]
Ref.[18], magnetron sputtering; FeS, target
of 99.9% purity; .sputtering gas of sulfur

plasma and small quantities of Ar.

Conductivity - 4Q'cm’;
Carrier density -5x10'" cm?;
Mobility - 5 cm*V''s™!

p- type conduction

Sulfur content - 60 to 65%

C. Vapour phase epitaxial growth (VPE)
[33]

Substrate-natural pyrite at 595°C; transport
agent-bromine; source-mixture of FeS, and
ZnS powder; source temperature 590°C;

duration of deposition-1 week.

MPSM

scanning microscope) studies.

(Microwave photoconductivity

D. Flash evaporation [30,34]

Ref.[34], source- natural pyrite powder of
size 50-75 pm; pressure-lO'STorr; source
temperature-1400°C;  substrate-glass  or
SnO, coated glass; substrate temperature

~120°C.

Annealing in an inert atmospheric leads to
loss of sulfur; Fe, S phase transfers to FeS,
by annealing in sulfur atmosphere; sulfur
pressure-500 torr, time of sulfurisation-120
min., 350°C;

temperature as-prepared

resistivity-2x102Qcm sulfurised resistivity-
2x10"'Qcm; optical absorption-2x10° c¢cm
athv>1.5eV.
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E. MOCVD [7,35-37]
Ref[35], of by

decomposing iron pentacarbonyl onto a hot

deposition iron
substrate, in the presence of hydrogen
sulfide gas; sourcé temperature 25°C;
1000 mbar;

reaction pressure growth

temperature ~ 140°C.

For substrate temperature greater than
170°C, 10°
(Qem)™;

conductivity greater than

TRMC  (Time  Resolved

Microwave Conductivity) measurements.

F. Electrodeposition [38]

Direct electrodeposition of Fe and S in an
aqueous solution of FeSO, and Na,S,0, on
titanium sheets for 60 min; pH adjusted
using H,SO,; post annealing in sulfur
atmosphere in 40 min. around 500° in

nitrogen atmosphere.

EPMA analysis showed Fe/S ratio to be
around 1; XPS analysis revealed the
formation of FeS; stoichiometric poly
crystalline pyrite thin films were obtained

after post annealing in sulfur atmosphere.

G. CVT (Chemical Vapour Transport)
(3,39]

Ref.[3], FeS, powder prepared by ampule
synthesis; 2 g FeS, powder and 5 mg As
dopant taken in quartz ampule: pressure
10”° mbar along with 0.5 mg/cm’ bromine;
FeS, powder heated to 800°C and the
powder free end to 550°C for 10 days, the
next 10 days the temperature gradient is

reversed to get pyrite.

Absorption co-efficient at 632nm-6.4x10°
cm’; Eg-0.95 eV (indirect); complex
refractive index n = 4.032-3.245i at 632.8
nm. It was found that light is absorbed
within a layer of 160A° of FeS,.

H. Spray pyrolysis [40-42]

Ref.[40], spray solution-0.03 M, x ml FeCl,
and 2.24 x ml thiourea; carrier gas
nitrogen; temperature of substrate-350°C,
vacuum- 28 inch Hg; duration of spray-30
min; evaporation of free sulfur was also

done to reduce the oxygen partial pressure.

Resistivity- 0.16 Qcm; presence of
impurity phase of Fe, ,S; bana gap 0.82 eV
(indirect), absorption coefficient-1.6x10°
cm” at 850 nm; doping with ruthenium
found to be good; photoconductivity

studies,
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L. CBD (Chemical Bath Deposition) [43] X-ray fluorescence study reveled Fe-

Ref.[43], prepared in organic medium; 0.02 | 33.45%, S-66.55%; TRMC, ICP-MS and
M iron pentacarbonyl mixed with 0.04 M SEM studies; in a photo electrochemical
sulfur dissolved in 250 ml xylene under setup with an electrolyte of HI, Cal, and I,,
argon atmosphere; temperature of they showed good photoelectric behaviour
deposition-140°C; time of deposition-few | with high quantum efficiency.

minutes.

J. Sulfurisation of iron oxide film [44] p-type conduction; band gap-1.3eV
Ref.[44], reaction of Fe,0, or Fe,O, with (direct), 0.93 eV (indirect); conversion of
elemental sulfur vapour in open or closed Fe,O, to pyrite found easier.

ampoules; temperature of sulfurisation-

350°C; duration of sulfurisation 0.5-2hrs.

5.5 Preparation of iron pyrite thin film using CBD technique

In the present work preparation of iron pyrite (FeS,) thin films was tried using
chemical bath deposition technique in aqueous medium. This chapter summarises the
various attempts made to prepare stoichiometric pyrite films. The complete work
done on this material is presented, highlighting various stage of development.

Glass slides were first washed in soap solution and then in freshly prepared
chromic acid solution, so as to remove the oil particles. It was then washed in running
water and later ultrasonic cleaning was done. Once again it was washed in double
distilled water and dried in an oven. This formed the substrate for thin film
deposition. On few instances SnO, coated glass substrates were also tried and the

details regarding preparation of SnQ, layer is already included in section (2.2.2).

5.5.1 Stage:1

Ferric chloride (FeCl,) was chosen as the Fe source and thiourea [CS(NH,),]
as the sulfur source. In order to control the rate of reaction between these two

reagents, it was necessary to complex the Fe ions. Triethanol ammine (TEA) was
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selected as the suitable complexing agent. The complex was then dissolved in
ammonium hydroxide solution before addition of thiourea under constant mechanical
stirring. Cleaned glass substrates were introduced into the beaker in vertical position.
The reaction mixture was maintained at a constant high temperature. The expected
reaction was

2[Fe(TEA))" + 4 CS(NH,),+ 8 OH — 2 FeS, + 2 TEA + 4 CO(NH,), + 4 H,0

After trying a large number of permutations and combinations of deposition
parameters like concentration of reactants, temperature of deposition, duration of
deposition, etc., the final procedure adopted was as follows: To 10 ml of 1 M FeCl,
solution, 5 ml of TEA was added and stirred well. 20 ml of NH,OH solution was
added to this in order to dissolve the iron complex. Later 10 ml of 1M Thiourea was
mixed with stirring. The duration of deposition was about 80 minutes at 70°C. After
deposition the samples were washed in water and dried in hot air. The resulting film
had a brown colour. Thickness measured by gravimetric method was around 0.4 um
for single dip.

Optical absorption studies conducted on these samples showed a direct band
gap of 3.1 eV and indirect band gap of 1.84 eV. Though iron pyrite has a very wide
range of reported band gaps as shown in Table (5.2), these values were found to be
higher than all the reported values. The resistivity of this material was found to be
higher than the expected value by a few orders of magnitude (Ry~10'Q2 ¢cm). XRD
analysis done on this thin film revealed the amorphous nature. These samples were
annealed at various temperatures (100-350°C) in air as well as in vacuum, inorder to
improve the crystallinity. But this yielded no results, except for the fact that the films
got completely cracked at high temperature. Fig.(5.10) shows the SEM micrograph of
such a sample under 1K magnification when annealed at 350°C in vacuum.

The elemental analysis of this as-prepared phase was also done. Figure (5.11)
shows the XPS depth profile done using X-rays from Al anode operated at 3 kV. The
bottom layer of the figure corresponds to the surface layer of the film while the top
region refers to the SiO, /glass substrate. The X-axis gives the binding energy in eV,
while each horizontal line corresponds to the signal collected after each etching cycle.
The binding energies of 2p ,, of Fe at 710 eV, 2p,, of Fe at 72.5 eV and 1s of O at 530
eV, along with the absence of any sulfur signal reveals the formation iron oxide [45]

and not iron sulfide. Binding energy of surface oxygen at 532 eV corresponds to



Fig (5.10) SEM micrograph of as-prepared film annealed at

350°C in vacuum
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physisorbed oxygen [46]. Figure (5.12) shows the atomic concentration of this depth
profile. It is obvious that this oxide phase of iron contains iron double than of oxygen.
The as-prepared films from 1 M FeCl, and 1M Thiourea were thus found to be

uniform film of iron oxide rather than iron sulfide.

5.5.2 Stage: 2

As a next stage of trial, the relative concentration of iron in the CBD reaction
mixture was reduced to half. Here 10 ml of 0.5 M FeCl, was made to react with 10 ml
of IM Thiourea. 3 ml and 5 ml of TEA and NH,OH respecti'vely were used for
controlling this reaction. Here the time of deposition was 1 hr. at 70°C. The as-
prepared films had a yellowish brown colour, unlike the earlier case. The thickness of
these films was very less and gravimetric measurements proved this to be around 0.2
um for ﬁfst d’ip, 0.4 pm for second dip and 0.5 pm for third dip. The optical
absorption studies  showed a slight shift of band gap towards the earlier reported
values. The plot of (athv)® versus hv plot revealed an indirect gap of 2.94 eV while
the plot of (athv)" versus hv plot revealed an indirect gap of 1.67 eV (« stands for
absorption coefficient, t the thickness of the film and hv the incident photon energy).
This is shown in Fig.(5.13) and Fig.(5.14). From XRD analysis Stage:2 samples were
also found to be amorphous.

As-prepared fresh samples were then analysed by XPS, after removing the
surface layer by argon ion sputtering for 2 minutes. Strong signals of iron and sulfur
with binding energies around 707 eV and 161 eV respectively was observed as in
Fig.(5.15). This analysis of fresh sample was done at RSIC, Madras. Though the exact
percentage composition of the material could not be evaluated, the stoichiometry was
found to be poor. The same sample was analysed in Japan, after a period of two
months. The XPS depth profile in Fig.(5.16) revealed interesting results. It was
observed that sulfur signal was present only on the bottom layers. Iron sulfide was
found to get converted to oxides of iron from the top surface towards the depth of the
film. In the converted region Fe signal showed a B.E of 709.3 eV corresponding to
iron oxide. In the inner layers of the film, Fe signal showed a slight kink 706.7 eV
corresponding to FeS,. The corresponding sulfur peak was at 160.4 eV.

The above results can be justified as follows: As the film preparation is carried

out in an aqueous alkaline medium, there is chance of formation of small quantities of
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iron oxide impurity phase. This is possible as pyrite has a very narrow stability
domain as shown in Fig.(5.3) [6]. This metal oxide impurity imparts hydrophilicity to
the pyrite film [46]. This lead to the slow corrosion of the already sulfur deficient
phase of iron sulfide into oxides of iron. This hydrophilicity is obvious in the as
prepared film, in the form of reduction of resistance by two orders of magnitude,
when the film is kept in humid atmosphere.

Thus in Stage:2, with higher relative concentration of sulfur in the reaction
mixture, it was possible to incorporate small quantities of sulfur to the as- deposited
films. But disproportionate increase in sulfur resulted in no film formation. Stage:2
could only lead to a sulfur deficient pyrite phase which was found to be unstable in

ambient conditions.

5.5.3 Stage: 3

Trials were done to substitute thiourea with more active sulfur releasing
reagents like sodium sulfite and thioacetamide. Sodium sulfite was found to be highly
reactive with iron and hence it was difficult to control the precipitation to get film
formation.

With thioacetamide the reaction could be controlled after many trials. 10 ml of
0.25 M FeCl, was mixed with 2 ml TEA and 5 ml NH,OH solution and stirred well.
To this mixture 20 ml of 0.5 M thioacetamide was added. The reaction was complete
within 20 minutes at a temperature of 70°C. For considerable thickness, two or three
successive dipping was required.

This sample when analysed by XPS (7 months after preparation), showed
strong signals of iron and sulfur [Fig.(5.17)]. The 3p signal of Fe at 54.2 eV and the
2p,, signal of S at 161.7 eV supported the formation of iron sulfide [47]. But the
atomic concentration (%) graph as shown in Fig.(5.18) revealed another major draw
back. Here though 10% of sulfur was present on the surface, the concentration of
oxygen through out the sample was found to be higher than the concentration of Fe.
In all the other cases though oxygen was present, its concentration was always less
than half the concentration of Fe.

In Sage:3, though the stoichiometry and stability of the as-prepared iron
sulfide film is found to improve by choosing thioacetamide as sulfur source, this lead

to increase in the concentration of oxygen impurity.
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5.5.4 Stage: 4

In this stage, trial was done to improve the stoichiometry of the pyrite by
applying a small potential to the substrate at the time of deposition. Sample were
prepared from solution bath containing ferric chloride and thiourea as explained in
Stage:2. SnO, coated glass was used as substrate, in order to apply a potential at the
time of deposition. For the sake of comparison, samples were prepared with —1.5V,
+1.5V and OV applied to the substrate. Thin film prepared under +1.5V had a pale
yellow colour, while sample under
—1.5V had a deep brown colour. These samples were analysed using Secondary Ion
Mass Spectroscopy (SIMS). Fig.(5.89) shows the comparative results of these
samples. One general point noted in this analysis was the significant diffusion of
SnO, in to the thin film surface. On comparing the figures in Fig.(5.19) it can be seen
that the intensity or counts/sec of the sulfur increased from 2x10° to 5.5x10° on
application of a positive potential, while a negative potential reduced the counts to
1x10°. The influence of potential on the iron concentration was found to be less and it
remained in the range of 1 x 10° ¢/s

Hence in Stage:4 it was concluded that, though a positive potential could
influence the sulfur concentration, it was not appreciable enough to be considered for

preparation of stoichiometric iron sulfide.

5.5.5 Stage: 5

This stage involves the sulfurisation of iron oxide films from Stage:2.
Sulfurisation of thin films is a very frequently used technique adopted for attaining
the required stoichiometry of sulfides [48-51]. In the case of iron sulfide, it is already
established that the path way to FeS, by the action of sulfur vapour on Fe,0, or Fe,O;
is preferred to the path Fe— FeS — FeS, [44]. The Gibbs phase triangle of Fe-O-S
system in Fig.(5.20), demonstrate equilibrium among oxide, sulfide and sulfate phase.

When sulfur acts on any iron oxide, reaction similar to the following may happen.

2 Fe,0,”) + 115 — 4 FeS, ©) +350,(g)

Fe,0,") +85 — 3 FeS, ¥ +350,(g)

With these information in mind, a sulfur annealing chamber was fabricated,
Fig.(5.21). It consists of two horizontal tubular sections, one the sample chamber and

the other the sulfur powder chamber. Resistive heating could be given to both the
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sections separately. The sample chamber could be heated to 300°C while the sulfur
chamber to  200°C. .

Sample prepared in Stage:2 was the precursor for Stage:5. Sulfur powder was
introduced into the sulfur chamber and heated prior to heating of the sample chamber.
This helped to reduce the partial pressure of oxygen in the sample chamber. Initially,
samples were placed in the sample chamber in such a way that hot sulfur vapour from
the sulfur chamber could directly hit the sample surface(as shown in figure). But this
arrangement was found to damage the film, when the duration of annealing was
extended to few hours. Hence the samples were kept at the intermediate space in the
sample chamber, where direct hit of hot sulfur vapour could be avoided. The sample
chamber was heated in a slow manner and a thermocouple kept in contact with the
sample was used to sense the temperature. Annealing was done at various
temperatures like 110°C, 150°C, 190°C, 200°C, 220°C, 230°C and 270°C. Duration of
annealing was initially fixed at lhr. The effect of this sulfur annealing process was
monitored by optical absorption studies. From the initial studies it was decided to
extend the duration of annealing to 2 hr, in order to make the effect of annealing more
pronounced. It was observed that the direct band gap slowly shifted from the as-
prepared value of 2.94 eV to 2.67 eV when annealed in sulfur atmosphere for 2 hrs at
200°C. But further increase in temperature lead to an increase in the band gap.
Fig.(5.22) shows a few of the selected graphs. Similarly, the indirect band gap shifted
from the as prepared value of 1.67 €V to 0.97 eV when annealed at 200°C for 2 hrs.
As in the above case, further increase in annealing temperature in found to have
reverse effect on indirect band gap. Figure (5.23) shows the (athv)” vs hv graph and
the figurative results are given as the inset. From this study it was inferred that
annealing at a temperature of 200°C lead to the conversion of iron oxide to iron
sulfide. But annealing above 200°C in the presence of air leads to the formation of
iron oxide once again. Figure (5.24) shows the scanning electron micrograph of a
sulfur-annealed film.

The XPS depth profile of such a sample annealed at 200°C for 2 hr is shown in
Fig.(5.25). The presence of Fe and S signals is obvious throughout the sample. The
binding energies around 709.6 eV and 161.9 eV for the Fe and S peaks respectively,
is found to be near the expected value of 708.6 eV and 161.7 eV [47] for pure FeS,.
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But here also presence of oxygen was not negligible. This leads to the conclusion that

conversion of iron oxide to iron sulfide was not complete.

5.6 Conclusion

Iron pyrite with its high absorption coefficient, suitable band gap and eco-
friendly nature is a suitable material for photovoltaic applications. In the present work
efforts were made for the first time to prepare this material by CBD technique in
aqueous medium. Analysis of freshly prepared samples showed the sulfur
concentration in the as-prepared films to be considerably less than concentration of
iron. Moreover, it was observed that these sulfur deficient samples were unstable in
ambient conditions and it slowly gets converted to iron oxide. Hence it was concluded
that it is impossible to deposit iron sulfide by using CBD technique. By the process of
sulfurisation, the sulfur content could be increased to some extent. However, as
annealing was tried in the presence of oxygen the formation of iron oxide could not
be avoided at higher temperatures. The possible suggestion for improvement of
stoichiometry is to anneal the sample for longer durations and at higher temperatures
in the absence of air. This may lead to the replacement of oxygen by sulfur, thuse

resulting in pyrite.
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CHAPTER 6

Conclusion



Chemical bath deposition (CBD)

CBD is one of the simplest, very convenient and probably the cheapest
method for thin film preparation. Review of this technique projects its scope for
tomorrow. Semiconducting thin films prepared by chemical deposition find
applications as photo detectors, solar control coatings and solar cells. It is only 10
years since chemically deposited thin films have found their active role in thin film
solar cells. .In the present scenario where cost effectiveness is the major limiting
factor that prevents the day-to-day use of solar cells, CBD is looked upon with much
expectation.

Attraction of this technique in photovoltaics is based on the direct use of thin
films prepared by this method and also on the fact that films prepared by this
technique can form precursors for preparing other leading ternary materials of this
field such as CulnS, and CulnSe,.

Factors influencing the deposition process includes (a) nature and
concentration of reactants and complexing agent (b) temperature, pH and duration of
deposition and (c) nature and spacing of the substrates. In the first chapter a
comparative study of the photoresponse of thin films prepared using this method are
included. Apart from this, the advantages and disadvantages of CBD are also
elaborated.

Solar cells using CBD-CdS of the configuration glass/SnO,:F/CdS/CdTe/In
and MgF,/ITO/ZnO/CdS/CIGS/Mo/glass have reported efficiency of 14.5% and 17%
respectively. These efficiencies are appreciable when compared with the maximum
efficiency of 24.5% reported for Si solar cells prepared with the most sophisticated
technique. ‘All-CBD Cell’ is an idea of great scope. The initial trial of a photovoltaic
junction of CBD-CdS/CBD-CulnSe, with an efficiency of 3.1% was reported from
the Thin Film Photovoltaic Divison of Cochin University of Science & Technology.
CdS is one of the materials that has seen day light in the field of CBD, but other
materials such as CdSe, Cu,S, ZnSe, CulnSe,, CulnS, and Cu,Se are on their way to
success. These materials are reviewed in the first chapter with emphasis on

preparation using this simple technique.



Copper selenide

Copper selenide is a p-type semiconductor that finds application in
photovoltaics. Several heterojunction systems such as Cu,, Se/ZnSe (for injection

electro luminescence), CuZSe/AglnSe2 and CuZSe/Si (for photodiodes), Cu, Se/CdS,

Cu, ,Se/CdSe, Cu,Se/InP and Cu,,Se/Si for solar cells are reported. A maximum
efficiency of 8.3% was achieved for the Cu,,Se/Si cell. There are various preparation
techniques for copper selenide like vacuum evaporation, direct reaction,
electrodeposition and CBD.

Cu,Se and CuSe are the frequently deposited phases of copper selenide,
using this chemical method. In the present work, Cu,,Se and Cu,Se, phases were
prepared from similar reaction bath. This forms the first report of preparation of
Cu,Se, by CBD. It was observed that pH of the final reaction mixture is the major
factor deciding the composition of the deposited film. Films of Cu,,Se and Cu,Se,
phases could be prepared either by varying the Cu:Se ratio in the reaction bath or by
controlling the pH of the bath that contains equal amounts of Cu and Se ions.

At a pH around 6.8, the preferred reaction leads to Cu, Se phase while
at a pH of around 7.8, the preferred reaction leads to the formation of Cu,Se, phase.
The fact that rate of reaction increases in alkaline pH makes it necessary to slow
down the reaction rate by controlling the temperature in the case of Bath 1: 1 Na and
Bath 1: 2.

Thin films of Cuz_xSe prepared from Bath 1:1, Bath 2:1, Bath 3:1 and Bath 5:1

were reddish brown in colour and uniform in appearance. Bath 1:1 Na and Bath 1:2

resulted in Cu3Se2 films with a bluish green colour. Film from Bath 1:1 Na was more

uniform than that from Bath 1:2. Thickness of two dip Cuz_xSe films and Cu}Se2 films

were around 1 pm and 1.2 pm respectively.

SEM analysis showed the Cuz_xSe films from Bath 1:1 to be very uniform with
distinct grains of average size 0.2 pm. CuBSe2 phase grew in clusters with less defined

grain boundaries, but with a larger grain size of the range 0.4 pm. The gradual
increase in the concentration of copper in the reaction bath leads to poor film

morphology.



XRD analysis confirmed the formation of the two phases of copper selenide. It

also revealed the increase in grain size of Cu2 Se phase with the increase in thickness
-X

of the film and also the decrease in grain size with the increase in concentration of Cu
in the reaction mixture. Stoichiometric interpretations from XRD analysis showed

that it was possible to slightly influence the composition of the Cuz_ Se film by

varying the relative concentration of reactants in the reaction bath. Similarly, low
temperature -deposition was found to increase the Se content in the deposited thin
film. It was also inferred that if Cu,,Se deposition is carried out at low temperature,
the incorporation of selenium into the thin film could be increased. In the present
case, the deposited phase shifts from the chemical formula Cu, ,,Se to Cu, (Se. This
forms the first report of a novel and simple method to improve the selenium content
in selenide films deposited using CBD technique.

Optical absorption studies showed the band gap of Cuz_xSe phase and Cu}Se2

phase to be 2.2 eV and 2.8 eV respectively. Variation in band edge ~ 0.2 eV with the
increase in thickness of the film suggested a small improvement in grain size. Peak
value of transmittance is around 780 nm for the Cu,, Se film while it is around 580
nm for Cu,Se, films. A substantial decrease in transmittance is observed through out
the IR region for both the phases due to free carrier absorption.

XPS analysis showed that the composition of Cuz_xSe film and Cu}Sez film to

be uniform through out the thickness. But there was no detectable binding energy
shift between the phases. The percentage composition as calculated from this
analysis, suggested the chemical formula for the two phases as Cu, ;Se and Cu,,Se,.
ICP analysis showed Cu:Se ratio of Cu,, Se films and Cu,;Se, films to be around
1.80:1 and 1.54:1 respectively.

Electrical measurements revealed Cu, Se phase to be low resistive than
Cu,Se, phase. Hall mobilities were comparatively low in both these p-type copper
selenide phases due to the high carrier concentration of the order of 10*/cm™. With
the increase in copper ion concentration in the reaction bath of Cu,,Se phase,
decrease in mobility of the carriers and hence increase in resistivity was observed. In
the case of Cu,,Se, resistivity increased with temperature while in the case of Cu,Se,
resistivity decreased with temperature. Carrier mobility was found to increase when

the deposition was carried out at low temperatures.



On exposure to ambient conditions, the as-prepared Cu, Se thin films
converts to Cu,Se, phase. There is no definite incubation period for this conversion.
The factor that initiates the conversion was traced to be the presence of charged
particles (ions) in the ambient atmosphere. When as-prepared Cu, Se film is given a
final dipping in Bath 1:1 Na or in dilute Na,SeSO, solution for a few minutes, then
also the Cu,_Se phase gets converted to Cu,Se, phase.

SEM studies revealed the formation of copper drops or fractal growths during
the process 6f conversion. This is quite possible as the process behind the conversion
is a disproportionation reaction leading to elemental copper formation.

XRD spectrum showed the slow disappearance of the characteristic peak of
Cu,_Se phase and the appearance of the peaks corresponding to Cu,Se, phase during
conversion. The X-ray diffractogram of Cu;Se, sample prepared by dipping
as-prepared Cu,,Se in Na,SeSO, had better crystallinity than the Cu,Se, sample
resulting through the aging of Cu,_Se .

Formation of Cu,Se, phase from Cu,,Se was confirmed from the shift of the
absorption edge from 2.20 eV to 2.73 eV. The slight vaniation of band gap of this
Cu,Se, phase from the earlier observed value of 2.83 eV may be due to the formation
of copper oxide resulting from oxygen incorporation.

XPS depth profile of the sample transformed due to aging showed the
presence of oxygen trace throughout the sample thickness along with the strong
signals of Cu and Se. This suggests the formation of small quantities of oxide
impurity in the copper selenide phase as a result of aging. Presence of oxygen was
confirmed from the total XPS survey spectrum taken after the 5 cycle of etching. At
the same time the XPS analysis of the Cu,, Se phase that was preserved in a dry
atmosphere showed absence of oxygen along the film depth. This suggested that
phase conversion can be avoided if stored in dry atmosphere.

Hall measurement studies showed an increase in carrier concentration in the
converted samples. This must be due to the significant diffusion of Cu to the film
surface as seen in SEM micrograph in Fig.(4.3), leading to the increase in Cu
vacancies. This in turn reduces the mobility. The fact that the crystallinity of the aged
samples are less than the as-prepared samples may also be contributing to the

decrease in mobility in such samples.



It is generally observed that Cu (II) is more stable than Cu (I) and hence
preferred. So when initiated by suitable stimulating factor, some Cu (I) in Cu,, Se
disproportionates according to the reaction.

2Cu()>Cu(l)+Cu [27,28]

This process only involves internal transfer of an electron from one of the Cu (I) to
another Cu (I), so that more stable forms of Cu (II) and Cu exists. When this
disproportionation proceeds, it results in a stable situation where x' ~ 0.5. Thus
Cu,_Se phase gets converted to Cu,Se,.

When Cu,Se, film is annealed in air at 140°C for 1hr, it gets converted to the
reddish brown phase of Cu,,Se. In such films the average grain size is found to be
higher than that of the as-prepared Cu,,Se film. Presence of irregular shaped large
islets on surface of the film as observed in SEM could be due to segregations of Se or
oxides of selenium. This conversion of Cu,,Se to Cu,Se, was confirmed by absorption
and XRD studies.

It is expected that the dissociation of Cu,Se, occur according to the reaction
2CuySe, — 3Cu,,Se+Se
The solid reaction behind this conversion leads to Se rich Cu(I)selenide. The presence
of excess Se anions increases the carrier density as well as mobility. The slightly low

resistivity of the film when compared to as-prepared Cuz_xSe phase must be due to the

large extend of non-stoichiometry existing in such films when it is derived from the

Se rich phase of Cu}Sez.
Apart from this, the effect of annealing the Cuz_xSe phase was also studied.

Substrate of Cu, Se film was found to influence the stability of the phase during
annealing. Samples deposited on glass were found to be stable up to 300°C while
samples were stable till 400°C on SnO, coated glass.

It was found that grain size improves up to an annealing temperature of 200°C.
But annealing at 300°C and 400°C leads to diffused grain boundaries and smaller
grain size. From the SEM observations it was concluded that degradation of the film
becomes significant at temperatures equal to or greater than 300°C. XRD analysis
supported this inference. The indirect evaluation of stoichiometry of the annealed
samples showed that the best method to improve film quality is to anneal at 200°C for

a longer duration. Effect of annealing on the band edge was also studied.



Conversions of Cu, Se to Cu,Se, and Cu,Se, to Cu,_Se are found to be cyclic.
When Cu,_Se is aged in ambient conditions or dipped in Na,SeSO, solution it leads to
diffusion of Cu to the film surface, making the remaining phase selenium rich and
there by getting converted to Cu,Se,. When this is annealed at 140°C it converts back
to Cu, Se. But in the reverse direction of the cycle it is found that the crystallinity
decreases. Same is the case with as-prepared Cu,Se, film. When annealed it
dissociates into Cu, Se and Se. When this Cu,,Se phase is left for aging it converts
back to Cu3VSe2 phase. But this happens at a very slow rate. To conclude, the phase
conversion observed in Cu,_ Se and Cu,Se, phases is cyclic but the rate of conversion
is considerably reduced after each heating cycle.

Inter phase conversion can be avoided by simple methods. When the as-
prepared Cu, Se phase is annealed at 150°C for 2hrs, the Cu (I) state is found to gain
stability. This will prevent the conversion to Cu,Se, phase. Such samples when stored
in dry atmosphere are found to remain intact even after one or two years. Similarly,
as-prepared Cu,Se, phase can be kept intact by avoiding any sort of heat treatment.
Heat treatment stabilises Cu,,Se phase while avoiding heat leads to the stability of

Cu,Se, phase.

Iron pyrite

Iron pyrite is a comparatively new material in the field of photovoltaics. In
the present work attempts were made to prepare this material by CBD technique.
Analysis of freshly prepared samples showed the sulfur concentration in the as-
prepared films to be considerably less than concentration of iron. Moreover it was
observed that these sulfur deficient samples were unstable in ambient atmosphere and
it slowly gets converted to iron oxide. Hence it was concluded that it is impossible to
deposit iron sulfide by using CBD technique.

Trials to deposit this material by applying a small voltage during deposition
also resulted in failure. Later, with the idea of sulfurisation of these iron oxide films a
sulfur annealing chamber was fabricated and sulfurisation was tried. This gave some
hopes of improvement. As a result of sulfur annealing at 200°C for 2 hrs., the direct
band gap is found to shift from 2.94 eV to 2.67 eV (nearest reported value being 2.62
eV). Indirect band gap shifts from 1.67 ¢V to 0.97 eV (reported value being 0.97 eV).
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XPS analysis shows presence of Fe and S through out the sample, though. exygen

could not be avoided.

Future scope of work

Now that morphology, crystallinity, optical band gap and phase conversions in the
two phases of copper selenide is clear , work can be extended to the next phase of
photoresponse characterisation. Initial trials have shown poor photoresponse for this
material. This may be due to the large extent of non-stoichiometry existing in these
films. Hence as a measure to improve the stoichiometry, diffusion of elemental
copper (deposited by vacuum evaporation) can be tried. Moreover, even if the photo
response is not as high as materials like CdS, this material can act as good window
layer with its high absorption coefficient and wide band gap. As cited in some of the
references, in the case of junctions with this material, barrier layer always lie more or
less in the absorber material used in the formation of junction.

Further work possible in the material of iron pyrite includes sulfur annealing
of the non- stoichiometric iron pyrite CBD thin films in the absence of atmospheric
oxygen. Improvements in the stoichiometry have been observed during the process of
sulfur annealing even in the presence of oxygen. But as higher temperatures increased
the chances of oxide formation. Hence the possible suggestion for improving the
stoichiometry is to anneal the samples for longer durations and at higher temperatures
in the absence of air. This may lead to the replacement of oxygen by sulfur and there

by resulting in pyrite.
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