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Preface 

Over the last few decades, tremendous progress had been made in the field of solid 

state physics both in understanding the physics of condensed matter, as well as in 

developing solid state devices. Of the various branches in solid state physics the most 

developed branch is semiconductor physics because of its application in microelectronics 

industry. A large number of new compound semiconductors have been developed for the 

fabrication of electronic devices over the last few years. Many of these materials exhibit 

very interesting optoelectronic properties which are yet to be studied in detail. 

Semiconductors, by definition, are those materials whose resistivity lies in the 

range of 10-3 to 106 Q cm. But there are large number of materials with wide ranging 

electrical and optoelectronic properties. For example we can have materials with 

conductivity close to that of metals, but their optoelectronic properties will be entirely 

different from those of metals. Similarly there are wide band gap materials, having 

properties entirely different from that of insulators. Conduction process in semiconductors 

is controlled by vacancies, impurities, dislocations, etc. A proper understanding of these 

levels is essential for the fabrication of electronic device with specific properties. 

A number of experimental techniques are available for the electrical 

characterisation of semiconducting matcrials. Thermally stimulated current (TSC) 

measurement is a well-known non isothermal technique for the investigation of trap 

levels in semiconducting materials. It permits a survey of gap states. Therefore, in the 

present work, we selected this technique for analysing the semiconducting films of CdS, 

CuInSe2, PbS and FeS2 used for photovoltaic application. In addition to this, in the 

present work, the dark conductivity measurement of these films was also performed. 

The thesis is organised in eight chapters that are self contained with separate 

introduction, conclusion and references. The chapter wise description of the contents of 

the thesis is given below. 



Chapter 1 is a general introduction to semiconductor materials. Starting with 

elements of semiconductor physics and application of semiconductors, it describes 

various properties of semiconductor with due importance for electrical properties. It also 

gives the importance of photovoltaic materials. 

Chapter 2 of this thesis describes various techniques used for thin film deposition. 

Among the different techniques, importance is given to Spray pyrolysis and Chemical 

bath deposition (CB D) as these chemical methods are used for sample preparation in the 

present work. Vacuum evaporation is also described as this technique is used for 

depositing electrode in the present work. Other techniques are only briefly discussed. 

Chapter 3 contains the detailed theory of experimental work presented in this 

thesis. This includes theory ofTSC measurements as well as dark conductivity. 

In Chapter 4 a review of works on CdS films is given. This chapter has two parts; 

the first part contains details of preparation and characterisation of spray pyrolysed CdS 

thin films. TSC measurements on n-type CdS samples revealed that the conductivity 

of this type of samples is due to mobility of S vacancy as well as due to the charges 

released from Cd-S vacancy complexes. Effect of annealing on these defect levels 

was also analysed and found that air annealing results in the removal of vacancy 

complex and the appearance of another level due to chemisorbed oxygen. But on the 

other hand vacuum annealing did not affect these defect levels at all. TSC measurements 

were also performed on the p-type CdS Jilms obtained by doping with copper and this 

indicated the presence of S vacancy and acceptor level due to the presence of Cu. This 

results shows that Cu merely diffused into the CdS and no other compound is formed 

when n-CdS is converted into p-CdS. Variation of irradiation time on TSC spectra of 

these two types of CdS samples was also studied and these results are linked with 

calculated cross sections of the defect .levcls. Different heating rates were used for these 

samples and results obtained from this study is also discussed. Polarity of different trap 

levels observed is also determined. Dark conductivity measurements were also taken on 

n- and p-type CdS samples and results are in good agreement with the TSC results. 
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In part 11 of this chapter, results of analysis made on CBD CdS films is described. 

As prepared CBD CdS samples are high resistive (_107 n cm) and effect of aging and 

annealing on sheet resistance of these high resistive samples were studied. TSC 

measurements of these samples could not reveal any defect level. For the preparation of 

solar cells of better efficiency, it is felt that a low resistive CdS layer is required at the top 

surface near to the electrode of the cell. Several attempts were made for converting the 

CBD films into low resistive one and finally CdS films of resistivity as low as 5 n cm 

could be prepared. This was achieved by treating the CBD CdS films with solutions of 

InCh, CdCh or SnCl4 etc. TSC measurement of these low resistive CdS samples gave an 

idea about the defect levels that caused low resistivity. It was found that the carriers from 

S vacancy, Cd-S vacancy complex, chemisorbed oxygen and chloride ions were the 

reason for the low resistivity. Calculation of capture cross section shows that the chloride 

ions contribute much to the low resistive nature of the samples. Effect of annealing on the 

defect levels was also studied. Discussion of XPS spectra of low resistive CdS film is also 

included in this chapter. 

Chapter 5 describes the analysis made on CulnSe2 (CIS) thin films prepared using 

CBD technique. CIS based solar cells have shown efficiency> 17% in recent times that is 

the highest efficiency of a thin film single junction solar cell and this indicates the 

importance of this material in the field of terrestrial photovoltaic application. Very 

recently CIS thin films were prepared using CBD techniques for the fabrication of 

CIS/CdS thin film solar cells in the same laboratory. Naturally the analysis of defect 

levels in CIS films prepared using this technique is quite essential. From TSC 

measurements it was detected that there are Se and Cu vacancies in the as prepared CIS 

samples. On air annealing, Se vacancy disappears and a donor level appears along with 

the Cu vacancy. On vacuum annealing, nothing is happened to Se vacancy. But instead of 

Cu vacancy Fe impurity was detected. Probable reason for the origin of Fe impurity is 

also discussed in this portion .. Effect of variation of light irradiation time and heating 

rates on the TSC spectra of various CIS samples were discussed in this chapter. Dark 

conductivity measurements were done on as prepared CIS sample as well as on annealed 
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samples and results are found to be in good agreement with those obtained from TSC 

measurements. 

PbS is a good semiconductor with low band gap (0.2-0.4 eV). It has been 

proposed that a solar thermal photovoltaic system employing PbS photocells would be 

able to achieve 14% efficiency for conversion of solar energy into electrical energy. In 

Chapter 6 TSC studies on PbS thin films prepared using CBD technique without addition 

of any oxidant is presented. This chapter also gives a brief review of works on PbS films. 

From the TSC analysis, it was possible to detect defect level that can act as sensitizing 

center for photoconductivity in PbS films. Effect of complexing agent on TSC spectra of 

PbS samples is described in this chapter. Dark conductivity measurements were also 

made on these samples and results are discussed. 

In the last decade, another important semiconductor material namely iron 

suphide (FeS2) has received growing attention as a useful material for solar energy 

application and its first report came in 1984. So far several methods had been employed 

for its preparation. In the present work attempts were made to prepare FeS2 films using 

spray pyrolysis and CBD techniques and the details of these works are included in chapter 

7. This chapter also gives a brief review of works on FeS2 films. At first spray pyrolysis 

was used for the preparation FeS2 thin films using air as carrier gas. But XRD analysis 

indicated that the sample contains iron oxide and FeS phases and not in the FeS2 form. So 

attempts were made to prepare these films using CBD technique. XRD analysis of films 

obtained using this technique showed that the film is amorphous. PIXE spectra showed 

the presence of Fe and S in the films, but also the presence of Ca impurity from 

unidentified source. Optical absorption studies were made on these samples and variation 

of band gap with preparation temperature and annealing temperature is also discussed. 

TSC measurements did not reveal any defect levels in these samples. 

Chapter 8 incorporates the summary and conclusions of the work presented in 

earlier chapters. Most of the results presented in this thesis have been presented in 

seminars/symposia and accepted/communicated for publication in journals and details are 

given here. 
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Chapter 1 

General Introduction to Semiconductor materials 

1.1. Introduction 

The research on semiconductors began almost hundred and fifty years ago. Earlier 

this type of materials was distinguished from metals and other poor conductors using the 

property of negative temperature coefficient of resistance - i.e., their resistance generally 

falls as the temperature is raised, while that of a metal rises. Michael Faraday appears to be 

the first one to notice this effect, when carrying out experiments on silver sulphide [1,2]. 

Later it has been found that over a certain range of temperature the resistance of a 

semiconductor may increase as the temperature is raised, particularly if it contains a fair 

amount of impurity. At high temperature, however, a point is reached where a rapid 

decrease in resistance sets in as the temperature is further increased. Again certain metallic 

films show a negative temperature coefficient of resistance as may also polycrystalline 

ingots of some metals. Actually these effects are later found to be due to oxide films or 

actual gaps separating the individual crystals but led to metals like titanium and zirconium 

once being listed as semiconductors. With these exceptions in mind, however, it is 

generally true to say that pure semiconductors have a negative temperature coefficient of 

resistance. They are generally associated with a number of other properties that have been 

used to distinguish them, which we shall discuss briefly in the following paragraphs. 

Except at temperatures not much below their melting point, semiconductors have 

resistivities considerably higher than good metallic conductors and much less than that of 

good insulators. A good metallic conductor has a resistivity of the order of 10-6 0 cm at 

room temperature and an insulator has 10 12 
Q cm. But semiconductors generally have 

room temperature resistivities in the range of 10-3 to 1060 cm. 

After Faraday's observation two important advances were made in the field of 

semiconductor research during 1873 and 1874. The phenomenon of rectification was 



observed by F. Braun [3] usmg substances like lead sulphide and iron pyrite and 

photoconductivity was observed in selenium by W. Smith [4]. After this, a great deal of 

work was carried out and a class of substances called semiconductors, with these properties 

began to emerge. A review of the early work has been done by K. Lark-Horowitz [5], 

giving a very extensive bibliography containing over 350 references. Similarly another 

review by A.F. Ioffe [6] gives a good coverage of early Russian works. 

The following properties of this type of materials were considered to be very 

important at that time. i) negative temperature coefficient of resistance ii) resistivity in the 

range of 10-3 to 106 n cm iii) generally high thermo-electric power, both positive and 

negative relative to a given metal iv) rectifying effects are at least non-ohmic behaviour 

v) sensitivity to light - either producing a photovoltage or change of resistance. 

A most important event, as it turned out later, took place in 1879 with the discovery 

of the Hall effect [7], which dealt with the transverse voltage developed across a conductor 

carrying a current in a magnetic field. This effect turned out to be the key to understand 

electrical conduction in semiconductors and in distinguishing them from other poorly 

conducting substances. A measurement of the Hall voltage enables us to determine directly 

the number of current carriers per unit volume and whether they are positively or negatively 

charged. It also enables us readily to distinguish ionic conduction from electronic 

conduction, a distinction that is very necessary, as the conductivity due to former increases 

rapidly with temperature, and may lead to a false conclusion. 

The first systematic use of Hall effect to study semiconductors appears to be due to 

K. Baedeker [8] using Cui. Detailed studies of large number of substances were made by 1. 

Konigsberger [9] using the Hall effect. It was found that the number of current carriers in 

semiconductors are very much less than that in metals but their mobility is somewhat 

higher. An important result of this work was that the elements like silicon, selenium and 

tellurium were classified as "semiconductors" and is interesting to note that Ge was also 

added to this list [to]. Another equally important observation was regarding the sign of the 

charge carriers. This was sometimes found to be negative as expected for electron but was 
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also found in many instances to be positive, and even to change from positive to negative as 

the temperature was raised. 

A considerable amount of work on a large variety of substances, thought to be 

semiconductors was carried out between 1910 and 1930, but not a great deal of 

fundamental progress was made. In nineteen thirties the stimulus of technological 

applications again caused an increased interest in these substances. A study of the chemistry 

of a nwnber of semiconductors led C. Wagner [11] to identify two distinct types of 

semiconductors - defect and excess semiconductors. Defect semiconductors were those 

with a metallic content less than that corresponding to stoichiometric composition i.e., 

oxidised compounds. They generally showed a positive Hall coefficient at low temperature 

and a positive thermoelectric power. The 'excess' semiconductors were 'reduced' 

compounds and had an excess of metal. They had generally a negative Hall coefficient at all 

temperature. For 'defect' semiconductor the Hall coefficient sometimes became negative at 

high temperatures. These are what we now call respectively p-type (p for positive) and n­

type (n for negative) semiconductors. 

Much of the uncertainty of the early work on semiconductors arose through a failure 

to differentiate between effects that arise in the bulk of the material and those which are 

characteristic of the surface or of the interface between two different materials. Extensive 

use of compressed powder samples accentuated the surface effects. It was later thought that 

a negative temperature coefficient of resistance is always a bulk effect but it is now clear 

that this is not so. Rectification was rightly classified as a surface or interface effect but it is 

quite interesting to note that a great deal of confusion was there over photovoltaic and 

photoconductive effects at that time. 

1.2. Application of semiconductors 

The first important application of semiconductor was to provide rectifiers for low­

frequency alternating currents. Such rectifiers, using selenium were made as early as 1886 

by C.E. Fritts [12] although they were not used to any extent in power engineering or in 

electronic equipment till much later. The copper oxide rectifier was introduced by 
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L.O. Grondahl and P.H. Geiger [13] in 1927 and came to be used extensively as a low 

power rectifier in battery chargers, wireless sets etc. Even though these devices had limited 

usage it can be safely stated that these developments led to a great deal of work on both 

copper oxide and selenium. The photoconductive properties of selenium and copper oxide 

have been used to provide "exposure meters" for photography and "photo cells" used in the 

film industry (for transforming the markings on the sound track into electric currents for 

amplification and reproduction by loudspeakers). Such cells also used in a number of 

automatic devices such as burglar alarm, train counters etc. By 1904, it was shown that the 

rectifying properties of semiconductors could be used to provide a detector of the high 

frequency currents set up in an electric circuit by radiowaves. An interesting controversy 

arose as to whether the rectification effects were electrical or thermal in origin. This was 

settled by the extensive work ofG.W. Pierce [14] who showed that there could be no doubt 

that they are electrical. 

By 1939, the crystal detectors were replaced by the thermionic valve. With the 

development of microwave for radar, the crystal detectors came into existence again, since 

no other device was found to be useful at these extremely high frequencies. Silicon proved 

to be the best substance for this application. In fact this paved the way for a great deal of 

fundamental work on silicon at Bell Telephone Laboratories and at Purdue University in 

USA. Germanium, being the next element to silicon in the same column of the periodic 

table, was also extensively studied in these laboratories. Since it has much lower melting 

point and is easier to purify, it was a more suitable substance than silicon for fundamental 

studies and soon became a well studied semiconductor. As it turned out, its study as a 

semiconductor was most fortunate since it led to the discovery of transistor action [15]. The 

detailed study of transistor action and of the controlled injection of current carriers into 

semiconductors by W. Shockley et al.,[16] led to an enormous increase in research on the 

properties of Ge and later of Si, as it was realised that the transistor would revolutionize the 

future development of electronics and would largely replace the vacuum tubes used by 

electronics industries at that time. 
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Another group of semiconductors that found important applications is the one 

known as the infrared photoconductors particularly the sulphide, selenide and telluride of 

lead. These have been used to make sensitive infrared detectors and great deal of work 

started in Germany during the years 1940-45. Works and development of infrared detectors 

has been reviewed by R.A. Smith [17]. 

The modem successor to the transistor is the integrated circuit (le) in which many 

transistors and their associated components such as resistors, capacitors etc., are produced 

by controlled diffusion of impurities into a small chip of Silicon. This has revolutionized 

the electronics industry for the second time in two decades and has made possible 

incredibly complex systems such as the modem electronic digital computer. One other 

application requires special mention, namely the solid state laser based on the properties of 

semiconductors. This has provided new advances in spectroscopy and linked with optical 

fibers it is likely to play a vital part in optical communications. A less complex, but related 

device, LED is finding widespread use to provide displays for calculators, computers and 

signaling systems and also have a key role in optical communications. 

There are many other important applications of semiconductors that have gained 

momentum in recent years. For example, the use of Solar cells to provide power for satellite 

and even their possibilities for wide scale power generation, now being actively examined, 

are based on the photovoltaic effect in semiconductors. When a semiconductor is exposed 

to greater than bandgap optical excitation, minority and majority carriers are produced 

which can be separated using the built in field of a junction or barrier, thereby producing a 

photo emf and for generating a photocurrent in an external circuit. This is an attractive 

device to detect light and efficient means to convert light into electric power. Direct 

conversion of sunlight into electric power is the most attractive with lowest entropy, without 

moving parts and requiring almost no maintemmce. It has the potential to become the most 

cost-effective means for global large scale solar energy conversion. 

Many of the semiconductors have been studied as materials for non linear optics. It 

was found that structural modifications involving molecular engineering to produce 

alternate artificial materials should be attempted to obtain materials with large and fast 

5 



optical nonlinearity. Crystal contain periodic arrays of atoms or molecules extending in all 

the three dimensions. If this is curtailed in one dimension, the electrons of the solids can be 

confined to the other two dimensions. This is achieved by sandwiching thin (I OOA 0) layers 

of a semiconductor material between two thick layers of another semiconductor of higher 

band gap. Such structures are called "quantum wells" and arrays of quantum wells have 

been found to be excellent candidates for photonics application. Electrons can similarly be 

confined to one dimension, producing "quantum wires". The next step would be "quantum 

dots" where the confinement exists in all the three dimensions. A few atoms (10-100) or 

molecules of a semiconductor formed as a cluster of a few nanometer size and confined by 

an external potential would make a quantum dot. Molecular Beam Epitaxy and vapour 

deposition techniques can be used to obtain quantum dots of extremely small sizes. These 

quantum dots are practical realization of 'particle-in- a box'. The spatial confinement leads 

to an extension in the momentum space resulting from the basic principle of uncertainty. 

Electron-hole pairs in semiconductors are known to form quasi particles called excitons. 

The typical spatial extension of an exciton in a crystal is called the exciton Bohr radius, 

typically a few nanometers. If the crystallite size itself falls short of this, interesting effects 

due to exciton confinement are expected. This is known as the 'strongly confines regime'. 

Quantum confinement also results in an enhancement in the nonlinear optical response of a 

semiconductor. 

1.3. Charge Carriers in Semiconductors 

The band picture of pure semiconductor consists of conduction band (CB) and 

valence band (VB) separated by a forbidden gap (~1 e V for intrinsic semiconductor). The 

conductivity of the semiconductors can be greatly varied by adding suitable impurities with 

low ionization energies (0.01 eV). Many compounds with band gaps higher than 1 eV, 

when doped, behave like semiconductors. In the following paragraphs, we shall discuss the 

carrier concentration in a pure semiconductor and then consider the changes due to the 

addition of impurities, which results in doped or extrinsic semiconductors. 
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1.3.1. Intrinsic Semiconductors 

In intrinsic semiconductors, the charge carriers are thermally generated electron-hole 

pairs. If n and p denote the electron and hole concentration, then n = p for the intrinsic case. 

The energy distribution of charge carriers can be obtained using Fermi-Dirac statistics and 

for electrons having energy E, the probability function may be written as 

(1.1 ) 

where k is the Boltzmann constant, T is the temperature and EF is the Fermi energy known 

as the Fermi level. 

The number of electron states with energy E and E +dE can be calculated as [18] 

J2 >I< 3 I 

N(E)dE = _(~)2 (E-Ec)2dE 
1(2 Ii 2 

(1.2) 

where Il1e >I< is the effective mass of the electron and Ec is the energy at the bottom of the CB. 

The number (n) of electrons or charge carriers can be obtained using equations (1.1) and 

(1.2) by integrating between Ec and Etop(upper most level of CB) respectively, i.e.: 

I 

n = (E - EcF dE 
E-E 

+exp F 

kT 

(1.3) 

For Ec - EF» kT, the Fermi-Dirac distribution approaches the Boltzmann distribution. One 

can neglect unity in the denominator. Hence, 

Ec-E 
n = Ne exp( _ F ) 

kT 

where Ne = 2( 2mn
e >I< kT)~ 

h2 

is the 'effective density of states' in the CB. 

Using similar arguments, the number (P) of holes in the VB can be written as 

E -Ev 
p = Nvexp(- F ) 

kT 

with Nv, the effective density of states for holes at the top of the VB, given by 

Nv = 2(2mnh >I< kT)i 
h2 

7 

(104) 

(1.5) 

(1.6) 

(1.7) 



mh'" being the effective mass of the hole and Ev is the energy corresponding to the top of the 

VB. 

The Fermi level EF for intrinsic case can be obtained from equations (1.4) and (1.6) 

E = Ec + Ev + kT In Ne 
F 2 2 Nv 

Thus, Fermi level EF lies midway in the band gap at T=O 

Using equations (1.4) and (1.6) we get 

Eg 
n.p. = NeNv exp (- kT) 

where Eg=Ec-Ev is the band gap. 

The relationship (1.9) is known as the law of mass action. For intrinsic case 

E k ~ ~ ~ E 
n. = ~p = .JNeNv exp (~) = 2 ( __ )2 (m 'm ')4T2 exp (--g) 

1 ",HP 2kT 27r1i 2 e h 2kT 

(1.8) 

(1.9) 

(1.10) 

Equation (1.10) implies that the intrinsic carrier concentration varies with the temperature 

and band gap. For semiconductors with large Eg, there are practically negligible number of 

mobile electrons at room temperature. In order to get appreciable conductivity, impurities 

are added to them. The semiconductor is then called an "extrinsic semiconductor". 

1.3.2. Extrinsic semiconductor 

1.3.2.a. Impurity levels 

Incorporation of impurities or imperfections in a semiconductor introduces localised 

discrete energy levels within the forbidden band. Its effect can be derived by treating the 

potential in the vicinity of this impurity as a localised perturbation with the center on the 

impurity atom itself. If the concentration of the localized perturbation increases (i.e. when 

the impurity concentration becomes large) the corresponding wave-functions overlap and 

form an impurity band. Effect of impurities can also be visualised by considering the bond 

picture. The impurity atom can occupy a substitution lattice site. For example, the addition 

of a pentavalent impurity to Silicon is equivalent to addition of an extra electron to an 

otherwise neutral environment and this will introduce a donor level in Si atom. Again 

addition of trivalent impurity to Si results in the production of acceptor level. The donor 

levels of low ionisation energies (Eo - 0.05eV) are termed as 'shallow donor level' and are 
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located near the CB. Similarly, the shallow acceptor levels are located near the VB as shown 

in figure 1.1. It may be noted that it is not always possible to predict whether a particular 

impurity will form a donor or acceptor level. Many elements form more than one donor or 

acceptor levels [19,20]. Here we have discussed the effect of impurity atoms belonging to 

the adjacent group (of the periodic table) on the right and left of the elemental 

semiconductor (the fourth group) which give rise to shallow levels. Suppose doping is done 

by foreign atom of say VI, VII group on the right side and I and 11 groups on the left-hand 

sides. This may give discrete localised levels tar removed from the band edges and are 

known as 'deep levels'. PhYSically, it signifies that such deep donor and acceptor have 

rather high ionisation energy (several kT away from the band edges). Such levels are also 

sketched in figurel.l.labeled as "deep donor tEDDY' and "deep acceptor (EAD)" levels. 

In Ill-V compound semiconductors, group 11 and VI atoms enter substitutionally 

replacing group III and V atoms as shallow acceptors and donors respectively. Since the 

effective mass of electrons and holes differ in Ill-V compounds, the ionization energies of 

donor and acceptor levels also differ. Transition metals Fe, Co and Ni have been observed 

to create deep-lying acceptor state in GaAs [21]. For 11-VI semiconducting compounds, 

group I ( e.g. Ag,Cu) and group VII (e.g.CI) elements would replace 11 and VI atoms 

substitutionally to introduce shallow acceptors and donors. Moreover, group III elements 

(such as In,Ga) replacing group 11 element in the lattice of II-VI material substitutionally 

should also introduce shallow donors. For example, in CdS and ZnO crystals, an excess of 

Cd or Zn respectively act as donors. A non stoichiometric film of CdS rich in Cd is observed 

to be n-type [22]. 

In addition to chemical impurities, there are point defects (e.g. vacancies, 

interstitials), line defects (dislocations), surface defects etc., giving rise to localised levels in 

the forbidden energy gap. Since these irregularities cause a perturbation in the periodic 

crystalline field giving rise to energy states in the forbidden energy gap, these gap states are 

termed as "trapping centers". The electron states near a CB can trap an electron and a hole is 

trapped in an electron energy state higher but towards the VB edge. The relative positions 

9 



are shown m figure 1.2. These gap states are also known as recombination centers 

facilitating electron-hole recombination by capturing an electron from the CB and 

subsequently transferring them to the VB, whenever a hole appears near the trap to 

recombine with the trapped electron 

1.3.2.h. Carrier concentration and Fermi level 

Consider the case of an n-type semiconductor. Let n and p be respectively the 

electron and hole concentrations. Further, suppose that the semiconductor is doped with No 

donor atoms and NA acceptor atoms. The charge neutrality condition can be written as 

(1.11) 

where No+ and NA- represent the "ionised" donor and acceptor concentrations (which alone 

contribute to the mobile carrier concentration) given by [23] 

N D + = NI> 1 -
1 

(1.12) 
1 E - E 1 + exp (_D ___ F) 
gi kT 

and N -
A (1.13) 

I E-E 1 + exp (_A ___ F) 
go kT 

where Eo and EA are the donor and acceptor level energies and gi is the degeneracy factor. 

Using equations (1.13) and (1.6), one can get 

E -Ev Ec-E + 
Nv exp - (F ) - Ne exp - ( F) + (N D - N A -) 

kT kT 
o (1.14) 

Solving the above equation gives the position of Fermi level 

( 1.15) 

where EFi is the intrinsic Fermi level and ni is the intrinsic carrier concentration. 
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Figure 1.1. Shallow and deep acceptor/donor levels 
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Figure 1.2. Relative position of different types of trapping centers. 
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Since sinh-Ix is positive for x >0; and negative for x <0, the following may be 

concluded. 

CaseI: n-type semiconductor 

EFn> EFi since No+>NA-

Case2: p-type semiconductor 

EFp < EFi since No + <NA-

The relative positions of intrinsic Fermi level (EFi) and Fermi level for p-type (EFp) and n­

type (EFn) are shown in figure 1.3. 

Case 3: intrinsic or completely compensated extrinsic semiconductor. For intrinsic 

semiconductors (No + = NA- = 0) and for extrinsic semiconductor with complete 

compensation having equal ionised donor and acceptor atoms (No+ = NA-) 

EF=EFi (1.16) 

Case 4.heavily doped semiconductors, I Nr/ - NA- I »ni. Equations (1.15) simplifies to 

(1.17) 

Since sinh-Ix ~ ± In Ixl for large value or x. Here the positive and negative sIgns 

respectively represent the case for n- and p-typc semiconductors. 

Ifheavy doping of only one type (n- and p-type) is present equation (1.17) simplifies to 

E Fn (heavy donor doping) = EFi + kT In N D 

Ne 

E Fp (heavy acceptor doping) = EFi _ kTIn N A 

Nv 

(1.18) 

The carrier concentration can also be calculated using the charge neutrality condition 

[equation (1.11)] and the relation for intrinsic semiconductor (n.p.=ni2
) It is given by 

n = -.!.. (N D + - N A -) + l-.!.. (N D + - N A -) 2 + n i 2 

2 V4 
( 1.19) 

1 + - ~1 + - 2 2 P = -- (N [) - N A ) + -(N D - N A) + n i 2 4 
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Figure 1.3. Fermi level positions of intrinsic, IHype and p-type semiconductors 
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which simplify to the following expressions l(.lr extrinsic semiconductors with only one type 

of doping. 

(1.20) 

1.4. Carrier transport in semiconductors 

There are two mechanisms by which current can flow in semiconductors-drift and 

diffusion. The drift current results from the movement of electrons !holes under the action 

of an applied electric field and is similar to that in a metal. The diffusive motion of carriers 

is caused by gradients in carrier concentrations. Concentration gradients can be established 

by the graded doping of a semiconductor, as well as by the injection of carriers from a 

suitable source. Besides drift and diffusion, the other basic process is recombination. Taken 

together with the carrier generation, these processes form the physical basis for all 

semiconductor devices. 

1.4.1. Drift 

In an n-type semiconductor with uniform donor concentrations, in the absence of an 

applied electric field, electrons will undergo a continual random thermal motion interrupted 

by collisions. The thermal motion leads no net displacement of the electrons over a long 

enough period of time. 

If an electric field is applied to the semiconductor sample, an additional velocity 

component will be superimposed upon the thermal motion of the carriers. This additional 

velocity component, the drift velocity, will have a direction opposite to (for electrons) the 

electric field. Final actual displacement of the electrons is determined by these two 

components. 
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The magnitude ofthe drift velocity at a given time t after a collision will be given by 

v{t) = v(O) + at where v(O) is the drift velocity immediately upon collision. If we take it as 

zero, it is equivalent to assuming that the electrons suffer collisions that completely 

randomize their motion. The magnitude of acceleration is given by a = qE/m*, where m* is 

the effective mass of the electrons. If the time interval between collisions is tcoll, then the 

average drift velocity of the electrons wi II be 

V drift = (qEl2m *)tcoll = !J. E 

where !J. = V driftlE = q tcoll12m * 

is the mobility of the electrons. 

(1.21 ) 

(1.22) 

This treatment assumes that the time interval between collisions tcoll is independent 

of the applied electric field. This is a reasonable assumption only so long as the drift 

velocity is small in comparison to the themlal velocity of carriers (which is about 107 cm/sec 

for Si at room temperature). As the drift velocity becomes comparable to the thermal 

velocity, its dependence on electric filed will begin to depart from the simple relationship 

given above. As the electric field increases, drift velocity increases less rapidly. At large 

enough fields, drift velocity becomes a maximum. 

1.4.1.a. Mobility of electrons and holes 

The time interval between collisions is determined by the various mechanisms by 

which the electrons or holes can lose thcir acquired drift velocity. The probability of a 

collision taking place in a unit time l/tcoll is the sum of the probabilities of collisions due to 

the various such scattering mechanisms i.e 

I/tcoll = I/tcolI, impurily+ I/tcoll,laltice (1.23) 

or 1/!J. = l/~ll + !J.L 

which correspond to the two most important scattering mechanisms, impurity and lattice 

scattering. 

Impurity scattering is due to the fact that when an electron travels past a fixed 

charged particle (an ionized acceptor or donor) its path will be deflected by the charge of 

that fixed particle. The probability of impurity scattering will depend on the total 
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concentration of ionized impurities (Cl') present in the crystal and /ll is found to proportional 

to r312ICT. Lattice scattering is due to the thermal vibration of atoms of the crystal lattice 

which disrupts the periodicity of the lattice and thereby impedes the motion of the electrons 

ilL is proportional to lrr312. 

1.4.1.b. Electrical Conductivity 

In the case of a homogeneous semiconductor of length I and cross sectional area A 

having electron and hole concentration nand p: the electron and hole current densities I n and 

Jp are given by 

In = q n /In E 

Jp = q P /lp E 

where E is the electric field experienced by the semiconductor 

Total current density J = I n + Jp 

J = q E (n ~ln + p /lp) 

If V is the voltage applied across the semiconductor and I is the current, the resistance 

R = VII = P IIA = l/aA 

where p is the resistivity and cr is the conductivity 

Again I1A = IJI = cr VII 

But for a uniformly doped bar VII denotes the electric field, so that 

J=crE 

From (1.24) and (1.26), one can get 

cr = q (n /In + p /lp) = an -I- crp 

(1.24) 

(1.25) 

(1.26) 

(1.27) 

where crn and crp denotes the electron hole component of the conductivity respectively. 

For an intrinsic semiconductor n = p = ni, so the intrinsic conductivity crI is given by 

cri = q (Iln + ~lJl) ni 

In the case of extrinsic semiconductor, with equilibrium concentration no and Po 

cr = q (Iln no + IlJl Po) 

(1.28) 

(1.29) 

In semiconductors both the carrier concentration and mobility are temperature 

sensitive. Thus the temperature dependence of conductivity is determined by the 
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temperature dependence of both these quantItIes. For an intrinsic semiconductor 

substituting the value of ni =k2 T312 exp( -Egol2kT) in equation (1.28), we get [24] 

cri = q (Iln +~lp) k2T3/2 exp (-Ego/2kT) (1.30) 

where Ego is the value of band gap at OK and after substituting the temperature dependence 

of ~p and Iln, the equation (1.30) becomes 

cri = const. TaO exp (-Egol2kT) (l.31 ) 

where an has a value of about -1. In this equation, most of the variation of cri is contained in 

the exponential factor so that a plot of In cri as a function of lIT gives a straight line whose 

slope can be used to determine Ego. 

1.4.2. Impurity band conduction 

The ionization energy of shallow donors and acceptors decreases with the increasing 

concentration of dopants and becomes zero when the impurity concentration reaches a 

critical value [25] If such a semiconductor is cooled to temperature near 0 K, the 

conductivity does not drop to zero as in the case of a lightly doped semiconductor but has a 

finite value. This happens because of impurity band conduction. 

When the donor concentration reaches the critical value, it is possible for an electron 

(or a hole in p-type semiconductor) to move from the ground state of one donor to that of 

the neighbouring ionized donors by the process of tunneling. In an applied electric field, the 

magnitude of carriers in one direction becomes energetically favourable compared to the 

others and the impurity conduction now results with a small activation energy by the 

"hopping" of the carriers from one impurity site to the another. For nondegenerate materials 

the distance between neighbouring impurity atoms is large and hopping of carriers becomes 

highly improbable. In order to describe thc energy band structure of a heavily doped 

semiconductor three additional effects have to he considered. 

1.4.2.a. Many Body Effects 

Here we must consider many body effects to account for the energies of interaction 

among the mobile carriers and betwecn carricrs and ionized impurities. If we consider the 
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case of heavily doped n-type semiconductor, many body effects involve ionized donor­

electron interaction, electron-electron interaction and electron-hole interaction. These 

interaction affect the density of quantum states in the conduction and valence band. 

i) Donor-electron interaction 

We know that in a lightly doped semiconductor, the donor impurity forms an 

energy level ED below the CB. The Coulomb screening of donor ions by the majority carrier 

electrons reduces the impurity ionization energy Ei = Ec-ED. The reduction in the donor 

ionization energy causes the donor level to move toward the conduction band edge Ec as the 

donor concentration is gradually increased and ultimately merges into the conduction band. 

It has been observed that [26] the electron-donor interaction causes only a shift in the donor 

level toward Ec, but no change occurs in the position of band edges Ec and Ev so that the 

energy gap Eg remains unchanged. 

ii) electron-electron interaction 

Electron-electron interaction results in a downward shift in the conduction band 

edge. This shift is caused by electron exchange energy that evolves from the Pauli's 

exclusion principle. When the electron concentration in semiconductor becomes 

sufficiently large, their wave functions begin to overlap. Consequently, the Pauli's 

exclusion principle becomes operative and electron spread in their momentum in such a way 

that the overlapping of the individual electron wavefuncion is avoided. 

iii) Electron-hole interaction 

The majority carriers in a semiconductor screen the minority carriers in the same 

way as they screen the ionized impurity atoms. In an n-type semiconductor, the electron­

hole Coulomb interaction reduces the hole potential energy and causes the VB to move up 

toward the CB. This upward shift of Ev has been termed the "hole correlation energy" [27]. 

The hole-hole interaction energy in a heavily doped n-type semiconductor remains 

negligible because of the very low concentration of holes. 

Here we can conclude that the effect of many body interaction on the band structure 

of a heavily doped semiconductor is to produce a downward shift in Ec and an upward shift 

in Ev and is illustrated in figure 1.4. 

19 



- 3) Dopant concentration (cm 

Figure 1.4. Energy band diagram showing the shift of band edges Ec and Ev in a heavily 

doped semiconductor. 
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1.4.2.h. Effect of randomness in impurity distribution 

The donor and acceptor atoms in a semiconductor have a random distribution and 

this randomness causes fluctuations in a the local potential. The effect of these fluctuations 

remains negligible in a lightly doped semiconductor, but in a heavily doped semiconductor 

they produce a spatially dependent distortion of the quantum density of states. The 

statistical average of the density of states over the entire crystal, which defines the 

macroscopic properties of the semiconductor, then shows a tailing of the VB and CB into 

the energy gap [28]. A high density of randomly distributed dopant impurities further 

complicates the band structure by creating a band of impurity states. Thus, the discrete 

donor level in the n-type semiconductor will spread into a band at heavy doping. 

1.4.2.c. Effect of carrier degeneracy 

In the case of a nondegencrate semiconductor in which the Fermi level lies in the 

band gap at least 3kT away from the band edges, Maxwell-Boltzmann (MB) statistics are 

valid and one can get the relation pono = ni2
. In a heavily doped n-type semiconductor the 

Fermi level does not remain in the band gap but moves into the CB. A semiconductor in 

which the Fermi level lies inside either the conduction or the valence band is called a 

degenerate semiconductor. Such a semiconductor has a large concentration of majority 

carriers and behaves like a metal. In the degenerate semiconductor we have to use Fermi -

Dirac (FD) statistics instead of MB statistics and use of FD statistics reduces the pono 

product below n? However, the band gap naITOwing causes an increase in this product. 

Thus to incorporate the effect of band gap reduction and the majority carrier degeneracy in a 

. I . [29] h 2 K 2°1,3 (E elect/kT) h E elect· f'C' smg e eXpreSSIOn ,ere pono = nie = I - exp - g were g IS an electIve 

electrical band gap and has no other significance except that it permits us to express 

measured Pollo product using the above equation. 

1.4.3. Non linear conductivity 

In general, the drift velocity Vd = ~l E, and it shows that Vd is directly proportional to 

E and the mobility Jl is a constant indepcndent of E. Assuming a strongly n-type 

semiconductor we observe that 

J = In = cr E (l.32) 
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where a is independent of E since I-l is assumed to be constant., This linear relationship 

between J and E (or between Vd and E) is a statement of Ohm's law. The equation (1.32) is 

seen to be valid only for low electric fields such that the average drift velocity of carriers is 

small compared with their random thermal velocity Vth. When the electric field becomes 

large enough to make Vd comparable with Vth, Ohms law is no longer valid and the 

conductivity becomes non-linear. 

For a carrier with average drift velocity Vd and charge q, the power generated from 

the field is qVdE and if there are no such carriers in a unit volume, the power gained from the 

field is 

Power gained/volume = q no Vd E = JE (1.33) 

The carriers will reach a steady state at some temperature T e when all this power is 

dissipated to the lattice in the form of the emission of phonons. It might be argued that in 

the steady state the lattice receiving the same power from the carriers as the carriers are 

receiving from the field. Hence, the lattice temperature should also rise and should 

ultimately approach the carrier temperature Tc. However this does not happen because the 

heat capacity of the lattice is enormously large compared to that of electrons and the crystal 

can lose heat by conduction, convection and radiation. But, when the product J E becomes 

large, the crystal is also heated up. As long as Te is only slightly above T, Ohm's law is 

obeyed and the velocity Vd is proportional to E, making I-l a constant. At such value of E 

electrons and holes are only "warm". As the field is increased gradually, Te nses 

continuously and at some value of the field, Tc become significantly higher than T. The 

carriers now interact more strongly with the lattice, and their average drift velocity falls 

below the linear projection of its low field value. Consequently, the mobility starts 

decreasing with the field, and the current voltage characteristic of the semiconductor shows 

considerable deviation from Ohm's law. The departure from Ohm's law at high electric field 

can be more readily observed in semiconductors than in metals. The explanation for this is 

as follows: In metals the electron gas is degenerate, and the average kinetic energy of an 

electron is on the order of the Fermi energy that is several electron volts and corresponds to 

a large value of thermal velocity Vth . In order to observe the deviation from Ohm's law and 

to make Vd comparable to V th, the energy gained by an electron from the applied field must 
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be comparable to its thennal energy. Obtaining this energy in metals requires fantastically 

large fields at which the metal will melt and evapourate because of joule heating. On the 

other hand, electron population in a semiconductor is nondegenerate, and the average 

thermal energy of an electron is only 3kT/2. Hence, a change on the order of kT in the 

electron energy will cause a perceptible change in its average energy. Changes of this 

magnitude can be easily achieved by the application of an electric field. It is for these 

reasons that the nonlinear conductivity could not be observed by early investigators who 

were mostly concerned with metals. The first observation of nonlinear conductivity was 

made on Ge in 1951 [30]. Since then, the phenomenon has been observed in all the known 

semiconductors of importance. 

1.4.4. Diffusion 

If the concentration of electrons in a semiconductor is not unifonn, electrons will 

diffuse under the influence of the concentration gradient. As in the case of ions, this will 

lead to an additional contribution to the expression for flux. This contribution is 

proportional to the concentration gradient and the diffusivity of electrons On. The diffusivity 

of electrons, in turn, is related to the electron mobility by Einstein' relationship 

On. = kTfln I q (1.34) 

the constant kT/q has the dimensions of voltage and is called thennal voltage. Similar 

considerations apply to the transport of holes. It should be noted that Einstein's relations are 

true only for non degenerate semiconductors. In the case of degenerate semiconductors, 

these relations become quite complex [181 and are extremely useful in the discussion of 

current flow problems in a number of semiconductor devices. 

Consider the case of a p-type semiconductor and somehow introduce a few free 

electrons, the electrons will diffuse through the p-type region away from the region of 

highest density of electrons. The diffusion process proceeds until equilibrium is reached, 

that is, until the electron spread about evenly or they have recombined with holes to become 

bound. 
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The current density due to electron di rfusion is then proportional to the negative of 

gradient of electron concentration. For a onc dimensional model, the diffusion current for 

electrons [31] 

Jn = (-q) Dn (-dn/dx) (1.35) 

where n is the number of electrons and On = ~l kT/q. For holes the similar equation is 

Jp = (q) Dp(-dp/dx) (1.36) 

Diffusion currents are important in semiconductors but not in metals. The reason is 

that semiconductor have two types of carriers and also carrier generation is possible in this 

type of material. A local increase in the concentration of one of the carriers is accompanied 

by an increase in the other, and the electrical neutrality is maintained even in the presence 

of a concentration gradient. Metals have only one type of carrier and the self-annihilating 

large fields set up in the metals resist any effort to create a concentration gradient. 

1.5. Excess carriers in Semiconductors 

The term "excess carriers" is used for electrons and holes that are in excess of their 

thermal equilibrium values. Excess carriers can be created in a semiconductor by a variety 

of processes such as optical excitation, electron bombardment, or injection from a contact. 

A study of behaviour of excess carriers is important because most of the semiconductor 

devices operate under nonequilibrium conditions in which electron and hole concentrations 

are significantly different from their thermal equilibrium values. When excess electrons are 

introduced in a metal, the process of lattice collisions restores equilibrium. In 

semiconductor crystals, the processes that restore equilibrium are the diffusion and drift of 

carriers into or out of the region or the recombination of carriers inside the region. We 

discussed the drift and diffusion of carriers in the previous sections and recombination of 

carriers will be discussed in the following sections along with the details of injection of 

excess earners. 
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I.S.1. Injection of excess carriers 

I.S.1.a. Injection Mechanisms 

The process of optical absorption is an important injection mechanisms. If 1(0) is the 

intensity of the beam incident on a semiconductor material, then the intensity led) of the 

transmitted beam is given by led) = 1(0) exp (-ad) where a is the absorption coefficient and 

has a unit of cm-1 if thickness d of the semiconductor is measured in cm. It is seen that when 

photon energy hv is small compared to the band gap Eg, the coefficient a is negligible, and 

most of the light is transmitted to radiation at these frequencies. The small absorption 

observed in this region is caused by free electrons that are extracted from lower energy state 

to higher energy states in a given band. This free carrier absorption obviously does not 

create electron-hole pairs. As the photon energy increases, a begins to rise rapidly. A 

photon with energy hv ~ Eg is absorbed in the semiconductor because it has enough energy 

to break the covalent bond and create an ekctron hole pair. For these frequencies, the 

crystal becomes opaque to the incident radiation. If a photon has energy considerably in 

excess of Eg, then an electron excited from the VB to CB will have energy in excess of the 

average thermal energy. The excited electron now loses energy to the lattice during 

scattering collisions until its velocity reaches the thermal velocity at that temperature. The 

process of creating excess carriers by shining light is known as photogeneration. 

Photogenerated carriers cause an increase in the conductivity of the semiconductor. 

Introduction of excess electron-hole patrs in a semiconductor is also known as 

injection of excess carriers. When excess carriers are injected in a semiconductor, the pn 

product exceeds ni2
• An opposite situation is also possible in which pn < n? This happens 

when the electron and hole concentration are below their thermal equilibrium values. We 

then talk of extraction of carriers from the semiconductor. 

I.S.1.h. Low and High-Level Injection 

The carrier injection level is determined by the concentration of excess carriers. 

When the excess carrier concentration is small compared to the equilibrium majority carrier 

concentration, it is said to be a low-lcvel injection. If this concentration becomes 
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comparable to or exceeds the equilibrium majority carrier concentration the injection is 

called a high-level injection. It has been observed that low level injection is essentially a 

minority carrier injection because the concentration of majority carriers remains practically 

unchanged [32]. But in the case of high-level injection, majority carrier concentration will 

also be changed. 

1.5.2. Recombination of excess carrier 

It is observed that in a semiconductor in thermal equilibrium the rate of thermal 

generation Gth is balanced by the rate of recombination R. When the semiconductor is 

illuminated to produce electron-hole pairs by photogeneration at a rate of GL pairs per unit 

volume per second, concentration of carriers increases above equilibrium value. Due to 

increase in concentration, the recombination rate also increases and a steady state is reached 

when 

(1.37) 

Let the excess carriers have been generated by light and the steady state is reached when the 

light is switched off. At this condition, the excess carriers decay by recombination process 

and the carrier concentration tends to revert to its equilibrium value. As long as the total 

concentration n and p are not too large, we can assume that the rate of pair recombination 

obeys the law 

R(n,p,T) = ar (T) pn (1.38) 

where a r is the constant of proportionality. In dealing with the recombination of excess 

carriers, the net rate of recombination in excess of the thermal generation rate defined by 

U = R - Gth is important. Thus, when the light is switched off, rate at which the excess 

carrier decay at a given temperature is given by 

U = R - Glh = ar(pn - ni2) (1.39) 

Obviously, this is the rate at which the electron and holes in the semiconductor disappear so 

that this relation can also be written as [28] 

_ dp = _ dn = a [pn _ n 2 ] 

dt dt r I 
( 1.40) 

which is a general relation describing the balance between generation and recombination 

process. As long as the pn product exceeds n?, the right hand side of equation (1.40) is 
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positive and both dp/dt and dnldt decay with time, indicating the recombination of excess 

carriers. When pn product is decreased below n?, the time derivatives become positive and 

there is a net generation of carriers. 

1.S.2.a. Excess carrier life time 

When the light is switched off, besides the recombination in the bulk, electron-hole 

pairs also recombine at the surface. However, for the sake of simplicity we ignore surface 

recombination and assure electron-hole concentration to be constant throughout the sample. 

Writing p = (Po + Pe) and n = (110 +ne) with ne and Pe as the number of excess electron and 

holes, the equation (1.39) becomes 

U = a r[(Po+Pe)(no+ne)-n?l 

(1.41 ) 

which on simplification for n-type semiconductor doped uniformly with Nd donors/cm3 no 

=nnO=Nd and PO=Pno=ni2/Nd and since pc=nc, ignoring Pene in equation (1.41) one can get 

[33] 

U - dPn - ( ) - --- - a, nno+Pno Pe 
dt 

(1.42) 

where ar(nno + PnO) has the dimension of reciprocal of time and can be written as 

(1.43) 

The constant 'tp is known as the minority calTier lifetime and is a function of temperature, 

because a r is temperature dependent. 

From equations (1.42) and (1.43) one can get 

dPn = _ U = Pc 
dt r p 

(1.44) 

whose solution is Pe(t) = Pe(O) exp (-tl'tp) (1.45) 

where Pe(O) is the excess carrier concentration at t = 0 when the light is just switched off. It 

can be shown that 'tp is the average time that a hole spends before recombining with an 

electron. The lifetime 'tp is independent of injected carrier concentration as long as the low­

level injection condition is maintained. 
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For a p-type semiconductor similarly we can get 

ne(t) = ne(O) exp (-tl'tn) (1.46) 

where 'tn = lIar Na is the excess electron lifetime. Equation (1.45) and (1.46) describe the 

decay of excess minority carriers. Since the electrons and holes recombine in pairs, the 

excess majority carriers decay at the same rate as the excess minority carriers. 

1.5.3. Mechanism of Recombination Process 

Electron-hole pairs can recombine in a semiconductor in two ways. First method is 

that an electron can drop directly from the conduction band into an unoccupied state in the 

valence band. This is known as "band to band recombination". In the second method, an 

electron initially makes a transition to an energy level lying deep in the band gap, and it 

subsequently captures a hole from the valence band. This is known as "indirect 

recombination. 

In the process of electron-hole pair recombination, an energy equal to the differences 

in energy between electron and hole is released. This energy can be emitted as a photon, in 

which case the recombination is said to be "radiative". Alternatively, the energy can be 

dissipated to the lattice in the form of phonons. A third possibility is that the energy can be 

imparted as kinetic energy to a third mobile carrier and this process is called "Auger 

process". The phonon and Auger recombination are nonradiative. 

1.5.3.a. Direct Band-to-Band Recombination 

In the case of direct band-to-band recombination, an electron in the conduction band 

falls into a vacant state in the valence band thus neutralizing an electron-hole pair. Here an 

electron loses energy of the order of the band gap. In a direct gap semiconductor, the energy 

is emitted as a photon and the recombination is said to be radiative, In an indirect gap 

semiconductor, band-to-band transitions involve a large change in electron momentum 

and the momentum conservation condition requires either emission or absorption of a 

phonon. Consequently, direct band-to-band recombination had a very low probability in 

direct gap semiconductor. 
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In a direct band-to-band recombination, the excess carrier radiative recombination 

rate Ur and radiative lifetime 'tr are given by [341 

2 G lh 2 • 
U r = a r (pn - nj ) = --2 (pn - nj ) (1.47) 

nj 

(1.48) 

For a strongly n-type semiconductor having a donor concentration Nd, we have no ~Nd and 

po ~O and the low-level injection lifetime is obtained by neglecting Pe in equation (1.48) 

At high level injection Pe is large compared to (po+no) and 

2 
n 

r=--'-
r G1hPc 

(1.49) 

(1.50) 

Since Gth is more sensitive to temperature variations than n?, the radiative lifetime In 

equation (1.49) is a slowly decreasing function of temperature. 

1.5.3.b. Indirect Recombination via Deep Energy Levels in the Band Gap 

Impurity atoms other than donors and acceptors and some types of crystal defects in 

semiconductor, introduce localized energy levels deep in the band gap away from the band 

edge. These levels act as stepping stones for electrons between conduction band and valence 

band, making a substantial enhancement in the recombination process. Depending on its 

location in the band gap, a deep level can act as an electron or a hole trap or as a 

recombination center. An electron trap has a high probability of capturing a conduction 

electron and setting it free after some time. Similar is the case of a hole trap with the only 

difference that here hole is released into the VB. At a recombination center, the probabilities 

of electron and hole capture are nearly equal. Thus, an electron capture is followed by a 

hole capture and this results in the elimination orthe electron-hole pair. The potential energy 

of the pair is lowered in two stages; part of the energy is released when the electron makes a 

transition from· a state in the CB to the deep level center and the rest is released when the 
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trapped electron recombines with a hole. In general, in both the steps, energy is dissipated 

in the form of phonons and the recombination is nonradiative. 

Many recombination centers have more than one energy level but in most cases 

only one level dominates the recombination. Four steps that are involved in the 

recombination of an electron-hole pair through a deep-level center are illustrated in the 

figure 1.5. Process (i) involves capture of an electron from the CB by the center located at 

energy Et. Process (ii) is the inverse process of emission of electron from the center into the 

conduction band and process (iii) represents the capture of a hole from the VB by the center. 

Finally in process (iv) the center captures an electron from VB leaving behind hole in the 

band. This is equivalent to the center's emission of a hole into the VB. It should now be 

clear the if the level is to act a<; an efficient recombination center, the electron capture 

(process i) must be followed by the hole capture (process iii) and both these process should 

have nearly the same probability. If process (i) is followed by the electron emission process 

(ii), then the center acts as an electron trap. Similarly when process (iii) is immediately 

followed by (iv), the center acts as a hole trap. 

l.S.3.c. Auger recombination 

Auger recombination is a three-particle process in which either two electron and a 

hole or two holes and one electron are involved. This type of recombination is possible for 

both direct band-to-band and indirect recombination processes with the help of traps. 

In band-to-band Auger recombination, there are two types of processes viz., two 

electrons and one hole process (eeh) and two holes and one electron (ehh) process. In eeh 

30 



Q) ..... 
o 

'+- --:6:-- --:1:-- -- • 
-----EC 

-- Et 
Q) 

Cl) 

----'--- Ev 

• ------ Ec 

2 ----@r--- ---D--- ---{)--- ---@--- Et 
'+-

<l: 

0 Ev 
Electron Electron Hole Hole 
capture emission capture emisSion 

(a) (b) (c) (d) 

Figure 1.5. Schematic representation of electron-hole pair recombination through the deep 

level recombination center at thermal equilibrium 
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process, an electron in the CB makes a transition to an empty state in VB. The energy of 

electron-hole pair is then transferred to the nearby electron which rises high in the CB. This 

excited electron now loses its kinetic energy as lattice phonons and returns to thernlal 

equilibrium. In ehh process, the recombining electron imparts its energy to a hole, which 

transfers the excess energy to a state deep in the VB. 

Trap aided Auger processes may become significant at high carrier concentrations 

and are less understood than the band-to-band Auger process. In one type of trap-aided 

Auger recombination, a trapped electron makes a transition to the VB by giving its energy to 

an electron in the CB. This process can become important only in a very heavily doped n­

type semiconductor with a high concentration of traps below the Fermi level. In the second 

process recombination involving two holes and one electron takes place. Here the electron 

makes a transition to an unoccupied trap level in the bandgap and gives its energy to a hole 

in the VB. 

1.5.4. Origin of Recombination Ccnter 

The origin of recombination centers in a semiconductor is related to the presence of 

impurities, imperfections caused by radiation damage, and' unsaturated bonds left near the 

surface. A brief account of these origins is discllssed here. Impurities - Impurities can give 

rise to energy levels near the middle of the band gap and can act as efficient recombination 

centers. Typical examples are gold and platinum in Silicon and copper in Germanium 

[30]. Radiation Damage - High energy particles such as neutrons, protons electron and y­

rays can displace atom in a semiconductor lattice from their normal positions creating 

vacancies and interstitial. These vacancies and interstitial can form more complete lattice 

defects that behave like deep impurities. The minority carrier lifetime in a semiconductor 

irradiated with high energy particles decreases with increase in the radiation dose. Electron 

irradiation as a means of excess carrier lifetime control has received considerable attention 

because it can be performed after device fabrication.The main disadvantageof irradiation is 

that the radiation induced recombination centers tend to anneal out after a period of time, 

even when the device is not subjected to high temperature. 
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Surface States - At the surface of a semiconductor the lattice is abruptly terminated, 

resulting in unsaturated bonds for the surface atoms. This drastic irregularity introduces a 

large density of localized energy levels in the forbidden gap. These levels are known as 

surface states. In contrast to an electron in the bulk that belongs to the entire crystal, a 

surface electron confines only to an atomic layer. Surface states that have energy levels near 

the middle ofthe band gap act as efficient recombination centers. 

The density of surface states on a clear surface is of the order of 1015cm-2
, which is 

about the same as the number of unsaturated bonds. Actual surfaces that are exposed to air 

are always covered with an oxide layer. Because of the presence of this oxide layer, some 

of the unsaturated bands gets saturated which causes a reduction in the density of surface 

states. The typical density of these states on the oxide covered surfaces of silicon and 

germanium ranges from 1011 to 1012 states per cm2
. Thermally oxidised silicon surfaces can 

have densities that are orders of magnitude smaller than these values. 

1.6. Recombination and Trapping 

Recombination and trapping 111 semiconductor arIse from nonequilibrium 

distribution of mobile carriers. When non equilibrium concentration of carriers are present 

one is interested in the rate at which they recombine and thereby approach equilibrium as 

well as the mechanisms involved. Certain interruptions like trapping events or light 

emission that may occur before recombination destroys the carriers are also interesting. 

These phenomena usually are associated with interaction between mobile carriers and 

crystalline imperfections. Imperfections may be structural or chemical and are the sites of 

discrete electronic energy level and the methods of measuring these effects arc quite 

sensitive. We discussed the details of recombination mechanism in the previous section and 

here we give a picture of a recombination center and contrast it with a trapping center. The 

schematic energy level diagram for recombination centers and trapping centers is shown in 

figure 1.6. During recombination an electron from the CB may be captured by the center. If 

this electron is now captured by a hole from the VB, resulting in a mutual annihilation, a 
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recombination has occurred. However, if the electron is released by the center back to the 

CB where it originated then the process is a trapping, and the electron was merely trapped 

for a while, being immobilized temporarily. The arrows on the left indicate that 

recombination centers can interchange electrons freely with CB or VB. On the right, the 

arrows indicate that an electron trapping center interchanges electrons only with the CB. In 

kinetic terms we can describe a recombination center as a localized electronic level in the 

forbidden gap that has a high probability of exchanging carriers with both bands. 

Hall [31] and Shockley and Read [32] have derived the relation between the lifetime 

of injected carriers and the recombination center properties 

'po (no +n l ) + 'nO (Po +PI) 

no + Po 
(1.51) , = 

where 'tno and 'tpo are constants and 

nl = Ne exp (Et-Ec)/kT 

(1.52) 

PI = Nv exp (Ev-Et)/kT 

Et being the energy level of the recombination centers. From these definitions it can be seen 

that!ll and 121 correspond to equilibrium electron and hole densities when the Fermi level is 

at Et. 

From equation (1.51) it can be seen that for low resistivity n- and p-type material (no 

and po very large, respectively) the lifetime 't approaches the values of 'tpo and 'tno. These 

values are related to the cross section for capture of an electron by the empty recombination 

center, An, or to the cross section for capture of a hole by the filled center, Ap, by the 

expressions [39] 

34 



, 

(a) 

Figure 1.6. Schematic energy level diagram for recombination centers and trapping centers. 
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(1.53) 

1 
r pO == 

N.(vAp) 

where Nt is the density of centers, v is the thermal velocity of the electrons or holes, and 

<v A> is an average of v A over the states of the band. An average is required over the 

occupied states of the band because in principle both v and A may be functions of the 

electronic state. In this way when the concentration of recombination centers is known one 

can calculate the average cross section for capture by the center from the measured values of 

lifetime. 

1.7. Trapping of minority carriers 

From kinetic view point a simple trapping of a minority carrier by a trapping center 

is a special and limited case of the interaction between a minority carrier and a 

recombination center. The difference between trapping and recombination was seen in 

figure 1.6. where electron trap is chosen to represent. The arrows representing transitions to 

both bands from the recombination centers indicate that all electron and hole capture and 

release rates are important in the recombination process. An electron or hole, after capture, 

attracts a carrier of the opposite type resulting in mutual annihilation. If either of the rate 

constants becomes very small compared to the other, a recombination center will become a 

trapping center. The rate of electron capture will depend upon the rate constant for capture 

as well as upon the populations of the various levels. The rate constant for capture can be 

expressed as a product of the cross section for capture An times the thermal velocity of 

electrons, or Anv. The equation for the time rate of change of trapped electrons nt is [40] 

on. / -- =Avn(N -n)-n. r d t n •• g 
(1.54) 

where n is the density of electrons in the CB and N t the total density of traps which are 

located at a discrete value of the energy Et and tg is the mean time for release of a trapped 

electron. 
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In order to illustrate the mechanisms involved during trapping, the equation (l.54) 

will be solved under simplifying conditions such as the concentration of electrons in the CB 

is assumed to remain constant at its steady state value and the probability of a minority 

carrier recombining is much greater than the probability of its being captured by a trapping 

center.The solution of this equation are given by [41] 

A. v - ~, [ri, - :,J 
nl(NI - n l "') 

NcAn vT g 

= exp (Ec - El) / kT 

= exp (Ec - El) / kT 

(l.55) 

where nta is the steady state density of trapped electrons when nl mobile electrons are 

maintained by a light source, Ec is the energy at the edge of the CB, Nc is the effective 

density of states at Bc, and 'to is the time constant of electron capture by the traps. When the 

light is turned on, the mobile electron density increases to nl in a time of the order of a 

recombination time. It is maintained at that steady state value until the light is removed. 

The additional concentrations of electrons and neutralising holes cause the sample 

conductivity to increase at the same rapid rate to a value ~crl = qllpnl(l +b) 

where b is the ratio of electron mobility to hole mobility. The non equilibrium density of 

electrons increases the net trapping rate and electrons begin to fill the traps. The rate of 

filling can be changed by adjusting the light intensity and thereby increasing or decreasing 

nl. Trapped electrons are immobile and cannot contribute to the conductivity. However, the 

additional holes required to neutralize the trapped electrons will contribute to the 

conductivity. When the light is turned off, the concentration of trapped electrons decays 

from its steady value to its equilibrium value of ntO and the conductivity decreases at the 

same rate. 
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1.8. Importance of the present work 

The present work concentrate on the study of defect levels in some important 

compound semiconductor materials used for the fabrication of solar cells. The study on the 

impact effect of crystal defects on p-n junction devices (designed to be used as devices for 

light emission, detection and conversion) is of great importance. These devices share a 

common need for carrier lifetime control and their performance can be degraded by crystal 

defects. However, light emitting devices are sensitive to defects that reduce the carrier life 

time by non radiative recombination process, while photodetectors are more affected by 

defects that shorten the minority-carrier diffusion length. Therefore radiative or 

nonradiative processes shorten the lifetime and thus reduce the diffusion length and hence 

the photodiode efficiency. 

Certain crystal defects are most relevant to optoelectronic devices 

i) Recombination centers present at the exposed surfaces and at heterojunction boundaries 

ii) Dislocations and stacking faults incorporated in bulk-grown and epitaxial materials 

iii) Dopant precipitates, which may be introduced in the course of doping 

iv) Point defects (vacancies, interstitials, contaminants and various atomic complexes) 

which may be introduced during the growth process. 

v) Grain boundaries in polycrystalline materials which introduce recombination centers. 

Solar cells have been produced from several semiconductors including Si, GaAs, 11-

VI compounds such as polycrystalline CdS, I-I1I-Vh compounds such as CulnSe2 etc. The 

parameters that control the solar cell efficiency are the open circuit voltage (Voc), the short 

circuit current density (Jse), the fill factor FF (which incorporates the effect of the solar cell's 

internal resistance) and the spectral distribution of the incident solar power density (Pi). The 

short circuit current density results from the photogenerated carriers reaching the space 

charge region that again depends on diffusion length of the carriers. Because the diffusion 

length varies as the square root of the carrier lifetime, any reduction in the lifetime (other 

factors remaining constant) decreases cell efficiency. Again carrier recombination at the cell 

surface reduces the short circuit current density and it plays an important role in reducing the 
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cell's response to high-energy photons that are absorbed near that surface. In fact, the 

presence and nature of defects available in solar cell materials are having great impact on the 

cell performance. 

Thermally stimulated Current (TSC) measurements have evolved into a basic tool 

for the identification and evaluation of trapping and recombination levels due to structural 

imperfections, impurities and dopants. Various methods of thermally stimulated techniques 

are available for the characterisation of difTerent materials such as thermoluminescence 

(TL), Ionic thermal currents (lTC), thermally stimulated currents (TSC), thermally 

stimulated capacitance (TSCap), thermally stimulated exoemission (TSEE), thermally 

stimulated depolarization (TSD), thermally stimulated creep (TSCr) and deep level transient 

spectroscopy (DL TS). The observed phenomena and corresponding materials of various 

techniques are discussed in chapter 3. Of these, TSC is a well-known non isothermal 

technique for the investigation of trap levels in semiconducting materials. This is a very 

sensitive but simple technique. Therefore in the present work, we selected this technique for 

analysing the semiconducting films of CdS, CuInSe2, PbS and FeS2. In addition to the 

results obtained from the TSC measurements, this thesis also discuss the dark conductivity 

measurements of these films. 

CdS polycrystalline films have received intensive study in the past 50 years because 

of their actual and potential uses in semiconductor devices. The study of defect levels in 

this materials using different techniques had been reported by various authors [42-50] and 

are shown in the energy level diagram (figure 1.7) . This figure also gives an idea about the 

volume of work done on this aspect of the semi conducting material. 

CuInSe2 has recently gained prominence as a photovoltaic material in the past 

decade because of its excellent optical and electrical properties. The literature contains 

numerous reports on CuInSe2 thin films and a possible exhaustive coverage of the published 

works is given in the concerned chapter of the thesis. Here again figure 1.8 depicts the 

energy level diagram indicating various defect levels observed in CulnSe2 [51-57]. 
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Semiconducting materials whose threshold wavelength falls in the IR region are 

used as infrared detectors and PbS is an important materials for this application. Moreover, 

PbS photocells were used in solar thermal photovoltaic system for solar energy conversion. 

Numerous reports indicate the photosensitive characteristics of PbS and a detailed review 

on this material is included described in chapter 6 of the thesis. In order to study the 

photosensitive nature of chemically deposited PbS films, TSC measurements were done on 

these samples. 

For more than fifteen years iron pyrite (FeS2) has been investigated as an important 

solar cell material because of its extraordinary optical absorption and suitable bandgap. 

Review of works on FeS2 are given in chapter 7 and to the best of our knowledge there are 

no reports giving the details of preparation of FeS2 thin films using simple CBD technique. 

Our attempts to prepare this material using CBD and chemical spray pyrolisis are presented 

in this work along with the characterisation. 
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Chapter 2 

Thin Film Preparation Techniques 

2.1. Introduction 

Applications of thin films in optics and electronics have made rapid progress in 

recent years. Consequently, the development of deposition techniques for the preparation of 

thin films with controlled, reproducible and well defined properties plays an increasingly 

important role in technological applications. Since the advent of early thermal evaporation 

technique, a wide variety of deposition methods have been developed for the deposition of 

thin films. 

Thin film properties are strongly dependent on the method of deposition, the 

substrate materials, the substrate temperature, the rate of deposition, and the background 

pressure. Specific applications in modem technology demand such film properties as high 

optical reflection/transmission, hardness, adhesion, nonporosity, high mobility of charge 

carriers, chemical inertness toward corrosive environments and stability with respect to 

temperature, stoichiometry and orientation in single crystal film. The application and the 

properties of a given material determine the most suitable technique for the preparation of 

thin film of that material. 

A thin film deposition process involves 3 steps: i) creation of atomic/molecular/ionic 

species ii) transport of these species through a medium and iii) the condensation of the 

species on a substrate. Depending on whether the vapour species has been created by a 

physical or a chemical process, the methods may be broadly divided into two main groups 

such as physical methods and chemical methods. 

In this chapter, we discuss the different thin film preparation techniques with due 

emphasis on the techniques employed for the present work. 
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2.2. Physical Methods 

Physical methods involve Vacuum evaporation, Sputtering, Epitaxial deposition, Ion 

beam and Ion-assisted deposition, Reactive deposition, and Ion cluster beam deposition 

techniques. In present work, vacuum evaporation technique is used for coating electrodes. 

2.2.1. Vacuum Evaporation 

Deposition of thin films by evaporation is a convenient technique and is most widely 

used. One merely has to produce a vacuum environment in which a sufficient amount of 

heat is given to the evaporant to attain the vapour pressure necessary for evaporation, then 

the evaporated material is allowed to condense on a substrate kept at a suitable temperature 

and distance. 

Deposition consists of three distinguishable steps i) Transition of the condensed 

phase (solid or liquid) into the gaseous state ii) Traversal by the vapour of the space between 

the vapour source and substrate (i.e. transport of vapor from the source to the substrate) iii) 

Condensation of vapour upon the arrival at the surface (i.e., deposition of these particles on 

the substrate) 

Substrates are made from a wide variety of materials and may be kept at a 

temperature depending on the film properties required. When evaporation is made in 

vacuum, the evaporation temperature will be considerably lowered and the formation of 

oxides and incorporation of impurities in the growing layer will be reduced. The pressure 

used for normal evaporation work is about 10-5 Torr. This also ensures a straight line path 

for most of the emitted vapour atoms for a substrate-to-source distance of approximately 

10-5 cm in the vacuum system. 

The rate of free evaporation of vapour species Il1e from a clean surface of unit area in 

vacuum is given by the Langmuir expression [1] 

Il1e = 5.83x 10-2 Pe (MlT) 112 g cm-2 S-I (2.1) 
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where T is the temperature, M is the molecular weight of the vapour species and Pe is the 

equivalent vapour pressure. In terms of the molecules, we may write the evaporation rate as 

follows 

(2.2) 

However the rate of deposition of the vapour on a substrate depends on the source geometry, 

the position of the source relative to the substrate and the condensation coefficient. 

The substrate is bombarded not only by the particles of the evaporated substrate but 

also by those of the residual gases. The residual gases in evaporation systems do have a 

profound influence on the growth and properties of the films. First there is the possibility of 

collisions between gas molecules and vapour molecules during the transit of the latter from 

the source to the substrate. The number of collisions depends on the mean free path. The 

nwnber of atoms N from the total number No traversing a distance I without having a 

collision is given by [2] 

N = No exp (-IIA.) (2.3) 

where A. is the mean free path in the residual gas. Usually the films are deposited at a 

pressure of the order of 10-5 Torr or less and only a negligible number of collisions between 

the residual gas and the vapour molecules will take place. As a result, the vapour molecules 

will exhibit straight line propagation. 

Second, the film will be badly contaminated by the residual gases in the vacuum 

system. Such contamination can arise from gas molecules impinging on the surface of the 

substrate during deposition. The impinging rate of gas molecules is given by the kinetic 

theory of gases [2] 

Ng= 3.515x1022 Pg I(MgTg) 112 cm-2/s 

where Pg is the equilibrium gas pressure at temp T g. 

(2.4) 

It can be seen that under the conditions of vacuum normally used (10-5 Torr) and 

deposition rate of about 1 A 0 Is, the impingement rate of gas atoms is quite large, which 
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means that a good amount of gas sorption will occur if the sticking coefficient of the gas 

atoms is not negligibly small. To obtain films with minimum number of impurities, 

pressure in the region of ultra high vacuum (10-9 Torr) must be used. 

2.2.1.a. Methods of Evaporation 

The evaporation of materials in a vacuum system requires a container that can 

support the evaporant as well as supply the heat of evaporation. To avoid 

contamination of the films deposited, the support material itself must have negligible vapour 

pressure and should not decompose at the operating temperature. Materials commonly used 

are refractory metals and oxides. The possibilities of alloying and chemical reactions 

between the evaporant and support materials must be taken into account while choosing a 

particular support material. The shape in which the support materials are used depends very 

much on the evaporant. 

The important methods of evaporation are resistive heating, flash evaporation, 

electron beam evaporation, laser evaporation, arc evaporation and radio frequency heating. 

i) Resistive heating 

This is the method in which the material to be evaporated is heated by electrical 

resistance heating. The most commonly used source materials (support materials) are the 

refractory metals (viz.; tungsten, tantalum and molybdenum) which have high melting point 

and very low vapour pressure. The structure of these sources is usually wires and foils. 

Electrical connections are made directly to the source by attaching their ends to heavy 

copper or stainless steel electrodes. Here the evaporants are fixed directly to the source in 

the form of wire/powder and upon melting, the evaporant wets the filament. The drop is 

held by surface tension. Multistrand filaments are also used as source, but they can be used 

only for metals or congruently evaporating alloys. Moreover once heated, these elements 

become very fragile and will break if not handled carefully. Oxide coated metal foils are 

also used as evaporation sources. The power requirements of such sources are much above 

those of uncoated foils due to the reduced thermal contact between the resistively heated 

metal and evaporant. Crucibles of quartz, glass, alumina, graphite, beryllia, and zirconia are 
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used with indirect resistive heating. Even though new and more sophisticated techniques for 

the preparation of thin films have been developed, electrical resistive heating is still 

commonly used in laboratory and industry to prepare thin films of elements [3-9], oxides 

[10-14] and compound semiconductors [15-21]. 

The mam disadvantages of this technique are i) the reaction of the evaporant 

material with the support crucibles ii) the difficulty in attaining the required temperature for 

the evaporation of dielectric iii) low rates of evaporation and iv) the dissociation of 

compounds or alloys upon heating. 

ii) Flash evaporation 

A common difficulty encountered in the preparation of thin films of multi­

component alloys or compounds that tend to distill fractionally (different compounds have 

different vapour pressure at any given temperature) is that the chemical composition of the 

film obtained deviates from that of the evaporant. This difficulty is best overcome in 'flash 

evaporation' . Here the small quantities of the material to be evaporated are dropped in 

powder form onto a boat hot enough to ensure that evaporation takes place instantaneously. 

The temperature of the boat should be high enough to evaporate the less volatile material 

fast. When a particle of the material evaporates, the component with the higher vapour 

pressure evaporates first, followed by components with lower vapour pressure. In practice, 

the feed of material is continuous, and there will be several particles in different stages of 

fractionation on the boat. Moreover, since no material accumulates on the boat during 

evaporation, the net result of this instantaneous discrete evaporation is that the vapour 

stream has the same composition as the source material. If the substrate temperature is not 

high enough to permit reevaporation to take place, stoichiometric compounds or alloy films 

will he formed. The powdered material can be fed into the heated support using different 

arrangements (mechanical, electromagnetic, vibrating, rotating etc.) for material feeding. 

Flash evaporation techniques have been used to prepare semiconducting thin films 

of certain compounds from groups Ill-V [22-24]. Ellis used flash evaporation to prepare 
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copper sulphide films [25]. Several reports are available on the preparation of 

semiconducting compounds by flash evaporation [26-29]. Flash evaporation has been very 

widely used for the preparation of cermet (CERamic plus METal) films that are mixtures 

of dielectric [30], amorphous cha1cogenide films [31] and high Tc superconducting oxide 

films [32]. Flash evaporation has been used for the preparation of epitaxial layers of 

CulnSe2 [33]. Later Sridevi and Reddy used a simple flash evaporation technique and 

prepared thin films of CIS to study the electrical and optical properties [26]. 

A senous drawback of the flash evaporation technique is the difficulty in 

preoutgassing the evaporant powder. Degassing the powder can be accomplished to some 

extend by vacuum storage for 24-36 hours prior to deposition. Otherwise, large quantities 

of gas may be released during evaporation. Also the expanding gases can cause "spitting" 

during evaporation. 

iii) Electron beam evaporation 

In electron beam (EB) evaporation, the vaporization of materials can be 

accomplished by electron bombardment. Here a stream of electrons is accelerated through 

fields of typically 5-10 kV and focused onto the surface material for evaporation. The 

electrons lose their energy very rapidly upon striking the surface and the material melts at 

the surface and evaporates. That is, the surface is directly heated by impinging electrons in 

contrast to the conventional heating modes. Because the material in contact with the 

support crucible remains solid, in effect the molten material is contained in a crucible of 

itself and the reactions are minimised. Direct heating allows the evaporation of materials 

from water cooled crucibles, and these are very commonly used in electron beam 

evaporation. Such water cooled crucibles are necessary for evaporating reactive materials, 

(especially refractory materials) to avoid almost completely reactions with crucible walls. 

This allows the preparation of high purity films because crucible materials or their reaction 

products are practically excluded from evaporation. 

By this type of heating, any material can be evaporated, and the rate of deposition 

varies from fractions of an angstrom per sec. to micrometers per sec. The EB sources have 
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been found to be versatile and reliable and are used even for materials which can be quite 

easily and satisfactorily evaporated from an ordinary refractory metal boat. 

EB guns can be classified into thermionic and plasma electron categories. In the 

former type, the electrons are generated thermionically from heated refractory metal 

filaments, rods or disks. In the latter type the electron beams are extracted from a plasma, 

confined in a small place. Various EB evaporator devices with axial gun, magnetic 

focusing and magnetic bending are now readily available commercially to produce thin 

films for optical, electronic and optoelectronic applications. 

EB evaporation has been used for the preparation of thin films of a number of 

materials: Si [34], CuInSe2 [35], InAs [36], Ti02 [37], Sn02 [38] and ITO [39,40]. 

EB technology is rather expensive and complicated and its use is not justified if 

(easily controlled) alternative electrical resistance heating is available. This method is of 

practical importance in certain cases requiring high quality films and in the absence of 

suitable support materials. 

iv) Laser evaporation 

In this technique, lasers are used as the thermal source to vaporize the compound 

materials and preparation of thin films by laser evaporation is a high vacuum technique, 

where the source of power for evaporation is kept outside the vacuum system. The 

vaporized material is deposited onto substrate placed in front of the source material inside 

the vacuum chamber. 

This technique offers several advantages 

i) Lasers are clean and introduce minimal contamination from the heat source. ii) Film 

contamination from the support material is reduced because of the surface evaporation 

characteristics of the beam. iii) With the high power densities obtained by focusing the laser 

beams, high melting point materials can be vaporized at high deposition rate. iv) Because of 

the small beam divergence, the laser and the associated equipment could be kept far away, 
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an attractive feature in radioactive areas. v) Simultaneous or sequential multisource 

evaporator can be done easily by directing the laser beam with external mirror. 

It was Smith and Turner [41] who made a preliminary study using this technique and 

showed that any materials can be vaporized in vacuum by using directed laser beam as the 

evaporation power source. They used ruby laser external to the vacuum chamber and a lens 

focused the radiation from the ruby rod through a window in the bell jar onto the surface of 

the sample to be evaporated. Most of the films were evaporated from powdered materials 

placed in small inclined crucibles in the bell jar and deposited onto substrates placed 20 to 

50 mm above the crucibles. Lateral motion of the lens allowed the focal spot to fall at 

desired position on the surface of the material. Smith and Turner could produce optically 

satisfactory films including Ge, PbTe, and ZnTe 141]. 

Although some studies using laser as a thermal source have been carried out since 

this initial report, special attention has been paid only in recent years to this technique. A 

new ceramic coating technique using a high power C02 laser as the heat source was 

developed by Mineta et.al.[42]. 

Pulsed laser evaporation can cause rapid heating and cooling of the source material 

with very high peak temperature, and instant evaporation occurs from very small area of the 

target. Power is delivered in the form of high power pulses creating flash evaporation 

conditions, and this leads to the important advantage of congruent evaporation of compound 

materials. There will be little or no fractionation of its constituents even if they have widely 

different vapour pressure, and this technique is suitable for the deposition of the thin films 

of wide range of compounds and alloys. Also the original purity of the source material is 

maintained, eliminating crucible contamination because the source pellet/target becomes its 

own crucible. During the evaporation of solid targets, the interaction of a pulsed laser with a 

solid target can produce high energy particle fluxes (electrons, ions and neutral species), the 

energies of the particles depending on the material and laser power. This causes surface 

cleaning due to ion etching and also increases the number of nucleation sites for deposition, 

enhancing the process of epitaxial growth. 
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Yang and Cheung prepared 'Sn02 film on GaAs and glass substrate using a high 

power pulsed laser [43]. Laser evaporation had been used to prepare thin films of CdTe, Cd 

andInSb [44], PbTe and doped PbTe [45], polymers [46], lead chalcogenides[47] and SnOx 

[48]. 

v) Arc evaporation 

In this technique, electrodes of the metal to be evaporated are mounted on insulated 

supports in a vacuum system evacuated to a pressure of 10-5Torr. One of the rod is rotatable 

and the other is fixed. Using a standard welding generator, the voltage is applied between 

the electrodes and the rotatable electrode is brought into contact with the fixed rod, held 

there Wltil a hot spot appeared and then moved away, thus drawing an arc. This results in 

the rapid deposition of the film of the electrode metals on the substrate plate close to the 

electrodes. 

Arc evaporation was first tried in a conventional vacuum evaporator by Lucas 

et.al.,[49] to obtain thin films of refractory metal. Films of niobium, tantalum vanadium and 

stainless steel were obtained using this set up. 

Other methods of the preparation of the thin films using vacuum arcs have also been 

published [50,51], but in the absence of continuous smooth arc discharge, the results are not 

reproducible. 

vi) Radio frequency heating 

Radio frequency (RF) heating has been used for vacuum deposition by several 

investigators [52-54]. By suitable arrangement of RF coils, levitation and evaporation can 

be achieved, thereby eliminating the possibility of contamination of the film by the support 

crucible. The evaporant can also be contained in a crucible, which is surrounded by the RF 

coils. 

Preparation of thin film by RF heating is limited because of the coupling needed 

between the coil and the evaporant and also the difficulty in positioning the coil and the 
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samples for effective coupling. Also the method requires relatively expensive and bulky RP 

heating equipment. Again, it is difficult to control the evaporation rate. The method is not 

commonly used now as a technique for the preparation of thin films. 

2.2.2. Sputtering 

Bombardment of a surface with high velocity positive ions cause the surface atoms 

to be ejected. This ejection of atoms from the surface due to bombardment by positive ions 

is commonly known as (cathode) sputtering. When ejected atoms are made to condense on 

a substrate, thin film deposition takes place. 

Various theories have been put forward to account for the mechanism of cathode 

sputtering. Several works on the subject of sputtering and sputtering processes of the thin 

film deposition are available [55-59]. 

The simplest arrangement for the deposition of thin film by sputtering is the glow 

discharge dc sputtering system. Here the plate of the material to be deposited is connected 

to a negative dc voltage supply (1-5 kV) and the substrate is mounted on the anode facing 

the target. A neutral gas such as argon is introduced into the vacuum chamber until the 

pressure reaches to-I to to-2Torr. When electric field is applied, a glow discharge is formed. 

Here the positive ions strike the target plate, removing from the surface mainly neutral 

atoms, which eventually condense on the substrate as a thin film. 

The operation of a sputtering system calls for a self sustained dc discharge at 

pressures below 10 mtorr is impossible because there are too few ionizing collisions. The 

most serious drawback here is contamination of the deposited film by the inert gas used to 

produce the discharge. This can be minimised if the sputtering is done at low pressure. To 

increase the ionization and sustain the discharge at this low pressure, additional electrons 

from a source other than the target must be supplied. 
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In triode sputtering the electrons are provided in the discharge from an 

independent source. A hot cathode (heated tungsten filament), which emits electrons 

through thermionic emission, is used to inject electrons into the discharge system. A 

supported discharge system like this allows operation at much lower pressure (10-3 Torr) 

than that in a conventional glow discharge system. The main limitation lies in the difficulty 

of producing uniform sputtering from flat targets of large size. Also the supported discharge 

is difficult to control for reproducible results. 

A depositing film is an active getter of impurities, and a sputtering gas, when made 

to pass over an area of freshly deposited films, cleanses the new film of its impurities. This 

principle is used in the design of the getter sputtering system. The residual gas molecules 

impinging on an atomically clean metal surface are chemisorbed or form a metal compound 

and chemical clean up occurs . Rare gases are merely physisorbed and not readily trapped. 

For the deposition of insulator films using this technique Davidse and Maissel [60] 

developed a practical RP sputtering system in which an RP potential is applied to the metal 

electrode placed behind the dielectric plate target. Here the electrons oscillating in the 

alternating field have sufficient energies to cause ionizing collisions and to keep the 

discharge self-sustained. The high voltage at the cathode required in dc sputtering for the 

generation of secondary electrons is not necessary here to maintain the discharge. Since the 

electrons have much higher mobility than ions, far more electrons will reach the dielectric 

target surface during the positive half -cycles, and the target becomes self-biased negatively. 

The negative dc potential on the dielectric target surface repels electrons from the vicinity of 

this surface creating a sheath enriched in ions in front of the target. These ions bombard the 

target, and sputtering is achieved. 

Another variant of the sputtering process is magnetron sputtering, a magnetically 

enhanced sputtering technique discovered by Penning [61]. For a simple planar magnetic 

system, a planar cathode is backed by pemlanent magnets that provide a torodial field with 

field lines forming a closed path over the target (cathode) surface. The secondary electrons 

generated are trapped in cycloidal orbits near the target and prevent self-heating of the 
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substrate. The confinement of the plasma and the resultant intense plasma allow magnetron 

sputtering systems to operate at much lower pressures and lower target voltages than are 

possible for RF diode sputtering. Also here the deposition rates are relatively higher and 

cover large deposition areas. Low substrate heating allows the use of a variety of 

applications. Recently, using RF sputtering CulnSe2 films have been prepared [62]. 

Ion-beam sputtering is another useful film deposition technique affording 

independent control of the ion beam energy as well as the current density of the bombarding 

ions. Hence the ion beam generated at an ion source is extracted into a high vacuum 

chamber and directed at the target material, which is sputtered and deposited on a nearby 

substrate. The directionality of the beam allows the angle of incidence (target) and angle of 

deposition (substrate) to be varied. Other advantages over conventional sputtering include 

the low background pressure and the greater isolation of the substrate from the ion 

production process. 

2.2.3. Epitaxial Deposition. 

Oriented growth of one material over another is commonly called epitaxy and 

epitaxial growth is of particular interest in many semiconductor applications. As a result of 

nature of deposition process, thin films are invariable fine-grained and have a frozen-in high 

concentration of structural defects. Solar cell applications require large oriented grains or 

mosaic monocrystals if single crystal films are not possible. By selecting an appropriate 

single-crystal substrate, mosaic crystals are epitaxially grown in sizes up to tens of 

micrometers and small-angle grain boundaries. Epitaxial film deposition may be achieved 

by a variety of techniques from solution as well as vapour. Commonly used epitaxial 

deposition techniques are the following. 

2.2.3.a. Molecular Beam Epitaxy (MBE) 

MBE is a sophisticated and finely controlled epitaxial growth technique [63,64] that 

is basically an ultra high vacuum evaporation process. Here atomic or molecular beams of 

the element or constituent elements of the compound are created and directed onto clean, 

heated single-crystal substrates to form the film. The beam intensities are controlled by the 
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temperature of the effusion ovens, chosen to provide the necessary flux of the various 

elements arriving at the surface. In many cases the composition is controlled by the flux 

ratio, with the fluxes controlled via the source temperature. Fast shutters, introduced 

between the sources and the substrates, interrupt the beam fluxes, and by controlling the 

shutters, one can grow layers of precisely controlled characteristics (thickness, dopant 

profile etc.). Usually an MBE unit contains sophisticated analytical tools like mass 

spectrometer, low energy electron diffraction (LEED) system etc. 

2.2.3.h. Liquid Phase Epitaxy (LPE) 

LPE is a thermally controlled technique for the preparation of high purity epitaxial 

films of semiconductor compounds and alloys. This is a relatively old technique, developed 

in the 1960s beginning with the work of Nelson [65]. Although the method is simple, in 

some cases, the thermodynamics of the system makes its use difficult. Other growth 

techniques are available, but LPE is still used when high quality material is required.. As 

indicated, however, the morphology is difficult to control and, in addition, the quality of the 

surface is poor compared to that obtained by MBE. 

2.2.3.c. Hot Wall Epitaxy (HWE) 

HWE is a vacuum deposition technique in which epitaxial films are grown under 

conditions as near as possible to thermodynamic equilibrium [66]. This is achieved by 

having a heated wall between the source and substrate to direct the evaporating molecules 

onto the substrate. In one system, three resistance heaters are used-one each for the 

substrate, the wall, and the source. Many variations of this simple hot wall system have 

been used by different authors to prepare different semiconductor compounds [67,68]. 

2.2.3.d. Metal-Organic Chemical Vapour Deposition (MOCVD) 

MOCVD is a recently developed technique for the growth of thin layers of 

compound semiconductor materials for the use in optoelectronic and microwave devices. 

Here various combinations of organometallic compounds and hydrides are used for the 

growth of the epitaxial layers. Compounds and alloys from Groups III-V and 11-VI are 

commonly prepared by using this technique. GaAs/GaAIAs heterostructures are grown by 
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MOCVD [69]. One advantage of the MOCVD technique is the ready availability of 

relatively pure organometallic compounds for most of the elements that are used for the 

epitaxial growth of the semiconductor compounds. The need for careful construction and 

system design imposes constraints on the use of MOCVD as an epitaxial growth technique 

for certain device applications. 

2.2.4. Ion Assisted Deposition 

Ion-assisted techniques include conventional ion plating [70] and its variants, 

cathode arc deposition and hot hollow cathode gun evaporation where a significant 

percentage of the vapour of the source material is ionized. Again there is a concurrent ion 

bombardment deposition, with a separate ion source irradiating the substrate during 

deposition in a controlled manner. So also there is a direct ion beam deposition: ion beam 

consisting of the desired film material are extracted and deposited onto the substrate at low 

energy. 

In conventional ion plating the material is evaporated from a resistively heated 

crucible serving as the anode and the substrate are made the cathode of a diode dc discharge 

(2-5 kV) normally used in diode sputtering. The variants of ion plating include triode ion 

plating, hollow cathode discharge ion plating, and magnetron sputter ion plating. 

In cathode arc deposition, the material is made the cathode in an arc circuit and the 

material evaporated by the action of vacuum arcs. The arc occurs in regions of few 

micrometers in size and carries very high current densities. 

In all these ion-assisted deposition methods, the properties of the deposited films 

depend largely on the available energy per condensing atom. The details of this technique 

have been discussed in two recent review articles [71,72]. 

2.2.5. Reactive Deposition 

Compound thin films (nitrides, oxides, carbides etc.) are prepared by reactive 

deposition technique entailing the presence of a reactive gas or compound. The material is 
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converted physically from the condensed phase to the vapour phase by using thermal energy 

(evaporation) or momentum transfer (sputtering) whereupon a chemical reaction takes 

place to form the compound film. 

In reactive arc evaporation, the basic principle is the arc evaporation of the metal 

in the respective gas. The ionization efficiency in cathode arc deposition processes is as 

high as 30-50% and this high degree of ionization in the plasma and high energies of the 

ions increase the reaction efficiency, resulting in the formation of compound films 

exhibiting enhanced adhesion and density. 

In reactive sputtering, the sputtered metal from the target reacts with the reactive 

gas present to form the compound. Sometimes reactive gas is added to make up for a 

constituent film and this process is also treated a'i a case of reactive sputtering. Sometimes, a 

reactive gas reacts with the target during sputtering and a compound is formed on the 

surface of the target and is called target poisoning. It makes the sputtering rate to drop 

considerably and effect of target poisoning on sputter deposition depends on the particular 

metal-reactive gas combination and properties of the compound. 

In reactive ion plating, a useful development of basic ion plating, the residual 

atmosphere in the vacuum system contains a reactive gas. Ionization can be improved by the 

use of various techniques such as hollow discharge and magnetron sputtering. 

Reactive ion beam sputter deposition is a modification of the ion beam sputter 

deposition technique and differs from other reactive deposition methods in that the reactive 

ion can be introduced in two ways - as ion beams and as a gaseous phase. 

2.2.6. Ionized Cluster Beam (ICB) 

Ionized cluster beam deposition IS a recently developed thin film deposition 

technique that has been widely used for the preparation of higher quality films of a wide 

variety of materials [73]. Epitaxial films of many materials on a variety of substrates are 

obtained at low temperature. The material to be deposited is vaporized and ejected from the 
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nozzle of a special crucible to expand into high vacuum environment. A supersaturated 

state is fonned by adiabatic expansion. The atoms lose their energy by collision and 

nucleation starts. The nuclei grow to fonn clusters having thousand atoms held together by 

weak interatomic forces. These clusters arc ionized by electron bombardment (impact 

ionization) whereupon they are impinge on it, finally fonning the film. The energy of the 

ionized clusters striking the substrate depends on the potential difference between the 

substrate and the crucible. Brief reviews of the ICB method of film deposition have been 

published [74,75]. 

2.3. Chemical Methods of Film Deposition 

Unlike the physical methods of preparation of thin films involving evaporation or 

ejection of material from a source, chemical methods of thin film deposition entail a definite 

chemical reaction. 

Chemical methods of film deposition in general use simpler equipment and are more 

economical than physical approaches, although the fonner methods are complex and 

difficult to control. Chemical methods involve different types of thin film growth technique 

such as Thennal growth, Chemical vapour deposition -CVD- (laser chemical vapour 

deposition, photochemical vapour deposition, plasma enhanced CVD), Electrodeposition, 

Electroless deposition, Anodic deposition, Spray pyrolysis process and Chemical bath 

deposition technique (solution growth technique). 

In this work, majority of the samples are prepared by spray pyrolysis and chemical 

bath deposition technique. So these two techniques are treated here in detail while the others 

are discussed in brief. 

2.3.1. Thermal Growth 

A large number of films - oxides, carbides, nitrides - can be prepared by heating the 

metal substrates in the gases of the required type (e.g., in oxygen for O2). Here the thickness 

of the film can be increased by increasing the temperature, but the total thickness is limited 
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since the oxide growth rate generally diminishes with thickness. Since all metals except gold 

react with O2 the thermal oxidation is usually carried out by the conventional furnace 

oxidation and this has been reported for several materials [76-80]. 

Thermal growth is not a commonly used method, but thermally grown oxides of 

metals and semiconductors, where the substrate itself provides the metal or semiconductor 

constituent of the oxide, has been widely investigated. Thermal oxidation of silicon to form 

Si02 have been extensively studied, since Si02 has very important applications in silicon 

technology. 

2.3.2. Chemical Vapour Deposition (CVD) 

Chemical vapour deposition is an important and popular technique for the 

preparation of thin films of a wide variety of materials - elements as well as compounds - on 

various substrates. In this technique, constituents of the vapour phase react to form a solid 

film on the substrate surface, which is maintained at a suitable temperature. In conventional 

CVD, the reaction is thermally activated and the reactive gases pass over the heated 

substrate with a thermal reaction taking place to deposit the film on the substrate. Metal 

oxides such as AhO), In20) , CuO etc., have been prepared by this technique [81]. 

Matsumura has recently reported the application of this technique for the low temperature 

deposition of silicon nitride [82]. 

CVD offers many advantages over the other methods of thin film deposition. Using 

this technique, film with a high degree of purity and good quality with accurately 

controllable stoichiometric composition and doping levels can be prepared. Because of the 

good throw power attainable with CVO, coatings of complex shapes are possible. Since 

many reactions can be accomplished at ambient pressures, the need for expensive high 

vacuum equipment can be avoided. The higher deposition temperature leads to improved 

crystal perfection and materials that decompose upon melting or evaporation can be 

prepared. This process can be adapted to large-scale multisubstrate operation. 
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However, the technique suffers from several drawbacks namely: i) the 

thennodynamics and reaction kinetics involved in the deposition process are frequently very 

complex and poorly understood, ii) usually, higher substrate temperatures are required than 

in the corresponding physical vapour deposition technique, iii) reactive gases used for the 

deposition process and the reaction products are, in most cases, highly toxic, explosive, or 

corrosive, iv) the corrosive vapours may attack the substrate, the deposited film, and the 

materials ofthe deposition setup. 

Laser Chemical Vapour Deposition (LCVD) is a recently developed CVD 

technique in which a laser source is used to activate the chemical reaction [83-85]. Here the 

film growth characteristics will be different from conventional CVD. In photo CVD, the 

photochemical deposition takes place when high energy photons selectively excite states in 

the surface-absorbed or gas phase molecules leading to bond rupture and production of free 

chemical species to form the films or to react to form compound films on the adjacent 

substrates. It is an attractive technique for the preparation of high quality damage free films 

for many technological applications [86,87]. Plao:;ma-enhanced CVD is yet another versatile 

technique for the preparation of variety of materials for micro-electronic, photovoltaic and 

many other applications [88-90]. Here the plasma is produced by an RF field and it 

promotes chemical reactions. The average electron energies in the plasma are sufficient to 

ionize and dissociate most types of gas molecules. 

2.3.3. Electrodeposition 

Electrodeposition is the process of depositing a substrate by the passage of electric 

current through the conducting medium (called the electrolyte), producing a chemical 

change (electrolysis). The system used for electrodeposition consists of an anode and a 

cathode immersed in a suitable electrolysis. When the electric current is passed, the 

material is deposited on the cathode. Early works on the electrodeposition have been 

discussed by Campbell [91] and Lowenheim [92]. 

The various process parameters that affect the properties of the film grown by 

electrodeposition are the current density, pH value, bath composition, temperature, electrode 
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shape and the agitation of the bath. Current density defined as total current divided by the 

electrode area is one of the most important parameters that determines the overall nature of 

deposit, particularly the microstructure, efficiency of deposition and the deposition rate. The 

chemical composition of the bath plays an important role in the deposition process. pH 

determines the overall conductivity of the electrolyte. The temperature of the bath controls 

the rate of diffusion of ions and stability of any complexes used. The distribution of current 

across the electrode and hence the uniformity of the deposited film is affected by the shape 

of the electrode. 

2.3.4. Spray Pyrolysis Technique 

The spray pyrolysis technique was described by Chamberlin and Sakarman in 1966 

for preparing CdS and certain other sulphide and selenide films [93]. This technique has 

been developed extensively since then by many workers [94-99]. 

Spray pyrolysis involves a thermally stimulated chemical species. In this technique 

an aqueous solution containing soluble salts of the constituent atoms of the compound is 

sprayed onto a heated substrate in the form of fine droplets by a nozzle sprayer with the help 

of a carrier gas. Upon reaching the hot surface, these droplets undergo pyrolytic 

decomposition to form a film on the substrate surface. The hot substrate provides the 

thermal energy for the decomposition and subsequent recombination. The carrier gas mayor 

may not play an active role in the pyrolytic reaction process ( eg.,carrier gas may affect the 

preparation of Sn02 films not in the case of CdS) 

A schematic block diagram of a typical spray pyrolysis set up is shown in figure 2.1. 

The spray head and the substrate with heater are kept inside a closed chamber provided with 

an exhaust fan for removing the gaseous byproducts and other gases. A very fine capillary 

tube is used for carrying the solution and another tube with comparatively larger diameter is 

used for carrying the carrier gas. Both the tubes are intercepted at an angle of 80° that gives 

better results [100] and this avoids the formation of large size droplets in the spray. The 

carrier gas and the solution are fed into the spray nozzle at predetermined and constant 
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pressure and flow rates. The substrate temperature is maintained with the help of a 

feedback circuit that controls the primary and auxiliary heater power supply. The 

temperature of the substrate holder was measured using a digital thermometer. Large area 

uniform converge of the substrate is affected by scanning either or both the spray head 

and the substrate, employing mechanical or electromechanical arrangements. The geometry 

of the gas and liquid nozzle largely determine the spray pattern, the size distribution of 

droplets and the spray rate. A wide variety of nozzles have been designed and employed for 

spraying on stationary and moving substrate. 

2.3.4.a. Growth Kinetics 

The aerodynamics of the atomization and droplet impact processes had been studied 

by Larnpkin [101]. He could correlate the dynamic features of the spray process with the 

kinetics of film growth and surface topography. When both the size and momentum of the 

spray droplets are uniform, optically good quality and smooth films are obtained in the case 

of CdS. Analysis of surface topography of sprayed CdS films using V ASE (Variable Angle 

Spectroscopic Ellipsometry) [100] indicates that the film prepared at low temperature has 

high surface roughness and this roughness decreases with increase in substrate temperature. 

The surface roughness reaches a minimum for films prepared at 280-300°C and thereafter it 

increases slowly with temperature. This work also revealed that the deposition rate 

decreases with increase in substrate temperature and as the substrate temperature goes above 

300°C the rate of deposition decreases rapidly. At low temperature, growth (deposition) rate 

is very high leading to the formation of rough films. 

The deposition process in spray technique is a resultant of the following steps -

1. spreading of a drop into a disk. 2. pyrolytic reaction between the decomposed reactants . 

3. evaporation of the solvent. 4. the repetition of the preceding processes with succeeding 

droplets. Consequently, the film generally contains disks interspersed into each other. The 

lateral mobility of the droplets and coalescence and sintering kinetics of the superimposed 

disks crystallite clusters determine the growth kinetics and microstructural features of the 

spray pyrolysed films. 
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The spray pyrolysed films are coherent and pinhole free even at very low (IOOOOA) 

thickness, provided the substrate temperature is high enough to cause complete pyrolytic 

reaction. The microstructure of the film depends very sensitively on several deposition 

conditions, notably the spray head geometry, carrier gas and liquid flow pattern and rate, 

droplet velocities, sizes and geometries, nature and temperature of the substrate, the kinetics 

and thennodynamics of the pyrolytic reaction and temperature profile during the deposition 

process. 

2.3.4.h. Chemical Aspects 

The chemicals used for spray pyrolysis have to satisfy the following conditions. 

1. On thermal decomposition, the chemicals in solution form must provide the 

species/complexes that will undergo a thermally activated chemical reaction to yield the 

desired thin film material and 2. the remainder of the constituents of the chemicals, 

including the carrier liquid should be volatile at the spray temperature. For a given thin film 

material, the above conditions can be met by a number of combination of chemicals. 

However, different deposition parameters are required to obtain comparable quality 

(structurally) films. 

2.3.4.c. Characteristic features of the spray pyrolysis process 

i) Growth rate 

The chemical and topographical nature and temperature of the substrate, the 

chemical nature and concentration of the spray solution and its additives and the spray 

parameters largely determine the growth rate. Film thickness increases nearly linearly with 

time of spray i.e., with the amount of sprayed solution. The growth rates can be as large as 

lOOOAo/minute for oxide films and 500Ao for sulphide films. The figure 2.2 shows the 

variation of growth rate of CdS films with different preparation temperature after Sunny 

Mathew [100]. It shows that above 300°C the deposition rate decreases rapidly. 

ii) Suhstra!e effects 

Generally, the spray pyrolysis process affect the substrate surface. When it is not 

desirable for the substrate to take part in the pyrolytic reactions, neutral substrates such as 

glass, quartz, ceramics are used. At lower substrate temperature foggy and diffusely 
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scattering films are obtained. Higher substrate temperature yield thinner, continuous, hard 

and specularly scattering films. Moreover, at higher temperature, re-evaporation of 

atomic species may occur, leading to metal-rich deposits. 

In the case of CdS films substrate temperature has remarkable significance on its 

resistivity and crystallinity [100]. Figure 2.3 shows the variation of resistivity of spray 

pyrolysed CdS films at different substrate temperature. The film has very low resistivity at 

higher temperature. Figure 2.4 shows the XRD spectra of CdS films prepared at different 

substrate temperature. The spectra show that the crystalline quality of the films becomes 

better with increase in preparation temperature. 

iii) Film composition 

The composition of the film is expected to depend on the kinetics of the spray 

process and thermodynamics of the pyrolytic process. Stoichiometry of sulphide films does 

not vary appreciably with the metal-to-sulphur ion ratio in the spray solution for ratios 

ranging from 1: 1 to 1 :5, but microstructure of these films is strongly influenced by this ratio 

[102]. 

At low enough temperature, if the pyrolytic reactions have not been completed, 

some byproducts or intermediate compounds will be trapped as impurities in the film. In the 

case of chloride salts, residual chlorine is often present in films. In the case of CdS film, the 

chlorine concentration decreases with increasing substrate temperature during pyrolysis. 

iv) Muiticomponent doping and alloying 

Copyrolysis has been successfully utilized by a number of workers [93, 103] to 

extend the technique to prepare doped and alloyed sulphide and selenide films of Cd, Zn and 

Pb. Copyrolysis involves choosing appropriate salts and spraying the common solution from 

one nozzle or by using any multiple nozzles to spray different solutions. Deshotels [104] 

used different carrier gases to dope CdS films with In and Ga. Copyrolysis has 
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been used by some workers [105] to obtain a heterogeneous mixture of oxide and sulphide 

films. The CdS films are obtained with segregated Ah03 formed at the grain boundaries by 

cospraying solutions of CdCh, AICh and thiourea [105]. 

2.3.4.d. Properties of spray pyrolysed film. 

In general, spray deposited films are strongly adherent, mechanically hard, pinhole­

free and stable with time and temperature (upto spray temperature). The surface topography 

of the films is rough with the roughness depending on the spray condition and the substrate 

temperature [106]. The microstructure ranges from amorphous to micropolycrystalline 

depending on the droplet mobilities and chemical reactivities of various constituents. Post 

deposition annealing of films generally affects the oxygen-dominated electrical properties 

significantly but not the microstructure [1 07]. At annealing temperature above the spray 

temperature, or under some reactive environments, recrystallization increases the grain size 

and may produce some preferential orientation effects [107]. 

2.3.5. Chemical Bath Deposition (Solution Growth Process) 

This technique was first used in 1946 to prepare PbS films for infrared applications 

[108]. Later this technique was used for the preparation of large area, doped and undoped 

multicomponent semiconductor films of usual and unusual and metastable structure. It is a 

solution growth process used for depositing thin films of compound materials. An aqueous 

solution of a metal complex when mixed with a solution of chaicogen bearing compound, 

precipitation of chalcogen occurs under certain conditions. When the precipitation is 

controlled, the compound gets deposited on clean substrates or other nucleating centers 

present in the solution. 

2.3.S.a. Chemical aspects 

According to the solubility product principle, in a saturated solution of a weakly 

soluble compound, the product of the molar concentration of its ions, called the ionic 

product (IP) is a constant at a given temperature. There is no equilibrium if this relationship 

is not satisfied. If the ionic product exceed the solubility product (SP), the precipitation 

occurs. When IP<SP, the solid phase will dissolve until the above relation is satisfied. 
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It is necessary to eliminate spontaneous precipitation in order to form a thin film by 

a controlled ion-by-ion reaction. This can be achieved by using a fairly stable complex of 

the metal ions which provides a controlled number of the free ions according to an 

equilibrium reaction of the type 

M(A)2+ ~ M2+ + A 

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

[M2+][A]/[M(Ai+] = Ki. 

where Ki is termed as the instability constant of the complex ions. By choosing an 

appropriate complexing agent, the concentration of the metal ions is controlled by the 

concentration of the complexing agent and the solution temperature. 

If a high concentration of S2- ions exists locally such that the solubility product is 

exceeded, localized spontaneous precipitation of sulphide can occur. This problem can be 

overcome by generating chalcogen ions slowly and uniformly throughout the volume of the 

solution. This is achieved for example, by having thiourea in an alkaline aqueous solution 

according to the reaction 

(NH2)2CS + OH- => CI-hN2 + H20 + HS­

HS- + OR => H20 + S2-

The experimental set up to obtain film deposition is shown schematically in the 

figure 2.5. The substrates are immersed vertically in the reaction bath, which is stirred 

continuously with a magnetic stirrer. The temperature of the bath is monitored by a contact 

thennometer that forms a part of a feedback current controlling the heater to maintain a 

constant temperature. When the IP of the metal and chalcogen ions exceeds the SP of the 

corresponding chalcogenide, a metal chalocogenide film is formed on the substrate by an 

ion-by-ion condensation process. 
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2.3.5.b. Characteristic features of the Chemical Bath Deposition technique 

The kinetics of growth of a thin film in this process are determined by the ion-by-ion 

deposition of the chalcogenide on nucleating sites on the immersed surfaces. Initially, the 

film growth rate is negligible because an incubation period is required for the formation of 

critical nuclei from a homogeneous system onto a clean surface. Once nucleation occurs, 

the rate rises rapidly until the rate of deposition equals the rate of dissolution i.e., IP = SP. 

Consequently the film attains a terminal thickness. On a presensitized substrate surface, no 

incubation period for nucleation is observed since nucleation centers already exists on the 

substrate [109]. 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 sensitized 

surface, thereby showing that the nuclei for the formation of the film are provided by the 

solution itself. 

i) Nature of the salt 

The growth kinetics depends on the salts/compounds used for metal and 

chalcogenide ions. In general, the rates and terminal thickness are higher for sulphide than 

for the corresponding selenide films under similar deposition conditions [110]. The 

deposition rate and terminal thickness initially increase with an increase in the chalcogen ion 

concentration. At high concentration, however, precipitation becomes more significant, 

leading to decreased film thickness on the substrate [110]. 

ii) Complexing agent 

The metal (M2+) ion concentration decreases with increasing concentration of the 

complexing ions. Consequently, the rate of reaction and hence precipitation is reduced 

leading to a larger terminal thickness of the film. Such a behaviour has been observed for 

CdSe, CdS and PbSe and ZnS films [111]. 

In the case of CdS films, the complexing agent has a marked effect. CdS films 

obtained from Cd(NH3)l+ complex have sphalerite, wurtzite or mixed structure, depending 

on the deposition condition. But films obtained from Cd(CN)l- and Cd( en)l+ complexes 

have wurtzite structure with c-axis perpendicular to the substrate [111]. Post deposition 

annealing at temperature greater than 400°C for a sufficiently long time leads to appreciable 

75 



grain growth. Triethanolamine, ethylene diamine tetra acetic acid, glycine, trisodium citrate 

are usually used as complexing agents 

iii) pH value 

The addition of OK, i.e., increases in pH, makes the complex more stable, provided 

the OH- ions take part in the complex formation. Thus, the free M2+ ion concentration is 

reduced, leading to a decrease in the deposition rate and an increase in the terminal 

thickness with increasing pH value [109]. If the OH- ions do not participate in complex 

fonnation, film is formed with lower terminal thickness at high pH value. 

iv) Substrate effects 

Higher deposition rates and terminal thickness are observed for those substrates 

whose lattices and lattice parameters match well with those of the deposited material [110]. 

v) Bath/substrate temperature effects. 

With increase in the solution temperature, the dissociation of the complex and 

chalcogen bearing compound increases. The increased concentration of the metal and 

chalcogen ions, coupled with higher K.E. of the ions results in increased interaction and 

yields a higher rate of deposition of the metal chalcogenide film. The terminal thickness 

may increase or decrease with increasing bath temperature depending on the degree of 

supersaturation. The terminal thickness first increases with increasing supersaturation 

(owing to increased concentration of ions) and then it decreases at sufficiently high 

supersaturation at which precipitation dominates. The supersaturation may, however, be 

controlled by the bath temperature and also by the complexing agent. Using a larger surface 

area, it is possible to collect more chalcogenide on the surface in the form of film. 

Moreover, dipping the coated surface again in a fresh solution, results in further deposition 

of material. Thus thick and multi layer films can be obtained by sequential dippings [112]. 

2.3.S.c. Doping 

Impurities in the starting chemicals can be incorporated into the films only if the 

impurities form insoluble chalcogenides under the same conditions of deposition and 

provided their corresponding IP is greater than the SP. Few dopants satisfy these conditions. 

An important consequence of this fact is that the degree of purity of the starting chemicals is 

not so important factor in determining the purity of the resulting film if the impurity 

concentration is low and the corresponding IP<SP. 
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2.3.5.d. General properties of Chemical Bath Deposited films 

Transmission electron microscopy studies of these chemically deposited films have 

established that the film formation proceeds via nucleation and growth process in a way 

similar to vapour deposited films [113]. Usually, the films are microcrystalline, with grain 

sizes typically in the range from 300 to 1000 AO. The grain size depends on the composition 

and temperature of the bath and nature of the substrate. The grain size is larger at lower 

deposition rates, higher bath temperature and for lattice-matched substrates. 

When two or more chalcogenides are codeposited, a finer microstructure is obtained, 

similar to the case of vapour deposited films. The microstructure in multicomponent films is 

dominated by the size of the various ions and interaction between them. 
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Chapter 3 

~hermally Stimulated Current Measurements 

Theory and Experiment 

3.1. Introduction 

Much research in Solid State Physics today is devoted to optical and electrical 

properties of solids because of the remarkable expansion that is taking place in the filed of 

electronics and optoelectronic devices. Research in this area is aimed at the successful 

application of existing materials and also for the development of new and improved 

materials. 

Numerous publications indicate a rapid growth of interest among material scientists 

in detennining the relevant properties by means of techniques based on thermal stimulation. 

The main advantage of this type of technique is that they allow electronic and dielectric 

relaxation process to be unraveled very quickly. In addition they are convenient and possess 

high sensitivity and are easy to set up. Thermally stimulated measurements have evolved 

into a basic tool useful for the identification and evaluation of dielectric loss mechanisms as 

well as trapping-recombination levels arising from structural imperfections, impurities and 

dopants. 

Thermally stimulated process-TSP find application in research on materials for thin 

films, microelectronics, power transmission, transducers, energy conversion and 

electrostatic photography. This is also useful for the analysis of a variety of important 

devices such as radiation detectors, solar cells, display panels, TV screen luminescent and 

lasing diodes, field effect transistors, charge coupled devices and switching elements. 

Two basic conditions have to be fulfilled fur the occurrence of thermally stimulated 

relaxation (TSR) process; they are i) the system must be removed from the thermodynamic 

equilibrium and exist in a state which requires the reactants to surmount a free energy 
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barrier in order to switch back to equilibrium ii) the system must be in contact with a 

temperature reservoir that provides the thermal energy necessary to activate the relaxation 

process. 

Of interest for the study of thermally activated relaxation from a nonequilibrium 

steady state situation back to the thermal equilibrium is the ways to remove the system from 

equilibrium and the phenomena that can be measured or monitored during the relaxation 

process. Thus the thermally activated relaxation proc~sses are utilized to characterize the 

reactions taking place. These processes encompass an enormous wealth of biological, 

chemical and physical phenomena. Theoretical description of this phenomenon is almost 

entirely based on the so-called absolute rate theory borrowed from chemical reaction 

kinetics. 

The equilibrium of a system may be perturbed by changing the concentration of the 

reactants, the temperature, pressure, electric or magnetic field (including electromagnetic 

field) etc. The establishment of a new equilibrium conditions during and after the 

perturbation may be monitored through the measurement of concentration of the involved 

species and the results can be utilized for the study of the involved chemical or physical 

reactions. Since the temperature has a most pronounced effect on the reaction rates, it has to 

be carefully controlled. Two basic types of relaxation teclmiques are used. (i) Isothermal 

relaxation : the perturbation is implemented at a constant temperature that is selected to 

assure experimentally convenient relaxation times.(ii) Nonisothermal relaxation: the 

system is perturbed at a sufficiently low temperature to reduce the probability to establish a 

new statistical equilibrium. Subsequently, the temperature is increased according to a well 

controlled heating program, thus increasing the reaction rates and the relaxation of the 

system can be monitored as a function of temperature and time. 

The isothermal relaxation technique is most successfully used not only in the study 

of chemical reactions, but also in electronic reaction kinetics in solids [1-3] and in the 

technique of deep level transient spectroscopy [4-5]. But nonisothermal relaxation is 

84 



employed in the studies of thermally stimulated luminescence, conductivity, exoemission, 

polarization and depolarization. 

Various types of thermally stimulated relaxation process, mode of excitation and 

observed phenomena are depicted in the table 1. 

3.2. Non equilibrium Steady state Electron Statistics for Semiconductors 

In this section steady state distribution functions for electrons and holes that arise as 

a result of an external perturbation of thermal equilibrium are discussed. They provide the 

initial condition for the thermally stimulated relaxation phenomena of electronic carrier as in 

thennally stimulated conductivity. 

The mathematical treatment of this situation is taken from the work ofShockley and 

Read [6] for the case of a single trap level and from its extension to arbitrary distribution of 

traps by Simmon and Taylor [7]. 

In the following discussion we assume with Simmon and Taylor that an arbitrary 

distribution N(E) of electron levels exists between the top of the valence band at Ev and the 

bottom of the conduction band Ec. The state of occupancy determines whether a level act as 

a hole trap or electron trap. When the level is unoccupied, it is ready to receive a hole and is 

therefore a hole trap. The charge state of the trap is not considered here, but emphasis is 

given to cross section for electron or hole capture. Hence a positively charged unoccupied 

monovalent state is likely to have a large cross section for electron capture. 

The purpose of this section is to describe the distribution of electrons and holes over 

available states during the perturbation and during the subsequent relaxation process. The 

sequence of the typical TSR experiment starts with a system in thermal equilibrium at 

temperature To, proceeds with the establishment of a nonequilibrium steady state during 

perturbation (generation of electron - hole pair via photon absorption) at the same 
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Table 1. Various types ofthennally stimulated relaxation process, mode 

of excitation and observed phenomena 

Name Excitation Observed Phenomena Materials 

Thennoluminescence Optical or atomic Light emitted by 

TL radiation recombination of Phosphors 

detrapped charge 

carners 

TS conductivity or Optical or atomic Increase in dark Photo - and 

TS currents - TSC radiation conductivity due to Semi -conductors 

carriers lifted into 

the CB or VB 

TS-Exoelectron Atomic or electron Electron emission Insulating or 

emission-TSEE irradiation from the surface of semi 

the sample into vacuum. insulating layers 

Ionic thennal Electrical Discharge currents Ionic crystals 

currents-ITC accompanying the 

disorientation of 

impurity vacancy 

dipoles 

TS Depolarization Electrical Discharge current or Dielectric, 

TSD charge decay induced Semi insulators 

by dipole disorientation Semiconductors 

TS Creep Mechanical Torsional creep Polymers 

TSCr stress 

TS Capacitance Electrical Change in capacitance Semiconductors 

TSCap due to release of carriers 

Deep level transient in a depletion layer 

Spectroscopy 

DLTS 
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temperature To and the gradual re-establishment of thermal equilibrium at To or after 

completion of a heating process at a higher temperature T \. 

The key to the occurrence of thermally stimulated phenomena during this 

redistribution, is of course, the fact that all real semiconductors possess quantum states in 

the forbidden gap and that capture and thermal emission transition of holes and electrons 

take place between the bands and these states. Shockley-Read statistics is the basic 

statistical approach of such materials as Ge and Si because at present semiconductor 

technology has advanced to such a degree of sophistication that very pure intrinsic materials 

can be produced to start with. They can then be back doped with the desired impurity so 

that the recombination and thermal generation processes are indeed controlled by one or 

very few different single trapping states. The resulting relative simplicity in the kinetic 

theory is one of the reasons why the technique of thermally stimulated relaxation has been 

so immensely successful in these materials. 

3.2.1. ShockJey-Read Statistics 

Consider first a single nondegenerate trap level of density N t at energy Et, as a 

special case of an arbitrary trap distribution. According to Shockley and Read, the capture 

rate of electrons Ilc in the conduction band by the trap is 

rp = <Vn > SnIlc Nt [1- f(E)] 

= P Ilc Ndl-f(E)] (3.1) 

where <Yn> is the average thermal velocity of the electrons, Sn the capture cross section, 

f(E) the probability the trap level is occupied by an electron and P = <vn>Sn is the capture 

coefficient. In thermal equilibrium, 

(3.2) 

Knowledge of feE) at any time during the thermally stimulated process together with 

the knowledge of the respective capture and thermal emission rates completely determines 
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the statistics of the system under investigation. The rate of thermal release of trapped 

electrons is ra and is given by 

ra = U N t feE), (3.3) 

where a. is the coefficient for thermal emission of electrons from the traps into the 

conduction band. 

Similarly the capture rate for holes from the valence band 

rp· = <Vp> Sp p Nt feE) 

= p.p Ntf(E) (3.4) 

where p is the hole density in the valence band, < vp > is the average thermal velocity, Sp the 

capture cross section for holes and p. the capture coefficient. 

The rate of hole emission into the valence band is given by 

ra· = u·Nt [I-f(E)] (3.5) 

where a.. is the coefficient for thermal release of holes from the trap into the valence band. 

In thermal equilibrium, the net rate of capture and emission of electrons and holes 

is zero (principle of detailed balance). It is therefore rp = ra and rp· = ra· , which after 

substituting the value of and 

-1 

P = Nv {I + exp[(EFk~EJ]} yield [8] 

(3.6) 

u * = <vp> Sp Nv exp [-(I~-Ev)/kT] 

where Ne is the density of electron states in the CB and Nv the density of hole states in the 

VB. 
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Let us now discuss the probability of occupation for a trap in the case of a non 

equilibrium steady state situation, arising, for example, during the exposure of sample to 

light quanta of sufficient energy to create electron-hole pairs. When the solid is unifonnly 

illuminated, a steady state is established such that creation of electrons and holes is balanced 

by capture and thennal release at the respective trapping levels. 

For an arbitrary distribution N(E) of non degenerate trapping states per unit energy 

and volume, this may be expressed as [9] 

dp 

dt 

E, E, 

= G - JC n N(E)[I- ftE)] dE + JaN(E)f(E) dE 
E,. 

E, E, 

G - Jc
P 

N(E) f(E) dE + J a· N(E)[l- f(E)] dE 

(3.7) 

where Cn = <vn>Sn Ilc, cp = <vp> Sp p. In this equation the first tenn G is the net generation 

rate of electron-hole pairs, second tenn indicates carrier capture and the third tenn 

represents the carrier emission. 

In steady state equilibrium dnc = dnp = 0, and 

E, 

IN(E) [-c n (1-f) + a f + c/ - a·(l-f)]dE = 0 
Ev 

This is valid for any distribution of trapping states N(E). Therefore the tenn in the bracket is 

zero and 

f(E) 
c + a • n 

a + a· +c + C 
n p 

(3.8) 

The probability of occupation in thennal equilibrium is replaced by this new 

distribution function or occupational function that characterises the nonequilibrium steady 

state during the ongoing stimulations (pcrturhation) similar to Fenni Dirac distribution 

function where the equilibrium Fermi level is replaced by suitable quasi-Fenni level. Also 

F(E) is independent of the fonn of stimulation provided the stimulation process does not 

alter N(E) i.e., no new defect levels are created in the stimulation process. 
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3.2.2. Quasi Fermi Levels 

The use of quasi-Fermi levels for the description of occupation function is quite 

common in solid state statistics and is based on the assumption that in the nonequilibrium 

steady state situation the relative populations of electrons over certain available levels are 

determined by a thermal equilibrium between these levels. 

For example, the population of electrons in the CB and in electron traps can be 

characterised by an occupational function f = {I + exp [- (E~: r ) 1 r and a quasi Fenni 

level Ef such that 

Ilc = Ne exp[ -(Ee-Ef)/kT] 

Similarly the quasi-Fermi level for holes in the VB is Ep and 

p = Nv exp [-(Ep-Ev)/kTl 

(3.9) 

(3.10) 

The introduction of quasi-Fermi levels through these occupational distribution 

functions provide a convenient distribution of the establishment of the non equilibrium 

steady state during ongoing perturbation and the re-establishment of thermal equilibrium 

during the thermally stimulated relaxation experiments. 

Simmons and Taylor [7] introduced two additional fictitious levels, Er" and Et, the 

quasi Fermi level for trapped electrons and holes respectively which permit one to express 

the occupational function of traps in a Fermi-Dirac form. This can be done, however, only 

for a given species of traps such that each species is associated with its own quasi-Fermi 

levels Er" and Et. Naturally, if a large number of different traps are involved, then 

characterising the statistical properties of these traps via individual quasi-Fermi level is 

impmctical and it becomes more convenient to use equation (3.8) which provides a single 

occupational function for the system. 

In an arbitr3.ry distribution N(E) of traps each set of traps with unique capture cross 

section, Sn for electrons and Sp for holes will be characterised by its own distribution 

function and set of values for Er" and Et. From equation (3.8) it can be seen that a species 
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of traps is defined a unique function feE). Both Sn and Sp may depend on E as well as on T 

[4,5]. 

For the development of the quasi Fermi level concept for traps, it is possible to 

neglect 0.* in equation (3.8) at all energies above the equilibrium Fermi level EF and a. at 

E<EF. Hence 

feE) = Cn 1(0. + Cn + cp); 

• • feE) = (Cn + a. )/(0. + Cn +Cp); 

(3.11 ) 

(3.12) 

These occupational functions may be rewritten in a modified Fermi form in terms of Er" and 

Et [10] as 

feE) = (3.13) 

and 

(3.14) 

In this form, the occupation functions are now recognised as those for electrons and holes. 

Ifwe consider, for example, a distribution of traps N(E) belonging to a single species, it is 

easily seen that the electron states are filled with electrons according to a Boltzmann 

distribution above Er" and occupied to a constant level given by feE) = Cn I( Cn + cp) 

below Er". Similarly, the states are empty (occupied with holes) according to a Boltzmann 

distribution below Et and filled with holes to a constant level given by feE) = cp I( Cn +cp) 

above Et This situation is illustrated in figure 3.1. Under non equilibrium steady state 

condition Er" > Er and Et <Ep. In thermal equilibrium, all quasi Fermi levels coincide with 

the equilibrium Fermi level EF. 

3.2.3. Classification of trapping states based on electron statistics 

Defect states in the forbidden gap may act as electron trap or hole trap depending on 

their states of occupancy. The introduction of quasi-Fermi levels for trapped electrons Er" 

and hole Et allows the classification of trapping states as shallow or deep traps. The 

involvement of electron states in the reaction process decreases with increasing energy from 
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Figure 3.1. A typical occupational function f(E) for an arbitrary distribution of traps 
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the quasi-Fermi level for trapped electron upto the edge of the CB or with decreasing energy 

from the quasi-Fermi level for trapped hole down to the top of the VB. Free carriers falling 

into one of these trapping states will be reemittcd with high probability back into the band 

from which they came from. These states arc empty and are termed as shallow traps. 

Shallow traps are characterized by a very small ionization energy which is ofthe order of the 

phonon energies (0.01 eV ~0.04 eV). 

Deep traps are those whose ionization energy is many times that of a phonon and 

consequently, radiationless capture of a free carrier may involve multi-phonon transition. It 

is to be noted that at elevated temperature (at temperature above several K) shallow trapping 

states are ionized (empty). 

The classification of electronic statcs within the forbidden gap into traps or 

recombination centers is very useful in the discussion of all TSR process. Previously we 

used a generic term 'term' for all states in the gap. However, a clear distinction is possible 

as to whether, at a given temperature and for a given occupational function, the probability 

for a carrier to be released from the defect state into one of the two allowed bands is larger 

than the probability for capture of a free carrier. This is done by introducting demarcation 

level El for trapped electrons and El for trapped holes. According the Rose [1] in a trap 

distribution N(E), El is the level at which a the electron has equal probabilities of being 

thermally released into the CB or of recombining with a free hole. Then one can get using 

equation (3.4-3.6) for ra/rp* = 1 and ra*/rp = I and 

E n 
d 

Ev + (Ec-Ep) + kTIn[<vp > SpN v] 
<v > S N n n c 

(3.15) 

(3.16) 

Now it is clear that all states between El and Ev are recombination centers for electrons and 

all states between El and Ec are recombination centers for holes. It can be shown that [4,5] 

in first approximation, El is somewhat smaller than the quasi-Fermi level for electrons and 
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El somewhat larger than the quasi-Fermi level for free hole. The situation is illustrated in 

figure 3.2. 

3.2.4. Filling Diagram 

The purpose of discussing occupational function and of defining a variety of special 

levels such as quasi-Fenni and demarcation levels is to provide a simple language suitable 

to efficiently characterise the nonequilibrium steady state situation of a semiconductor 

during the perturbation of thennal equilibrium. Filling diagrams are simply a plot of f(E) as 

a function of energy in the energy interval of the band gap and are a convenient means of 

illustrating not only the initial condition for a thermal relaxation process but may actually be 

used to indicate the changes of occupational function during the relaxation process itself 

[11 ]. 

Consider f(E) for electrons in the case of some arbitrary trap distribution N(E). The 

thermal equilibrium is characterised by the fermi level El' (Figure 3.3) and the 

nonequilibrium steady state condition during or immediately after uniform illumination of 

the solid, by one quasi-Fenni level each for trapped electrons and holes. It is assumed that a 

uniform density NI of traps (defect states) is present in the solid. Under nonnal illumination 

levels (for which the density of free carriers is much smaller than that of trapped carriers) the 

cross hatched sections below and above EF are equal in area indicating that as many 

electrons are trapped above EF as have been removed from levels below EF. This is a direct 

consequence of charge neutrality condition 

3.2.5. Non equilibrium steady state relaxation 

In this section, we discuss the relaxation of the system after the external perturbation 

is removed at time t=O. 

After removal of the source of external perturbation the system is left in a non 

equilibrium state the relaxation of which may be considered to occur in two phases i) the 

excess free carrier decays via recombination with those recombination centers that have the 
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Figure 3.2. Demarcation levels E/ and El of a semiconductor with an arbitrary distribu­

tion of traps. 
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Figure 3.3. Filling diagram Fn(E) = ftE)N(E) of a solid (a) before and (b) after 

perturbation of the statistical thermodynamic equilibrium. 
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largest cross section ii) further relaxation toward thermal equilibrium proceeds via thermal 

release of carriers from the traps into the hand and subsequent recombination with 

recombination centers. The rate limiting step of second phase is the thermal release of 

trapped carriers. Its probability can be enhanced by increasing the temperature. Precisely 

that is done in TSR experiments. In this process, the quasi-Fermi levels and demarcation 

levels move toward the equilibrium Fermi level (Figure 3.4). 

In the above case the relaxation kinetics is customarily described by assuming the 

following terms. 

i) band - band transition are relatively unlikely to occur as compared to free carner 

recombination with recombination centers. 

ii) transitions between trapping states for electrons above Edn and for hole below El are non 

radiative transitions and involve the emission or absorption of phonons only. 

iii) transition between recombination centers and the two bands may be radiative transition 

involving the emission or absorption of photons 

iv) the system, that is the nonequilibrium distribution of electrons and holes over available 

energy state, is in thermal contact with black body radiation of density Q(E) and phonons of 

energy density Qp(E). These densities are the equilibrium densities at the temperature T of 

the solid so that one can get using equation (3.7) 

E n 
d 

J[a(E) + beE) Q(E)] Vne N(E) [1- feE)] dE 

E/ 

+ Jb(E) Q(E) V Ne N(E) feE) dE 

Eo Eo 

+ J a (E) N(E) feE) dE - Jp (E) ne N(E) [1- feE)] dE 
E n 

d 

(3.17) 

The success of Thermally stimulated relaxation technique to obtain information on 

trapping states in the gap depends critically on whether or not the experiment can be 

perfonned under condition that justifies equation (3.17) to be reduced to simple expressions 

for the kinetic process. 
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3.3. Defect states in Semiconductors 

Defect levels are localized electronic states in solids due to variety of causes but all 

leading to a loss of transitional symmetry of the crystal lattice: substitutional or interstitial 

impurities, vacancies, dislocations as well as termination of the lattice at the surface. Theory 

of electronic defect states and optical transitions was developed on the basis of the adiabatic 

approximation. Many-particle system consisting of electrons and nuclei and their mutual 

interactions is thereby separated into a nuclear part and an electronic part. Coupling between 

the two is neglected. The resulting many electron Schrodinger equation is further reduced to 

one electron equation to describe a single representative electron potential V of the perfect 

lattice which is modified by an additional potential U centered around the location of the 

point defects [12,13]. This adiabatic theory has reached a high level of sophistication in two 

limiting cases: deep and shallow defect states. 

3.3.1. Tightly Bound (Deep) Defect states 

If the wavefunctions of the defect states are localized in the regions where U 

dominates, the lattice potential may only act as a small perturbation the defect levels are 

tightly bound and the electronic defect statcs can be calculated with well-known methods. 

Successfully treated problems incl ude calculations of the splitting of free atom or ion levels 

as the impurity is embedded in the matrix of the host crystal and of energy required to 

remove one or more electrons from the impurity (ionization energy) [14]. The agreement 

between calculated and observed values of the ionization energy for a number of impurities 

in semiconductors like Si and Ge is remarkahk [15]. Bulk of the knowledge about deep 

impurities has been obtained from investigations with optical techniques. However, when 

the recombination is predominantly non radiative or when strong lattice coupling produces 

broad photon distributions that do not pennit a clear identification of involved transitions by 

optical means, phenomena like TSC and DLTS are used as investigating tools. 

3.3.2. Weakly Bound (Shallow) nefect states 

Electronic states that are only weakly bound to a defect were characterised by 

eigenfunctions that extend over a large area of the lattice. In this case, the defect 
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perturbation U acts as a small perturbation on the periodic lattice potential V and such 

states are weakly bound defect states. Donor impurities of phosphorous, Arsenic and 

Antimony in Si and Ge and Aluminium, Gallium and Indium as acceptor impurities are 

examples. The ionization energies of these impurities are very small (typically O.OleV in Ge 

and 0.05 eV in Si). They are conveniently determined by infrared absorption techniques or 

low temperature Hall measurements [15]. 

3.3.3. Intermediately Bound Defect states 

This defect is considerably localized hut the electronic levels are often not just 

perturbed by the surrounding lattice but grossly distorted. Certain colour centers in wide 

band gap materials are examples [16,17]. Theoretical study of these defects in ionic 

insulators is also difficult because of strong polarization effects which produce severe 

distortion of the ions surrounding the impurity. These distortions are quite different for a 

defect ground state as compared to excited states. The bulk of the thermoluminescence 

literature and a considerable fraction of the literature on TSC is concerned with these defect 

levels in insulators. The study of trap parameters with TSL and TSC techniques in wide 

band gap materials is, however, limited to those defect levels whose activation energies for 

the release of trapped carriers do not exceed 1.5 eV. Any larger value will place the glow 

peak at temperature so high that it becomes difficult to discriminate against the black body 

background and ionic conductivity. 

3.4. Traps and thermal transport properties 

Defect levels determine the density of carriers in the transport bands of the extrinsic 

semiconductors and wide band gap materials. Because of the strong temperature 

dependence of thermal emission rate and frequently also of non radiative capture rates, the 

study of thermal transport properties in a range of temperature provides a natural means to 

obtain information on these trapping parameters. Here thermal transport properties refer 

only to those related to charge carrier transport in a rather wide sense, but not to thennal 
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conductivity, impurity diffusion, self diffusion etc., which involve the transport of phonons 

or atomic species. 

In general, various different types of traps and recombination centers may be present 

and their involvement in the reaction kinetics process will greatly change with temperature. 

The temperature range in which a specific trap dominates must therefore be identified. This 

is most conveniently achieved with the aid of nonisothermal temperature scans during which 

thennally stimulated current or luminescence is monitored. In semiconductors such novel 

isothermal techniques as deep level transient spectroscopy COLTS) may be used as well. Of 

course, the microscopic physical and chemical nature of traps cannot be determined with 

these methods. At present nonisothermal thennally stimulated relaxation is a very active 

field of research because of its relative ease with which a TSC or TSL glow spectrum can be 

measured and the extraordinary sensitivity for detecting traps (perhaps as low as 107 /cm\ 

Let us now briefly consider the various steps involved in a TSC experiment. We 

choose electromagnetic radiation as a means of excitation (perturbation of the statistical 

thennodynamic equilibrium). The interaction of this radiation with solid leads to a number 

of electronic phenomena such as production of new defects, generation of both types of 

carriers as well as filling of trap levels with electrons and holes. 

The state of the solid with excess carriers does not represent stable excited state. A 

fraction of them recombines directly after thermalisation either radiatively or by 

multiphonon emission. In most materials nun radiative transition to defect states in the gap 

are the dominant mode of decay. The life time of free carriers, 't = 1If <v> S is determined 

by the density 'f of the recombination centcrs, their thermal velocity <v> and the capture 

cross section S. Electrons captured by states ahove the electron demarcation level E/ and 

holes captured by states below the hole demarcation level El may get trapped. The 

condition for trapping is given when the occupied electron trap has a very small cross 

section for recombining with a free hole. 

After the decay of the excess free earners due to recombination and trapping 

transitions, the solid is in the excited state that is characterized by the perturbation of the 
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statistical equilibrium. The concentration of the remaining free carriers is now determined 

by the balance between thermal emission of carriers from the traps, retrapping transition and 

capture by recombination centers. 

If the excitation occurred at a low temperature such that the thermal emission rate of 

carriers from the traps is very small the perturbed equilibrium will exist for a long time and 

only upon an appropriate increase of sample temperature can the relaxation process proceed 

at a rate that permits one to monitor it by measuring the conductivity of the sample. 

3.5. Trap level spectroscopy by Thermally stimulated release of trapped 

carriers- A list of experimental methods 

All thermally stimulated relaxation reactions discussed so far involve the release of 

trapped charge carriers into either the CB or VB and their subsequent capture by 

recombination centers or recapture by other traps. Experimental investigations are 

undertaken with the goal to determine the characteristics properties of the traps: capture 

cross section, activation energies, thermal escape rates, nature of traps, concentration of 

traps and trapped carriers. There are two types of methods namely Direct methods and 

Indirect methods. 

3.5.1. Direct Methods 

The reaction rate or thermal escape rate can be monitored directly and thus can be 

determined by measuring the concentration or trapped carriers as a function of time and/or 

temperature. This is accomplished by using the material to be studied in a capacitor 

configuration (e.g., a pn junction) as a schottky barrier or in general as thin film sandwiched 

between electrodes and by recording the changes in capacitance during the relaxation 

process. The capacitance change may be measured isothermally at one or several fixed 

temperature and the experimental techniques employed are known as isothermal capacitance 

transient (leAPT) [21-23], deep level transient spectroscopy (DLTS) [24] and double 
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correlation deep-level transient spectroscopy (DOLT) [25]. These methods differ in their 

experimental sophistication, convenience in use .md sensitivity. 

Non isothermal capacitance methods employ thermal scans (heating programs) and 

are known as thermally stimulated capacitance (TSCAP) [26,27]. 

3.5.2. Indirect Methods 

All the experimental TSR techniques except those described above used in trap level 

spectroscopy in semiconductors, are indirect methods for the determination of trapping 

parameters. This involves the measurement of phenomena that are due to charge carriers 

emitted after thermal stimulation from the traps. 

A carrier thermally released from a trap into transport band may be either retrapped 

by the same species of traps or by a dif/cn:nt one and, under the influence of an electric 

field, may contribute to an externally measurahle current or a Hall voltage. It may either be 

swept out of the region being probed or recomhine with a recombination center. Some of 

the electrons may even overcome the work function barrier and leave the solid together. 

Traffic of the charge carriers from the traps to the recombination centers or out of the 

material can be monitored at various stages and thus information on the thermal emission 

rates can be obtained indirectly. 

An indirect method is thermally stimulated capacitor discharge (TSCD) [28,29]. It 

involves filling the traps at some high temperature (e.g., room temperature) by the 

application of high fields and suhsequent cooling to a lower temperature with the field 

applied. Thereafter, the field is removed and the sample heated in the usual manner. The 

current measured during heating consists of two components i) the dielectric relaxation 

current ii) the current due to carriers thermally released from the trap into the two upper 

bands. Th\lS in order to utilize TSCO as a trap-spectroscopic tool, one has to subtract first 

component from the total current. 

Trapping states located in a surface layer of generally less than 50 A 0 thickness can 

be probed with the technique of thermally stimulated exoemission (TSEE) technique 
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[30,31]. During a thermal scan and after perturbation of thermal equilibrium via exposure of 

the surface to ionizing radiation, low energy electrons are emitted from some insulators, 

which are supposed to be originating from free clectrons in the CB, and their measurement 

provides indirect information on spectroscopic parameters of traps near the surface [32]. 

Another technique that is commonly used is thermally stimulated luminescence 

(TSL) which monitors photons as a function of temperature during the thermal scan. These 

photons are the result of radiative transitions of free carriers, previously released from traps 

to recombination centers. TSL have been reported as early as 17th century, but Urbach [33] 

is generally credited with proposing it as a potentially useful experimental technique for trap 

level spectroscopy and it is widely used in halides [34], metal oxides [35], sulphides 

[36],and glasses [37]. 

During the time of thermally stimulated relaxation process, concentration of free 

holes and electrons in extrinsic semiconductors is determined by the balance between 

thennal emission from and the recapture by traps and the capture by recombination centers. 

In fact, trapping parameters together with the capture rates of carriers, in recombination 

centers, determine the concentration of free holes and electrons. Measurements of current 

density J=e (JlnI1c +PJlp) will therefore provide trap-spectroscopic information. The 

experimental techniques employed to perfoml trap level spectroscopy on this basis is known 

was isothermal current transient (lCT), thermally stimulated current. CTSC) and thermally 

stimulated Hall effect. 

ITC method consists of measurement of thermally activated release of polarization. 

It is used for the investigation of the electrical properties of high resistivity solids via the 

study of thermal relaxation effects. This technique was first introduced and studied in detail 

by Bucci and Fieschi [38]. It relics upon utilizing the response to an electric field of the 

dipole moment formed between a point defect and an impurity ion. Here impurity ions and 

vacancies can be presented as individual dcfects independent of one another or they may be 

present as impurity vacancy dipoles. A significant concentration of the paired impurity­

vacancy defects can be oriented away from random orientations within a lattice by the 
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application of a steady electric field. The resulting non random orientation can be 

immobilised by freezing the sample to a low temperature with the electric field still applied. 

Upon removing the electric field and warming the specimen at a constant heating rate, the 

aligned defects relax and oriented back to random positions. In doing so, they produce burst 

of displacement current that can be monitored as a peak in a detected displacement current. 

Ire techniques have been applied to the study of many ionic and divalent compounds, 

semiconductors, polymers and dielectrics [39-441. 

In the present work, most of the electrical characterisation of thin film sample was 

performed using TSe technique and hence this technique is discussed in detail in the 

following sections. 

3.6. Thermally Stimulated Current 

First measurements of thermally stimulated current (TSe) alone or simultaneously 

with TSL was performed by Bube [45,46J Dclhecq et al. [47] and Broser et al [48]. Both 

rSL and TSe are observed in a broad variety of materials e.g. fish, scales, bones, dental 

enamel, plastics and other organic solids [491. mineral ceramics as well as in amorphous 

polycrystalline and single crystalline semiconductors and insulators. A TSe spectrum(for 

historical reasons frequently referred to as glow curves) is a graph of electrical conductivity 

versus temperature. This usually consists of a number of resolved peaks that may be 

attributed to different species of traps. Since the escape probability of carriers from trapping 

sites is proportional to exp (-ElkT), the location of a glow peak on the temperature scale 

provides encoded information on the value of the thermal activation energy. Hence a glow 

curve represents a spectrum of energies that arc required to free carriers from the various 

species of traps present in the material. 

The most simple of reaction kinetics that yields Tse peaks is single trap model and 

is discussed in section 3.8. The field of TSe developed along two lines. The first one 

merely made use of the capability of deep traps in certain insulating materials to store charge 

carriers at or below room temperature for a long time-sometimes thousands of years. Very 
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successful applications of these phenomena in dosimetry, geology, archaeology etc., were 

the result. The other approach concentruted on quantitative trap level spectroscopy, 

employing curve fitting techniques on the basis of the single trap model [50,51] and on 

efforts to completely understand the detailed features of TSC curves calculated within the 

frame work of this model [52-54]. The often rather limited success to measure trapping 

parameters by this approach was not deterrent tor ever continuing attempts along this line. 

A poor fit of experimental and computed glow curves was rarely related to inadequacy of 

the single trap model but rather to the fact that only approximate solutions of its rate 

equations were available. Exact solutions or this set of "stiff' differential equations were 

possible only after the development of powerful numerical computation techniques. The 

work of Kelly et al in 1971 [53,54] revealed the starting variety of different thermal 

emission curves that could be obtained from a physically meaningful range of trapping 

parameters. 

It then became evident that it is extremely difficult to correlate theory and 

experiment by curve fitting alone with any degree of confidence. Any measured and well­

resolved glow peak that may be expected to be due to a single type of traps can be fitted 

with a solution of the single trap parameters. Unfortunately such a fit is not unique, since a 

number of different model descriptions are conceivable in addition to single trap model. 

Very little effort has been extended to investigate them [55,56]. In the present state of 

development TSC give a quick and very sensitive survey of action energy, capture cross 

section, thermal escape probability and nature of traps. 

3.7. Simple trap model 

In principle, any defect state in the fill'bidden gap has a finite cross section for 

capture of free holes and electrons. Obviously, a trap being Coulomb-attractive for free 

electrons may be neutral or even repulsive for holes and has a smaller cross section for hole 

capture as compared to that for electron capture. The capture cross section of a trap is, in a 

rough approximation, largely determined by its charge state. In the familiar Shockley-Read 

process [18] the charge Z ofa defect center that is effective for hole capture differs from that 
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effective for electron capture process by unity. A given defect state can be considered 

attractive or neutral always for one of both types of carriers. If it is singly attractive (IZI = 1) 

for one type, it will be neutral for the other and if it is doubly (IZI = 2) or triply ( IZI = 3) 

attractive for one, it will be doubly or triply repulsive for the other. 

An estimate of capture cross section for Coulomb attractive and repulsive traps on 

the basis of simple model potentials was madc by Rose et al [1] (Figure 3.5. a,b). Assuming 

that free carriers can be regarded as a diffusing particle having a mean free path for energy 

loss that is much smaller than the effective capture radius re of the traps, probability per) for 

finding it at a distance r from the trap is proportional to the Boltzmann factor 

exp[eV(r)IkT] and the area 27t r2. (V(r) is the defect potential). Calculating the minimum in 

p(r), the capture cross radius re = e2/2E kT is obtained for a Coulomb potential 

V(r) = _e2/ Er2 and the capture cross section (S = m/) is seen to be proportional to r2. 

Coulomb attractive defect centers can capture more than one charge carrier and thus 

turn neutral or even Coulomb repulsive. The latter type of traps is assumed to be 

surrounded by a potential barrier of height 11 V. Capture of a free carrier requires either a 

twmeling through or going over this barrier. For example, if (Sn)repul is the cross section for 

electron capture, it can be obtained by the product of the cross section for a Coulomb 

attractive trap, Sn and the probability to find the electron at an energy above ell V above 

Ec=eV <J:) in figure 3.5.c [19] l.e., 

(Sn)repul 

00 

f I(E)N(E)dE 
S e/),V __ _ 

n 00 

f feE) N(E) dE 
Ec 

(3.18) 

This expression is difficult to evaluate for most distribution function feE). An estimate of 

range in which Coulomb-repulsive cross sections are expected to fall may be obtained by 

assuming the probability to find an electron at ell V is smaller by exp [-ell V IkT] as 

compared to finding it at Ec [1]. Thus barrier height of only a few tenths of an electron volt 
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may reduce Sn by many orders of magnitude. Further, the cross section for Coulomb 

repulsive trap centers are expected to be temperature dependent. 

For neutral trap centers, an estimate of the capture cross section may be obtained in a 

similar way as for a Coulomb-attractive centcr. The Coulomb potential may be replaced by 

a moderately long range r-4 potential [20] that results from the interaction between the 

charge carrier and the polarization of the trap and the cross sections are expected to be 

smaller than those for long range r-2 potentials because of a reduced capture radius. 

3.S. TSC Kinetics 

In this section we develop electron kinetic models for thermally stimulated current 

based on the statistical considerations. 

Let us assume an arbitrary distribution N(E) of defect levels in the forbidden gap of 

the nonmetallic solid and feE) as thc occupation function corresponding to the situation in 

which free electron and holes are generated and subsequently trapped. This situation is 

illustrated in figure 3.4 for the special case N(E) = constant. It represents the initial 

condition at t = to Then the equation (3.7) now hecomes 

dp = 

dt 

Ec Ec 

- fcn(E) N(E) [1- f(E)] dE + fa (E) N(E) feE) dE 
E,. 

Ec Ec 

fCp(E) N(E) feE) dE + fa' (E) N(E)[l- feE)] dE 

(3.19) 

where Cn = PIle and Cp = P* p, ~ and rl* being the capture coefficient for electrons and 

holes and Ile and p, the concentrations of frce electrons holes respectively. 

Further we assume that at to the sample is at a uniform temperature To, low enough 

to prevent thermal emission of both holes and electrons from their respective traps. 

increasing the temperature according to a healing program T(t) will increase the thermal 

1(1) 



emission coefficient a. and 0.* according to equation (3.6) and this eventually leads to the 

redistribution of the trapped carriers over available defect states, until thermodynamic 

equilibrium is reached again at some higher temperature. Knowledge of N(E), cn, cp,a. and 

a* at T =T 0 is in principle sufficient for the complete characterisation of the relaxation 

kinetics of a given solid. The initial occupational function at To is given by equation (3.8) 

and its behaviour with temperature during the irreversible scan T(t) is described the equation 

(3.19). Such solutions have been attempted rarely since no simple method is known to 

measure f(E,T) directly. Here solutions of equation (3.19) have to be obtained with 

nonisothermal reaction kinetics. In general, form of kinetics of these equations is 

mathematically intractable and therefore numerical or approximate solutions can be 

attempted at best. Again little is gained by this procedure since knowledge of all the rate 

coefficients and trap distributions is a prerequisite. The rate coefficients for a given solid 

are unknown and must be determined experimentally. Measurements such as TSC are 

readily performed but must somehow be interpreted to yield quantitative information on the 

trapping parameters. 

Energy states of the electrons in defect levels i are frequently centered around a 

narrow energy distribution of geE - Et,i) or are even discrete. In the former case the volume 

density of the states is given by 

E, E, 

Ni = IN CE) geE - Et.1 )JE with Jg(E-Et,;}dE =1 (3.20) 
Ev E" 

Discrete levels have 0 function distributions on the energy scales. If there are j different 

discrete states in the forbidden gap, equation 0.19) can be written in the form 

dp 

dt 

j E, 

~ IN(E) 5(E - Et,;} l(a + ne P J feE) - ne Pi] dE 
Ev 

j * * = La. (N -n)- fj. np 
I t I l-- 1 I 

i~1 

110 

(3.21 ) 



Here Ui and Ui * are the "thennal emission coefficient" for electrons and holes respectively 

while Bi and Bi*, the capture coefficients (or electrons and holes, ni denotes the volume 

densities of electrons in the state i. Thus depending on the position of state i in the gap (Ni­

ni) may be interpreted as the density of trapped holes, empty electron traps or empty 

recombination centers for electrons. 

In order to proceed with model calculation ofTSC we must specify, for a given solid 

which of the levels Ni at Ei are traps or recombination centers-several special cases shall be 

discussed [51]. 

i) One or several states Ni are located above the demarcation level E/ for electrons and one 

or several states Ai are located between El ami Ect". We assume that shifts of E/ and El 

during the thennal scan are small enough so that none of the levels changes its nature as trap 

or recombination levels. After excitation, the levels above Ect" are partially or completely 

filled with electrons and the recombination levels are unoccupied so that at t =to all electrons 

deposited in the traps are missing from the recombination levels (figure 3.6 a,b) - An 

equivalent case of holes traps below El can be constructed (figure 3.6. c) 

ii) Electron traps Ni above E/ are present together with hole traps Nh,i below El (figure 

3.6.d). Only one case, namely when there are no additional states present between El and 

E/ has been treated [57]. 

iii) The presence of trap-recombination center (or donor-acceptor) pairs constitute a special 

case. The defect centers are not randomly distributed throughout the solid. Instead donors 

and acceptors are associated in pairs with varying spatial separation. These configurations 

are well known from luminescence investigations [12,13,58]. However, they have been 

discussed only hypothetically conjunction with TSL and TSC [55] and there is no hard 

evidence available of "pair-type" glow curves. Because of spatially close association of trap 

and recombination centers, carriers may recombine without being thennally ejected into a 

transport band (figure 3.6.e) 

3.8.1. TSC due to electron trap 

This is the case (i) of the above section. Consider a solid that contains only one type 

of electron traps of volume density N at the discrete level Et and in addition a set of 
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occupied, but otherwise unspecified deeper electron traps of density M (figure 3.6 b). The 

experiment is performed in a temperature range in which traps N empty but traps M remain 

'thermally disconnected' and act only as an untapped reservoir of trapped electrons. The 

density of recombination centers is unspeciJied, but a density f of them are empty. At T=To 

a concentration of fo empty recombination centers exist due to excitation. Then charge 

neutrality of the sample requires 

f=I1c+n+M (3.22) 

where ne is the density of free electrons and n that of occupied traps. Equation ( 3.21) can be 

simplified to 

dnJdt = a n - P ne (N-n) -y I1c (l1c+n+M) (3.23) 

Here we denote the capture coefficient for electron traps by Pi = Cn/l1c for electron traps by P 

and that for recombination by y. The recombination coefficient y is the sum of Yr and 

Ynr, the coefficients for a radiative and non radiative recombination respectively. 

Again with equation (3.22), one can get 

df/dt = dn,/dt :t- dn/dt = - y ne (I1c + n + M) (3.24) 

Numerical solutions of equations (3.23) and (3.24) have been obtained by Braunlich et al 

[59] and they presented approximate numerical solutions for thermally stimulated current 

[59,60,61]. Approximate analytic solutions of equations (3.23) and (3.24) are possible only 

if 

and this yields 

and 

I1c«n and 
dnc dn -«-
dt dt 

dn 

dt 

n = c 

n (M + n) a 
---

[(1- R)n + M + RN] 

an 

r [(1- R)n + M + RN] 

(3.25) 

(3.26) 

(3.27) 

Time dependence of equations (3.26) and (3.27) is replaced by the temperature dependence 

via the heating program, which is customarily taken to be linear such that dT=Pdt, where P 

is the heating rate. Occasionally quadratic heating programs (dT=aT2dt; a =constant) have 

been employed because they simplify certain integrals which appear in the approximate 

expressions obtained from equation (3.26) and 0.27) for (J (T). 
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3.8.2. TSC due to electron and hole traps 

Simple "single trap model" is inappropriate whenever electron as well as holes are 

simultaneously released from their respective traps. Naturally phenomenological rate theory 

of TSC becomes very complex and usually approximate solutions are considered in which 

occupied hole traps are only available recombination centers for free electrons and similarly 

filled electron traps are the only recombination centers for free holes. The conductivity is 

now given by cr = e(JlnI1c + Jlpp). 

Simultaneous release of electrons and holes from their respective traps can lead to 

negative thermally stimulated current as predicted by Braunlich [62] and it is observed in 

CdTe[63]. 

3.8.3. TSC due to trap-recombination centcr pairs 

The acceptor-hole pair concept of Williams [64] has proven to be a physically 

realistic situation in many solids. TSC curves can be obtained for the case that in addition to 

thermal release into the transport bands, recombination of trapped carriers may also occur 

simultaneously by thermally activated nonradiative transitions from an excited trap level, 

The activation energy EA for those transition is assumed to be smaller that E. 

If thermal ejection of carriers from traps occurs exclusively via such transitions 

within the pair, no TSC curve can be measured and a TSL curve is obtained only when the 

transition is radiative. Little experimental work has been done on thermally stimulated 

relaxation of trap recombination center pairs rS5]. 

3.9. Calculation of activation energy and capture cross section 

The thermally stimulated current I, due to a single trap of depth E, with negligible 

retrapping and monomolecular kinetics is given by [65,66] 

[ E v T E] I = I exp - - - ---- fexp (- -) dT 
o kT IJ kT TO 

(3.28) 
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where To is the initial temperature, v the attempt-to-escape frequency and ~ is the heating 

rate. Hence preexponential factor 10 is a weak function of temperature and I exhibits a 

maximum as a function of temperature. As the temperature increases the trapped charge 

carriers are released and this gives rise to current peaks. Consequently a plot of current 

versus temperature is called TSC spectrum. I f more than one type of trap is present curves 

obtained from TSC studies may be expected to show several maxima depending upon the 

activation energy of the traps. The trap depth or the activation energy E of the carriers can be 

calculated as [65-67] 

E (3.29) 

where (T2-T1) is the width of peak at half maximum value and Tm is the temperature of the 

peak maximum. Mott and Gurney [68] suggested that capture cross section 'a' of the traps 

may also be calculated from TSC spectra as 

v 

and a. is defined as a 

a = aov 

-4- (a cxp a ) 
1," 

E 

3.10. Experimental details 

(3.30) 

The main attraction of TSC as experimental method for the study of defects in 

semiconductors is its apparent simplicity. The excited sample merely has to be placed onto 

a heater after attachment of two metallic contacts for voltage biasing connected to a 

sensitive current meter. Work at low initial temperatures makes it necessary that the 

experiment to be performed inside a vacuum chamber. As the field evolved, more 
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complicated heating programs were found to be advantageous in certain situation, but the 

basic experimental arrangement was never a complex one. 

3.10.1. Heating Programs 

For most experiments on non-isothermal thermally stimulated relaxation, simple 

cooling of the sample to the desired initial temperature and a linear increase in temperature 

after excitation is sufficient to obtain TSC glow curves. Some techniques require more 

elaborate heating cycles, the dctails of which depend on the relaxation mechanism under 

study. Heating programs can also be designed to partially overcome one of the major 

problems in the measurement of thermally stimulated relaxation, namely the occurrence of 

unresolved peaks. Several procedures have bcen devised to this end: the decayed glow 

curve technique, thermal cleaning and fractional emptying. The first consists of selecting an 

initial temperature To that is high enough not to fill those traps during excitation that 

produce the low temperature peak. Thermal cleaning achieves the same result by preheating 

the sample, excited at To to T\. Fractional emptying consists of measuring the initial rise of 

glow peaks during the successive T ramps of gradually increasing upper temperature limits. 

A histogram of the slopes, obtained from scmi logarithmic plot of glow curve intensity vs 

1fT reveals the spectrum of the activation energies involved in the otherwise unresolved 

glow peaks [69]. 

The rates P in a linear heating program dT=Pdt should be carefully considered. In 

general, a compromise between fast heating (to improve the signal to noise ratio) and 

uniform heating of the sample is chosen. Bonfiglio [70] showed that the temperature 

difference between the back (heated) and front surface of a flat sample for a given heating 

rate p may be estimated from 11 T = qd2cE/k, where c is the specific heat, k the thermal 

conductivity, E the sample density and d is its thickness. Temperature gradients across the 

sample may lead to hysteresis effects during fractional emptying experiments. Heating with 

photon beams [71] or "hot anvil" systems [72] are used to achieve extreme rates. 
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3.10.2. Cryostats and heaters 

Standard optical metal or metal-glass cryostats are commonly used in low 

temperature studies of TSC after installation of a heater system. Less expensive facilities 

for liquid N2 temperature had been designed [71] and closed cycle cryotips may be 

employed as well. 

The heaters commonly consist of a resistive wire or a co-axial heating cable with an 

insulated heating wire inside a flexible metal tubing. These are usually powered by dc 

supplies or special electronic control units 173]. Optical heating using light pipes has been 

explored also [74]. 

Transparent windows are required whenever the sample is excited by optical means. 

The window material is chosen according to the transparency requirements: glass (0.33-

21lm) quartz (0.18/lm to visible), LiP (0.11 ~lm to infrared), thin films of poly ethylene, 

mylar, beryllium or aluminium (X- and y-rays). 

3.10.3. Sample Excitation 

The statistical equilibrium of the sample can be perturbed in many ways. TSC can 

be produced after mechanical deformation, however, ionizing radiation or carrier injection 

are used most often. 

For excitation in the visible range of the electromagnetic spectrum lasers or 

incandescent and gas discharge lamps together with filters or monochromators have been 

used. The excitation of the sample may involve band- band transition with subsequent 

trapping of the carriers or lead to internal conversion of localized defects [75]. Such 

secondary effects as optical quenching or sample heating during exposure to radiation 

should be minimized or controlled. Strongly absorbed light in conjunction with an 

appropriate bias voltage leads to photoinjection of carriers [76]. High energy radiation does, 

of course, not only fill the traps but produce new defects in most samples (radiation damage) 

[77]. 
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3.10.4. Electrical measurements 

TSC experiments are customarily analysed assuming the sample behaves "ohmic", 

that is the contacts do not introduce an inhomogeneity in the distribution of electric field or 

carrier density and a uniform bulk density of the carriers extends through the entire sample. 

Contact barriers are neglected. Henisch and Popeseu [78,79] analysed carrier and field 

distribution under isothermal and stationary conditions and found that, in the limiting case 

of zero current flow, a convenient measure of the field inhomogeneity near the contacts is 

given by the Debye length 

(3.31 ) 

It turns out that LD is rather small for life time semiconductors (where carrier life time is 

large ) and that it can be appreciable in comparison to the sample length in relaxation 

semiconductors (where carrier lifetime is small). 

Stationary current flow (carrier injection from the contacts into the sample) results in 

more complex field and carrier distribution along the sample, which depends largely on the 

injection or current composition ratio. The measurement of carrier density via TSC 

experiments is not a simple mattcr and inhomogeneities in both the carrier and the electric 

field distribution along the sample may seriously affect the validity of the results obtained. 

Traditional TSC theory yields expression for conductivity as cr (T) = e(ncJln + PJln), but in 

experiments we measure current and not thc conductivity. Inhomogeneities are always 

associated with diffusion currents as well, a fact that is usually neglected in the theory of 

TSC. Experiments should always be carried out in such a way as to minimize injection 

effects. 

Contact materials and configuration used in TSC experiments vary widely and 

depend on the particular application. Metal electrodes can be attached to the sample by 

evaporation, ultrasonic soldering (e.g., indium, or indium-gallium alloys and gold) or by 

application of conductive pastes. 
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Biasing the sample is in general a simple matter. Stable dc power supplies, floating 

or with one grounded outlet, or dry cell batteries are convenient to use because the currents 

through the sample are in general extremely small and require use of pico ammeter or 

electrometer. Lock in amplifier can be considered whenever the signal can be modulated. 

3.10.5. Details of TSC experiment in the present work 

Schematic diagram of experimental set up used for TSC measurement in the present 

work is shown in figure 3.7 while figure 3.8 shows the various parts of the conductivity cell. 

Top of the cell was closed vacuum tight using a circular metal plate from which a liquid 

nitrogen cooled cold finger was introduced into the cell. At the end of the cold finger a film 

holder was connected by welding. The holder is provided with a heater in order to vary the 

temperature of the sample. All insulations of the holder was made using the teflon. 

Chromel-Alumel thermocouple was used for temperature measurement. Sample with two 

electrodes (indium! silver of area 0.5cm2
, thickness 3000AO)coated keeping a distance of 1 

cm between them on the top surface was loaded on the sample holder. The pressure inside 

the cell was kept at 10-2 Torr. Sample was cooled to liquid nitrogen temperature (lOOK). As 

the next step, sample was excited using a Tungsten-Halogen lamp (Oriel 6394, 25 Watt). 

The time of excitation was varied in the range 1-10 minutes for different samples. After the 

excitation, sample was heated at a constant rate (0.05KJsec) using a steady dc power supply. 

Current was measured using an electrometer (ECIL - EA815) varying the sample 

temperature from lOOK to 500K. During this time a dc field of 6V fcm was applied on to the 

thin film sample along the film plane. 

3.11. Dark conductivity in Semiconductors 

The detailed theory of the electrical conductivity In semiconductor is given In 

Chapter 1. Lattice defects profoundly affect the electrical behaviour under certain 

conditions of defect concentration and temperature. Acceptor and donor impurity atoms 

also account for the extrinsic semiconducting properties. The basic idea of conductivity in a 

semiconductor is that electrons occupying donor levels (or holes occupying acceptor levels) 

may contribute to the electrical conductivity other than the usual process of thermal 

excitation followed by band conduction. 
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Figure 3.7. Schematic diagram of experimental set up for TSC measurement 
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The conduction mechanism can be determined by measuring the variation of current 

in a semiconductor with temperature. The conductivity of a semiconductor depends on two 

factors i) The number of charge carriers per unit volume ii) the mobility of the carriers 

through the substance under an applied electric field. As the temperature is increased from 

absolute zero, the electrons in the defect levels get excited to CB (or to the VB in the case of 

holes) and contribute to the conduction. This process will continue until the defect levels 

are exhausted. The increase in conductivity with temperature holds in the near intrinsic 

region when number of carriers increases with temperature more rapidly than the decrease in 

mobility [79]. 

The exponential variation of dark conductivity for intrinsic semiconductor with 

temperature is given by [80] 

cr = ao exp [ -El2kT ] (3.32) 

where ao is a constant, k is Boltzmann constant, T is temperature and E is the band gap. 

For extrinsic semiconductor, the variation is given by 

a = ao exp [-E/kT] (3.33) 

Hence the exponential increase in conductivity is related to activation energy needed for 

thermal motion of the charge carrier. 

The equation (3.33) can be modified as 

log a = log ao - ElkT 

The plot of log a versus 10001T 'is called AlThenius plot. From the slope of the graph the 

activation energy can be calculated using the equation E = 10 3mk where m is the slope of 

the graph and k is Boltzmann constant. When the sample contains different defect levels the 

Arrhenius plot will have different slopes, giving different activation energies corresponding 

to the various defect levels. The slope of intrinsic region of the curve gives activation 

energy required for an electron to go from VB to CB that gives the band gap of the 

materials. Thus dark conductivity measurement techniques provide an important tool for 

the determination of activation energy and hence this study also can yield the information 

regarding the defect levels. 
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In the present work we used the same experimental set up used for TSC 

measurement for the dark conductivity measurement. For dark conductivity measurement, 

the thickness of the sample was measured using gravimetric method. It was mounted in the 

conductivity cell and was then cooled to the liquid nitrogen temperature (lOOK). 

Conductivity of the sample was calculated for different temperature values (in the range 

lOOK to SOaK) by measuring the current through the sample under a dc field of 6V fcm. 
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Chapter 4 

TSC measurements of CdS thin films 

4.1. Introduction 

II-VI compound semiconductors have played an important role in the early research 

on photovoltaic effects because of their direct hand gap from near UV to far infrared. For 

direct band gap semiconductors, the band to b,md absorption rises steeply, normally being 

greater than 104 cm-l for photon energies above the band gap energy. This results in an 

absorption length of -1 ).lm. Extensive work had been done in the area of solar cells 

fabricated using these semiconductors along with Copper Indium Selenide, Indium 

Phosphide and other semiconductors. 

Cadmium Sulphide (CdS) is one of the most prominent members of this class of 

semiconductors with a direct band gap of 2.4 e V. As-prepared CdS is normally n-type with 

a typical carrier concentration in the range of 1016_1018 cm-3 [1,2] and has a mobility of 

300cm2Nlsec [3]. It is frequently used as a window layer in a variety of thin film solar cells 

and variety of techniques had been employed for its preparation. Most of these works have 

been reviewed in the following, section and effort is also made to have a review work on the 

properties of CdS films, that are important in the relevant field of application. 

4.2. An overview of works on preparation and properties ofCdS 

Works on CdS crystal had been reported as early as 1954. Reynolds et al first 

observed the photovoltaic effect in CdS crystals with various metal electrodes [4]. Later 

R.H. Buhe reported [5] the measurements of photoconductivity and crystal imperfections in 

CdS crystals. All conducting crystals showed only a very slight dependence of 

photoconductivity on temperature with a maximum near 100°C and all insulating crystals 

showed a much greater variation of photoconductivity with temperature. Bube again 

reported [6] the speed of response of photoconductivity for high intensity excitation in CdS. 
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The minimum response time observed for the samples tested was 250 llsec (rise time) and 

300 llsec (decay time). 

Later photochemical effects in CdS crystals were reported by Woods et al [7]. Here 

Cd rich crystals showed a trap level at 0.25 eV and sulphur rich crystals showed three trap 

levels at 0.41,0.83 and 0.63 eV below the CB. Trap levels in Cd-rich crystals disappeared 

when irradiated with white light at room temperature whereas levels in sulphur rich crystals 

disappeared after heat treatment at 100°C. These effects were found to be reversible and a 

tentative explanation for this was given in terms of associated defects. Photo induced 

chemisorption on insulating CdS crystals was also reported during the same period [8]. 

David C Look reported [9] high temperature annealing in electron irradiated CdS crystals. 

The study of annealing kinetics revealed an activation energy of about 1.3 e V and this was 

attributed to sulphur vacancy motion. Tell et al reported [I DJ the Raman effect in CdS 

crystals and they determined the frequency and symmetry character of the fundamentals. 

X-ray photoelectron spectra of CdS crystal were reported by Marychurch et al [11] and from 

temperature dependence studies of the Cd:S ratio they observed that heating in ultra high 

vacuum leaves the surface sulphur rich. 

Origin of photovoltaic effect in vapour deposited CdS layer was reported in 1962 by 

Grimmeiss et al [12]. Later another group reported [3] the crystallinity and electronic 

properties of evapourated CdS films. According to this work, the electron mobility was 

having strong dependence on the reorientation of the crystallites, but is only slightly affected 

by their size. The reported value of mobility for photogenerated carrier was 300 cm2N/sec. 

Determination of optical constants (n and k) of evapourated CdS films was reported by 

Khawaja et al [13]. In 1976, Simov et al developed [14] the method of surface photovoltage 

spectroscopy to study the surface properties of evapourated CdS films. The spectrum 

obtained in their work indicated the presence of donor-like surface states in CdS films. The 

photoangular effect for polycrystalline CdS films obtained by vacuum evapouration was 

investigated by Porada et al [15]. The dependence of photoelectric voltage on the angle of 

incidence and wavelength of light was also reported in this work. Low resistive and high 

mobility thin films of CdS were grown using vacuum evapouration by Dawar et al [16]. 
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X-ray diffraction studies showed that these films are well oriented with a preferential growth 

of crystal lites in the (002) plane and observed conductivity was in the range of 0.088 0.-1 

cm-I - 1.34 0.-1 cm-I. Later the same group reported [17] the effect of laser irradiation on 

structural and electrical properties of CdS thin films deposited by resistive heating 

technique. XRD studies showed that the crystallinity of these films was improved on 

irradiation with a pulsed laser and it was also reported that Hall coefficient and mobility 

were increased with increase of energy density as well as the number of laser pulses. 

Effect of low temperature annealing (100-250°C) on the thickness of the 

evapourated CdS films was investigated using absorption spectrophotometry [18]. It was 

observed that optical absorption in the CdS film deposited on mica substrate decreases with 

increase in the annealing temperature. A decrease in film thickness of about 5 % was also 

reported with increasing annealing temperature. In 1993, Shi Yul Kim et al published a 

paper [19] on structural, electrical and optical properties of In doped CdS films prepared 
-

using vacuum evapouration. The crystalline orientation of these films changed from the 

(002) plane to the (110) plane as the In concentration increased. Also the grain size became 

smaller and the facets on the grains diminished. The resistivity of CdS films decreased with 

increase in In concentration and then increased with further increase in In concentration due 

to the variation of the carrier concentration and Hall mobility. The lowest resistivity value 

was 5 x 10-30. cm at an In concentration of 3 x 10 20 cm-3. The optical band gap increased 

from 2.42 eV for undoped films to 2.6 eV for the CdS films with an In concentration of 3 x 

1020 cm-3. The optimum In concentration for the window layer of CdS/CuInSe2 solar cells 

was obtained as 3 x 1020cm-3. A morphological and structural study of evapourated film was 

presented by Ashour et al [20]. They found that films exhibit wurtzite structure and films 

with maximum grain size with minimum residual strains were obtained at deposition 

temperature 150°C. 

In 1975, Shay et al [21] reported the production of CdS thin films using MBE 

technique. Following this, electrolyte deposition technique was developed [22] to prepare 

CdS thin films. Later CdS thin films doped with In had been grown by ionized deposition 

on glass and their properties were reported [23]. Resistivity ofCdS:In films depends on 
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substrate temperature; a minimum resistivity of 6.4 x 10-3 n cm was obtained at a substrate 

temperature of 200°e. Transmittance of the films increases from less than 5% to 60% by 

ionization at a substrate temperature of 60nC. Crystallographic characterisation of these 

films had also been investigated in this work. Air-annealed pellets of photoconducting CdS 

were also reported in the same period by Amalnerkar et al [24]. They made chemical 

identification of the surface impurity phases on these photoconducting CdS pellets. CdS 

thin films prepared using Sputtering [25-27], CVD [28], CSVT [29,30], Screen printing 

[31,32], Anodization [33] and Electrophoresis [34] were also reported. 

R.R.Chemberlin and lR. Sakarmann developed spray pyrolysis technique for the 

first time to prepare CdS thin films [35]. Preparation of CdS thin films using this technique 

and their properties were later reported by Yale Y Ma et al [36]. Another group published a 

paper [37] on electrical and photoconducting properties of spray pyrolysed CdS films. 

Values of activation energy calculated for the plots of dark resistivity as a function of 

temperature were 0.03 e V and 0.65-0.95 e V for various samples. These values were 

attributed to donor chloride ions and to complexes of associated Cd and sulphur vacancies 

in nearest neighbour sites respectively. The mechanism of photoconductivity in 

polycrystalline spray pyrolysed CdS thin films had been studied using Hall effect as well as 

dark and photo conductivity measurements [38]. A structural approach to the analysis of 

electronic properties of sprayed CdS films was reported by H.L.Kwok [39]. He examined 

the effects of different film structures on electronic and photovoltaic properties using 

physical lumped models. The influence of annealing temperature on photoconductivity of 

spray pyrolysed films was reported [40] in 1993. The important observation in that work 

was that annealing of these films at 373 K resulted in maximum photoconductivity. Again 

photoconductivity at all wavelengths was found to decrease with increase of annealing 

temperature and became a minimum at 473 K. Optical constants of spray pyrolysed CdS 

films were calculated using variable angle spectroscopic ellipsometry by Sunny Mathew et 

al [41]. This work showed that the real part (n) and imaginary part (k) of the complex 

refractive index of spray pyrolysed CdS films differ from those of vacuum coated films and 

this was explained by assuming spray coated film to be having two layer structure. The 

surface layer has optical properties different from those of bottom film due to the surface 
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irregularities. Later the same group reported [42] optical and surface properties of these 

films. In that paper variation in the real and imaginary parts of the refractive index with 

substrate temperature was studied and found that these values increase with increase in 

substrate temperature. 

Preparation of CdS films using Chemical Bath Deposition process was described by 

Pavaskar et al in 1977 [43]. The improvements on the electrical resistivity of CBD CdS 

films were reported later [44]. It was reported that the dark resistivity of these samples 

decreased by two orders as they were annealed using cw Ar+ laser. Under laser irradiation, 

evapouration of Cd ions on the surface of the sample takes place and a Cd annealing 

atmosphere was created. This Cd atmosphere annealing process could be responsible for the 

fonnation of S2- vacancies by the Schottky mechanism and this phenomenon is responsible 

for the decrease in electrical resistivity. The phenomenon of oxygen chemisorption in highly 

photosensitive thick films of CdS was studied [45] indirectly by measuring the dark 

current as a function of (i) the temperature during the oxygen adsorption-desorption 

cycles and (ii) time of exposure to air. They observed an extrinsic surface state induced by 

strongly chemisorbed oxygen at 0.9 eV below the bottom of the CB. Effects of annealing the 

CBD CdS in air were investigated using XPS and XRD techniques and these films were 

found to be having cubic structure [46]. Air annealing at 300°C for 30 minutes results in a 

CdO film predominantly consisting of CdO and CdS04 -like species. 

In 1987, the photocurrent response in chemically deposited CdS thin films and a 

critical discussion of the very high photoconductivity in those films had been presented by 

P.K.Nair et a1(47). They reported high photosensitivity (ap/ad > 109), photoconductivity 

(- 10 n-I cm-I) CBD films with a very long photoconductivity decay time (13 hours per 

decade). Later the same group reported [48] the solar assisted chemical deposition of highly 

photosensitive CdS thin films with optical transmission in the 70-80% range for wavelength 

above the band gap absorption. Optoelectronic characterisation of CBD CdS film was also 

reported by them [49]. The photocurrent decay time of these films was depending on the 
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bath temperature and the duration of storage. It ranged from a few seconds to 104 seconds 

per decade. 

Hiroshi UDA et al published a paper [50] on the structural and electrical properties 

of CdS films prepared using CBO technique. The dark conductivity (> 1 04 Q-I cm-I in the 

case of as-deposited films) was decreased by about three orders of magnitude (to about 10 

0-1 cm-I) upon annealing in N2 atmosphere at 300-500°C for 20 minutes and this was caused 

by an increase in electron concentration. Effect of post deposition treatments on 

morphology, structure and opto-e1ectronic properties of CBD CdS films was reported [51]. 

The band gap shift in these films was studied using photoacoustic spectroscopy [52]. This 

experiment gave a clear picture of the band gap shift due to annealing at different 

temperatures. The shift increased upto a critical annealing temperature at which a structural 

transformation occurs from cubic to hexagonal. 0 de Melo et al [53] reported that CdS 

films prepared using CBD technique can be converted into low resistive one by annealing in 

S2 and H2+In atmosphere and they obtained low resistivity of 11 Q cm at an optimum 

annealing temperature of 350°C. 

Thermal annealing studies of CBD CdS thin films were reported by Hemandez et al 

in 1994 [54]. They studied the optical and electrical properties of the film before and after 

annealing at different temperatures and found that the absorption edge shifts towards the 

higher wavelengths in CdS films. This was attributed to the structural transformation from 

cubic to hexagonal phase. Jayakrishnan et al had reported [55] the study of structural 

changes and physical properties of CdS thin films after multiple dip coating and thermal 

annealing using XRD, SEM, and electrical characterisation. Rapid thermal annealing at 5 x 

10-2 Torr resulted in the reduction in resistivity of films from 106 Q cm to 0.16 Q cm, 

whereas slow annealing for 30 minutes at the same vacuum resulted in a resistivity of 

105 Q cm. The observed reduction in resistivity was attributed to the oxygen desorption. 

Kolhe et al. investigated [56] air annealing of dip coated CdS films using XPS. 

Tomas et al studied [57] the influence of thermal annealing in different atmosphere 

on the band gap shift and resistivity of CBD CdS films. Annealing in hydrogen atmosphere 
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reduced the resistivity of the films from 107 n cm in the as-deposited state to 0.150 cm by 

passivating the chemisorbed oxygen at the grain boundaries. In 1995, Yu et al characterised 

[58] the CBD CdS films and they confirmed the presence of quantum size effects based on 

the blue shift in the optical band gap of the film. The films were found to be hexagonal with 

a preferred orientation. Kale et al [59] have carried out extensive characterisation of 

chemically deposited CdS films. Depending upon conditions of the deposition, CBD CdS 

films showed a blue shift as high as 0.35 eV in the optical band gap. It was found that as the 

deposition temperature decreases from 358 K to 273 K, the band gap increases for 2.4 to 2.7 

eV. 

Recently in 1997, the bath parameters for the preparation of CBD CdS thin films of 

good adhesion and uniformity were standardised by K.L.Narayanan et al [60]. The 

reduction in resistivity of these samples during air annealing was attributed. to the 

conversion of substantial fraction of the film into CdO phase. Structural transformation 

caused by heat treatment of dip coated CdS films was also reported by them [61]. However, 

these authors could not observe a reduction in resistivity of this type of CdS films from 

"rapid thermal annealing" as reported by layakrishnan et al [55]. 

Ion implantation studies in CdS is an important field of research from much earlier 

time. In 1968, the effect of implantation of phosphorous ions in CdS crystals was reported 

[62]. Lattice disorder produced by ion implantation ofCdS crystals with Bi+, Kr+, Ar+ and 

Ne+ had been studied using RBS/channeiing and TEM techniques [63]. Ratna Sagar et al 

studied [64] the amorphisation of CdS thin films due to argon ion irradiation in dense 

plasma focus. The structural characterisation of CdS single crystal platelets after Bi ion 

implantation with the help of TEM was reported [65]. According to this work, the ion 

implanted CdS did not exhibit gross degradation of the Wurtzite structure to amorphous 

zones. Tell et al [66] implanted Bi and Cu ions into CdS and studied various properties 

including optical absorption photoluminescence and photovoltage. Annealing behaviour of 

the insulating layer in ion implanted CdS was investigated by Masafun1i Yakaguchi [67] 

where it was observed that ion implanted CdS diodes show increase in resistivity and 

became photosensitive after annealing above 673 K. Chester reported[68] conductivity 
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changes in CdS after irradiation with Co and Cs gamma rays at room temperature. 

Kitagawa et al studied [69] defect recovery in CdS crystals irradiated with 10 MeV electron 

at 77K and observed at least three stages of recovery between 80 and 410 K. Effects of low 

temperature annealing on the defects created by 200 ke V electrons in CdS was also reported 

[70]. Recently Raman scattering and optical absorption studies of Ar+ implanted CdS thin 

films have been reported by K.L.Narayanan et al [71]. Post implantation annealing of CBD 

CdS films showed a more stable hexagonal phase, while the as-prepared sample showed the 

presence of both cubic and hexagonal phases. Effect of irradiation induced disorder on the 

optical absorption spectra of CdS thin films were also reported [72] by the same group. 

They also used positron annihilation technique to analyse the effect of ion implantation in 

CdS [73]. 

It was generally believed that the ronnation of p-type CdS is very difficult because 

of self-compensated effects due to sulphur vacancies [74]. A few authors had reported 

[75,76] attempts to form p-type CdS crystals by compensation of donors with copper 

acceptors. Preparation of p-type CdS films had been reported [77] for the first time by 

Grimrneiss et al in 1962. They employed vapour deposition of Cu compounds on 

predeposited CdS films followed by adequate annealing for the diffusion of Cu into the CdS 

films. Later p-type CdS crystalline films sputtered in presence of phosphine were 

reported by Lichtensteiger et al [78]. Various researchers [79,80,81] have tried to dope 

impurities by ion implantation technique to fmm p-type CdS. Keitoku et al [82] reported the 

conversion to p-type CdS films prepared by laser ablation method. They doped Cu atoms 

into CdS thin films and found that type conversion is possible at doping level of 5 atomic 

percent copper content. 

In 1992 converSIon of evapourated n-type CdS into p-type was reported by 

Kashiwaba et al [83]. In that work CdS wAs-deposited on a Cu films at about 475 K 

facilitating the diffusion of copper. The resistivity of the films increased with increase in Cu 

doping but decreased for values of Cu/Cd atomic ratio over 0.5%. It was proposed that the 

Cu compensate the donor due to sulphur vacancies and the conductivity type was converted 

to p-type. I-V characteristics of p-CdS/n-CdS film structure showed rectification. 
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4.3. Importance of TSC measurements in CdS films 

CdS is used as a window material in conjunction with highly absorbing materials 

like CdTe [90,91] Cu2S [92], InP [93] and CuInSe2 [94]. Loferski suggested that [95] CdS is 

an effective window material for use in tandem solar cells whose theoretical efficiency can 

be very large. Moreover, it is reported that [96] one of the reasons for low efficiency of 

CuInSe2/CdS thin film solar cells prepared using CBD is due to the high series resistance of 

the device that mostly arises from the high resistance of the window CdS layer. Resistance 

of the CdS layer depends mainly on defect levels present/stoichiometry in the material. TSC 

measurement is an effective tool for studying the defect levels in semi conducting samples. 

Several workers have reported TSC data on CdS like single crystals [97-99] and 

only a few data are available on the TSC measurements of CdS films in the literature. High 

temperature TSC in sprayed CdS films were reported by Chandra Sekhar et al [89]. The 

effect of oxygen desorption process in CnD CdS thin films was studied using TSC 

technique by Vigil et al [100]. 

As mentioned earlier, several techniques had been employed for the preparation of 

CdS thin films. Among these, spray pyrolysis and CBD techniques are widely used for the 

low cost production of large area solar cells and these two techniques are used for sample 

preparation in the present work also. In the following section, we present the results of TSC 

studies on spray pyrolysed as well as CBD CdS thin films, both in As-deposited and in 

annealed conditions. 

4.4. TSC measurements of spray pyrolysed CdS films 

As stated earlier (in section 4.2), normally the as-prepared CdS films were n-type 

and the conductivity is determined by the quantity of excess Cd++ or vacancy of S- - present 

in the film. But recently there is an interest in preparing p-type CdS and section 4.2 gives a 
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brief review of work in this direction also. This section of the thesis describes the results of 

TSC studies on such samples prepared in our lab. Through this study we could get a clear 

picture of the energy levels available in p-typc CdS. 

4.4.1. Experimental details 

The conversion of n-type CdS into p-type is achieved through thennal diffusion of 

copper and the details of this technique are reported elsewhere [87,88]. For TSC 

measurements, vacuum evapourated thick indium contacts were given to the sample at a 

distance of 1 cm. The two contacts were on the top surface of thin film sample. After 

giving the contacts, the sample was mounted in metallic vacuum cell in the experimental set 

up for TSC measurement and the details of the experimental set up are given in chapter 3. 

The sample was first frozen to 100 K which is low enough to make the probability of 

thennal release of carriers negligible and was then exposed to an optical excitation for a 

fixed time. Time of excitation was selected after number of trial experiments as 5 and 10 

minutes. After the excitation, sample was heated (at the rate of 0.05K/sec) from 100 K to 

500 K, and the current was measured under the dc field of 6V fcm using an electrometer. 

4.4.2. Results and Discussion 

Figure 4.1 shows the TSC spectra of as-prepared n-type CdS film. Under 5 minutes 

light excitation, the spectra depicted only onc peak (460 K) whose activation energy was 

calculated (using equation 3.29) to be 1.2 eV (Table 1). TSC spectra of same type of sample 

gave one more peak of activation energy 0.4 e V (340 K) under the light excitation of 10 

minutes. It was reported earlier that 1.2 e V level is due to mobility of sulphur vacancies 

[9,101]. The value of activation energy 0.4 cV obtained under la minutes light excitation 

corresponds to the activation energy of charge carriers released from the complex of 

cadmium and sulphur vacancies localized in nearest neighbouring sites. These traps are 

expected to be present in CdS crystals also [7]. Values of capture cross section of these 

defect levels were calculated using the equation (3.30) and are given in table 1. From the 

table it is clear that 0.4 eV level has got smaller capture cross section (1023cm2) than that of 

1.2 eV trap level (l0-16cm2). Due to the very low cross section it is very diificult to fill the 
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Figure 4.1. TSC spectra of as-prepared n-typc CdS thin film under different excitation time 
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Table 1. The values of activation energies and capture cross sections of 

n & p-type CdS samples obtained from TSC measurements. 

Activation energy (eV) Capture Cross section (cm2
) 

Sample type for different light excitation time for different -light excitation time 

5 min. 10 min. 5 min. 10 min. 

1) 1.2I±0.OI I) 1.21±0.01 I)5.2xIO- 16 1) 5.2xIO-16 

n-type CdS 2) 0.40±0.0 1 2) I.04x 1 0-23 

1) 1.2I±0.OI 1) 1.22 I) 5.2xlO-16 1) 7.IxlO-16 

p-type CdS 2) 0.73 2) 0.74 2) 6.9x 1 0-16 2) 1.9x10-16 

level with a carrier and this may be the possible reason that the 0.4 eV trap level is not 

detectable under the light excitation time of 5 minutes. 

TSC spectra of n-CdS annealed in air (lOO-300°C for 1 hour) are shown in figure 

4.2-4.4 and calculated value of activation energies and capture cross sections are given in 

table 2. Here also under 5 minutes light excitation we could detect a trap level of activation 

energy 1.2 eV (450 K) corresponding to sulphur vacancy motion in all samples irrespective 

of annealing temperatures. Under 10 minutes excitation, these air annealed samples 

revealed one more peak of activation energy --0.9 eV (335 K) and of smaller cross section 

(1O-23cm2
). This smaller value of cross section is responsible for longer exposure time for 

the detection of this peak. It was reported earlier that 0.9 eV is due to chemisorbed oxygen 

[102] and this effect was also reported by Mark in CdS crystals [8]. In these samples, since 

there is no trap level of complexes of Cd and S vacancies, we strongly believe that this level 

corresponding to 0.9 eV in our sample may be due to the chemisorption of oxygen at these 

vacancy states. This happened as a result of annealing in air. 
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Figure. 4.2. TSC spectra ofn-type CdS thin film annealed in air (at lOODC for 1 hour) 

under different excitation time 
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Figure 4.3. TSC spectra of n-type CdS thin film annealed in air (at 200°C for 1 hour) 

under different excitation time 
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Figure 4.4. TSC spectra ofn-type CdS thin film annealed in air (at 300°C for 1 hour) 

under different excitation time. 

143 



Table 2. The values of activation energies and capture cross sections of air 

annealed n-type CdS films obtained from TSC measurements. 

n-type CdS films Activation energy (eV) Capture cross section (cm2
) 

air annealed at for different light excitation time for different light excitation time 

different temperature 5 min. 10 min. 5 min. 10 min. 

I 

1000e 1) 1.27 \) 1.27 1) 78x\0-\6 1) 78xl0-\6 

2) 0.90 2) 2.64x10-18 

2000e 1) l.27 1) 1.27 1) 78xl0-16 1) 78xl0-16 

2) 0.91 2)7.48x10-18 

300°C 1) l.27 I) 1.27 1) 78x 10-16 1) 78xlO-16 

2) 0.92 2) 21.1xl0-18 

TSC spectra of vacuum annealed n-CdS at lOO-300°C for 1 hour are shown in 

figures 4.5-4.7 and calculated values of activation energy and capture cross sections are 

shown in table 3. Under 5 minutes light excitation, irrespective of annealing temperature, 

these samples show only one peak of activation energy 1.2 e V that again indicate mobility 

of S vacancy. Under 10 minutes light excitation, all these samples give one more peak of 

small cross section and corresponding activation energy was calculated to be 0.4 eV. This 

shows the presence of complexes of sulphur and cadmium vacancies in the neighbouring 

sites. Thus TSC measurements indicate that on vacuum annealing in the range of 100-

300°C, nothing has happened to the defect levels in as-prepared n-CdS. 

TSC spectra ofp-type CdS is shown in figure 4.8. Interestingly, two peaks (460 K & 

290 K) are observed in this case irrespective of the duration of light excitation. The 

activation energies and capture cross sections of these peaks were calculated and are shown 

in table 1. It is to be noted that the defect levels corresponding to these two peaks are having 

same order of capture cross section and are observed even under an excitation time 
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Figure 4.5. TSC spectra ofn-type CdS thin film annealed in vacuum (at lOO°C for 1 hour) 

under different excitation time. 
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Figure 4.6.TSC spectra ofn-type CdS thin film annealed in vacuum (at 200°C for 1 hour) 

under different excitation time 
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Figure 4.7. TSC spectra ofn-typc CdS thin film annealed in vacuum (at 300°C for 1 hour) 

for different excitation time. 
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Table 3. The values of activation energies and capture cross sections of vacuum 

annealed n-type CdS films obtained from TSC measurements. 

n-type CdS films Activation energy (eV) Capture Cross section (cm2
) 

vacuum annealed at for different light excitation time for different light excitation time 

different temperature 5 min. 10 min. 5 min. 10 min. 

100°C 1) 1.21 ±0.0l 1) 1.2I±0.OI 1) 3.48xIO-16 1) 3.48xIO-16 

2) 0.41 2) 2.51 x 10-23 

200°C 1) 1.24±0.OI I) 1.24±0.OI 1) 1O.0xlO-16 I) 10.OxI0-16 

2) 0.41 2) 2.5x 10-23 

1)1.23±0.01 \) 1.23±0.01 1) 9.8xl0-16 1) 9.8xl0-16 

300°C 2) 0.41 2) 2.5x 1 0-23 

of 5 minutes (It is interesting to note that for n-type samples only one peak is observed under 

5 minutes light excitation). The activation energies of these two peaks of p-type sample 

were calculated to 1.2 e V (mobility of S vacancy) and 0.72-0.75 e V. Since p-type sample is 

eu doped, we expect a trap level ofCu impurity in this sample and we found that 0.77 eV is 

an acceptor level of Cu impurity [83]. It was reported [83] earlier that resistivity of Cu 

doped CdS sample first increases with increasing Cu concentration and shows an 

unmeasurably high value at about 0.5 at % of Cu. However, it shows a drastic decrease 

with further increase of Cu content upto about 25 at % of Cu. It was also reported that Cu 

atoms substituted for Cd sites acts as acceptors and according to Y. Kashiwaba et aI, the 

increase of electrical resistivity to unmeasurably high value by Cu doping is due to the 

compensation of donors which are probably due to sulphur vacancies [83]. They also 

suggest that the remarkable decrease of electrical resistivity above 0.5 at % of Cu is due to 

the increase of active Cu atoms substituted for Cd sites and this give rise to a p-type 

conductivity to the sample. In the present work, we could detect Cu impurity as such in 
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the p-type sample and there is no trace of complexes of Cd and S vacanCIes even 

after 10 minutes light excitation. One can hence conclude that it may be the Cu impurity 

on Cd sites that gives the p-type conductivity to spray pyrolysed CdS films. 

It was also reported that [83,86,87J as a result of Cu doping, no other compound 

such as CuxS is formed and Cu diffused almost completely into the CdS. Our result is also 

in good agreement with this, since we are not getting any other peak except Cu impurity and 

mobility of S vacancy in p-type CdS. 

To determine nature of traps formed in n and p-type sprayed CdS samples TSC 

measurements were performed at constant heating rate, by changing the polarity of bias 

voltage applied to the irradiating surface. For this type of measurement film was-prepared 

on Sn02 coated glass substrates and onc electrode coated on the top surface of the film and 

the other on the Sn02 surface so that it is having contact to bottom surface of the film. 

Figure 4.9. shows the electrode structure for this measurement. At first the positive terminal 

of the biasing voltage cell was connected to the electrode on the sample and irradiation is 

given to this surface. After the completion of TSC experiment, the polarity of biasing 

voltage given to the electrode on the sample was changed to negative and TSC experiment 

was repeated. When the surfaces were irradiated, two types of carriers were fomled in this 

domain and were separated by the bias voltage. Then different types of charge distribution 

would result according to the trapping center 1103]. 

Figure 4.10. shows the TSC curves for as-prepared n-CdS sample with positive bias 

and negative bias applied to irradiating surfaces. From the spectra it is clear that Imax is 

higher for the case of positive bias voltage for the peak of activation energy 0.4 eV and 

hence the hole carrier is dominant and it is a hole trap. However, from its cross section value 

it is known that this is a 'weak' trap. But for the second peak corresponding to 1.2 eV, I max 

is higher for the case of negative bias voltage and hence this defect is an electron trap. 
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TSC spectra of p-type CdS sample with positive and negative bias voltage applied to 

the irradiating surface are shown in figure 4.11. From this, it is very clear that peak of 

activation energy 1.2 eV corresponds to electron trap while peak due to Cu impurity (0.72-

0.75 eV) corresponds to a hole trap. 

4.5. Dark conductivity measurements of nand p-type CdS thin films 

For the dark conductivity measurements vacuum evapourated indium contacts were 

given on the top surface of the samples keeping a distance of 1 cm between the electrodes. 

The sample was then mounted in the metallic cell and pressure during the measurement was 

kept at 10-2 Torr. Measurements were carried out after applying a steady voltage of 6V 

across the electrodes. In this case also the resulting current was measured using an 

electrometer when sample temperature was varied from 100 K to 500 K. Conductivity of the 

sample was calculated for different temperature and a graph of log cr versus 103/T was 

plotted in all the cases. (Details ofthc experimental set up are given in chapter 3). 

Arrhenius plot of vacuum annealed (300°C) n-CdS and as-prepared p-CdS are 

shown in figure 4.12. arid 4.13. respectively. The plot of vacuum annealed n-CdS showed 

only one peak that corresponds to an activation energy of 1.2 e V and this indicates the 

mobility of sulphur vacancy in this sample as obtained from TSC measurements. Here we 

did not get the presence of a trap level corresponding to complex of cadmium and sulphur 

vacancies. This may be due to the very low value of capture cross section (as indicated in 

TSC measurement also). Moreover, the Cd-S vacancy complex was found to be a hole trap 

and in the case of dark conductivity measurements on an n-type CdS, there is no chance of 

minority carrier (hole) generation. Interestingly Arrhenius plot of p-CdS gives two slopes 

and activation energies are calculated to be 1.2 cV and 0.75 eV indicating the presence of 

sulphur vacancy and Cu impurity. Thus it can be seen that dark conductivity measurements 

very well supports the results obtained from TSC measurements. 
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4.6. Analysis of Chemical Bath Deposited (CB D) CdS thin films 

Recently there is a revival of interest in dip coated CdS thin films with its use as a 

high resistance buffer layer in the commercial production of CIS/CdS/ZnO solar cells and 

modules [104,105]. This may be due to the fact that the dip-coated CdS films are found to 

be having very good crystallinity. In the present section, we discuss the preparation, 

resistance variation and TSC measurements of this type of CdS thin films. 

4.6.1 Sample Preparation 

The CBD technique for the deposition of CdS was based on the slow release of 

Cd++ ions and S- - ions in aqueous alkaline bath and their reaction resulting in the deposition 

of the compound on the substrate. For complexing Cd++ ions, different complexing agents 

had been used by different groups. In the present work, Triethanolamine [TEA] as the 

complexing agent and CdS thin films are formed as per the following reaction [106] 

In this work CdS films were prepared from a reaction mixture containing solutions 

of CdCh and thiourea. These solutions (one molar concentration) were taken in the ratio 

(by volume) 1: 1. TEA was added to CdCh solution to get the complex molecule while 

ammonia solution was added to adjust the pH value at 10. The solution was taken in a 

beaker that was kept in a water bath at a temperature of 80°C. Ultrasonically cleaned glass 

slides placed vertically in the beaker served as the substrate for deposition. Films of 

thickness 1 Ilm could be prepared from this deposition mixture in a deposition time of 1 

hour. These films could also be deposited over Sn02 surface when the Sn02 layer acts as the 

lower electrode. 

4.6.2. Resistance variation with aging and annealing temperature 

As-prepared samples showed sheet resistance of 1011 QfO and resistivity of the order 

of 107 n cm. In order to study the effect of annealing on the resistivity, the samples were 

annealed at different temperature from lOO-350°C. On annealing sheet resistance of the 
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samples was found to be decreasing. These annealed samples were again used for studying 

the variation of sheet resistance due to aging. For this, measurements were taken for 12 days 

noting the resistivity values at the interval of 24 hours. Figure 4.14. shows the variation of 

sheet resistance of the samples (annealed at different temperature)due to aging. Inset in this 

figure depicts the variation of sheet resistance of the sample annealed at 250°C. It is very 

clear that the samples annealed at 250°C has got the least value for sheet resistance. It is 

also clear from the graph that sheet resistance of samples annealed at different temperature 

goes on increasing with time with an exception of the sample annealed at 250°C K. For this 

sample also sheet resistance increases for the first few days, and then remains almost a 

constant. 

In order to study the effect of annealing time, the samples were annealed for 

different time from 1 to 4 hours at 250°C and resistivity was measured at the interval of 24 

hours for 12 days and figure 4.15. shows the result ofthis observation. It is clear that sample 

annealed for 3 hours has got least resistance and its resistance becomes more or less 

constant, after keeping for few days. But sheet resistance of other samples annealed for 1,2, 

and 4 hours goes on increasing with days. From this study of variation of sheet resistance of 

CBD CdS films, we conclude that it is possible to reduce the resistivity of CBO CdS 

samples if they are annealed at 250°C for 3 hours. The least value of resistivity obtained in 

this case is - 105 n cm. It is to be mentioned here that the least resistivity obtained for these 

films, is not suitable for solar cell application where it is necessary to be in the range 10-100 

ncm. 

4.6.3. TSC measurements of high resistive CRD CdS thin films 

We conducted the TSC measurements of the highly resistive samples, in As­

deposited as well as in annealed conditions. Figure 4.16. gives the TSC spectra of CBO 

CdS film annealed at 250°C for 3 hours. The spectra depict no peaks at all, which indicate 

that this sample possess no defect states/levels detectable in TSC measurement. All high 

resistive CBO CdS samples also showed the same behaviour in TSC measurements. Hence 

we believe that one of the reasons for the high resistivity of these sample is the absence of 

defect/impurity levels in the forbidden band gap which help the easy production of carriers. 
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This may be mainly due to the fact that CBO process is very slow and hence these samples 

may be having very low concentration of defects/impurities. But annealing may be resulting 

in the increase of the grain size of the samples causing an increase in diffusion length of 

carriers. This may be the reason for the slight reduction in resistivity. 

4.6.4. Low resistive CBD CdS thin films 

Even though high resistive CdS film is desirable near the junction of a solar cell in 

which CdS is used as the window layer, a low resistive CdS layer is required at the top 

surface (near the top electrode) for high efficiency solar cells. In our laboratory 

CuInSe2/CdS solar cells could be fabricated completely by the CBD technique [96]. The 

efficiency of which was found to be 3.1%. The low efficiency of the device may be due to 

the high series resistance of the cells and this is caused mainly by the high resistance of the 

CdS layer near the top electrode. 

The production of low resistive CBO CdS films had been reported by many groups 

[50,53,107,108,109]. One of the reports [53] is by O.De Melo et al in which CdS samples 

were first annealed in S2 atmosphere at 250°C and after that in H2+In atmosphere at different 

temperatures from 300-400°C. They obtained least resistivity of 11 Qcm at an optimum 

annealing temperature of 350°C. 

4.6.4.a. Experimental details 

In the present work, we could successfully prepare low resistive CdS films by a 

process developed in our lab earlier and use these samples to detect the trap levels that 

caused the low resistive nature of the films. The details of preparation of this type of films 

have been reported elsewhere [110,111]. Here the high resistivity CBO CdS films (107 Q 

cm) were treated chemically so as to dope these with chloride/metal ions, which can act as 

donors. For this samples were treated with solutions of CdCh, InCh and SnCI4• It was 

observed that resistivity decreased to very low value (5 Q cm), but it was not clear whether 

the metal ion or the chloride ion was acting as the donor. 
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Table 4 shows the values of resistivity of various samples. From this table, it is 

obvious that by treating CBD CdS films with CdCh, InCh and SnCl4 solutions, one can get 

low resistive CdS films. Of these, InCh gave lowest resistivity. On annealing in air, there 

was slight increase in resistivity. But even then, the values are very low compared to the as­

prepared films. However on vacuum annealing resistivity values increase considerably and 

becomes almost equal to that of as-prepared CBO CdS films. 

4.6.4.b Results of TSC Measurements 

TSC spectra of the low resistive (unannealed-treated with three different solutions) 

samples are shown in figure 4.17- 4.19. The spectra show three distinct peaks. The 

activation energy values corresponding to these peaks were calculated to be 0.4 eV(375 K), 

0.1 eV (275 K) and 0.03 eV (150 K) (Table 5 ). Of these, the peaks at 275 K (0.1 eV) and 

ISO K (0.03 eV) correspond to individual sulphur vacancies [112] and chloride ions 

respectively [113]. The 0.4 eV center usually occur along with 0.83 eV center and are often 

found in both sulphurrich and Cd rich crystals [5]. These traps are complexes of associated 

Cd and S vacancies in nearest neighbouring sites. But in the present study only the center at 

0.4 eV was observed. 

The XPS analysis of the CdS sample treated with CdCh has clearly shown the 

presence of chlorine. There is drastic decrease of the concentration of the sulphurand a 

slight decrease of Cd concentration on the surfaces of the samples . The XPS spectrum is 

shown in figure 4.20. Thus it is evident that the decrease in resistivity observed in our study 

is due to the presence of defect level corresponding to S- - vacancy (0.1 eV), Cd-S vacancy 

complexes (0.4 eV) and impurity level corresponding to chloride ions (0.03 eV). 

163 



Table 4. Resistivity values of different CBD CdS films treated with InCh,CdCh and 

SnCl4 in as-prepared and in annealed (air and vacuum) condition. 

Sample type Resistivity Q cm 

CBD CdS films without post dipping 10 7 

As-prepared 5 

CBD CdS dipped m Air annealed 11 

InCh solution 

Vacuum annealed 6 x 10 7 

As-prepared 50 

CBD CdS dipped in Air annealed 80 

CdCh solution 

Vacuum annealed 20 x 10 7 

As-prepared 100 

CBD CdS dipped m Air annealed 170 

SnCl4 solution 

Vacuum annealed 100 x 10 7 
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Figure 4.17. TSC spect~a of low resistive CSD CdS thin film treated with InCh solution 
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Table 5. Shows values of activation energies and capture cross sections of various 

traps obtained from TSC spectra. 

CBD CdS films Activation energy eV Capture cross section 10-26 cm2 

Dipped in As-prepared 1) 0.40 2) 0.10 3) 0.03 1) 0.003 2) 0.05 3)0.18 

InCbsoln. Air annealed 1)0.92 2)0.1 1) 0.004 2) 0.05 

Dipped in As-prepared 1) 0.40 2) 0.10 3) 0.03 1) 0.003 2) 0.05 3) 0.21 

CdCh soln. Air annealed 1) 0.92 2) 0.1 1) 0.004 2) 0.05 

Dipped in As-prepared 1) 0.40 2) 0.10 3) 0.03 1) 0.003 2) 0.05 3) 0.021 

SnCl4 soln. Air annealed 1) 0.92 2) 0.1 1) 0.004 2) 0.05 
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Values of capture cross section for these levels were calculated and are shown in 

table 5. The capture cross section is found to be larger for the trap due to chloride ions 

(_1O-28cm2) than the other level (~1O-29 cm2) and this indicates that carriers can be easily 

captured by this center. Capture cross section of the same order was reported in the case of 

sprayed CdS [89]. The activation energy of this trap is only 0.03 eV and hence major 

contribution for the increase in conductivity of post treated CdS films may be due to the 

presence of this center. 

The resistance was lowered much more in the case of samples dipped in CdCl2 and 

InCh solution than in SnC4 solution. Even though the number of chloride ions is more in 

SnC4 this solution is found to be more corrosive and hence much of the film got dissolved 

in SnC4 solution. 

To fmd the nature of trap levels observed in low resistive samples, TSC 

measurement was conducted with positive and negative bias voltage applied to the 

irradiating surface. The spectra are shown in figure 4.21. From this it is clear that level due 

to chloride ion (0.03 eV) is an electron trap and the other two levels (independent S 

vacancy-O.l eV and Cd-S complex vacancy -0.4 eV) are hole traps. 

TSC spectra of samples annealed in air are shown in figure 4.22-4.24 Here instead 

of three peaks, spectra depict two peaks of activation energy 0.1 eV (275 K) and 0.92 eV 

(400 K) which are attributed to independent S vacancies and chemisorbed oxygen 

[8,113,114]. Only these two defect levels contribute for the conductivity of air annealed 

samples. Thus from TSC measurement we could find that the chloride ion of low resistive 

CdS films and complexes of Cd and S vacancies disappear on air annealing. Instead there 

arises an impurity level due to the presence of chemisorbed oxygen. 

We conducted TSC measurements on vacuum annealed samples and typical TSC 

spectra are shown in figure 4.25. These samples do not have any defect levels that can be 

detected using TSC measurements as evident from the spectra (no peak is observed ). 

Probably, this may be the reason for the high resistivity obtained for the vacuum annealed 

samples. 
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4.7. Conclusion 

We conducted TSC measurements on n-and p-type spray pyrolysed CdS thin films 

in order to study the activation energies of trap levels present in the samples. From TSC 

measurements we found out mobility of sulphurvacancy as prominent defect in as-prepared 

and in annealed (both in air and vacuum ) n-type CdS samples. But in addition to this S 

vacancy, as-prepared and vacuum annealed n-CdS samples showed an additional level of 

complexes of Cd and S vacancies of smaller cross section, which we could detect only under 

an excitation time of 10 minutes. In the case of air annealed n-CdS samples, even with 10 

minutes light excitation, we did not get the presence of complexes of Cd and S vacancies. 

Instead of that we could get a trap level of chemisorbed oxygen. TSC measurements of p­

type CdS give two distinct trap levels, namely S vacancy and Cu impurity, both in the case 

of 5 minutes and 10 minutes light excitation. A possible explanation is also discussed here 

and we found that it is the Cu impurity on Cd-S vacancy site that gave p-type conductivity to 

the CdS films. Nature of different trap levels existing in these samples is also determined. 

We have also made a study on existing trap levels by dark conductivity measurements in n 

and p-type CdS samples and these results are found to be in good support of the results 

obtained from TSC measurements. 

As-prepared CBD CdS films are high resistive (1070 cm) and the variation of sheet 

resistance with aging and annealing is also included in this study. It is found that CBD CdS 

films of resistivity 105 0 cm could be obtained after air annealing at 250°C for 3 hours. 

This chapter also discusses a simple technique of producing low resistive CdS films in 

which high resistive CdS films were subjected to a post dipping in various solutions of 

CdCh, InCh and SnCI4• It is also found that the samples dipped in InCh showed least 

resistivity (5 0 cm) and effect of annealing on the resistivity values of these samples was 

studied. On annealing in air, resistivity of these samples increased slightly but on the other 

hand annealing in vacuum resulted in making the sample high resistive again. TSC 

measurements of high resistive CBD CdS films revealed that the samples contain no defect 

levels detectable in these measurements. But the low resistive CBD CdS samples indicate 

the presence of Cd-S vacancy complex, independent S vacancy and chloride ions. Annealing 
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in air removes the Cd-S vacancy complex, but these samples possess S vacancy and 

chemisorbed oxygen. TSC measurements of vacuum annealed low resistive CBD CdS films 

indicate no defect levels and this explains the high resistive nature of these samples. 
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Chapter 5 

TSC Measurement of CBn CulnSe2 thin films 

5.1. Introduction 

In recent years the number of papers published in I-III-Vh compound 

semiconductors has increased considerably. Much effort has been devoted to gain a better 

understanding of the electronic, electrical and optical properties of these compounds, since 

some of these material have potential for practical applications in the fabrication of devices 

[1,2] for instance, in non-linear optics, light emitting diodes, optical detectors and solar 

cells. This class of ternary semiconductors crystallise in chalcopyrite structure and are 

ternary analogues ofthe binary II-VI compounds (ZnS, ZnSe, CdS etc.). They cover a wide­

gap range (1.0-2.5 eV) and all of them have very small lattice mismatch with CdS, which is 

a wide band gap semiconductor, very much used in heterojunction solar cells, as an n-type 

window. Moreover, most of them can be made either n- or p-type conducting. Hence 

chalcopyrites are very important in the field of photovoltaics. 

CulnSe2 (CIS) whose binary analogue is Cdo.5 Zno.s Se, is one member of this family 

of compounds that was originally studied by Hahn et al [3]. It crystallises in chalcopyrite 

structure with lattice parameters a=5.785 AO and c/a=2 at room temperature [4]. CIS has a 

direct band gap between 0.94 and 1.06 eV [5,6] depending upon the growth and annealing 

conditions. In contrast to II-VI binary analogue, it can be made either n-or p-type [7,8]. The 

band structure, large absorption coefficient (> 1 x 105 cm-I) and possibility of making n or p­

type conducting make this material a strong candidate for photovoltaic application. In 1975, 

Shay et al [9] have reported 12% efficient solar cell involving CdS epitaxially grown on 

single crystals CIS. Recently CIS based thin film solar cells have shown 17.7% efficiency 

[10] which is the highest efficiency of a thin film single junction solar cell and this indicates 

the importance of this material in the field of terrestrial photovoltaic applications. 
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The three requirements of a photovoltaic cell for large scale terrestrial use are high 

efficiency, good stability and low cost. The CdS/CIS thin film cell, which is at present 

under intensive investigation, can fulfil the first two requirements. The cost of the cell is 

determined, to a major extent, by the method of preparation of the semiconductor layers. 

Recently the low cost production of CIS thin films using CBD technique has been reported 

by Vidyadharan Pillai et al [11 j from our laboratory itself. Later they could fabricate 

CIS/CdS thin film solar cells [12] using CSD technique, but with low value (3.1 %) of 

efficiency. One of the factors affecting the efficiency of thin film solar cells is the electrical 

properties of the film which in turn depends mainly on the presence of different trap levels. 

The electrical properties of I-IU-Vh compounds are believed to be dominated by the 

presence of intrinsic defects such as Cu, In, Se vacancies and interstitials [7]. A better 

knowledge of the properties of intrinsic and extrinsic impurities /defects in CIS is necessary 

in order to improve the efficiency of CIS based solar cells. This chapter describes the TSC 

measurements of the chemical bath deposited CIS thin films and dark conductivity 

measurements. The first part of the chapter presents a review of work done in CIS 

semiconductor material and is followed by the description of present work. 

5.2. An overview of works on CuInSe2 

Electrical properties and luminescence spectra of CIS (melt-grown) single crystals 

were reported as early as in 1975 [7]. Later Phil Won Yu reported [13] the behaviour of the 

low temperature emission spectra of melt grown p-type and Cd implanted n-type CIS with 

changes in temperature and exciton intensity. In 1978, the optical properties of flash 

evaporated CIS thin films were studied in the photon energy range from 1 to 3 e V by Horig 

et al [14]. 

Studies on epitaxial layers of CIS on GaAs substrates were reported in 1978 by 

Schumann et al [15]. Films produced at Tsub ~ 720 K were found to be n-type and those 

fonned at higher temperature were p-type. Two different acceptor levels with ionisation 

energies 92 meV and 400 meV were found in those samples. In 1979, electrical and optical 

properties of thin p-type films prepared by vacuum evaporation from the chalcopyrite CIS 
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had been reported by A.F. Fray [16]. Growth of CIS thin films using molecular beam 

epitaxy had been reported by Grindle et al [17]. They also fabricated CIS/CdS 

heterojunction that exhibited a maximum solar conversion efficiency of - 5%. 

Later in 1982, Clayton et a1 reported [18] the production of CIS thin films using 

spray pyrolysis. They suggested optimum spray conditions by thermodynamical calculation 

using a free energy minimisation computer program applied to Cu-In-Se system. Heat 

treatments of these films were performed in order to produce conductivities and crystal 

structures for photovoltaic applications and are discussed in detail. Following this, 11% 

conversion efficiency and excellent stability with a Cd(Zn)S/CIS structure had been reported 

[19]. Analysis of CIS crystals using luminescence study had been reported by Rincon 

et al [20] in 1983. They obtained an absorption edge at (1.023± 0.003)eV, a donor state at 

(10 ± 2) meV and an acceptor state at (33 ± 2)meV. Deposition of CIS films using 

coevaporation of Cu, In and Se and their electrical and crystalline properties were reported 

by Varela et al [21,22]. Following this work, totally sprayed thin film solar cells of 

CIS/Cd(Zn)S with efficiency of about 3% was reported by Polla Raja Ram et al [23]. Later 

the phenomenon of photoluminescence and photoconductivity of CIS single crystals were 

reported by Lange et al [24]. 

In the year 1986, wonderful progress was made in the field of CIS thin films and CIS 

based solar cells and numerous publications are available during this period. A detailed 

study of transport properties of CIS crystal had been reported by S .M. Wasim [25]. In that 

work possible origins for different donor and acceptor levels derived from electrical and 

optical measurements were suggested. From thermal conductivity measurements, the 

presence of Fe as Feln3+ in some CIS samples was also confirmed. Electrodeposition of CIS 

thin films was reported by Gary Hodes et al [26]. They also reported morphological, 

compositional and photoelectrochemical behaviour of these layers. Almost at the same time, 

Isomura et al published a paper [27] on dc sputtering and vacuum evaporation of CIS films 

from synthesised bulk materials. Later clectrical and optical properties of CIS thin films 

were reported by Sridevi et al [28] and these films were p-type having an acceptor level due 

to Cu vacancy of activation energy 100 me V. 
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Photo electrical properties of CIS thin films prepared using flash evaporation and 

electron beam evaporation were reported by Trykozko et al [29]. This paper presents a 

comparison of the photoconductivity and absorption measurements leading to the 

conclusion that the quantum efliciency is constant over the energy range investigated. 

Fabrication process of CIS/CdS cells using physical vapour deposition along with a 

detailed description of the deposition system lIsed to grow CIS films had been reported by 

Birkmire et al [30]. They could prepare high efficiency (11.1 %) solar cells over a broad 

range of processing conditions with excellent thermal stability. Later role of oxygen in CIS 

thin films and CdS/CIS devices was reported by Noufi et al [31]. This work showed that 

treating the device in a solution of chemical oxidant has the same effect as that due to 

annealing in air. Again results of oxidation can be reversed by treating the device in a 

solution of reducing agent. This paper also gave some methods by which we can use the 

oxygen in this material to improve the electrical properties and there by the performance of 

CdS/CIS device. Later CIS based thin film tandem solar cells had been reported by Meakin 

et al [32]. TSC measurements in p-type CIS films prepared using coevaporation of the 

elements had been reported by Datta et al [331. They found that annealing in air appears to 

passivate TSC activity and they could detect three defect levels at 35, 45 and 100 meV in 

those samples. 

In 1987, Martil et al published a paper [34] on CIS thin films prepared using RF 

sputtering in Ar/fh atmosphere. Thcy could prepare chalcopyrite polycrystalline CIS thin 

films of grain size 1 J.l m, having optical band gap 1.01 e V and resistivity in the range from 

10-1 to 10-3 n cm. CdS induced homojunction formation in crystalline p-type CIS was 

reported by Matson et al [35]. In that work it was suspected that the deposition of CdS onto 

single crystal (p-type) CIS at 200°C resulted in a CIS homojunction rather than the expected 

heterojunction. All materials like CdS, Cd, Au and Mo deposited have resulted in p-type 

conversion and experimental evidence for conversion was presented along with possible 

origin of defects. People were also concerned with health and safety condition required in 

the research and large scale production of CIS based solar cells. There is publication [36] in 

this direction also. 
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There had been some interest in the preparation of p-type CIS thin films for 

photovoltaic application using Chemical Bath Deposition technique. Garg et al reported 

[37] the deposition of stoichiometric (l: 1 :2) films using this technique. These films had a 

band gap of 1.15 eV, absorption coefficient ~105 cm-I and a p-type resistivity of 103 n cm. 

Study of deep levels using Deep Level Transient Spectroscopy (DL TS) in CIS films and 

fabrication of CdS/CIS solar cells had been reported in 1989 by Christoforou et al [38]. 

They could detect a hole trap of concentration 5xlO-4 cm-3 located 0.7 eV above VB edge 

and an electron trap of concentration 5x 1013 cm-3 located 0.35 eV below the CB edge. By 

the end of 1988, CIS solar cells of efficiency 14.1 % had been reported [39] in which they 

used the structure ZnO/thin CdS/CISlMo glass. 

Effect of annealing on the optoelectronic properties of CUO.9 1nl Se2 films was 

reported by Sharma et al [40] and they found that annealing in In vapour or in vacuum 

changes p-type CIS into n-type that is possibly caused by the increase in Se vacancies. 

Enhanced grain growth in polycrystalline CIS films using "rapid thermal processing" was 

observed in 1990 by Albin et al [41]. Later cathodic electrodeposition of CIS thin films was 

reported by Guillen et al [42] and XRD analysis· showed the formation of CIS films of 

chalcopyrite structure at temperature higher than 350°C. 

Fabrication of CIS based photoelectrochemical cells was reported by J.W. Chu et al 

[43] and annealing effects on individual loss mechanism in these cells were reported by 

Sasala et al [44]. Large area CIS based cell modules were demonstrated by Mitchell et al 

[45] and an efficiency of 14.1 % could be achieved on 940 cm2 modules. The preparation 

and properties of selenized CIS thin films were reported by Kim et al [46]. These films that 

have mole ratios larger than 0.28 had a chalcopyrite phase and those having lower ratios 

were with a sphalerite phase. Films containing CuxSe phase had a Cu-rich phase while those 

without CuxSe had an In-rich phase. Later the photoluminescence study of CIS thin films 

was reported by Tanda et al [47]. 
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The steady state and transient photoconductivity measurements on CIS films 

prepared using solution growth technique had been performed as a function of temperature 

and illumination intensities by Manorial et al [48]. They found that photoconductivity 

increases exponentially with increasing temperature and photocurrent obeys a power law Iph 

a. FY, where y has value close to 0.5 and F is the light intensity level. By the end of 1993, 

fabrication of CIS solar cells on flexible foil substrates was reported by Bulent et al [49]. 

Flexible devices of Mo/CIS/CdS/ZnO heterojunction were fabricated on Mo foils with 

conversion efficiency of above 8 % in this work. 

In 1994, surface-sensitive UV photoelectron yield spectroscopy was employed to 

study electron acceptor levels at the surface of chalcopyrite structure Cu-In-Se thin films by 

Shigemi Kohiki et al [50]. Shallow acceptor levels ascribable to defects CUln and Vcu were 

observed for near -stoichiometric and In-rich films. Another method developed for growing 

low cost and large area CIS thin films was close-spaced vapour transport in a vertical 

closed tube [51]. Nearly stoichiometric films were grown at temperature as low as 350°C 

with deposition rate of 0.5llrnlmin and grain size of the order of Illm. Supersaturate type 

CIS solar cells were fabricated by preparation of CIS films on CdS films. These films had 

large grains and this work was reported by Takayuki Negami et al [52]. The best cell 

performance obtained was Voc=0.357V, Jsc = 32.2mA1cm2 FF= 0.582 in 0.075cm2 area and 

with 11 =6.71 %. Room temperature deposition of CIS thin films using simple CBD 

technique was reported by Vidyadharan Pillai et al [11] during the same period. They 

obtained p-type films of band gap 1.3 eV (unannealed), 1.01 (vacuum annealed) and having 

absorption coefficient 1.8 x 105 cm-I. 

Recently, solid-liquid reaction mechanism in the formation of high quality CIS by 

the Stacked Elemental Layer (SEL) technique was developed by Adurodija et al [53]. The 

nature of the deposited single layer ofCu, In and Se and the reactions involved in the binary 

compounds Cu-Se, In-Se and Cu-In after annealing at different temperature was used to 

provide evidence for the formation ofCIS from the ternary compound Cu-In-Se using XRD, 

EDX, and SEM. The formation of CIS thin films by selenization employing CVTG 

(chemical vapour transport by gas) of electroless deposited Cu-In alloy was also reported 
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during this period by Sebastian et al [54]. Growth ofCIS films on glass and Sn02 thin films 

using a close spaced vapour transport in closed tube using diode was reported in 1996 by 

Masse et al [55]. Samples were analysed using X-ray and SEM. They showed that films 

grown on Sn02 surface can have very strong (100) or (001) preferred orientation probably 

induced by the substrate and not by the experimental condition. 

In 1996, flexible and light weight CIS solar cells on polyimide substrates had been 

developed by Bosol et al [56] and high efficiency graded band gap thin film polycrystalline 

Cu(InGa)Se2 based solar cells were reported by Miguel A Contreras et al [57]. In the second 

work, several devices with total area conversion efficiency above 16% (the highest 

measuring 16.8% under standard reporting condition) were developed. Achievement of a 

17.2% device efficiency fabricated for operation under concentration (22 sun) was also 

reported in that work. All high efficiency devices reported were made from compositional 

graded absorbers. 

Very recently in 1997, electrical conductivity of flash evaporated CIS films were 

reported [58]. The p and n-type films deposited at substrate temperature of 373 and 423K 

indicate impurity conduction at temperature lower than 290 K. A rl/4 dependence of 

conductivity was observed for the film due to variable-range hopping of carriers. Effects of 

annealing on CIS films grown by MBE [59], structural and optical properties of 

electrodeposited CIS layer [60] and electrical properties ofNa incorporated Cu[Inl_xGax]Ses 

thin films [61] were reported in the same year. Improved compositional flexibility of 

Cu(InGa)Se2 based thin film solar cells by sodium control technique [62], improved 

performance of Cu(InGa)Se2 thin films solar cells using evaporated Cd free buffer layers 

[63], fabrication of graded band-gap Cu(lnGe)Se2 thin film mini modules with a 

Zn(O,S,OH)x buffer layer [64], improved Cu(InGa)(S,Se2) thin film solar cells by surface 

sulfurization [65] and examination of blocking current voltage behaviour through defect 

chalcopyrite layer in ZnO/CdS/Cu(lnGa)Sc21M0 solar cells [66] were also reported in 1997. 

More publications on Raman spectra of sprayed CIS films [67], effect of crystal symmetry 

on electronic properties of CIS and related compounds [68] are available during the same 
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period. Later in 1998, Vidyadhctran Pillai et al reported low cost CIS/CdS thin film solar 

cells of efficiency 3.1 % fully prepared using CBO technique [12]. 

5.3. Experimental Details 

Thin films of CIS were prepared using CBO technique from a deposition mixture at 

25°C containing aqueous solutions of ions of copper, indium and selenium which is 

maintained at pH of ~ 6.5. More details of the preparation are described elsewhere [11,12]. 

Samples were annealed in air and vacuum (10-2 Torr) in the temperature range from 423 K 

to 473 K for 1 hour. Silver paint contacts were given to the sample and its ohmic nature was 

verified. 

We conducted TSC measurements of as-prepared CIS samples as well as annealed 

samples using the experimental set up discussed in chapter 3. Here the duration of optical 

irradiation time was varied from 1-4 minutes. 

For dark conductivity measurements, thickness of the sample was measured using 

gravimetric method. Films of thickness 250 mu were used in these experiments The details 

of the experimental set up used for dark conductivity measurements were also described in 

chapter 3. Conductivity of the sample was measured at different temperatures in the range 

100 K to 500 K. These measurements were also carried out for both as-prepared and 

annealed samples. 

5.4. Results and Discussion 

5.4.1. TSC Measurements 

TSC spectra of as-deposited CIS samples under 1, 2 and 4 minutes light excitation is 

shown in figure 5.1. With 1 and 2 minutes light excitation, the TSC spectra exhibited only 

one peak whose activation energy was calculated to be 70 meV (Table 1). But the spectra of 

same type of sample showed one more peak of activation energy 40 me V on increasing the 

light excitation time to 4 minutes. Since the sample was not doped, the defect observed 
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Figure.S.l.TSC spectra of as-deposited CBD CIS samples under different excitation time 
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Table l.Values of activation energy of various trap levels in CuInSe2 thin film samples 

obtained from TSC measurement 

Sample type Activation energy (meV) for different 

light excitation time 

1mt. 2 mts. 4mts 

70.08±0.52 70.08±0.81 I) 70.08±0.54 

Unannealed 2) 40.63±0.58 

150°C 220.8±1.38 219.8±1.35 I) 220.7±1.48 

2) 40.63±0.58 

Air annealed at 175°C 220.8±1.38 220.8±1.38 1) 220.8±1.38 

2) 85.28±1.01 

200°C 220.8±1.38 220.6±1.38 I) 220.8±1.38 

2) 85.18±1.07 

150°C 70.89±0.55 70.62±0.54 1) 70.89±0.55 

2) 400.2±4.85 

Vacuum 175°C 70.02±0.60 70.89±0.55 1) 70.89±0.55 

annealed at 2) 400.43±4.56 

200°C 70.62±0.54 70.02±0.6 1) 70.89±0.55 

2) 400.23±2.94 

must be intrinsic. It was reported earlier that the donor level of 70 meV was probably due to 

selenium vacancy [47,69]. Selenium is volatile and vacancies occur during the deposition 

process itself. The level having activation enerb'Y of 40 meV had been reported to be an 

acceptor level [12] and was attributed to Cu vacancy by Migliorato [7]. Presence of acceptor 

and donor levels due to Cu and Se vacancies respectively had been suggested by Yu [13] 

also. It had been suggested that copper vacancies were easily formed in CIS because copper 

could participate weakly in the covalent bonding [70]. From photoluminescence study also, 

an acceptor level of 40 meV was identified and attributed to Cu vacancy by M. Tanda et al 
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[47]. The values of capture cross section of these trap levels are given in table 2. From the 

table it is very clear that the cross section of acceptor level is very small compared to that of 

donor .level. Probably this may be the reason why the level corresponding to Cu vacancy 

(acceptor level) becomes "visible" only after the irradiation for 4 minutes. 

Table 2. Values of capture cross sections of various trap levels in CulnSe2 

thin film samples obtained from TSC measurement. 

Sample type Capture Cross Section (l0-26 cm2) for different 

Light excitation time 

1 mt. 2mts. 4mts. 

4.62xl0-3 4.68xl0-3 1) 4.62x 10-3 

Unannealed 2) 0.1 Ox 1 0-3 

150°C 0.481 0.402 1)0.475 

2) 0.011 

175°C 0.481 0.481 1) 0.481 

Air annealed at 2) 0.142 

200°C 0.481 0.475 1) 0.481 

2) 0.160 

150°C 4.81 x 1 0-3 4.68x 1 0-3 1) 4.81xl0-3 

2) 3.28xl0-3 

Vacuum 175°C 4.62x 1 0-3 4.81xlO-3 1) 4.81xl0-3 

annealed at 2) 3.80xlO-3 

200°C 4.68xlO-3 4.68xl0-3 
1) 4.81xlO-3 

2)3.26x 1 0-3 
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TSC spectra of CIS samples annealed in air at different temperature (at 150, 175 

and 200°C) are depicted in figure 5.2-5.4. With 1 and 2 minutes light excitation TSC spectra 

of all samples show only one peak (irrespective of annealing temperature) corresponding to 

a level having activation energy 220 me V. It was reported that this level corresponds to 

donor level and no clear reason for its existence was given [71-72]. But here the Se 

vacancy, which existed in as-deposited sample, disappeared on air annealing and donor level 

of 220 meV appears. Under this circumstances, we conclude that the 220 meV donor level 

may be due to the adsorption of oxygen during air annealing in the Se vacancy of as­

deposited samples. With 4 minutes excitation time, these samples gave one more peak of 

smaller capture Cross section compared to that of previous one and this again corresponds to 

Cu vacancy. In the case of sample annealed at 150°C, the corresponding activation energy 

is 40 meV (Cu vacancy) while in the samples annealed at 175°C and 200°C it is found to be 

85 meV. It was reported by M.Tanda et al [47] that the level corresponding to 85 meV was 

also due to Cu vacancy. Hence it is concluded that air annealed samples have Cu vacancy 

with smaller capture cross section as in the case of as-deposited samples. 

Figures 5.5 - 5.7 show the TSC spectra of CIS samples annealed in vacuum 

(to-2 Torr) at different temperature (423-473 K). As in the case of air annealed samples. 

These samples also showed one peak irrespective of annealing temperature under 1 and 2 

minutes light excitation. Activation energy of this trap level was found to be 70 me V, which 

is the donor level of Se vacancy similar to the case of as-deposited samples. After 4 minutes 

light excitation, these samples showed an additional peak of smaller capture cross section 

having trap depth of 400 meV. A similar acceptor level was detected by S.M. Wasim [25] in 

CIS from thermal conductivity measurements and this was attributed to be due to Fe 

impurity. Many other authors [15,72,73] detected Fe impurity in CIS samples. The 

existence of Fe impurity in CIS as a contamination in Cu was observed from electron 

paramagnetic resonance [74,75] also. In the present investigation, we prepared the CIS 

samples using CBD from a reaction bath containing aqueous solutions of salts of copper, 

indium and selenium as mentioned earlier. Fe impurity can come from (most probably) 
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the copper salt. When Fe is present in the reaction mixture with a pH ~7, Fe(OH)3 may be 

formed which decomposes and deposits as y-FeO along with CIS film. When this film is 

annealed in air Fe203 may be formed and this will not give any TSC peak. But when the 

sample is annealed in vacuum FeO may be transformed into FeSe and Se02. FeSe is 

unstable and will be associated with other molecules or defects. This may give rise to a TSC 

peak. The peak due to Fe impurity in vacuum annealed samples may be explained in this 

way. 

In order to study the effect of heating rate on the TSC spectra of CIS samples, we 

conducted TSC measurements of air- annealed samples for different heating rate. FigureS.8. 

shows the TSC spectra of air annealed sample for three different heating rate [PI=O.OSKJs, 

P2=0.1KJS, P3=0.1SKJS] under 4 minutes light excitation. We note here that the current 

increases as the heating rate increases, and all peaks shifts to higher temperature as the 

heating rate increases. We have seen that the Tse equation for current (equation 3.28) 

I = 10 exp [- kET - ~ fexp (- ~) dT] 
fJ TO kT 

wherep is the heating rate. Since 

[:~] T~Tm 0 

the above equation becomes 

+ In(kEJ 

This is in the form of a straight line equation. A plot of In( T;; 
2

) versus (IOOOff) for 

different P corresponding to one peak (donor level) in air annealed CIS samples is shown in 

figure S.9. Similar plot corresponding to acceptor level is shown in figure S.10. From the 

slopes of the graphs the activation energy corresponding to each trap is calculated as 104.3 

meV(acceptor level) and 224.25 meV(donor level). This lO4.3 eV was found to be due to 

eu vacancy [28] and these values are found to be in agreement with the values obtained 

from previous measurements. 
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To detennine type of traps fonned in CBD CIS samples TSC measurements were 

perfonned, at constant rising rate, by changing the polarity of bias voltage applied to the 

irradiating surface. Figure 5.11. shows the TSC curves for as-deposited CIS samples with 

positive and negative bias applied to irradiating surface. From the spectra it is clear that Imax 

is higher for the case of positive bias voltage and hence the hole carrier is dominant here in 

the trap due to Cu vacancy (40 meV). But for the second peak corresponding to Se vacancy, 

Imax is higher for the case of negative bias voltage and hence this defect is an electron trap. 

TSC spectra of CIS samples annealed in air and vacuum with positive and negative bias 

voltage applied to the irradiating surface arc shown in figure 5.12 and 5.13 respectively. 

Nature of different traps in CIS samples as obtained from this analysis is shown in table 3. 

Table 3. Nature of different traps in CBD CIS samples 

Observed trap levels 

CIS sample type Activation energy (me V) Nature of traps 

1) 70 1) electron trap 

As-deposited 2) 40 2) hole trap 

1) 220 1) electron trap 

Annealed in air 2) 85 2) hole trap 

1) 70 1) electron trap 

Annealed in vacuum 2) 400 2) hole trap 
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5.4.2. Dark Conductivity Measurements 

Figure 5.14 shows the Arrhenius plot of conductivity of as-deposited and vacuum 

annealed (200°C) samples. Similar plot for air annealed (220°C) samples is shown in figure 

5.15. These two sets of graphs indicated two distinct slopes, from which activation 

energies were calculated (Table 4). As-deposited sample had trap levels of activation 

energies 70.72 meV and 40.5 meV indicating the presence of Se vacancy and Cu vacancy. 

Again vacuum annealed sample had levels of activation energy values 70.29 meV and 414 

meV that supported the existence of Se vacancy and Fe impurity. In the case of air annealed 

samples, the plot indicated two activation energy values at 40.5 meV and 103 meV, which 

are attributed to eu vacancy as obtained by Sridevi et al [28]. From this it is clear that the 

results of dark conductivity measurements very well corroborate the TSC measurements. 

Table 4. Values of activation energy obtained from dark conductivity 

measurements on CuInSe2 thin film samples. 

Sample type Activation energy (meV) 

As-prepared 1) 70.72 2) 40.5 

Air annealed at 200°C for 1 hour 1) 103 2) 40.5 

Vacuum annealed at 200°C for 1 hour 1)70.29 2) 414.5 
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5.5 Conclusion 

Trap level detection of CIS films prepared using CBO technique was performed by 

TSC measurement technique of as-prepared and annealed samples. The former type had Se 

vacancy as a prominent trap and Cu vacancy of smaller capture cross section. But when 

these samples were annealed in air, the Se vacancy of the as-deposited sample disappeared, 

and another donor level supposed to be due to the adsorption of oxygen came into existence. 

Cu vacancies continued to exist in air annealed sample. Vacuum annealing did not affect 

the presence of prominent Se vacancy, since oxygen adsorption is quite difficult under this 

condition. Interestingly, these samples also showed the presence of Fe impurity. A possible 

explanation for the presence of Fe impurity in the case of vacuum annealed CBD CIS 

samples is also discussed in this chapter. Nature of different trap levels observed in TSC 

measurements is also determined. Dark conductivity measurements on these CBO CIS 

samples were found to be in good agreement with the results obtained from TSC 

measurement. 
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Chapter 6 

Preparation and characterisation of PbS thin films 

6.1. Introduction 

Lead sulphide (PbS) is a narrow band gap semiconductor belonging to IV - VI 

family and possesses rock salt structure. It was one of the first semiconductors to find wide 

application as the material for point contact diodes in so-called "crystal set" radios. Present 

applications are limited to infrared detectors, while the IV-VI materials are generally 

candidates for long wavelength infrared lasers. lbin films of PbS are used as IR detectors 

[1-4], IR photographic plates [5-7] and selective coatings for the photothermal conversion of 

solar energy [8-11]. It has recently been proposed that a solar thermal photovoltaic system 

employing PbS photocells would be able to achieve 14 % efficiency for conversion of solar 

energy to electrical energy [12]. 

The thin films of PbS are prepared by the techniques of vacuum evaporation [2-4], 

solution growth (CBD) [1,13,14], spray pyrolysis [10] and electrochemical deposition [15]. 

The solution growth and spray pyrolysis are useful for large scale production. Use of 

chemically deposited PbS layers as infrared photodetectors has stimulated a more or less 

continuous investigation of the properties of the film over the last 50 years [16-19]. The 

most important property of PbS films prepared using CBD technique is the photosensitivity 

and study ofthis property in PbS films is of great importance [20-24]. 

This chapter describes the preparation of PbS thin films using CBD technique and 

characterisation. Here the photosensitive property of these films is studied mainly using 

TSC analysis and dark conductivity measurements. Before going into the details of the 

preparation and characterisation, we shall have a quick glance over the research works on 

PbS thin films in recent years. 
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6.2. Review of works on PbS 

It was Lange who reported [25] a photovoltaic cell with galena (PbS) in 1930. Later 

W.D. Lawson developed a method of forming oxygen free single crystals of PbS [26]. A 

method of vapour phase growth was used to grow PbS crystal to have samples without any 

nonvolatile impurities [27]. Determination of mobility of electrons and holes in PbS 

crystals using Hall effect and resistivity analysis was reported by Richard et al [28]. The 

band structure of PbS crystals was investigated [29] using angle-resolved photoemission 

with synchrotron radiation as the excitation in 1992. It is found that many spectral features 

originate from direct transitions, while others are due to "density of states" features, i.e., 

they arise from electrons scattered into the observed direction. The study of surface 

structure of PbS (100) in the form of the mineral galena using X-ray standing wave 

technique was reported in 1998 [30]. Galena oxidation on potentiostaticaly treated 

specimens in acetate buffer was investigated in the same year [31]. Elemental sulphur was 

detected in these samples as an oxidation product by XPS analysis and it showed that 

sulphur is present on the galena surface as local accumulation rather than as a uniform layer. 

Vacuum evaporation technique was developed to prepare PbS detectors [32]. 

Microstructure of vacuum deposited PbS layers was reported by Biryulev et al [33]. PbS 

layers sensitized in air were compared with those sensitized at low partial pressure of 02. 

George et al prepared [34] polycrystalline films of PbS using reactive evaporation. Kovalev 

et al [35] explained the mechanism of photoconductivity in vacuum evaporated PbS films. 

They proposed a model of a photosensitive physical layer that account for the formation of a 

longitudinal technological surface p-Iayer and also of isotropic barriers at crystallite 

boundaries. The longitudinal p-n junction and the high isotopic barriers in the lower n layer 

effectively separate the light generated non equilibrium charge carriers, and give rise to high 

photosensitivity. The same group reported [36] formation of photosensitive PbS layers 

using thermal evaporation of different initial materials also. Z. Sell Mandouh employed [37] 

IEM and diffraction techniques to investigate growth and orientation of PbS films 

condensed from vapour phase. They also investigated effect of irradiation of electron beam 

on these films. 
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Quasi-static growth of PbS epitaxial films was reported in 1972 [38]. Later 

observation of deep impurity levels in epitaxial films was reported by Lopez et al [39]. 

Comparison of S-vacancies in these films produces material with low carrier concentration 

and at these lower concentrations, an impurity center is found. This center is identified with 

Si impurity and this produces a deep electron trap and an acceptor level of 0.079 eV above 

the VB. Photosensitivity in epitaxial PbS films was observed by Riedl et al [40]. Here 

epitaxial films were senstitized by heat treatments in air or sulphur vapour. 

Spray pyrolysed PbS films were reported by Tyagi et al [41] and electrical and 

optical properties of these films exhibit photosensitivity when they contain interpartic1e 

barriers and oxygen complexes of lead. 

Later Martin et al produced spectrally selective PbS films using ion beam sputtering 

[42] and Fawcett reported [43] the production of electrodeposited PbS films. 

Electrodeposition of PbS films in acidic medium was also reported in 1997 by Sharon et al 

[44]. They produced polycrystalline thin films of PbS on titanium, aluminium and stainless 

steel substrate. Deposition on aluminium gave a crystalline phase of PbS with very 

prominent (200) and (111) planes, while growth on stainless steel substrate showed (200) 

plane only. Although the deposition on titanium was good, it showed (111) and (200) 

planes of lower intensity compared to that on aluminium. 

Extensive study was made by Mahlman [45] on the preparation of PbS films using 

solution growth technique and their characterisation. In that work, chemically oxidized PbS 

films were prepared for a reaction mixture containing chemical oxidizing agents. These 

films were sometimes partially photosensitive and hence were baked in vacuum at a 

relatively low temperature to make it more photosensitive. Almost all of the basic research 

data had been taken on chemically oxidized films because these films are most uniform in 

their response to light and the amount of oxidation received by the films is under control for 

this method of preparation. The process of oxidation taking place in the film determines its 

physical properties to a very great extend. The variation of dark and photoconductivity with 
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temperature, the transient response of films as a function of temperature and illumination 

and photocurrent response at constant temperature as a function of illumination were 

presented in that work. 

Effect of thickness of chemically deposited PbS on spectral response of 

photoconductivity was reported by H.E. Spencer [46] and influence of layer thickness and 

grain size on long wavelength limit of photoconductivity was reported by Simic et al [47]. 

Variation of the properties of chemically deposited PbS films with the use of oxidant was 

again reported [48]. The structural, chemical and photoelectric properties are compared for 

three types of PbS films, differing in the use of oxidant during deposition. Films are grainy 

and showed a decrease in grain compactness as concentration of oxidant is increased. 

Photosensitive films were described in terms of sensitizing centers that are present only 

when an oxidant is used, but which are not dependent solely on the presence of oxygen. 

Physical identification of sensitizing centers was not given. 

A detailed study of photoconductivity was made by Svein Espevik et al [20] on both 

oxidized PbS layers and layers without any oxidant. They observed a sensitizing center at 

0.13 eV below the CB in films without oxidant and a center at 0.22 eV in oxidised films. 

Semiconducting PbS films with high solar absorptivity [49], highly photoconducting films 

with dielectric over coating [21], and effect of morphological structure on photosensitivity 

of chemically deposited films [50] were also reported by different groups. 

In 1981, Reddy et al reported [51] solution grown PbS/CdS multilayer stacks as 

selective absorber and a mathematical model was formulated using matrix multiplication 

method to calculate reflectance of these layers. They again reported [52] more studies on 

PbS/CdS composite films as selective surface and developed a spectrally selective PbS/CdS 

composite coating for photothermal conversion application. AES spectra of the specimen 

heated to 250°C did not show any interdiffusion of lead and cadmium and thus established 

the thermal stability of the composite. AES also indicated that concentration of both Cd and 

lead remains constant throughout the thickness of the film. The dependence of spectral 

selectivity on deposition parameters like pH, temperature of the bath and ratio of Pb2
+ to 
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Cd 2+ ions in the solution was also studied. A dip-dry process for preparing photosensitive 

PbS films for thermophotovoltaic applications was developed by Chaudhuri et al [53]. 

These films were photosensitive to IR radiation and films prepared by baking at 100°C have 

maximum response and are found to be p-type. Photovoltaic cell made of these films 

showed open circuit voltage of 140 mV and short circuit density of 1.7 mA/cm2
. Later 

Reddy et al [54] again reported chemically deposited PbS antireflection layer selective 

absorber and solution grown (PbS)I_x -(CdS)x composite selective surfaces. 

Sharma et al reported [55] transport properties of chemically deposited PbS films in 

which copper doped PbS films were used and variation of electrical conductivity and carrier 

mobility with doping was presented. It was found that Cu doping affects the grain size and 

structure of PbS films, indicating the formation of copper-lead alloy. Electrical and 

photoelectric properties of solution deposited PbS films with low concentration of oxidant 

on Silicon substrate [56], local irregularities in photosensitivity of chemically deposited PbS 

thin layers [57], noise characteristics produced between electrode and chemically deposited 

PbS photoconductor surface [58] and experimental investigation of the photo-Hall effect in 

solution deposited photosensitive polycrystalline PbS films [59] were also reported by 

different groups. 

Structural and optical properties of PbS thin films obtained by chemical deposition 

were reported in 1997 [24]. Here PbS films were obtained from alkaline baths containing 

lead nitrate, thiourea and different additions like hydroxylamine hydrochloride, 

triethanolamine or hydrogen peroxide. Films were photosensitive and are influenced by 

film thickness, grain and crystallite size, fault probability, number of layers, thermal 

treatment and the presence of impurities. During the same period, chemically deposited PbS 

film composition was reported by Marcu et al [60] and they prepared films from alkaline 

baths containing lead salts, thiourea and hydroxylamine hydrochloride. 

Formation of pn junction in PbS using ion implantation was reported [61] where 

authors used Zn ion implantation to get doping effect. The forward I-V characteristics and 

photosensitivity of the junction were presented in that paper. A solar thermophotovoltaic 
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converter using PbS photovoltaic cell was proposed by Chaudhuri et al [62]. The converter 

was in the form of a flat plate consisting of a heat mirror, a black absorber, a cell filter and 

PbS photovoltaic cells. Theoretical efficiency was calculated as 30 %. Deposition of 

semiconducting PbS films by the action of laser radiation on a deposition bath was reported 

[63]. The growth rate, in which the growth is initiated by laser radiation is double the 

growth rate under normal condition. A reduction in resistivity and increase in temperature 

coefficient of resistance of PbS grown by laser radiation was observed. Use of PbS in IR 

detectors for military and civilian applications [64] and an assessment of safety, cost and the 

optimization of chemically deposited PbS thin films for solar control application were also 

reported [65]. 

6.3. Sample Preparation 

For the preparation ofPbS samples, 0.2M solutions of lead acetate [Pb(CH3COO)2], 

thiourea [SC(NH2h] and ethylene diamine tetra acetic acid (EDTA disodium salt) were 

prepared. 20 ml of lead acetate was mixed with 15 ml of EDT A solution and this was 

followed by the addition of 25% ammonia solution and 20 ml of thiourea solution. The 

volume of ammonia was so adjusted that pH of the solution was around 10. Ultrasonically 

cleaned glass plates served as the substrate for deposition and were placed in the deposition 

bath kept at 70°C. The expected chemical reaction is as follows 

Pb(CH3COOh + Na2(EDT A) ~ 2CH) - COONa + Pb(EDTA) 

Pb(EDT A) + CS(NH2)2 + H20 ~ PbS + EDTA + 0 = C(NH2)2 

Different samples were prepared by varying the time of deposition as 3, 6, 9 and 12 

hours. The thickness of the sample was measured using gravimetric method. It was found 

that thickness increases with time of deposition till the formation of PbS is complete i.e., till 

the terminal thickness was obtained. After several trial preparations, time of deposition was 

fixed as 3.5 hours for getting a thickness of 1 /lm. Film deposition was repeated for 

different bath temperature from 40-80°C. It was observed that the rate of deposition 
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increases with temperature and then it comes to a steady state. Quality of the films were 

good (in appearance) for bath temperature of 70°C. 

Deposition was attempted for different volumes of solutions of lead acetate and 

thiourea. This was done by keeping the volume of lead acetate solution constant while the 

volume of thiourea solution was varied as 20:20, 20: 17.5, 20: 15,20: 12.5 and 20: 10. Then 

this was repeated keeping the volume of thiourea at 20 ml while the volume of lead acetate 

solution was varied in the same manner. In all the cases the concentration was kept at 

0.2 M. It was found that films obtained from bath containing solution in the ratio 20:20 

were good. Films of thickness 1.2 Ilm could be obtained from this deposition bath at 70°C 

for a deposition time of3.5 hours and were used for further characterisation. 

6.4. Film Characterisation 

The conductivity type of these PbS films was determined using hot probe analysis 

and was found to be p-type. Resistivity of these samples was found to be 107 n cm. Films 

were also prepared from deposition bath formed without EDT A. Time of deposition and 

temperature of the bath was fixed as 3.5 hours and 70°C respectively as in the previous case. 

Here also good films were obtained from reaction bath containing lead acetate and thiourea 

in the ratio 1: 1 and were p-type. We found that resistivity of these PbS films prepared 

without EDT A was decreased to 105 n cm. 

Crystalline nature of the films was revealed from X-ray diffraction studies [66]. 

Figure 6.1-6.3 show the X-ray diffraction spectra of PbS films prepared with EDTA in the 

as-prepared, air annealed and in vacuum annealed (10-2 Torr) condition after Mathew. C. 

Mathew [66]. From the diffraction pattern, it is observed that (200) plane becomes 

predominant in the microcrystals present in the film after an annealing in air at 200°C for 1 

hour. However, annealing in vacuum does not bring any appreciable change in the crystal 

orientation. The d values and hkl planes of various diffraction lines observed in PbS films 

annealed in air (200°C) are shown in table 1. 
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Table 1. d-values and hkl planes observed in PbS thin film (annealed in air at 200°C) from 

XRD spectra 

Observed 28 Calculated Standard Identification 

(deg.) d (om) d(om) 

25.9 0.3435 0.3429 PbS (111) 

30.0 0.2975 0.2969 PbS (200) 

43.0 0.2100 0.2099 PbS (220) 

50.9 0.1792 0.1790 PbS (311) 

53.3 0.1714 0.1714 PbS (222) 

6.4.1. TSC measurements 

We conducted TSC measurements of PbS films prepared with and without the 

complexing agent EDT A. The experimental set up described in chapter 3 was used here. 

The duration of optical irradiation time was fixed as 5 minutes. Samples were annealed in 

air and vacuum (10.2 Torr) at 200°C' for 1 hour. 

TSC spectra of as-prepared PbS films prepared with EDTA is shown in figure 6.4. 

Various TSC curves are obtained for samples with different amount of EDT A. Irrespective 

of the amount of EDTA present, spectra for different samples show one peak at 375K and 

this corresponds to an activation energy of 0.21 eV. But it is noted that, as the quantity of 

EDT A increases, the peak height of TSC spectra decreases. This indicates that PbS sample 

with less amount of EDT A is capable of releasing more trapped carriers during the 

relaxation process. Even though the PbS films prepared using solution growth technique 

are photosensitive, it is reported [20] that films prepared from reaction bath containing some 

oxidant are more photosensitive. They could detect a sensitizing center in these oxidised 

films at an activation energy of 0.22 eV which was responsible for high photosensitivity. 
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Figure 6.4. TSC spectra of as-prepared PbS thin films with different amounts of EDT A 
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In the present work, PbS films were prepared using solution growth technique without 

employing any oxidant. But from the TSC analysis of these, we could detect a sensitizing 

center at 0.21 eV which is very close to 0.22 eV of sensitizing center for high 

photosensitivity. The observed sensitizing center at 0.21 eV in the present work is a good 

evidence for the photoconductivity ofPbS films prepared even without oxidant. 

Figure 6.5 and 6.6 depict TSC spectra of PbS films with EDTA annealed in air and 

vacuum. As in the case of as-prepared samples, these spectra show only one peak of same 

activation energy (0.21 eV) at 375 K. Here also the amount ofEDTA has the same effect on 

TSC spectra i.e., peak height decreases as the volume ofEDTA increases. 

We conducted TSC measurements on PbS films prepared without EDTA but with 

different amount of ammonia solution and spectra are shown in figures 6.7. Instead of one 

peak, here spectra depict two peaks of activation energy 0.21 eV (375 K) and 0.03 eV 

(150 K). The additional peak at 0.05 eV, may be the cause for the lower resistivity of PbS 

films prepared without EDT A. It is interesting to note that whether the sample is prepared 

with or without EDTA, the trap level (senstizing center) at 0.21 eV remains unchanged, 

which again indicate the high photosensitive character of the PbS films. Volume of NH3 

solution added in the reaction mixture (i.e pH) has got considerable effect on the TSC 

spectra. From the figure it is very clear that as the volume of NH3 solution increases, peak 

height in the TSC spectra decreases. 

TSC spectra ofPbS films without EDTA annealed in air are shown in figure 6.8. and 

of films annealed in vacuum are shown in figure 6.9. As in the case of as-prepared samples, 

here also we could see two distinct peaks at 375 K and 150 K corresponding to the 

activation energies 0.21 eV and 0.05 eV respectively. Here samples with different amounts 

ofNH3 solution in the deposition bath were investigated and it is seen that as the amount of 

NH3 solution increases, peak height is decreasing. 
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To detennine the type of traps fonned in PbS films, TSC measurements were 

perfonned by changing the polarity of bias voltage applied to the irradiating surface. Figure 

6.\0 s\\O'NS \ne \~c. CUI'Jes to"(: ~\)~ ~ums ,\')"{e"Q'a1e~ vi\~ ~\)\.!\. \)1 '2I."Q"Q\i\l\¥, '"Ql;)i\\\'le 'O.l\~ 

negative bias to the irradiating surface. from the spectra it is clear that 1 max is higher for the 

case of negative bias voltage and hence the electron carrier is dominant here in the 

sensitizing center at 0.21 eV. Similar experiment was done with PbS film prepared without 

EDTA and the spectra are shown in figure 6.11 Here also the first trap at 0.21 eV shows 

higher value of I max under negative bias, but for the second trap at 0.05 eV, the I max is 

higher for the case of positive bias. Hence holes are the dominant carrier in the second trap. 

Results of TSC measurements including the capture cross section of the observed traps 

are summarised in the table 2. It is seen that the capture cross section of the second trap 

(0.05 eV) is somewhat smaller than the other at 0.21 eV, and is observed only in the case of 

sample without EDT A. 

Table 2. Results ofTSC measurements on PbS thin films 

PbS sample Trap levels 

type Activation energy (e V) Nature Capture cross section (cm2
) 

withEDTA 0.21 electron trap 0.532 x 10-26 

0.21 electron trap 0.532 x 10-26 

without EDT A 0.05 hole trap 0.061 x 10-26 

6.4.2. Dark conductivity measurements 

We made dark conductivity measurements on PbS films prepared with EDTA and 

also on films prepared without EDT A. Samples of thickness 1.2 ~m was used for these 

measurements. The conductivity of the films was measured from 100 K to 500 K using the 

experimental set up described in chapter 3. 

Figure 6.12 shows the Arrhenius plot of PbS film prepared from a deposition bath 

containing EDT A. From the slope of the graph, the activation energy was calculated to be 

0.215 eV, which was very close to the value of activation energy calculated from the TSC 
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spectra of these samples. So dark conductivity measurements also support the existence of a 

sensitizing center for photoconductivity in these samples. 

Figure 6.13 shows Arrhenius plot of PbS film prepared without EDT A. From the 

slope of the plot different activation energies were calculated and are equal to 0.21 eV, 

0.13 eV and 0.05 eV. The activation energy 0.21 eV corresponds to the presence of 

sensitizing center that was already obtained in TSC spectra. The 0.05 eV level is also 

detected in TSC spectra. The additional level 0.13 eV is attributed to a less effective 

sensitizing center that was reported earlier [20] in the chemical bath deposited films without 

any oxidant. 

6.5. Conclusion 

Thin films of PbS were prepared using a solution growth technique in which 

deposition bath was-prepared in two ways: one with the addition of complexing agent 

EDT A and the other without EDT A. Time of deposition and temperature of the bath in both 

cases were fixed as 3.5 hours and 70°C respectively. Resistivity of these two types of PbS 

films showed considerable difference. PbS films prepared with EDTA had resistivity of 

107 n cm, while those prepared without EDTA had 105 n cm. 

In order to get a clear picture of the trap levels present in these films, we conducted 

TSC measurements on both types of samples. We could detect a trap level at 0.21 eV in 

PbS films prepared with EDT A, while films prepared without EDT A showed two traps at 

0.21 eV and 0.05 eV. It is observed that the common trap in these two types ofPbS films is 

a very active sensitizing center for photoconductivity, which was reported earlier only in the 

case of films prepared with oxidants. The additional trap level at 0.05 eV in the PbS films 

without EDT A is an acceptor level and may contribute to its low resistivity. The sensitizing 

center at 0.21 eV was observed in the two types of samples from dark conductivity 

measurements also. This again supports the formation of highly photosensitive films useful 

for photovoltaic applications. Dark conductivity measurements also revealed the existence 

of additional levels at 0.13 eV and 0.05 eV in PbS films prepared without EDTA. The level 

at 0.13 e V is less effective sensitizing center and those at 0.05 e V are acceptor levels. 
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Chapter 7 

Preparation and characterisation of FeS2 thin films 

7.1. Introduction 

The high production cost of conventional solar cells at present makes it necessary 

to search for alternate low cost and simple production methods and better materials. 

Semiconductors with high absorption coefficient are favourite candidate because of the 

possibility of using a thin film as the active layer. One of such materials is pyrite (FeS2). For 

more than fifteen years this material has been investigated as an alternate solar cell material 

due to its extraordinary optical absorption (a ~ 6 x 10 5 cm-I for hv > 1.3 e V) [1] and suitable 

band gap, Eg = 0.9-1 eV [2]. A pyrite film of O.lllm thickness absorbs more than 99% of 

the sun light (AM 1.5) [3]. Moreover, FeS2 is composed of very abundant and cheap 

components that are non toxic. These reasons make it a promising material for low cost 

large scale production of thin film solar cells. However, the large scale preparation of pyrite 

thin films is still a problem. 

First part of this chapter presents a review of work done in pyrite, both crystals and 

thin films. In the second part, details of the attempts made in our laboratory to prepare FeS2 

thin films using spray pyrolysis and CBD are discussed. The results of characterisation of 

these samples are also included in this section. 

7.2. Pyrite Crystals 

In 1968, single crystals of Iron pyrite had been prepared by R.J. Bouchard usmg 

chlorine transport in various temperature gradients [4]. It was reported in 1974 that natural 

single crystals of pyrite from Spanish mines appear to be On' type semiconductors. In that 

work, the resistivity, Hall coefficient and Hall mobility had been studied as a function of 

temperature and chemical decomposition of the samples at temperature ~ 200°C was 
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considered as a factor influencing the detennination of intrinsic properties of pyrite. 

Magnetic susceptibility studies of Fe(I_x) S single crystals were perfonned by J.L. Horwood 

et al in 1976 [5]. Optical properties, phonons and electronic structure of FeS2 were studied 

by A. Schlegel et al [6]. Optical absorption studies in this natural single crystals of iron 

pyrite were reported in 1978 [7]. Accordingly, in low resistivity samples, there is a 

pronounced absorption varying nearly as 'A? (A. is the wavelength) for energies below the 

absorption edge (may be due to the absorption of free carriers) and in high resistivity 

samples the absorption band results from phonons assisted indirect transition between the 

valence band and conduction band. Later temperature dependence of the band gap in a 

150 Ilm thick natural single crystal of FeS2 had been reported by M. S. Seehra et al [8]. 

They proposed a variation of the fonn Eg{T) =Eg(O) + aT + bT2, with the parameter 

Eg{O) = 0.835 eV, a = 4 x 10-5 eVIK, b = -7.4 x 10-7 eV1K2. The reflectivity spectra of 

FeS2 single crystals had been measured for photon energies between 0.2 and 4.4 eV by 

Katsuaki Sato in 1984 [9]. 

The pyrite has a structure that can be considered as an NaCl-like grouping of iron 

atoms and S2 pairs [10]. The crystals are cubic with four molecules in a cell of dimension ao 

= 5.40667 AO [11]. In the pyrite structure each iron atom is surrounded by six sulphur atoms 

at the corners of a nearly regular octahedron with the Fe-S distance of 2.26° A, while each 

sulphur atom is bond to one other sulphur atom and to three iron atoms. The bonding 

throughout the structure is wholly covalent. The pyrite FeS2 is the d6 low-spin 

semiconductor with the configuration t62g eO g [10]. The main features of local 

coordination are common to both NiAs type FeS and the pyrite type FeS2. But Fe-S distance 

for FeS (2.5 A 0) is somewhat larger than that of FeS2 (2.26A~. The results of a rigorous 

energy-band calculation for the series of 3d transition metal disulfides including FeS2 had 

been reported by Bullet[12]. 

The segregation studies of pyrite crystals had been reported in 1984 by G. Panzner et 

al [13]. In that study the surfaces of iron crystals covered by segregated sulphur and of iron 

sulphide layer were analysed in a combined electron spectroscopic study by means of XPS, 

AES and Electron Energy Loss Spectroscopy (EELS). The binding energies of iron and 
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sulphur core levels reveal a strong electron transfer from the iron surface atoms to the 

segregated sulphur atoms. Auger spectra indicated a distinct interaction between sulphur 

and iron surface atoms, which is most pronounced for sulphur segregated on the iron 

surface and decreases to FeS and to FeS2. 

Later in 1985, polycrystalline layers of As-doped pyrite have been produced in 

bromine atmosphere with the aim of developing these sulfide materials for solar energy 

application [14]. Its photoelectrochemical behaviour in contact with an aqueous electrolyte 

was investigated. It was operated as a photoelectrochemical solar cell and showed 

reasonably stable behaviour under illumination. Optical measurements performed on FeS2 

showed that the visible light is absorbed in an extremely thin layer of 160 AO in spite of the 

apparently indirect band gap of this semiconductor. SEM of the samples revealed well 

developed crystallites of about 5-10 Jlm with distinct boundaries. Scanning laser spot 

analysis over macroscopic areas (5mm) showed homogeneous as well as inhomogeneous 

reglOns. The photoelectric properties of the polycrystalline pyrite samples were found to be 

poor. 

A study of chemical vapour transport of pyrite with halogen had been reported in 

1986 by S. Fiechter et al [15]. In the same year characterisation of the photoactive 

FeS2/electrolyte interface was performed by A. Ennaoui et al [16]. In that work, the 

electronic properties of synthetic pyrite single crystal of (100) orientation were investigated. 

The spectral response of the photoconductivity was determined by the four point probe 

technique. The carrier concentration (ND -NA - 1 x 10 18 cm-3
) was calculated from 

capacitance measurements and the minority carrier diffusion length (O.l3Jlm) was 

determined by photocurrent and capacitance vs voltage measurements [16]. These 

calculations allowed the construction of an energy band diagram for FeS2/electrolyte contact 

and the parameters determined could explain the high quantum efficiency (-90%) obtained 

with FeS2/r, h- photoelectrochemical cells. Photoelectrochemistry of highly quantum 

efficient single crystalline n-FeS2 was reported in 1986 itself [17]. In that work, 

monocrystalline n-FeS2 photoelectrodes with high quantum efficiency (>90%) had been 

obtained by improvement of the solid-state and interfacial chemistry. The influence of 

246 



etching treatments, various redox systems and organic-electrolytes on the photochemistry of 

FeS2 was investigated. The formation and the dynamics of a thin oxidised layer deposited 

at the surface of the electrode in the presence of an acid electrolyte were studied using 

light reflection techniques and ESCA. A low effective carrier density (n= 0.7 xlOl cm-3
) 

was measured, resulting in an extended space-charge layer, which has to be compared with 

the high absorption coefficient [17]. 

The influence of molecular as well as atomic hydrogen on the interfacial properties 

of pyrite had been investigated [18]. It is reported that molecular hydrogen selectively 

converts FeS2 surfaces other than the (100) to FeS. Interestingly atomic hydrogen generated 

by electrochemical and chemical treatment does not lead to this type of selective attack of 

the pyrite surface, but significantly improves the photocurrent to dark current ratio. Atomic 

hydrogen is supposed to be associated with sulphur atoms adjacent to sulphur vacancies. It 

thereby attracts negative charges from iron and transforms the electronically unfavourable 

FeS states that produce defect levels in the band gap into more favaourable FeSH centers 

[18]. 

It was reported that [19] a temporary photoelectrochemical oxidation of chloride on 

a pyrite electrode surface can lead to a considerable enhancement of photocurrent response 

and a decrease of the dark current. The improvement of the interface is caused by a 

photocorrosive transformation of the interface that reduces the concentration of surface 

recombination centers and leads to a change in the concentration and redistribution of 

energy levels in the forbidden energy region. XPS studies identify the surface states in the 

pyrite interface that are responsible for its poor photoelectrochemical behaviour and which 

can be removed during chloride oxidation as FeSH group. 

The bandgap nature of FeS2 determined from optical and photoelectrochemical 

measurements were reported in 1990 by 1.1. Ferrer et al [20]. In that work experimental 

values of Eg show a considerable dispersion from 0.7 eV to 2.6eV, but a clear nature of 

transition responsible for the energy gap is not given. 
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In order to produce a good solar cell with pyrite, several problems have to be 

overcome that were uncovered in photoelectrochemical cells. Open circuit voltage (V DC) of 

n-type crystals were found only in the range of 0.15-0.2 V [16,17,21] and never reached a 

value of half the band gap or more, as usual for semiconductor in electrochemical cell [22]. 

The consistency with which low open-circuit voltages were measured raised the question 

whether it would be due to an intrinsic defect (i.e. an electronic defect coupled to the 

material). This hypothesis gained importance as investigations using Inductively Coupled 

Plasma with AES (ICP AES) revealed that natural and synthetic crystals were found to be 

exclusively sulphur deficient. So pyrite would more appropriately be expressed as FeS2_x 

rather than FeS2, with x ranging between 0.05 and 0.25 [23,24]. 

Ideal pyrite had an atomic ratio S:Fe = 2:1 and a density of p = 5.01 gm/cm3
. 

Deviation from this ideality had been reported [23,25-29]. It is also suggested that natural 

crystals with S:Fe ratios less than 2 have iron atoms residing on sulphur position due to 

densities greater than the theoretical value of 5.01gm/cm3
. The possibility of missing S 

atoms in the lattice is also suggested. 

If pyrite occurs with variable chalcogen-content and this leads to a contraction of the 

unit cell, powders with different sulphur to iron ratios should have different unit cell edges 

[30]. Therefore it should be possible to distinguish between samples having different S:Fe 

ratios by careful measurement of the lattice constant. Large differences in unit cell lengths 

were not expected, since the crystallographic hardness for pyrite is quite large[31], which 

would indicate a low flexibility of chemical bonds. The nature of sUlphur deficit in pyrite 

had been investigated by powder X-ray diffraction [30] in which it was suggested that the 

most important thing for optimising pyrite as a solar cell material would be to reduce S 

vacancy concentration and to produce material having S:Fe ratio very close to 2: 1. In 1992, 

metalln-pyrite (metal=Pt,Au,Nb) Schottky barrier type diodes were fabricated on 

electrochemically reduced (either synthetic or natural (100) and (111)) surfaces of single 

crystalline n-FeS2 by K.Buker et al [32]. In that work the temperature dependence of I-V 

curves in darkness was analysed in the range of 200-350 K on the basis of thermionic 

emission and recombination models. Photovoltaic parameters like open circuit 
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photovoltage and short circuit photocurrent were studied down to a temperature of 200 K. It 

was also suggested that the critical limitation of the open-circuit photovoltage of the 

pyrite/metal junctions was due to a defect level probably prominent from a sulphur 

deficiency. Regarding the type of conduction in pyrite crystals, natural crystals exhibit both 

n and p-type conduction [33]. It had been suggested that natural pyrite formed at lower 

temperature tends to be p-type whereas high temperature pyrite tends to be n-type due to an 

iron or sulphur deficiency respectively [34]. It is also suggested that Co and Ni acts as 

donors, whereas As acts as an acceptor in pyrite [35]. In another work by the Fiechter 

group [15] small pyrite crystals prepared using iodine as transport agent in a CVT 

experiment, were found to be p-type, from thermoprobe measurements. In the work of 

Blenk [34] also, p-type pyrite single crystals could be prepared in a high sulphur pressure 

and was confirmed with Hall measurements. 

7.3. Pyrite thin films 

The first pyrite thin film was prepared thermally by Seehra et al in 1979 [36]. After 

that different techniques had been employed by different groups. It was reported in 1980 

that pyrite is decomposed even before it melts [37] and therefore it is relatively difficult to 

prepare a pyrite thin film by thermal evaporation. But in 1986, these films had been 

prepared by two groups [38,39] using themlal evaporation technique itself with some 

modification in the method suggested by Seehra [36]. In the work of Karaguppikar et al 

[38] the resistivity of the films were measured in the thickness range 10-150 nm. 

Semiconducting nature of the films were confirmed using Hall effect and TCR techniques. 

The films of thickness higher than 50 nm yields the saturated value for resistivity. In the 

second work by Gupta et al [39] amorphous nature of as-deposited films was reported. On 

annealing ordering was produced in those films. Again Mossbauer spectrunl of the films 

was fitted with two doublets. The two doublets had been attributed to the presence of non­

stoichiometry in the films. Following these two works, pyrite films were chemically 

deposited on quartz plates using spray pyrolysis by Abass et al [40] in 1986 itself. 

Absorption coefficient data in the fundamental absorption region were analysed and 

interpreted in terms of interband transition. Later the same group reported the absorption 
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edge measurement in these films [41]. Optical absorption data for photon energies between 

1 and 3.8 eV were analysed and interpreted in terms of electronic transitions and assisting 

phonons. A direct forbidden band gap of 1.12 ± 0.003 eV and assisting phonons of 

0.0065 eV were detected in that work. In the same year thin film iron pyrite was also 

prepared using chemical vapour deposition of ironpentacarbonyl and sulphur or H2S by 

Chatsitheodorou et al [42]. Pyrite thin films were also prepared by the reaction of 

ironpentacarbonyl with sulphur source in an organic solvent in 1988 [43]. 

Condition for the production of thin pyrite layers using spray pyrolysis had been 

investigated for potential use as a solar cell material by G.Smestad et al in 1989 [44]. In that 

work, best results were obtained from an aqueous molar ferric chloride to thiourea ratio of 

0.03M : 0.072M. The films were deposited on glass substrate at 350°C in presence of 

gaseous sulphur and were sprayed with nitrogen as carrier gas. A simple hydrolysis reaction 

mechanism was proposed where thiourea, iron chloride and sulphur react on the hot 

substrate to form CO2, NH3, HCI and FeS2. The crystallinity and phase of the films were 

confirmed as pyrite by X-ray diffractometry. Steady state conductivity measurements 

showed the films to be extrinsic semiconductors with an activation energy of 0.03 ev' 

Optical transmission measurements indicated a soft band gap due to grain boundaries. 

Lifetime of photo-excited carriers were studied and only at high excitation intensities 

reasonable carrier lifetime was detected [44]. The film-substrate interface on the films 

showed a much higher recombination rate than the film-air interface and this was explained 

by strain at the substrate-film interface. The film on the glass substrates exhibited cracking 

pinholes also. 

Preparation of pyrite thin films by plasma-assisted sulphurization of thin iron films 

were reported by S. Bausch et al in 1990 [45]. In that work, pyrite films were prepared 

using the pure elements as source materials, thin iron films were evaporated on quartz 

substrates and exposed to a sulphur plasma. The thermoprobe measurements of the samples 

indicated p-type conductivity. X-ray spectroscopy was used to characterise the films and 

preliminary optical and electrical measurements were carried out. Later, photoactive thin 

film semiconducting iron pyrite was prepared using sulphurisation of iron oxides by 
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G. Smestad et al [46]. The process involved the reaction of Fe304 or Fe203 with elemental 

sulphur. The oxide layers were exposed to the gaseous sulphur in open or closed ampoules 

at 3S0°C for 0.S-2 hour. The morphology, composition and photoactivity of the films 

produced were checked using XRD, XPS, optical absorption and steady state and transient 

photoconductivity. Photoelectrochemical measurements revealed p-type conductivity of the 

samples. Major result of this work is that oxygen and sulphur treatment of the films can 

yield conversion to nearly 100% pyrite. After this work, optical properties of chemically 

deposited (spray pyrolysed) pyrite FeS2 coatings on quartz plates were reported by 

A.K. Abass et al [47]. 

In 1991, FeS2 thin films were prepared by thermal sulphuration of two flash 

evaporated iron layers and characterised by I. J. Ferrer et al [48]. Morphological, 

compositional, crystallographic, optical and electrical properties of the films produced and 

their relation with the parameters involved in the sulphurisation process were presented in 

that paper. It was also concluded that FeS2 starts to be formed at sulphurisation temperature 

about 200°C. X-ray pattern showed that crystallinity and grain size of the films improve 

with the sulphuration temperature with a "critical value" that varies with the sulphur 

pressure. But the film resistivity and optical absorption coefficient change abruptly at 

temperature higher than 3S0°C. Above SOO°C polycrystalline aggregates (known a 

"framboidal pyrite") were observed. 

In 1992 vapour phase epitaxial growth of and evaluation of the carrier collection in 

liquid-junction solar cells had been reported by A. Ennaoui et al [49]. In that work 

photoactive epitaxial layers of FeS2 were grown using bromine as a transport agent in a 

simple closed ampoule technique. The substrate used were (100) oriented slices of natural 

pyrite Imm thick. Localized photovoltaic response for the evaluation of carrier collection 

using a scanning laser spot system had been used to effectively locate and characterize non­

uniformities present in the epitaxial thin films. Later iron pyrite thin films for flexible solar 

cell were reported by B. Rezig et al [SO]. In that work vacuum thermal evaporation 

technique was used to grow iron thin films on heated glass substrate. Thick fresh iron layers 

251 



(1000-3000AO) sulphurised under nitrogen flux were converted into iron pyrite FeS2 phase 

that was identified by X-ray study. These FeS2 layers showed p-type conductivity and this 

work confirmed the highly absorbing character of FeS2. It also revealed the presence of an 

indirect gap at 1.31 e V and a direct gap at 1.45e V. In another work by A.Ennaoui et al [51] 

ultra thin (l0-20nm ) polycrystalline films of FeS2 were grown on Ti02 using chemical 

vapour deposition. Photoelectrochemical solar cells using these pyrite films generated high 

open circuit photovoltage up to 600 mY, compared to a single crystal of pyrite electrode 

(200m V). Strong dependence of photovoltage and photocurrent on pH of the solution was 

also suggested in this paper. Following this work infrared spectroscopic and X-ray 

diffraction characterisation of FeS2 thin films prepared by MOCVD were reported by 

Ennaoui et al [52]. 

Later in 1992, thin pyrite films prepared using magnetron sputtering were reported 

by G.Willeke et al [53]. In that work, thin films had been prepared by sulphur assisted 

magnetron sputtering at deposition temperature between ggOC and 390°C. The films were 

microcrystalline with an average grain size 400A ° and preferential orientation changing 

from (200) to (111) on going to higher deposition temperature. The electrical conductivity 

was degenerate with cr RT = 40-1 cm-I and /lI-lRT = 5 cm2 V-IS-I and indicated holes to be the 

predominant current carrier. Argon and reactive ion beam sputtering ofthin pyrite FeS2 and 

other iron sulfide films had been reported by M.Birkholz et al [54]. In that work films were 

characterised using XRD, RBS, Optical spcctroscopy and by the measurements of 

temperature dependent conductivity. 

In 1993, optical, electrical and structural properties of polycrystalline FeS2 layers 

deposited by reactive DC magnetron sputtering were reported by D. Lichtenberger et al [55]. 

Optical and electrical properties of the films were found to be strongly depended on the 

deposition conditions. Later improvements in optical and electrical properties of flash 

evaporated pyrite thin films, by annealing at different temperature in a sulphur atmosphere 

were reported by C de las Heras et al [56]. In that work sulphuration temperature had a 

clear influence on the optical absorption and electrical resistivity of the films, with some 
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differences in their behaviour depending on the film thickness . Again electrical resistivity 

seemed to be influenced by both the film grain size and point defect density. 

The growth process of polycrystalline pyrite thin films employing low pressure 

MOCVD (LP-MOCVD) in a vertical cold wall reactor had been investigated by C.Hopfner 

et al in 1995 [57]. Study of the growth rate as a function of temperature revealed a 

kinetically controlled growth process with an activation energy of 73 kJ/mol over the 

temperature range 250-400°C. Decomposition of the films into pyrrhotite (Fel_xS) occurs at 

higher growth temperature. The SlFe ratio in the films had been controlled from 1.23 upto 

2.03 by changing tributyldisulphide (TBDS) partial pressure. In the case of films deposited 

over amorphous substrates the crystallites show a tendency to grow in (100) orientation 

with increasing deposition temperature. The growth rate is found to be 2.5Ao/ sec. 

7.4. Pyrite as a solar energy material- A comparative study 

First report on FeS2 solar cells came in 1984 [58]. In that study synthetic pyrite was­

prepared in the form of an electrode and was used in photoeletrochemical solar cells. As a 

result of the poor value of the fill factor, the low photovoltage and relatively high resistance 

of pyrite electrode, the energy conversion efficiency was insignificant for practical 

application (of the order of 1% and lower). But they obtained an average quantum 

efficiency of 33% for photocurrent generation. Later the same group has obtained a 

high quantum efficiency (90%) [17] and high photocurrent without evidence of any 

corrosion in electrochemical pyrite solar cells. 

For an analysis of energy conversion in addition to suitable energy band gap and 

high absorption coefficient, the diffusion length and carrier mobility are also important. 

The diffusion length (L) is in the range of 0.12-1 J-lm and Hall mobility of this material (J-l) is 

350 cm2Ns [42,44,59,60]. In comparison with the well known solar energy material 

Silicon (1.1 eV) the preparation of FeS2 consumes less energy and in contrast with 

amorphous Silicon, FeS2 is inherently stable. Unlike most intensively studied photoactive 

materials such GaAs, CdS CdTe and CulnSe2, FeS2 is a non-toxic material and the 

production of pyrite solar cells would never be limited by the nonavailability of the 
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constituent elements. A comparative data related to the most commonly used materials for 

photovoltaic cell is given in Table 1. 

Table 1 - Comparative data related to the most known absorbers 

PV materials C:Si a.Si:H CulnSe2 FeS2 

Energy gap (e V) 1.1 !'5-1.8 0.95-1.05 0.9-1.1 

Absorption Coefficient (cm-I) 5x103 3 xl04 2 xl0s 6 xl0s 

Absorption length (A ° ) 2 xl04 3.3x 103 5 x 102 1.7 x 102 

Quantum efficiency (%) 25 10-12 25-30 80-90 

7.5. Preparation and Characterisation of Spray pyrolysed samples 

At first attempts were made to prepared pyrite thin films using spray pyrolysis 

technique. 

7.5.1. Sample preparation 

Samples were prepared by spraymg an aqueous solution of FeCl) (O.lN) and 

thiourea (O.4N) on a glass substrate kept at 300°C. The ratio of thiourea to FeCl) was 2: 1 in 

all experiments. Detailed description of the experimental set up used for spray pyrolysis is 

given in chapter 2. The atomization of the chemical solution into a spray of fine droplets is 

effected by the spray nozzle with the help of compressed air as the carrier gas. The spray 

rate was kept at 12 cm3/minute and the high scanning rate (lOO/minute) ensures a uniform 

film thickness. Films of thickness 0.5 ~m were obtained (measured using gravimetric 

method) for a spray time 30 minutes. 

7.5.2. Characterisation 

The conductivity type of the samples was found to be p-type from hot probe 

analysis. Thin films prepared by many other techniques had also shown this behaviour [61]. 
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X-ray diffraction studies of these spray pyrolysed samples were made. Figure 7.1 shows the 

XRD spectra of as-deposited samples. Spectra reveal peaks corresponding to Fel_xS, Fe203 

and FeS phases. XRD spectra of the sample vacuum annealed (10-2 Torr) at 200°C for 1 

hour is shown in figure 7.2 and spectra show an increase in peak height. Table 2 shows the 

values of grain size, d values and hkl planes observed in XRD spectra. Grain size is found to 

be increased in the case of annealed samples and this shows that crystallinity of the sample 

is also increased after annealing. Thus from XRD analysis of the sample it is clear that the 

spray pyrolysis results in sulphur deficient sample with more oxygen content and 

stoichiometric FeS2 phase is not formed. 

Table 2. Values of hkl plane of various phases with d values and grain size 

obtained from XRD spectra of spray pyrolysed sample 

Sample observed hkl Phase Grain size d-value 

type 29 (deg.) (AO) (AO) 

51.30 - Fel_xS 0.6690 1.78 

As- 43.95 [202] Fe203 0.4336 2.06 

prepared 26.50 - FeS 0.3540 3.36 

51.5 - FeS 0.7305 1.77 

Vacuum 44.4 [400] Fe204 0.558 2.040 

annealed 32.05 [200] FeS - 2.792 

31.0 - FeS - 2.884 

30.6 [220] Fe304 - 2.921 

26.6 - FeS 0.572 3.351 
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7.6. Preparation and characterisation of CBD samples 

Even though numerous techniques had been employed for the preparation of pyrite 

films, to the best of our knowledge there is no report on the preparation of this compound 

using CBD technique. So attempts were made to prepare pyrite thin film using CBD 

technique. 

7.6.1. Sample Preparation 

Samples were prepared from a reaction mixture containing FeCh (1 N) and thiourea 

(IN). TEA was used as the complexing agent. Ultrasonically cleaned glass slides were used 

as the substrate and pH of the solution was kept above 10. Several trial preparations were 

made in order to establish the deposition temperature to make adhesive thin films on glass 

substrate, by varying bath temperature from room temperature to 80°C. The temperature of 

the bath was selected as 70°C and dipping the substrate for 2 hours in the bath yielded films 

of thickness 0.5 /lm. Films with more thickness could be obtained with multiple dipping. 

The present work is based on TEA complex method, the chemical equation for this is 

~eaction mixture was-prepared with different volumes of FeCh and thiourea in order to 

make pyrite films with different Fe:S ratio. Results of deposition and quality of films 

obtained for various Fe:S ratios is shown in table 3. 

7.6.2. Characterisation of CBD samples 

The conductivity type of the samples was found to be n-type from hot probe 

analysis. It is well established that pyrite films exist in n-type and as well as p-type material 

[38]. Resistivity of the samples was found to be 1013 n cm which is very high for any 

photovoltaic application. 
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Table 3. Nature of CBD samples obtained for different ratio between Fe and S 

Ratio ofFe:S Film Quality 

0.25:1 Discontinuous 

0.5:1 Discontinuous 

0.75:1 Discontinuous 

1:1 Slightly improved 

1.25: 1 Much Improved 

1.5:1 Very poor deposition 

1.75:1 No deposition 

2:1 No deposition 

Ratio ofS:Fe Film Quality 

0.25:1 Discontinuous 

0.5:1 Discontinuous 

0.75:1 Discontinuous 

1:1 Slightly improved 

1.25:1 Much Improved 

1.5: 1 Very poor deposition 

1.75:1 No deposition 

2:1 No deposition 

Optical absorption studies of the various films were done and a typical absorption 

spectrum is shown is figure 7.3. Band gap values were calculated from the spectra and 

variation of band gap with bath temperature is shown in table 4. In the present study films 

with Fe and S in the ratio 1.25: 1 and 1: 1 prepared at 70°C has band gap of 0.9 e V and is in 

agreement with the values reported earlier [44]. In addition to this, different values of band 

gap from 0.79 eV to 2.25 eV were obtained for different samples, the cause of which is not 

clear. Similar type of dispersion of Eg values from 0.7 eV-2.6 eV had been reported in 

pyrite crystals by 1.1. Ferrer et al [20]. The nature of transition responsible for this energy 

gap was not given by them. 
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Figure7.3. Absorption spectra ofCBD sample 
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The absorption spectra were taken for samples annealed at different temperature 

from lOO-300°C for 1 hour. Band gaps determined from the absorption spectra of annealed 

films are shown in table 5. Interestingly it is observed that when the film was annealed at 

300°C, the band gaps obtained were 0.8 cV and 1.04 eV which is very near to the 0.9·eV 

and 1.1eV that had been reported earlier [15,44,62]. 

Table 4. Band gap values ofCBD samples with different Fe:S ratio at different 

deposition bath temperature 

Ratio ofFe:S Bath temperature Band gap (e V) 

1.25:1 Room temperature 0.79,2.07 

70°C 0.9, 2.12 

1:1 Room temperature 1.9,2.2 

70°C 0.9,2.25 

Table 5. Variation of band gap ofCBD sample (Fe:S = 1.25:1) prepared at 70°C 

with annealing temperature 

Sample type Band gap (e V) 

As-deposited 0.77, 1.02 

Vacuum annealed at 

100°C 0.79, 1.05 

200°C 0.79, 1.05 

300°C 0.80, 1.04 
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We conducted PIXE measurement of the sample and figure 7.4 shows PIXE spectra 

(proton 3 MeV) of the sample vacuum annealed at 300°C for 1 hour. Spectrum indicates 

number of peaks and three of them are identified. One is due to Fe and other is due to Ca. 

Source of Ca in the sample could not be identified. Most probably it could be from the glass 

used as the substrate. One peak could be identified due to the presence of S. 

XRD studies were made on as-deposited as well as annealed samples. Figure 7.5 

shows the XRD spectra of the sample vacuum annealed at 300°C for 1 hour. Here we could 

not identify any phase from XRD spectrum and this may be due to the amorphous nature of 

the sample. The high resistivity of the sample is suspected to be due to the presence of this 

amorphous phase of the pyrite. It is reported that absorption of sulphur and crystallinity of 

the film increases with an increase in grain size and thickness of the films [52]. The film 

preparation has to be further modified for obtaining better crystalline films with lower 

resistance and higher thickness. 

In order to analyse the defect levels present in the CBD films, we carried out TSC 

measurement of these samples. Figure 7.6. shows the TSC spectra of a CBD sample. The 

spectra show no peaks at all and from this it is clear that this CBD sample does not provide 

any defect level detectable in TSC measurement. Spectra show only a semi conducting 

behaviour. 
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7.7. Conclusion 

Attempts were made to prepare pyrite thin films using simple chemical methods like 

Spray pyrolysis and Chemical Bath Deposition techniques. XRD analysis of spray pyrolysed 

samples indicates that films are sulphur deficient, probably in FeS phase and it also reveals 

the presence of iron oxide phase in these samples. In the process of spray pyrolysis, we used 

compressed air as the carrier gas and probably this may be the reason for the presence of the 

oxygen in the sample. Analysis of the spray pyrolysed samples revealed that it is quite 

difficult to prepare pyrite films on glass substrate in the presence of oxygen / air. 

Samples were also prepared using CBD technique. From PIXE· analysis we could 

detect the presence of iron and sulphur in these CBD samples. Presence of Ca from 

unidentified source could also be detected from this analysis. Optical absorption studies of 

these CBD samples gave band gap values almost similar to the previously reported values. 

Variation of the band gap with deposition temperature and annealing temperature is also 

presented in this work. XRD analysis of these CSD samples could not reveal any crystalline 

phase and this may be due to the amorphous nature of the samples. We carried out TSC 

measurements these samples, but could not detect any defect levels. It merely shows a 

semiconducting behaviour. This also may be due to the amorphous character of the sample 

prepared using CBD. The defect levels may be distributed almost continuously in the band 

gap. 
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Chapter 8 

Summary and Conclusion 

The present work mainly concentrates on the Thennally Stimulated Current studies 

of some compound semiconductor thin films used for photovoltaic applications. We 

selected this technique because of its simplicity and sensitivity. Thin films of compound 

semiconductor materials like CdS, CulnSe2, PbS and FeS2 were investigated in this work. 

We also conducted dark conductivity measurements. Results of the analysis of different 

samples are summarised in the following sections. 

CdS thin films 

TSC measurements were conducted on n-type and p-type spray pyrolysed CdS thin 

films in order to get a picture of the activation energies of different trap levels present in the 

samples. From this study we found that the mobility of sulphur vacancy is a prominent 

cause of electrical conductivity in as-prepared and annealed (both in air and vacuum) n-type 

CdS samples. But in addition to the mobility of sulphur vacancy, as-prepared and vacuum 

annealed n-CdS samples showed a level of Cd and S vacancy complexes of smaller cross 

section which could be detected only under an excitation time of 10 minutes. In the case of 

air-annealed n-CdS, even under 10 minutes excitation, we could not find the presence of Cd 

and S vacancy complexes. Instead we obtained a trap level of chemisorbed oxygen. TSC 

studies on p-type CdS gave two distinct trap levels, viz. sulphur vacancy and copper 

impurity having the same cross section. A possible explanation is also discussed and we 

found that it is the Cu impurity on Cd-S complex vacancy sites that gives the p-type 

conductivity to this sample. Nature of different trap levels observed in nand p-type CdS 

films were also detennined. We made a study on existing trap levels in these samples by 

dark conductivity measurements and the results are found to be in agreement with the results 

obtained from TSC studies. 
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As-prepared CBD CdS films are highly resistive (107 Q cm) and the variation of 

sheet resistance with aging and annealing was also included in this study. It was found that 

CBD CdS films of resistivity 105 
Q cm could he obtained after annealing in air at 250°C for 

3 hours. The present work also discuss a simple technique for producing low resistivity CdS 

films in which high resistive films were chemically treated with halides of Cd, In and Sn. It 

was found that samples treated with InCh had the least resistivity (5 Q cm). The effect 

of annealing on resistivity of these samples were also studied. While air annealing slightly 

increased the resistivity, vacuum annealing converted the film into highly resistive fonn. 

TSC measurements of high resistive CBD CdS films revealed that the samples 

contain no defect levels detectable by this measurement. But the low resistivity CBD CdS 

samples indicate the presence of Cd-S vacancy complexes, independent S vacancies and 

chloride ions. Annealing in air removes the Cd-S vacancy complexes and chloride ions, but 

these samples posses S-vacancies and chemisorbed oxygen. TSC measurements of vacuum 

annealed CBD CdS films indicate no defect levels and this explains the high resistive nature 

of these samples. 

CulnSe2 thin films 

Trap level detection of CIS films prepared using CBD was perfonned by TSC 

measurement technique. As-prepared samples had Se vacancy as a prominent trap and Cu 

vacancy of smaller cross section. But when mmealed in air, the Se vacancy of the as­

prepared samples disappeared and another donor level, supposed to be due to the adsorption 

of oxygen, came into existence. Cu vacancies continued to exist in the air annealed 

samples. Vacuum annealing did not affect the presence of Se vacancy, since oxygen 

adsorption is quite difficult under this condition. Interestingly these samples also showed 

the presence of Fe impurity. Fe impurity can come from the copper salt used in the 

preparation. When Fe is present in the reaction mixture at a pH - 7, Fe (OH)3 may be 

fonned which decomposes and deposits as y-FeO along with CIS. When such film is 

annealed in air, Fe203 may be fonned and hence it may not give rise to any TSC peak. But 

when the sample is annealed in vacuum, FeO may be transfonned to FeSe and Se02. FeSe 
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is unstable and will be associated with other molecule or defects and may give rise to a TSC 

peak. 

Nature of the different trap levels observed in TSC measurements were also 

determined. Dark conductivity measurements on these CBD CIS samples were found to be 

in good agreement with the results obtained from TSC measurements. As far as the 

fabrication of CIS/CdS solar cells by CBD technique is concerned, these investigations are 

quite relevant. 

PbS thin films 

Thin films of PbS were prepared using CBD technique, without the addition of any 

oxidants. Two types of samples were prepared from deposition bath, one with the 

complexing agent EDT A and the other without EDT A. Resistivity of PbS films prepared 

from deposition bath without EDT A was found to be 105 n cm, where as that with EDT A 

was 107 n em. TSC measurements on PbS Iilm with EDTA revealed the existence of a 

sensitizing center for photoconductivity at an activation energy of 0.21 eV. Those films 

without EDTA showed two traps, one at 0.21 cV (observed in the previous case) and the 

other at 0.05 eV. This second trap is an acceptor level and this may contribute to the 

decrease in resistivity of these films. We conducted dark conductivity measurements on 

these two types of PbS films. From the Anhenius plot, an activation energy of 0.215 e V 

was calculated in the case of PbS film with EDT A. The similar plot for the second type of 

sample without EDTA revealed various slopes and the calculated activation energies were 

0.215 eV (sensitizing center), 0.13 eV and 0.05 eV (acceptor level). The level at 0.13 eV is 

a less effective sensitizing center. So it is very clear that the dark conductivity 

measurements also support the existence of sensitizing center responsible for high 

photosensitivity of PbS films. Earlier this type of films were prepared using solution growth 

technique with the addition of oxidants only. Works are in progress in our laboratory to 

produce PbS films, with lower resistivity and improved characteristics in order to try the 

fabrication of p-n junctions. 
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FeS2 (Pyrite) 

In the present work, attempts were made to prepare pyrite thin films using simple 

chemical methods like spray pyrolysis and CBD technique. XRD analysis of spray 

pyrolysed samples indicated sulphur deficiency and presence of iron oxide. In the process of 

spray pyrolysis, we used compressed air as the carrier gas and probably this may be the 

reason for the presence of oxygen in the samples. Analysis of spray pyrolysed samples 

revealed that it is quite difficult to prepare pyrite films on glass substrate in the presence of 

oxygen/air. 

Samples were also prepared using CBD technique. From PIXE analysis, we could 

detect the presence of iron and sulphur in !hese samples. Presence of Ca from unidentified 

source could also be detected from this analysis. Optical absorption studies of these CBD 

samples gave band gap values almost similar to the previously reported values. Variation of 

band gap with deposition temperature and annealing temperature is also presented. XRD 

analysis of these samples could not reveal any crystalline phase and this may be due to the 

amorphous nature. We carried out TSC measurements on these samples, but could not 

detect any defect levels. It merely showed a semi conducting behaviour. This also may be 

due to the amorphous character of the CBD sample and continuous distribution of defect 

levels in the band gap. 

Various defect levels observed in semiconducting samples of CdS, PbS and FeS2 are 

summarised in table 1. It gives the activation energies, the probable reason and nature of the 

observed defects. 
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Sample type Observed defect Nature or 

level activation Reason typeness 

energy(eV) 

Sprayed CdS 

n-type as-prepared 1.2 Mobility of Vs electron trap 

0.4 V Cd-S complex hole trap 

n-type air annealed 1.2 Mobility of V s electron trap 

0.9 Chemisorbed 02 hole trap 

n-type vac. annealed 1.2 Mobility of Vs electron trap 

0.4 V Cd-S complex hole trap 

p-type as-prepared 1.2 Mobility of Vs electron trap 

0.73 Cu impurity hole trap 

CBDCdS 

High resistive No defect levels - -

Low resistive 

as-prepared 0.4 V Cd-S complex hole trap 

0.12 Vs hole trap 

0.03 Chloride ions electron trap 

air-annealed 0.1 Vs hole trap 

0.92 Chemisorbed O2 -

Vacuum annealed No defect levels - -

PbS 

With EDTA 0.21 Donor level electron trap 

Without EDT A 0.21 Donor level electron trap 

0.05 Acceptor level hole trap 

FeSI 

As-prepared No defect levels - -
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