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Thin films of Copper Indium Selenide (CuInSe
2
) have been prepared 

by evaporating powders of the compound synthesised by the fusion of a 

stoichiometric mixture of the elements. • 

The structure and chemical composition of the bulk material were 

investigated by X-ray diffraction and Electron Probe Microanalysis (EPMA), 

to act as a basis for comparison with thin film properties. Bragg 

reflections extra to those tabulated for CuInSe
2
 have been detected and 

some of these have- been attributed to unreported weak chalcopyrite 

reflections. The rest of the spurious diffraction lines were confirmed 

by EPMA to be due to a second phase in the ingot. Evidence for a wide 

existence region for the CuInSe
2
 phase was also obtained from the 

composition analysis. 

In order to establish reproducible deposition conditions, the rate of 

evaporation of the powders has been monitored. This revealed the 

occurrence of three distinct evaporation regimes in which the composition 

of the vapour changed from Se to In-Se and finally to a Se-Cu mixture. 

The adopted evaporation technique yielded thin films with good 

structural and compositional reproducibility despite the inhomogeneous 

nature of the starting powder. 

The films, which were deposited mainly onto cold glass substrates, 

consisted initially of a stratified structure. Single-phased p- and 

n-type CuInSe
2
 films were obtained by a post deposition anneal at 350°C. 

Transmission electron micrographs indicated that the films were poly-

crystalline, having an average crystallite size approximately equal to the 

film thickness. 

The refractive index and absorption coefficients of the homogeneous 

CuInSe
9
 films below and above the band edge have been obtained by optical 



transmission and reflection measurements. The comparison with single 

crystal data, confirmed the quality of the films. 

D.C electrical resistivity, Hall effect and thermoelectric power 

measurements indicated that the films were highly conductive. Prolonged 

annealing up to 35 hours at 350°C resulted an increase in the carrier 

concentration of the p-type films and a decrease in the carrier density, of 

the n-type films. This was attributed to the net creation of indium 

vacancies. 

A change of majority carrier type from p- to n-type was observed after 

an anneal at 450°C. It was proposed that the formation of a highly 

conducting surface oxide layer could account for such a conversion. 

The temperature dependence of mobility of the films was also studied 

and it was concluded that the mobility limiting mechanism was scattering 

due to ionised impurities. 
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CHAPTER 1 

INTRODUCTION 

1.1 THE THIN FILM TRANSISTOR 

The thin film transistor (TFT) is the thin film equivalent of the 

Silicon MOS-FET and was introduced by W e i m e r ^ as an active device to be 

incorporated with thin film passive components on insulator substrates 

by relatively low cost processes. While TFT circuits may not compete 

with the highly advanced Silicon technology in which a High density of 

devices are packed over a small area, they are suitable in applications 

where relatively large areas must be covered by a large number of active ... 

devices. In this respect the TFT offers an attractive solution to the 

problem of addressing large area liquid crystal matrix displays, where 

each picture point requires a switching element. 

While both p- and n-type channel TFT's have been produced over the 

years, using various materials, a complementary TFT has not been prepared. 

The characteristic of this device is that it integrates both p-channel and 

n-channel FET's on the same substrate with the potential of obtaining 

switching devices with very low power consumption. 

Various approaches may be taken to prepare the semiconductor 

channels in a complementary TFT. One way would be the deposition of two 

different materials having n- and p-type conductivities respectively. 

Alternatively, one could deposit a single semiconductor film.and attempt 

to dope it by extrinsic impurities. Another possibility would be the use 

of a semiconductor which can be made in n- and p-type film form by 

changing its stoichiometry, in other words doping it intrinsically to 

prepare the respective channels of the TFT's. 

From the point of view of fabrication processes, compatibility and 

complexity, the last approach is the more promising method. Hence 



semicoriductor materials that exist in both n- and p-type form by virtue 

of slight compositional variations, and having properties suitable for 

TFT applications, will have to be found and assessed. 

In the TFT, the main requirement is that the source-drain channel 

current can be modulated over many orders of magnitude by inducing carriers 

through the application of a gate voltage. For useful transistor 

behaviour this effectively means that the carrier concentration of the 

17 3 
semiconductor film be less than about 10 cm for practically controllable 

o 

film thicknesses of about 1000 A. 

It is also preferable that the carriers in the semiconductor film 

have high mobilities as this results in improved switching speeds. While 

well known high mobility materials like I n S b ^ , InAs^
4

\ P b S ^ , P b T e ^ 

and T e ^ have been tried for TFT applications, these compounds were found 

to be susceptible to carrier inversion at sufficiently high operating 

(6) 

voltages^
 1

 due to their low band gap. It now appears that a high mobility 

and low carrier concentration semiconductor film is not a sufficient 

prerequisite and that the material suitable for TFT's must also have a 

band gap somewhat larger than about 1 eV. This is evidenced by the success 
(81 (2) 

of the larger band gap compounds CdS
v ;

 and CdSe
v 

With the above-mentioned material requirements in mind, a survey 

of the band gap, electrical properties and stoichiometry of a range of 

semiconductor materials was made. For a short list the reader may refer 

(9) 

to Pamplin et al . From such a survey Copper Indium Selenide (CuInSe
2
) 

was chosen for further study as its band gap of about 1 eV, its high 

carrier mobilities and the fact that it exists in n- and p-type form makes 

it a potentially good candidate for TFT applications. 

This ternary compound had recently attracted considerable interest 

as the photovoltaically active semiconductor in thin film solar cells, 

because of its band gap. In photovoltaic cell applications the other 

main requirement for the absorber film is a low resistivity, in the range 
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10"
2

 - 1 ^ c m
( 1 0 )

, and a n -CdS/p-CuInSe
2
 thin film solar cell was first 

reported by Kazmerski'et al^
1 1

^ in 1977. 

Since the demonstration of a feasible thin film photovoltaic 

device, employing this ternary compound, work has gone into the preparation 

of CuInSe
2
 films by various methods for use in low cost cells. However, 

a survey of the literature (see Section 3.1), indicated that considerable 

difficulties existed in producing good quality films. 

Thus the aim of the work reported in this thesis is to attempt 

to grow by a reproducible and low cost method, Copper Indium Selenide 

films which are single phased and stoichiometric for TFT and solar cell 

applications. 

1.2 ORGANISATION OF THESIS 

As background information for the interpretation of the experimental 

data, the rest of this introductory chapter deals with the physical and 

chemical properties of bulk CuInSe
2
. 

In the preparation of compound films, it is essential that these 

have the correct ratio of the constituent elements so that the control 

of stoichiometry of the films will be of utmost importance. This is 

(12) 

difficult for binary compounds ' and will be expected to be even more 

complex for ternary compounds in which the volatility of each constituent 

is different. In this work a procedure based on the thermal evaporation 

of bulk CuInSe
2
 was adopted to prepare films with reproducible properties 

and it is, therefore, necessary to correlate the properties of the starting 

material and the films. 

The chemical composition and homogeneity of the bulk ingot was 

determined using X-ray diffraction and Electron Microprobe Analysis and 

these are described in Chapter 2. This chapter also presents the 

compositional changes occurring during the free evaporation of CuInSe
2
 as 

monitored by the change in frequency shift rate of an oscillating quartz 
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crystal. These experiments were performed to obtain the practical 
« 

evaporation conditions from which stoichiometric thin films could be 

prepared. 

In Chapter 3, the preparation method of CuInSe
2
 thin films is 

described and their structure, as examined by X-ray diffraction and 

Transmission Electron Microscopy, is subsequently presented as a function 

of heat treatment procedures. The chemical composition of the films, as 

determined by Electron Probe Microanalysis, is used to indicate that 

single phased CuInSe
2
 films are obtainable reproducibly with the growth 

method adopted. This chapter also looks briefly at the effects of oxygen 

on the structural and compositional properties of CuInSe
2
 films. 

In Chapter 4, the optical properties of the films are given to 

confirm their good quality. The D.C. resistivity, Hall effect and 

thermoelectric power measurements of the films are also presented in'this 

chapter and discussed in the light of structural changes occurring after 

anneals. Conclusions about the electrical transport processes are also 

drawn from the study of the electrical properties as a function of 

temperature. 

Finally, Chapter 5 gives a summary and concluding remarks on the 

work presented in this thesis. 

1.3 PROPERTIES OF CuInSe
2 

In this section some properties of bulk CuInSe
2
 relevant in this 

i 

study are presented. 

1.3.1 Crystal Structure 

Copper Indium Selenide belongs to the chalcopyrite family of 

semiconductors with the general formula I-III-VI
2
. These materials are 

the ternary analogs of the binary compound of the II-VI family. 
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Their crystallographic structure is derived from the sphalerite 

(Zincblende-): structure shown in Figure 1.1(a). In Zincblende (ZnS), the 

Zn atoms are regularly placed on a face centred cubic lattice and the S 

atoms are placed on a similar lattice, translated with respect to the first 

by a quarter of the length of the cube body diagonal. ' ZnS is tetra-

hedrally coordinated and each Zn atom is bonded to four nearest S atoms, 

while each S atom is bonded to four nearest Zn atoms. 

The chalcopyrite structure may be derived if the Zn atoms are 

replaced by two metals, one of lower valence^ Cu for instance, and one of 

higher valence, In for instance. As the average number of valence electrons 

is not changed in this substitution, it is possible for the new structure, 

the chalcopyrite, to retain the tetrahedral arrangement of the original 

sphalerite. However the ordered replacement results in the cubic Bravais 

lattice being doubled and, by definition, this takes place along the z-

directi on, resulting in a tetragonal superstructure of Zincblende. This is 

shown in Figure 1.1(b) for CuInSe
2
 where each Cu and each In atom is 

tetrahedrally coordinated to four Se atoms, while each Se atom is tetra-

hedrally coordinated to two Cu and two In atoms. This implies that the 

3 

bonding is primarily covalent with Sp hybrid bonds prevailing, although 

some degree of ionicity is also present due to the electro-negativity 

differences of the atoms. 

The chalcopyrites belong to the tetragonal space group I42d, 

with four formula units per cell and the atomic distribution for CuInSe
9 

is as follows : 

4 Cu atoms in positions 

4 In atoms in positions 

8 Se atoms in positions 

000; 0 \ \ \ 0 j 

ool- o l
3

-
 1 1

 o- l o l uuj, u y y "2" ' 2 7 

V 1 - 3 1 3. 7 H - 7 
4

 x

 7 IP 4
 X

 P 7
 X

 8
; 
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Fig. 1.1(b): Chalcopyrite Structure of CuInSe 



The positions of the Copper and Indium atoms are sphalerite-like and the 

selenium positions would also correspond to the sphalerite structure 

if x = The value of x, known as the free parameter, locates the 

(141 

position of Se atoms and has been determined as x = 0.224
v

 ' and 

x = 0.235^
1 5

^ for CuInSe
2
. 

o 

The accepted lattice parameters for CuInSe
2
 are a = 5.782 A and 

°(15) 

c = 11.620 A and the X-ray powder lines are tabulated in the Joint 

Committee on Powder Diffraction Standards (JCPDS) file No. 23-209. 

1.3.2 Phase Diagram 

Unlike their binary counterpart II-VI compounds, the chalcopyrites 

show stoichiometr-y variations of several percent. The existence region of 

the chalcopyrite at room temperature must strictly speaking be represented 

in an isothermal section of the ternary phase diagram. Such diagrams are 

scarce in the literature, however, and only a few have been determined. 

(16) 

An example of such a ternary phase relations around CuGaSe
2

 1

 is 

reproduced in Fig. 1.2. This compound also belongs to the I-III-VI
2 

chalcopyrite family and its existence region is shown in the middle of the 

diagram. It is evdident that the chalcopyrite phase exists in a wide 

composition region with excess solubility for Se, Ga-Se and Cu-Ga. The 

shaded areas in the phase diagram distinguish two phase regions from three 

phase regions. These indicate that unless the chemical composition is 

well controlled, the ternary compound will contain many unwanted secondary 

phase precipitates. 

As far as other chalcopyrites are concerned, only the I
2
VI-III

2
VI

3 

pseudobinary joins of the ternary phase diagram have been so far determined. 

These diagrams are like conventional binary phase diagrams and represent 

a vertical cross section of the composition-temperature relationship of the 

ternary diagram. Such a phase plot for CuInSe
2
 was first presented by 

Palatnik et al^
1 7

^ and later confirmed by Parkes et 
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As shown in Figure 1.3, two solid phases y and e exist at room 

temperature with the stoichiometric formulae of CuInSe
2
 and Cu^n^Se^ 

r e s p e c t i v e l y ^ K The chalcopyrite CuInSe
2
 has some solubility for 

excess In
2
Se

3
 but a complete absence of homogeneity for Cu

2
Se and this 

seems to be a general feature for all other I-III-VI
2
 chalcopyrite 

compounds^
1 7 

Cu.InSe
2
 undergoes a solid state transition at 810°C with a disorder 

occurring in the Cu-In cation sublattice. At these high temperatures, the 

tetragonal CuInSe
2
 transforms into a disordered sphalerite structure with 

° (18) 

lattice parameter a = 5.78 . This Zincblende modification of CuInSe2 

melts approximately at 986°C and may be retained at room temperature by 

quenching of the melt. The Bragg angles of the diffraction lines and their 

intensities of this modification are virtually identical with the strong 

reflections of the chalcopyrite structure and the presence of the latter 

may only.be confirmed by the weaker superlattice reflections. The 

sphalerite modification of CuInSe
2
 has been observed in thin film form in 

(19 20) 
the absence of the chalcopyrite CuInSe

2

 9 

1.3.3 Electrical Properties of Bulk CuInSe
2 

The variation in stoichiometry of the chalcopyrite compounds 

results in a spread of electrical conductivity from highly conducting to 

semi^insulating values and for CuInSe
2
 this leads in addition to a majority 

(21) 
carrier conversion . Crystals of CuInSe

2
 prepared from nominally 

stoichiometric melts plus excess Selenium are p-type, whereas those 

(22) 

prepared with excess Indium are n-type . Crystals with excess Copper 

have not been reported because of the lack of homogeneity of CuInSe
2
 in 

the Cu rich side of the phase diagram. 

Doping studies of bulk crystals were first reported by Tell et 
(21) (22) 

al
v

 ' and Migliorato et a r ' who determined that anneals in an 

evacuated ampoule in the presence of CuInSe
2
 and Se powders (maximum Se 
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pressure) resulted in p-type crystals. Anneals in the presence of 

CuInSe
2
 and In powders (minimum Se pressure) produced always n-type 

crystals. The room temperature carrier concentrations and mobilities 

were independent of temperature of anneal and of the original conductivity 

type of the crystals, for temperatures between 400-700°C. Similar 

(23) 

findings were reported by Neumann et a r ' who annealed n-type crystals 

under maximum Selenium pressure over the same temperature range. No clear 

correlation between anneal temperatures and hole concentrations was found 

and these authors concluded that the heat treatment resulted in the 

simultaneous change in the concentration of acceptors and donors in the 

crystals. 
(24) 

Doping of CuInSe
2
 with Indium was reported by Parkes et a r

 ; 

who annealed various crystals having an Indium layer evaporated onto their 

surface, at 200°C for 30 minutes. They determined that this treatment 

produced n
+

 regions on n-type crystals and n-type regions on p-type crystals 

The influence of in-.diffusion of Indium on p-CuInSe^ crystals was 
(23) 

subsequently reported by Neumann et al
v

 ' who confirmed that their crystals 

were converted to n-type. 

Diffusion of Copper into p-type crystals from evaporated Cu layers 
(25) 

at 200°C has also been reported
v

 . This resulted in n-type regions 

on p-type bulk, but complete conversion of the crystals to n-type was 

not mentioned. 

In all the above doping investigations the electrical measurements 

were not supplemented by chemical composition analysis, so it is not 

known in which region of the phase diagram the p- and n-type crystals 

of various authors lay. Nevertheless, the changes in conductivity type 

are considered to arise from changes in the intrinsic defect chemistry of 

the chalcopyrite. In this respect a vacancy in the cation sublattice, 

that is a Cu or In vacancy, will act as an acceptor, whereas a vacancy in 
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anion sublattice, that is a Se vacancy, will be a donor. In a similar 

fashion Cu or In interstitials will act as donors whereas Se interstitials 

will behave like acceptors. 

It is not clear whether the introduction of excess Indium produces 

In interstitials or Se vacancies and similarly whether excess Copper leads 

to Cu interstitials or Se vacancies, which all act as donors. Also growth of 

crystals under excess Selenium or anneal of crystals in Se vapour, may form 

acceptors in the form of Se interstitials or vacancies in the cation sublattice. 

The intrinsic impurity states in CuInSe2 have been studied by 

alectrical transport and optical measurements. Donor levels at 

6-12 m e v '
2 3

'
2 4

'
2 6

^ and at 180-250 m e v '
1 9 , 2 6

^ have been determined, while 

acceptor levels at 12-40 m e V
( 2 2

'
2 6 , 2 7 )

, 85-95 m e V
( 1 9 , 2 8 )

 and 380-420 m e V
( 1 9 , 2 8 ) 

have also been reported. 

The various preparation conditions and anneals leads to a wide 

range of carrier concentration and mobilities in CuInSe2« The electron 

(21 23 26 28) 15 17 —3 
concentrations reported so far^ ' '

 }

 vary between 10 -10 cm" , with 

2 - 1 - 1 
Hall mobilities in the range 50-900 cm V s . As for p-type crystals, 

14 18 -3 -2 -1 
hole densities in the range 10 -10 cm with mobilities of 5-485 cm V 

s"
1

 have been r e p o r t e d '
2 1

"
2 4 , 2 6

"
2 8 )

. 

1.3.4 Optical Properties 

The band gap of CuInSe2 single crystals as determined by absorption 

(29) 

and reflectance measurements is 1.02 eV . This value was later confirmed 

by Hbrig et al'
3 1

^ and Sun et al'
3 8

^ from transmission measurements of thin 

polycrystalline films of CuInSe2. 

The optical transitions have been determined to be direct with 

the minimum in the conduction band and maximum in the valence band occurring 

at k = 0. The valence band consists of a heavy hole band and a light hole 

(32) 

band which are degenerate at k = 0
V

 . The conduction band and the valence 

bands are characterised by a spherical constant energy surface in k-space 



corresponding to a parabolic energy dispersion with scalar effective 

masses, with values of m„ = 0.09 m . m
u
. = 0.71 ni and m

n u
 = 0.092 in 

c o hh o sen o 

for the conduction, heavy hole and light hole bands respectively. 

The refractive index of single crystals at photon energies below 

the fundamental edge have been determined by transmission and reflection 
(33) 

measurements to be about 2.8
V

 . 
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CHAPTER 2 

THE STRUCTURE AND COMPOSITION OF BULK CuInSe
2
 AND ITS 

N 

EVAPORATION.CHARACTERISTICS. 

2.1, INTRODUCTION 

In this chapter the characterisation of bulk CuInSe
2
 is described. 

Since the aim in this work was to prepare thin films of CuInSe
2
, 

using the bulk compound as the starting material, it is very important 

that the chemical composition and overall homogeneity of the ingot be 

established. This would then form a basis for comparison with the 

structural and compositional properties of Copper Indium Selenide films. 

For this purpose the bulk CuInSe
2
 was examined by X-ray powder diffraction 

techniques and Electron Probe Microanalysis (EPMA) and the first part of 

this chapter is devoted to these analyses. 

The rest of this chapter is allocated to the investigation of 

compositional changes occurring during the thermal evaporation of CuInSe
2 

powders so as to establish the conditions for depositing stoichiometric 

films reproducibly. 

The bulk Copper Indium Selenide, used in this study, was 

synthesised by BDH Chemicals Ltd., from the melts of the constituent 

elements. Very high purity Copper, Selenium and Indium powders, in the 

stoichiometric weight composition of Cu-jg g^ I n ^ ^ and S e ^ ^ , were 

placed into a quartz ampoule. This was evacuated to a pressure less than 

-5 

10 torr* and was subsequently sealed. The capsule was then transferred 

to a horizontal furnace and heated very slowly to 1100°C, above the 

melting point of CuInSe
2
, and soaked at this temperature for a few hours. 

After this period, the furnace was switched off and the ampoule left to 

cool slowly to room temperature. The resulting metallic grey ingot was 



subsequently broken into lumps and stored in a glass bottle. 

Four large lumps were chosen from the broken ingot and were 

analysed to check the homogeneity of the ingot. These big lumps were 

labelled as batches A, B, C and D and their powders were later used to 

deposit thin CuInSe2 films. 

2.2 X-RAY DIFFRACTION ANALYSIS OF CuInSe
2 

2.2.1 Experimental Procedure 

A Debye-Scherrer camera and a Guinier-de Wolff camera were used 

to study the powder diffraction lines of CuInSe2-

In the Debye-Scherrer method, a 114.6 mm diameter camera with an 

asymmetric Straumani film mounting was employed. This allowed hk£ 

reflections with Bragg angles 9 = 0 - 90° to be recorded with 1 mm on the 

film corresponding to 9 = 0.5°. 

The Guinier-de Wolff camera had a diameter of 114.6 mm and was of 

the quadruple type. It permitted the recording of the front reflection 

region 6 = 0-45° of four powder samples simultaneously. The advantage 

of this camera is that 1 mm on the film corresponds to 6 = 0.25° so that 

its ability to resolve diffraction lines from planes of almost the same 

d-spacing is twice that of Debye-Scherrer camera. Furthermore because this 

camera employs an almost pure monochromatic X-ray radiation, the 

elimination of white radiation results in photographs having always a very 

low background darkening, thus permitting the detection and precise 

measurement of very low intensity diffraction lines. 

The radiation employed in this study was Copper Ka which was 

Nickel filtered in the Debye-Scherrer method. The X-ray beam was 

provided by a Phillips generator operating typically at 30 kV accelerating 

voltage with beam currents of 20 mA. 

The specimens for examination were prepared by crushing pieces 

from the ingot to a size small enough to pass through a 325-mesh screen 
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Fig. 2.1: Debye-Scherrer Powder Photograph of CuInSe^ 
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(average grain size of 45 pm). The powders were then mixed with 

Canada Balsam, which acted as an amorphous binder and the pastes were 

then coated onto the specimen holders. 

2.2.2 Results 

A typical Debye-Scherrer pattern for CuInSe
2
 powders is shown 

in Figure 2.1 where each diffraction line has been indexed according to the 

chalcopyrite structure of CuInSe
2
. Table 2.1 gives a full list of the 

observed reflections and compares the experimental d-spacings with those 

( 1 2 ) ' 
tabulated in the powder file ' . The agreement between the measurements 

and the file listing is excellent but the powder photographs contain 

faint lines which are not listed under CuInSe
2
. As all these extra lines 

occurred at low Bragg angles, the front reflection region was investigated 

in the Guinier-de Wolff camera. The patterns obtained in this camera 

also* contained the same spurious lines. 
•i i 

The origin of these extra lines was immediately suspected to be 

due to foreign material other than CuInSe
2
. In order to identify this 

alien substance a search through the JCPD powder file was made. 

The elements Cu, In and Se and their oxides, as well as all the possible 

compounds in the systems Cu-In,. Cu-Se, In-Se and any other oxides 

associated with these, were considered. In cases where the powder file 

did not contain information on a particular compound of interest, d-spacings 

were obtained from the literature. Also, whenever possible, the powder 

data from more than one author were compared and taken into consideration. 

On this basis some of the observed extra diffraction lines were 

associated with one of the compounds in the Cu-Se, namely Cu
3
Se

2
. In 

Table 2.2, a comparison between the experimental values of d-spacings 
(3) 

with those of Cu
3
Se

2
 is made. 



d(observed) 

A 

d(powder file) 
A 

hkl d(observed) 
& 

d(powder file) 
A 

hkl 

5.1930 5.20 101 1.3115 _ _ 

3.5651 - - 1.2547 1.256 109,307 

3.3531 3.34 112 . 1.1990 1.200 415 

3.2019 3.20 103 1.1807 1.181 228,424 

3.1322 - - 1.1522 1.151 431 ,501 

2.8851 - - 1.1134 1.114 336,512 

2.5110 2.52 211 1.070 1.070 417,521 

2.2580 - - 1.0386 1.035 435,505 

2.1443 2.15 105,213 1.0224 1.025 408,440 

2.0442 2.04 204,220 0.9772 0.9777 516,532 

1.8982 1.900 • 301 0.9483 0.9482 437,507 

1.8203 - - 0.9167 0.9180 2,0,12 

1.7789 - • - 0.9134 0.9140 604,620 

1.7413 1.743 116,312 0.8823 0.8821 . 536;3,2,11 

1.7274 - - - 0.8608 0.8609 439,509 

1.6625 - - 0.8413 0.8415 

0.8357 

545,633 

1.5901 - - 0.8358 

0.8415 

0.8357 448 

1.4785 1.480 305,323 0.8349 0.8255 529 

1.4471 1.446 008,400 0.8132 0.8134 1,1,14 

1.3950 1.393 217,411 0.8296 0.8097 552,712 

1.3275 1.327 316,332. 

Table 2.1: List of all the diffraction lines observed in CuInSe 

Powders 



d(extra) 

o 

A 

d(Cu
3
 Se£ 

o 
A 

(Intensity) 

3.565 3.55 ; (100%) 

3.133 3.11 ; ( 60%) 

2.895 -

2.262 2.264 ; ( 45%) 

1.820 1.831 ; ( 80%) 

1.779 1.780 ; ( 60%) 

1.727 -

1.662 - • 

1.590 -

1.311 -

Table 2.2: Comparison of the d-spacings of 

Cu
3
Se

2
 diffraction lines with the 

observed extra powder lines 

It is evident that the agreement is very good and all the 

strongest Cu
3
Se

2
 reflections match some of the spurious lines very well, 

indicating that some Cu
3
Se

2
 must exist as a second phase material in 

the bulk CuInSe
2
 powders. 

The rest of the extra powder lines could not be identified with 

other compounds involving any combination of Copper, Selenium, Indium 

and Oxygen. A further search in the powder file for any other material 

could not produce a match with the experimental data either. 
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The possibility of some of these unaccounted lines originating 

from specimen holders was dismissed on the grounds that both the Debye 

and the Guinier cameras, having different substrate materials, had 

recorded these extra lines. 

The possibility of contamination from the X-ray source itself 

was also taken into consideration. For example, in an X-ray tube, the 

Tungsten from the filament emitting the electrons would start to deposit 

on the surface of the Copper target after long use. While the normal 

accelerating voltage used to excite the Cu-Kct radiation is not sufficient 

to excite the W-Ka, it can nevertheless excite the very strong w-La^ 

°(4) 

line at A ^ ^ =1.47635 A . This radiation would not be attenuated 

by the Nickel filter and would act as a secondary source of X-ray radiation. 

This would manifest itself, in a pattern taken with Cu radiation, by the 

formation of spurious lines with d-spacings d
g
 such that: 

d

s
 = 

^w-ktj 
o 

where.Cu-Ka is the Cu-Ka radiation at 1.54178 A and d ^ is the d-spacing 

of the strongest powder lines of the sample under study. 

In the Guinier-de Wolff camera, which employs a monochromator, 

the above type of contamination would be eliminated because the crystal 

monochromator is set to diffract only the strong Cu-Ka- component of the 

general radiation from the X-ray tube. However the crystal monochromator 

does introduce spurious radiation at A/2 and A/3 of the main wavelength A 
(5) 

of the radiation employed, with the A/2 component being strongest . 

The effect of this would be to effectively introduce extra diffraction 

lines at: 
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Since the d-spacings of the spurious lines would be different in • 

both type of cameras should contamination from the X-ray source be 

present, it must be concluded that the origin of the observed extra 

powder lines could not be attributed to the above effect. 

The other alternative in explaining the origin of the unaccounted 

diffraction lines, must remain with CuInSe
2
. In order to ascribe them 

to the ternary compound however, they must satisfy the selection rules 

of the space group, I42d, to which the chalcopyrites belong. Furthermore, 

their intensity must be calculated to verify that they are theoretically 

observable in the powder patterns. 

2.2.2.1 Allowed CuInSe
2
 hkA Reflections 

The limiting conditions for allowed Bragg reflections for the 

(6) 

space group I42d are given in the X-ray crystallography tables '. For 

CuInSe
2
 these are: 

Reflection type Limiting Condition 

hkA h + k + A = 2n 

hkA 2k + A = 2n + 1 or 4n 

OKA k + A = 2n 

hhA A = 2n ; 2h + A = 4n 

hOO h = 2n 

hhO h = 2n 

where n is an integer 1,2,3 and hkA are the Miller indices for the 

reflections. 

A list of all the reflections for CuInSe
2
 can be written down 

by taking various permutations of hkA. By applying the above limiting 

conditions and by noting that a hkA reflection is equivalent to a khA 

reflection in the tetragonal system, a table of allowed reflections 

for CuInSe
2
 can then be obtained. For each allowed hkA reflection, 

the interplanar d-spacing may subsequently be calculated frmom the 

formula^
5

) 
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2 

d. . , = [-1 (h
2

 + k
2

 + 
h k 4 7 (c/a)

2

. 

where a and c are the lattice parameters of the unit cell of CuInSe-, taken 
o o 

as 5.782 A and 11.620 A respectively. 
o 

Such a calculation was carried out for d ^
1

 values down to 1.00 A, 

covering the low Bragg angle region in which the spurious lines were 

(2) 

observed. When all the reflections already tabulated in the Powder File ' 

for CuInSe^ were allowed for, the above exercise yielded quite a few hkJi 

reflections not reported previously. These are shown in Table 2.3 where they 

are compared with the unaccounted lines of Table 2.2. 

While the calculated reflections do not match with the extra 

lines previously associated with Cu^Se^, they tie in quite well with the 

remaining spurious lines. Thus it appears that these lines can be indexed 

under the chalcopyrite structure of CuInSe
2
. It must be noticed that 

Table 2.3 also contains the calculated 433,503 and 1,0,11; 523 reflections 

which are.also allowed. However these will not be observed in the 

diffraction patterns because their d-spacings are too near the strong 

336,512 and 435,505 reflections of CuInSe
2
-

2.2.2.2 Calculated Intensity of CuInSe
2
 Reflections 

In order to confirm conclusively that the additional lines belong 

to CuInSe
2
, their intensity was calculated. For this purpose the 

structure factor F(hk£), which expresses the combined scattering in a 

particular direction of all the atoms in the unit cell, was first 

evaluated. 

In general for a unit cell comprising of N atoms of the same kind, 

(5) 
the structure factor is a complex number given by

v

 ' 

N N 
F(hk£) = f [ I Cos 2tt (hx + ky + I ) + j Z Sin 2tt (hx + ky + Iz )] 

1 n
 J

n zn'
 0

 n
 J

n n 
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hk£ 
d

hk£
 c a l

culated 

( « 

d.. . unaccounted lines 
hkj6 o 

. (A) 

(004) 

• (200) 

(2.9050) 

(2.8910) 

2.8934 

(215) 

(303) 

(1.7285) 

(1.7255) 
1.7287 

224 1.6718 1.6705 

(107) 

(321) 

(1.5955) 

(1.5886) 
1.5910 

(325) 

(413) 

(1.3199) 

(1.3186) 
1.3173 

(433) 

(503) 
i 

1.1081 -

(1011) 1.0392 

(523) 1.0347 

Table 2.3: d-spacings of theoretically allowed hk£ 

CuInSe^ reflections compared with d-spacing 

of unaccounted lines 
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where x , y , z are the fractional coordinates of the atoms in the 
n

 J

 n n 

unit cell, and f is the atomic scattering.factor, which is the:ratio .. 

of the amplitude scattered in a particular direction,by one atom, to the ' 

amplitude scattered in the same direction by one electron. Its value 

increases with the atomic number of the atom and these are tabulated for 

every element in the international tables for X-ray Crystallography^
7

' as 

a function of Sin 9/X. Here 9 is the Bragg angle of the particular hkil 

reflection and x is the wavelength of X-ray employed. 

The structure factor for CuInSe^ may be written as 

F(hkA) = (a
C(j
 + a

I n
 + a

S e
) + j (b

C u
 • b

 +
 b

S g
) 

where 

Cu 
3ji-

= f
c u
 [1 + Cos -tt(h + f) + Cos tt(h+k+5,) + Cos ir(k + 

Cu 

In 

'In 

= f
C | J
 [Sin 7r(h + + Sin ir(h+k+£) + Sin 7r(k + 

= f
i n
 [Cos nil + Cos tt(h + + Cos ir(h+k) + Cos ir(k + 

= f
I n
 [Sin nil + Sin -rr(h + + Sin n(h+k) + Sin n(k + |)] 

a

Se
 = f

Se 
Cos n(2hx + | + + Cos n(-2hx+ ^ + |) + Cos + 2kx + 

+ Cos tt(| -2hx + + Cos n(2hx+h + ^ + +Cos n(h-2hx + j + ^ ) 

+ Cos tt(| +k+2hx + + Cos + k - 2kx + 

(

Se
 = f

Se 
Sin n(2hx + | + a)

 +
 Sin 7i(-2hx + + |) + Sin tt(aa + 2kx + a|) 

+ Sin -2hx + + sin iT(2hx+h + ^ + + Sin 7r(h-2hx+-| + 

+ Sin tt(A + k + 2kx + + Sin t t ^ + k-2kx + 
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where f , f
T
 and f© are the X-ray scattering factors of Copper, 

cu' In Se
 J 3

 rr » 

Indium and Selenium respectively and x is the free parameter taken in turn 

as x = 0.224 and x = 0.235. 

Having calculated the structure factor for each allowed CuInSe
2 

hk£ reflection, these were then used to calculate the relative integrated 

(5) 

intensity of the powder lines, I, from the formula
v

 ' 

I(hkA) = | F(hkil) |
2

 mLP ' 

where the square of the modulus of the structure factor is now 

considered and m is the multiplicity factor, which takes into account the 

different planes contributing to the intensity of the same diffraction 

line. Its value depends on the crystal structure and type of reflections. 

For the tetragonal structure of CuInSe
2
 its values are 

Type of Reflection hkl hh£ h0& hkO hhO hOO 005, 

Multiplication Factor m 16 8 8 8 4 4 2 

In the intensity formula, L is the Lorentz factor which takes into 

account that crystal planes oriented at an angle slightly away from 

the exact Bragg angle, 0 , still contribute to the intensity at the angle 

9 . Its value is given by: 

Sin
2

 0 Cos 9 

Finally, in the integrated intensity, P, is the polarisation 

factor, which arises because the unpolarised radiation from the X-ray 

tube becomes polarised after being diffracted. The amount of polarisation 

depends upon the angle of diffraction through: 

P = 1 + Cos
2

 29 
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The results of the intensity calculations for the extra lines are. 

given in Table 2.4, where the intensities are relative to the 112 reflections 

which were determined to be the 100% intensity line. 

hkA d

exp W 
I

c a l c
( % ) 

004,200 2.8934 0.7 -

215,303 1.7287 1 

224 1.6705 0.4 

107,321 1.5910 2 

325,413 1.3200 2 

Table 2.4: Calculated intensity of unreported 

CuInSe
2
 hkA reflections 

As expected the calculated relative intensities are quite low but 

by no means impossible to detect, since the theoretical intensities of 

other previously reported CuInSe
2
 reflections lay also in the 1-2% 

region. This point is made clear in Table 2.5 where the calculated 

intensities of all allowed reflections in the low Bragg angle region 

are tabulated with the previously unreported reflections being marked 

with an asterisk. This table also contains the relative intensities 

estimated visually from the powder patterns, and shows that theory and 

calculations agree very well for both values of the free parameter 

x = 0.224 and x = 0.235. 

The indexing and intensity calculations have thus shown the weak 

powder lines observed at d = 2.89 A, 1.73 A, 1.67 A, 1.59 A and 1.32 A 

are due to chalcopyrite CuInSe
2
 reflections not reported in the powder file. 

The other extra lines at d = 3.56 A, 3.13 A, 2.62 A, 1.83 A and 1.78 A 

have been determined to be due to second phase Cu~Se
9
. 
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Experimental 
Calculated Intensity 

hk£ Intensity 
I . for x = 0.€24 
cal c 

(%) 
*calc 

for x = 0.235 

(%) 

101 
+ 

m 1 6 

112 VVS 100 100 

103 
+ 

m 2 2 

*004,220 W 0.7 0.6 

211 
+ 

m 6 4 

105,213 
+ 

m 1 1 

204,220 VVS 71 72 

301 m 1 0.6 

116,312 VS 42 43 

*215,303 m 1 0.7 

*224 VW 0.2 0.3 

*107,321 VW 2 1 

305,323 m 1 0.6 

208,400 S 11 11 

217,411 m 1 0.7 

316,332 S 16 17 

*325,413 m 2 1 

109,307 W 0.4 0.3 

415 W 1 1 

228,424 S
+ 

•21 23 

Table 2.5: List of calculated intensity of all allowed low angle CuInSe2 

reflections 

VVS = Very very strong; VS = Very strong; S
+

 = Quite strong; 

S = Strong; m
+

 = Less strong; m = Medium; W = Weak; VW = Very weak 

* = Previously not reported reflections 
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B C 0 A 

Fig. 2.2: Guinier-de Wolff Diffraction Patterns of CuinSe2 
Powders A, B, C and D 



In order to check the homogeneity of the bulk material, four 

big lumps A,B,C and D had been chosen and their powder patterns were 

compared in the Guinier-de Wolff camera. This is shown in Figure 2.2 

where each strip on the photograph represents a sample. The patterns 

are characterised by the three strong reflections 112; 204,220 and 116,312 

of CuInSe
2
. In addition powder A which was mixed with Silicon as an internal 

standard, has the 111, 220, 311, 400 and 331 reflections of Si superimposed. 

A close examination of each pattern revealed that powders A, B 

and C had all the extra lines due to Cu^Se^ and CuInSe^ as tabulated in 

Table 2.2, whilst the powder D did not have the extra lines due to Cu^Se^ 

but only the extra lines associated with the weak unreported chalcopyrite 

reflections as tabulated in Table 2.3. These observations indicated that 

CUgSe^ pr.ecipiates were not uniformly distributed throughout the bulk 

ingot and that certain regions contained less or even no secondary phase. 

2.2.3 Conclusions 

In conclusion, the X-ray diffraction investigations of bulk CuInSe^ 

has shown that the starting material was not homogeneous and contained 

CUgSe^ precipitates. The X-ray analysis has also given evidence of the 

presence of previously unreported weak chalcopyrite CuInSe
2
 reflections. 

2.3 ELECTRON PROBE MICROANALYSIS OF CuInSe
2 

2.3.1 Introduction 

Electron Probe Microanalysis is an essentially non-destructive 

analytical technique which is used to determine the chemical composition 

of specimens having a volume as small as a few cubic micrometers. 

During the analysis, the selected area of the sample is bombarded 

with a beam of electrons accelerated to energies in therange 10 to 30 keV. 

The electron beam which is focussed to typically 0.1-1 pm diameter size, 

causes the emission of an X-ray spectrum that consists of characteristic 

X-ray lines of all the elements present in the bombarded volume. 



- 4 3 - r 

The composition analysis is accomplished by identifying the 

wavelength of the characteristic X-ray lines and by measuring their 

intensities. The wavelength in the emission spectrum establishes 

* the definite presence of a particular element and the line intensities 

are related to the weight fractions of the corresponding elements. 

For a quantitative analysis, the X-ray count rates in the 

0 specimen are compared with the count rates from a standard containing the 

element in question. As a first approximation, the relative count rates 

of specimen to standard gives the weight concentration of the particular 

^ element in the sample. However, because the intensity of the characteristic 

X-ray line emitted by an element in the sample depends to a great extent 

on the presence of other elements in it, the measured intensities must be 

corrected. The correction takes into account the difference in the Atomic 

Number, Absorption Coefficient and Fluorescence effects between the sample 

and the standard. These correction factors, which themselves depend on 

the weight concentration of each element present in the specimen, are 

* calculated by an iterative technique using a computer. 

In general, the accuracy of the Electron Probe Microanalysis 

will depend on the concentration of the elements present in the specimen, 

^ the type of theoretical model and computer program used in the iteration 

and, of course, on the instrumental and experimental errors. In order 

(8) 

to investigate the accuracy of the Probe Microanalysis, Beeman et al
v

 ' 

have collated the EPMA composition results of different laboratories, 

on carefully prepared and well characterised specimens. They concluded 

that the overall accuracy of the composition analysis is likely to be 

around ±3% of the concentration, provided that the amount of constituent 

elements in the sample exceeds -20 wt%. Such an accuracy should also be 

valid for CuInSe^ because the weight fractions of the constituents are 

-18.9 wt%,Cu 47 wt% Se and 34.1 wt% In. 



- 4 4 - r 

The Electron Probe Microanalysis, .of all samples investigated 

in this study, was performed at the Imperial College Analytical 

Services Laboratory. An accelerating voltage of 25 kV at a beam current 

-8 

of 5 x 10 A was employed and was found not to cause beam damage. The 

analysis was performed on the intensities of the characteristic X-ray 

lines CuKa,SeKaand InLa. The X-ray counts of each of these lines were 

measured over.a period of 60 seconds and this was repeated for five 

randomly chosen areas on each specimen. The average count rates were 

subsequently used in the quantitative analysis and the standards used 

were pure Copper, pure Indium and well characterised Cadmium Selenide. 

The spatial homogeneity of the sample compositions were checked 

by a qualitative analysis in which the X-ray count rates of each element 

were monitored while the sample was swept under the stationary electron 

beam in a line scan. 

2.3.2 Composition and Homogeneity of CuInSe
2 

From the previously chosen four large lumps, A,B,C and D of 

the ingot, smaller specimens were cut off and analysed.on two different 

occasions. A loose grain E picked out randomly from the rest of the ingot 

was also examined. Table 2.6 gives the results of the analysis and 

also tabulates the mean composition of each of the batches A,B,C,D and E, 

in atomic percentages. It can be seen that the variation of composition 

within each large lump is not great and is less than 2% of the mean 

composition in each case. This implies that the composition of CuInSe
2 

within each batch is quite homogeneous and also that the reproduciblity 

of the microanalysis technique used is quite good. If the average 

compositions of the various lumps are compared with one another, it will 

be apparent that there is a slight variation in composition. It should 

also be noticed that in all cases the composition of CuInSe
2
 deviates 

away from the theoretical composition of 25 at % Cu, 25 at % In and 

50 at % Se. 
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Batch 
identification 

Results of EPMA 

at%Cu at%Se M i n 

Mean Composition 

at%Cu at%Se at%In 

A 

23.8 50.5 25.7 

23.3 50.8 25.9 

23.6 50.6 25.8 

B 

22.6 51.5 25.9 

22.1 50.9 27.1 

22.3 51.2 26.5 

C 

23.3 51.4 25.3 

23.1 50.6 26.3 

23.2 51 25.8 

D 

22.9 54.9 22.2 

22.6 54.5 22.9 

22.8 54.7 22.5 

E 

21 51.3 27.7 

21 51.5 27.5 

21 51.4 27.6 

Table 2.6: EPMA composition of bulk CuInSe 



The line scans across the samples showed that the composition 

was not spatially homogeneous and that second phase regions existed. 

A typical scan is shown in Figure 2.3 where the X-ray count rates of 

Cu, In and Se are plotted as a function of distance along a random 

direction in the specimen. The start of the scan is shown to occur in 

the region containing Copper Indium Selenide where the spatial variations 

of the count rates are well below about ±3%, confirming the homogeneity 

of CuInSe2 in these matrix regions. The line scan is then characterised 

by regions in which the Copper count increases drastically while the 

Indium count, drops to very low levels. The Selenium count rates also 

decrease in these regions but by a much smaller factor than the Indium 

count rates. These are indications of the presence of second phase 

regions which contain mainly Copper and Selenium. The fact that some 

Indium counts are still being measured in some of these second phase 

regions, is due to the variation of the position of the Cu-Se precipitates 

from the surface of the specimen. In some regions therefore the counts 

measured will be the combined effect of the matrix and precipitates. 

The line scans indicated that the size of the second phase regions 

was in the 10-40 pm region and that their amount varied from batch to 

batch. In this respect lump A contained a higher density of these 

precipitates whereas the amounts in batches B and C were much lower whilst 

lump D and grain E were not found to contain any significant number of 

second phase regions. 

By measuring the count rates in the larger second phase regions, 

an estimate of their composition could be made. Two separate measurements 

gave 59.6 at % Cu, 40.4 at % Se and 56.8 at % Cu, 43.2 at % Se, which 

correspond to more or less the composition of Cu
3
Se2, the phase which 

was identified as secondary material an the X-ray diffraction analysis-. 
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2.3.3 Existence Region of CuInSe
2 

At present the homogeneity region of CuInSe
2
 is not known and 

thus there is a need for investigating the nature and chemical composition 

of phases at room temperature around the nominal composition of 25at% Cu 

25 at% In 50 at% Se. While this may prove to be a tedious and complex 

task, an approximate existence region for single phase CuInSe
2
 could be 

determined, if the chemical composition of crystals prepared by various 

laboratories were available and compiled. Unfortunately in the literature, 

the characterisation of bulk CuInSe
2
 consists usually only of X-ray 

(9) 

diffraction analysis and to date only Moller et al
v

 ' have published 

compositional data on CuInSe
2
- In an attempt to construct an approximate 

single phase region for CuInSe
2
 the mean compositional data of lumps A to E 

of our bulk ingot were plotted on an enlarged portion of the ternary 

phase diagram in the vicinity of the theoretical atomic composition of 

CuInSe
2
- The composition diagram shown in Figure 2.4 also includes data 

from a single crystal CuInSe
2
, labelled as, S, and the published data of 

MOller e t . a l ^ denoted as 1,2 and 3. 

Sample S was a single crystal of Copper Indium Selenide grown by 

(18) 

R.D. Tomlinson ' at Salford University which was compositionally 

analysed however at the Imperial College Laboratories, using the same 

procedure for samples A-E. The Salford sample was determined to be 

homogeneous and did not contain any precipitates. The compositional 
(9) 

data of Moller et al
v ;

 had also been obtained by Electron Probe Micro-

analysis and these authors had reported the presence of Cu
2
_

x
Se precipitates 

at different parts of their sample. 

In Figure 2.4, the average composition of each sample is plotted 

and the error bars reflect the spread of composition when more than one 

measurement is made on a particular sample. Looking at the composition 

of our samples, it is apparent the CuInSe
2
 composition of lumps A,B,C 

and E lies along the pseudo-binary Cu
2
Se-In

2
Se

g
 join of the phase diagram. 
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In each case,.the composition is towards the I"2
3 e

3
 r l c b S l d e a n d t b e 

excess mole fraction of Ir^Se^ is calculated to be 2%, 2.5%, 4.2% and 6.5% 

for samples A,C,B and E respectively. Sample D on the other hand has 

Indium to Copper atomic ratio of nearly unity and consequently lies 

along the Culn-Se join of the phase diagram. It is characterised by 

an excess solubility for Selenium which was calcualted to be around 2.5 

mole %. 

The single crystal from Salford also had excess Selenium but 

this was somewhat less than our sample D. 

(9) 

The EPMA data of M'dller et al
v

 ' lay in the region along the 

^ S e - I n ^ e ^ , but as opposed to our samples A,C,B and E, their composition 

values are below the pseudo-binary join. They also report excess 

solubility for Ir^Se^ and their composition labelled as 2 in the ternary 

plot of Figure 2.4 indicates approximately 3.5 at% excess In^e^. 
•i ' 

The EPMA of bulk CuInSe
2
 as obtained in this work and by (9) 

MUller et al ' , indicates that Copper Indium Selenide is always Copper 

deficient. This is in good agreement with the findings of Palatnik et 

a l ^
1

^ , that there is an absence of a ^homogeneity region on the Copper rich 

side of the phase diagram of CuInSe
2
. 

The existence region of CuInSe
2
 on a ternary diagram has not yet 

been determined but by comparing the experimental data of Figure 2.4 with 

the homogeneity regions of other similar compounds in the I-III-VI
2
 family, 

an approximate single phase region boundary may be defined. 

In determining the phase regions near the chalcopyrite CuGaS
2
, 

Kokta et a l ^
1 1

' have shown that this compound could dissolve up to 6% 

excess G a ^ .
 s a m

P ^
e

 ^ composition in this study is very similar to 

this and may thus be taken to represent the single phase boundary on the 

Cu
2
Se-In

2
Se

3
 join. CuGaS

2
 was found also to have extensive solubility 

for Selenium and this was a maximum at a composition with Ga/Cu ratio of 
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nearly unity. Though Kokta et not state the exact amount of excess 

Se that is soluble, this can be estimated to be around 3-4% from their phase 

diagram. This is again very similar to the composition of our sample D 

which may therefore be taken to give the maximum Se solubility in CuInSe^. 

CuGaS2 is also characterised by an absence of homogeneity in the Copper rich 

side of the phase plot and its homogeneity region extends towards Cu-Ga 

phases, i.e. well below the Cu2S-Ga2S
3
 join. 

By taking the above features of CuGa$2 into account, a rough single phase 

boundary for CuInSe2 has been obtained and this is shown by the dashed lines 

in Figure 2.4. This indicates that CuInSe2 (CIS) has an extensive homogeneity 

region . • and if a sample has a composition which falls 

outside this region, then it will be expected to contain other secondary 

phases in addition to CuInSe2-

Since the samples analysed in this work had Cu
3
Se2 as secondary phase, 

then this is indicative of the existence of a two-phase region between CuInSe2 

and Cu
3
Se2- In the ternary phase diagram of Figure 2.4, this two-phase 

region is shown by the shaded region labelled as CIS + Cu
3
Se2« 

(9) 

Similarly since the samples of Moller et al
 ;

 contained C ^ ^ S e precipitates, 

a two-phase region involving CuInSe2 and Cu2_
x
Se must exist and this is shown 

by the dashed region labelled as CIS + Cu
p
 Se in Figure 2.4. 
U

 -

 A 

2.3.4 Conclusions 

In conclusion, the Electron Probe Microanalysis of bulk CuInSe2 samples 

showed that different parts of the ingot had different compositions and that 

CuInSe2 exists in a wide single phase region of the ternary phase diagram 

around the theoretical composition of 25at% Cu, 25at% In, 50at% Se. 

The Electron Probe line scans confirmed the findings of the X-ray 

analysis in that Cu
3
Se2 precipitates with dimensions of a few tens of microns 

exist together with CuInSe
?
 in some parts of the bulk ingot. 
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The above results indicated that the properties of films 

prepared from powders, obtained from different parts.of the bulk ingot, 

must be carefully compared and correlated with the starting powder batch. 

2.4 COMPOSITIONAL VARIATION DURING EVAPORATION OF CuInSe
2 

2.4.1 Introduction 

The vacuum evaporation technique is the most widely used method of 

preparing thin films of materials. It relies on heating the substance under 

vacuum to high enough temperatures so as to initiate a high vapour pressure 

and hence to provide the transfer of material from the bulk onto a substrate. 

In order to use this method successfully a knowledge of the 

evaporation characteristics of the material in question is necessary. The 

properties of importance are the type of evaporating species and their 

partial pressure as a function of temperature. These can be converted 

easily to specific evaporation rates which are of more interest in practice. 

If the material to be evaporated is a compound then the precise knowledge 

of the evaporation characteristic is very crucial for controlling the 

composition of the layers being deposited. 

The only study of the evaporation of CuInSe
2
 reported so far has 

(13) 

been that of Strelchenko et a n
 7

 who used a mass spectrometer equipped with 

a Knudsen cell. Their investigation showed that over the temperature region 

900-1160K, the chalcopyrite is characterised by incongruent evaporation. 

The evaporating species in the vapour were identified as In
2
Se and Se

2
 and 

their partial pressure over CuInSe
2
 were: 

l o

9l0
 P

In
2
Se

 = 6

'
5 0 3

 "
 9 7 5 8 7 1 

log-jQ P
S e
 = 10.732 - 16097/T 

where the partial pressures are given in torr when the temperature T is in 

Kelvin. These partial pressures have been plotted in Figure 2.5 and indicate 
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Fig. 2.5: Partial Pressure of Vapours above CuInSe 



- 5 4 - r 

that in the temperature range investigated In
2
Se has a higher pressure than 

Se
2
. Since no elemental Copper or Copper containing molecules were 

detected in this temperature region then it is obvious that, if free 

evaporation is allowed, the composition of CuInSe
2
 will move more and more 

towards the Cu-rich region of the phase diagram. Eventually it would be 

expected that, after prolonged evaporation at high temperatures, Copper 

Indium Selenide will have decomposed into Copper, the less volatile phase 

of the constituent elements. It is clear, therefore, that sufficiently 

high temperatures (estimated to be greater than 1600K from the vapour 

pressure of Copper'
1 4

') will be required to evaporate the remaining Copper, 

if the correct composition in the deposited layers is to be attained. 

It is thus important to establish the exact conditions under which 

Copper Indium Selenide can be evaporated to give films with the required 

stoichiometry. Also, since the vapour pressure data of Strelchenko et al 

is given only up to 1200K,. a knowledge of the evaporation characteristics 

above the temperature will shed light into the dissociation processes of 

CuInSe
2
. With these objectives in mind, the free evaporation behaviour 

of CuInSe
2
 was investigated by monitoring its evaporation rate in vacuum, 

as a function of time and temperature. 

2.4.2 Experimental Procedure 

The evaporation rates were recorded by detecting the change in the 

oscillating frequency of a thin quartz crystal onto which the evaporant 

condensed. 

The instantaneous frequency shift rate of the crystal, , gives 

a direct measure of the mass evaporation rate of a substance through the 

(15) 
relationship 

=
 C

f
 G A

e
R

e 
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- 1 2 
where Cp is the mass determination sensitivity of the crystal in Hz gm cm , 

G is a geometrical factor which takes into account the emission characteristics 

- 1 - 2 
of the source having area A

e
,and R

g
 is the mass evaporation rate in gm s cm . 

The factor C^G will be fixed for a given crystal type and monitor 

5 -1 

to source geometry used. It was determined to be -1.7 x 10 Hz gm , by 

evaporating a known weight of material to completion and noting the total 

frequency change Af that has thereby occurred. 

For the evaporation area A
g
 of the source used, the experimental 

frequency shift rates can be converted to mass evaporation rate through: 

r = 4.5 x 10
5 

e at 

where R
e
 is in gm s"

1

 cm
 2

 when ^fa is in units of Hz s
- 1

. 

The quartz crystals used were obtained from Marconi Communications Ltd. 

and operated at a frequency of 6 MHz. They were AT cut and so had a high 

mass sensitivity and a very low temperature coefficient of frequency. The 

crystals were provided with heat shielding to minimise drifts due to rise 

in temperature. 

An Edwards Film Thickness Monitor Speedivac 1 was used to detect the 

frequency shift during the evaporation. The instantaneous frequency shift 

rates were obtained from the Rate Controller output terminal which delivered 

a 0-5V signal. 

This signal and the temperature of the source as measured by a 

thermocouple welded at the bottom of the evaporating cell, were simultaneously 

plotted on a J.J. Instruments Ltd. chart recorder, as a function of time. 

The minimum measurable frequency shift rate corresponded to 0.1 Hz s
 1

 on the 

most sensitive scale of the ratemeter. Temperatures as translated from 

the charts were to the nearest 4°K. 



The sensitivity of the oscillating frequency on temperature was 

assessed by heating the empty evaporation boat slowly so as to simulate 

a normal experiment. The direct radiant heat from the source caused a 

change but the rate was less than about -0.5 Hz s"
1

 after continuous slow 

heating. Since this was well below the usual rates of 10-100 Hz s \ no 

corrections to the measured evaporation rates were made. 

Because the evaporation material was in the form of loosely packed 

fine powder grains with sizes in the range 150-250 pm, poor thermal contact 

between the grains and hence a temperature difference between the boat 

temperature and the actual powder temperature may be expected. This aspect 

was investigated in an experiment by monitoring simultaneously the boat 

thermocouple and a similar thermocouple embedded into the powder. As the 

boat was warmed up slowly it was observed that the powder temperature lagged 

behind the cell temperature. The powder was about 20°K lower at 350K, 80K 

lower at 500K and 150K lower at 900K. This temperature difference gradually 

diminished with further heating of the cell and was about 120K at a boat 

temperature of H O O K . The temperature difference was less than 60K after 

a boat temperature of 1250K and above. The results of this exercise indicated 

that while there was a lag, the boat temperature was a fair representation 

of the actual powder temperature and so no corrections to the temperatures 

measured during the evaporating experiments were therefore deemed necessary. 

2.4.3 Results 

The evaporation experiments indicated there were distinct temperature 

regions over which evaporation occurred. In the temperature interval room 

temperature to 700K, very small evaporation rates were recorded. In the high 

temperature region extending from about 1000K to 1800K, very much higher 

evaporation rates were observed. 

In Figure 2.6(a) a typical plot of temperature versus time is shown 

and Figure 2.6(b) gives the evaporation rate as evaporation proceeds. 
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Up to a temperature of -580K no evaporation is detected. As the cell 

warms past this temperature, a small evaporation rate is recorded. This 

reaches a maximum around 630K and then decays to zero as the boat is 

continually heated up further. No more evaporation is observed until 

higher temperatures are reached and this small evaporation region is 

labelled as regime I. 

At around 1000K the evaporation increases again, reaches a peak rate at 

around 1200K and then starts to decrease even though the source temperature 

is still rising. Eventually the evaporation becomes very low and this 

region is labelled as regime II. 

As the temperature is increased further from ~1300K, the evaporation 

rate rises once again reaching a smaller maximum before falling away at 

temperatures of -1800K. No more evaporation is detectable above this 

temperature, implying that the charge of CuInSe
2
 has been evaporated to 

completion. This third evaporation region is labelled as regime III. 

Each of the evaporation regimes observed is obviously associated 

with the decomposition of CuInSe
2
 and in order to establish the chemical 

compositions of the evaporating molecules within each regime, their total 

evaporants were condensed onto cold glass substrates. As the amount of 

material evaporated under regime I was very small, condensates were 

obtained by placing the glass slides about 1 cm directly above the boat 

opening. The variation of the composition of the evaporating species during 

the individual evaporation regimes were also investigated. Fractions of 

evaporants, within each regime, were collected by placing the substrates in 

the vapour stream, at different stages of evaporation. The composition 

of each type of condensate was then determined by Electron Probe Micro-

analysis. 

Table 2.7 gives the composition analysis results and indicates that 

the composition of the vapour in each evaporation regime is very different. 
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Evaporation Regime Percentage by weight 
of evaporant collected 

• 

At%Cu 
Composition 

At%Se At%In 

I 100% 100 

First 75% 0.5 38.90 60.6 

II 100% 0.6 49.1 50.3 

• 100% 0.4 56.6 43.3 

First 60% 34.7 65.3 0 

III Last 40% 74.6 25.4 0 

- 100% 52.6 47.1 0.3 

100% 55.4 44.4 0.2 

Table 2.7: EPMA composition of vapour at" different stages of 

evaporation of CuInSe
2
 powders. 

In regime I, the vapour consisted exclusively of Selenium whereas in regime II, 

the vapour contained Indium and Selenium only, with the small traces of 

Copper determined being most probably due to statistical counting errors 

in the Electron Probe Microanalysis. Regime III, on the other hand, is 

characterised by a vapour which does not contain any significant Indium 

but which consists solely of Copper and Selenium. 

As far as the variation of the composition of the vapour phase during 

evaporation is concerned, it is clear that in the initial stages of regime II, 

CuInSe
2
 loses more Indium than Selenium. However at the later stages more 

Selenium evaporates and the composition of total material evaporated 

corresponds to approximately 53at% In 47at% Se. In regime III. the vapour 

is initially Selenium rich with appreciable amounts of Copper also 

evaporating. Gradually at the later stages the Selenium gets depleted and 

the vapour becomes more Copper rich and the total amount of material 

evaporated in this last regime corresponds to roughly 54at%.Cu and 46at%Se. 
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So far no mention was made on the effect of the various powder 

batches on the evaporation characteristics. In the evaporation studies 

only powder batches A,B and D, which had the extreme compositions of 

CuInSe^, were compared. While powders A and B had Cu^Se^ as secondary 

phase and powder D had excess Selenium, the evaporation behaviour of all the 

three batches was determined to be essentially similar, with all three 

evaporation regimes being observed. 

2.4.4 Discussion of Results 

Each of the evaporation regimes I, II and III of CuInSe
2
 powders will 

now be looked at in more detail and compared with theoretical evaporation 

rates wherever possible. 

2.4.4.1. Evaporation Regime I 

The small amount of Selenium evaporated in regime I is highly 

likely to arise from excess Cu
3
Se

2
 and Se from the powders, because such 

an evaporation had not been detected by the mass spectrometric studies of 

(13) 

vapour pressure of CuInSe
2
 . This can be verified by comparing the 

experimental evaporation rates with calculated values. 

For powders A and B, the Selenium in regime I is expected to arise 

from the Cu
3
Se

2
 phase dispersed in the starting charge. According to the 

(16) 

phase diagram of the Cu-Se systenr , the compound Cu
3
Se

2
 dissociates at 

386K into the solid phases Cu
2
_

x
Se and CuSe. The vapour pressure of Cu

3
Se

2 

at temperatures in the vicinity of 600K, where regime I is observed, will 

be thus expected to be due to the two-phase Cu
2
_

x
Se + CuSe region. A 

mass spectrometric investigation of the vapour above this two-phase region 

0 7 ) 
determined that, in the temperature, range 530-645K, the vapour consisted 
of Selenium only. The mass evaporation rates calculated from the vapour 

07) 

pressure data of Mills can be compared with experimentally observed 

evaporation rates in regime I. This is shown in Figure 2.7 where curve (a) 

is the theoretical Se
2
 mass evaporation from Cu

3
Se

2
 and the dots are 
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Fig. 2.7: Experimental Mass Evaporation Rate in Regime I (dots) 

Compared with Calculated Evaporation Rate of 

Selenium from: 

(a) Cu
3
Se

2 

(b) Alloy with 2.5 at % Se 
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typical evaporation rates converted from the measured Hz s
 1

 units into 

- 1 - 2 

gm s cm units using the expression: 

R
 = 4.5

 x
 10"

5 

•• e at 

It is apparent that the agreement .between the experimental and calculated 

evaporation is quite good. 

For the case of Powders D, which did not contain Cu
3
Se

2
 second 

phase material, the Selenium observed in evaporation regime I must be due 

to the excess Selenium dissolved (up to 2.5at%). In alloys, the vapour 

pressure of the alloy component may be estimated by modifying the vapour 

pressure of the pure element by its mole fraction so that 

D
alloy _

 D
element

 v K_ - K- X. 
e e b 

where R
a 1 1 o y

 is the evaporation of alloy component, R ®
l e m e n t

 i
s
 the evaporation 

of the component in pure element state and x^ is the mole fraction. Thus 

for direct comparison of experimental regime I evaporation rates from 

powders D with theory, the ma'ss evaporation rates of Selenium forming an 

alloy with x^ = 0.025 was calculated. This is shown in Figure 2.7 as the 

curve labelled (b). This curve can be compared with typical experimental 

points (dots) and can be seen to be in very good agreement as well. 

In conclusion, the evaporation of Selenium in regime I at low 

temperatures, is confirmed to be due to Cu
3
Se

2
 precipitates dispersed in 

powders A and B and due to dissolved excess Se in powders D. 

2.4.4.2 Evaporation Regime II 

The evaporation processes in regime II must be associated with the 

decomposition of CuInSe
2
 into In-Se and so this region may be compared 

(13) 

with the mass spectrometry investigation of Strelchenko et a r . The 

mass evaporation rates calculated from their vapour pressure.relationships 
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T(K) 
Fig. 2.8: Experimental Mass Evaporation Rate in Regime II (dots) 

Compared with Evaporation Rates of In
2
Se and Se

2 

Calculated from their Vapour Pressure 



have been plotted in Figure 2.8 for the principal dissociation products, 

namely In
2
Se and Se

2
. The region of these curves,shown by dashed lines, 

corresponds to the extrapolation of their data to higher temperatures. 

Typical experimental evaporation rates are shown by dots and it is 

apparent that up to temperatures of 1250K there is good agreement with 

calculated data. It should be noticed that the data of Strelchenko predicts 

that the vapour over CuInSe
2
 is dominated by In

2
Se molecules at the lower 

temperatures. This is in good agreement with our chemical composition 

analysis of the initial stages in evaporation regime II. As given in 

Table 2.7 the vapour was determined to be predominantly Indium rich. 

The decrease of experimental evaporation rates after about 1250K is an 

indication that In
2
Se molecules are no longer dominating the evaporation 

and that the Indium in the finite CulnS^charge is becoming depleted. This 

would be in conformity with our chemical composition analysis that 

the vapour in the latter stages of regime II had relatively more Selenium. 

2.4.4.3 Evaporation Regime III 

It would appear from composition analysis that, after all the 

Indium has evaporated from the source, the remaining phase in the boat has 

a composition of about 53% Cu and 47% Se. The fact that the evaporation 

rate at the end of regime II drops to very low levels must be indicative 

that this phase has very low vapour pressure at temperatures of -1300K. 

Vapour pressure data for the Cu-Se system at these high temperatures are 

not available and so a direct comparison of our experimental data with 

other published values cannot be made. Nevertheless, the composition analys 

indicates that in this regime III, initially the vapour is dominated by 

Selenium. Gradually the vapour becomes Copper rich and at temperatures 

greater than 1800K, all the remaining Cu-Se phase evaporates to completion. 
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' 2.5 SUMMARY 

The X-ray. diffraction analysis of CuInSe
2
 powders have indicated 

the presence of extraneous diffraction lines, not reported in the JCPD file 
o o o o 

for CuInSe
2
. The lines with d-spacing values 2.89A, 1.73A, 1.67A, 1.59A and 

o 

1.32A have been indexed in terms of previously unreported chalcopyrite 

reflections 004,200; 215,303; 224; 107,321 and 325,413 respectively. A 

theoretical intensity calculation confirmed that these spurious lines are 

part of the Copper Indium Selenide powder pattern. The fact that these 

(1 2) 

reflections had not been observed by Parkes et al
v 9

 may be due to their 

use of an X-ray diffractometer. As the intensities of the extra reflections 

are quite weak it is quite conceivable that they were not distinguishable 

from the background noise levels. 

The powder patterns of CuInSe
2
 powders also contained additional 

diffraction lines of d-spacings of 3.56A, 3.13A, 2.26A, 1.83A.and 1.78A. 

These matched the strongest powder lines of CUgSe
2
 indicating that this 

compound was present as secondary phase material. Electron Probe line 

scans confirmed the nature of these precipiates and indicated that they 

were distributed non-uniformly throughout the ingot. 

The chemical composition of CuInSe
2
 from various lumps from the 

bulk, indicated considerable variation. Single phased CuInSe
2
 had excess 

solubility for Se and In
2
Se

2
. Such solubilities appear to be a common 

feature among the I-III-VI
2
 chalcopyrite compounds which are also 

characterised by an absence of homogeneity for the Copper rich side of the 

stoichiometric composition. The composition data of the samples used in 

this work and that of Moller et al were combined to define an approximate 

single phase existence region for CuInSe
2
-

To determine conditions that would yield thin films with the correct 

chemical composition the compositional variation during evaporation of 

CuInSe
2
 has been investigated by monitoring the evaporation rate and by 
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composition analysis of condensates obtained at different stages during 

evaporation. 

Three distinct evaporation regimes were detected. In regime I, 

which occurred around 600K, Selenium was found to evaporate originating 

from excess Cu
g
Se

2
 or Se in the powders. In regime II occurring at 

1000 to 1300K, the vapour consisted of Indium and Selenium only. This 

regime was associated with the complete depletion-of all the Indium in 

the starting evaporating charge. Regime III occurred from 1300 to 1800K 

and was due to the evaporation of Cu-Se phase remaining behind in the 

evaporating charge. 

The thermal evaporation experiments indicated that at all 

temperatures the composition of the vapour above CuInSe
2
 is not 

stoichiometric. This necessitates special deposition techniques if films: 

with the correct composition are to be prepared. As the bulk ingot was 

determined to be inhomogeneous, the identity of the actual lumps used 

as the evaporating powder must be taken into consideration in the discussion 

of the thin film properties. 
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CHAPTER 3 

THE DEPOSITION OF CuInSe
2
 FILMS AND THEIR 

STRUCTURAL AND COMPOSITIONAL PROPERTIES 

3.1 INTRODUCTION 

In this chapter a simple deposition technique for obtaining 

stoichiometric CuInSe
2
 thin films is described, and the experimental 

conditions for preparing homogeneous single phased chalcopyrite CuInSe
2 

films are established through X-ray diffraction, Tranmission Electron 

Microscopy and Electron Probe Microanalysis techniques. The chapter also 

includes some observations of the effect of oxygen on the surface properties 

of CuInSe
2
-

In the previous chapter it was concluded that due to thermal 

dissociation of CuInSe
2
, special deposition techniques must be used to 

prepare films with correct composition and structure. To date most thin 

film preparations of CuInSe
2
 have been made using the bulk as the starting 

powder and the following methods have been used: 

1. Flash Evaporation: In this technique the starting material is in the 

form of finely ground powder and is continuously dispensed onto a refractory 

metal source held at temperatures high enough to evaporate the less volatile 

constituent of the compound. As each powder grain hits the hot source it 

vaporises instantaneously, with some fractionation occurring. This leads 

to stratification of the order of a few monolayers, in the films, which can 

be made homogeneous by keeping the substrates hot. 

The flash evaporation method suffers from considerable loss of 

material in the form of falling grains which 'spit' from the hot source and 

in the form of falling grains being lifted away before reaching the source 

by the current of rising vapours at the source. Unless special precautions 



are taken these grains may be splattered onto the substrates causing 

inhomogeneities and pinholes. Another problem with this method of 

evaporation is that, despite extensive heat shielding, the temperature 

in the evaporating system rises during the deposition. This may have 

two consequences: firstly the substrate temperature can rise 

uncontrollably to high values so that some unwanted re-evaporation of the 

volatile component of the compound may occur. Secondly, outgassing from 

the surfaces surrounding the source may cause a poor vacuum and might 

result in the increased interaction of oxygen and water vapour in the 

chamber with the deposits. 

Preparation of CuInSe
2
 films by flash evaporation has been reported 

by Elliott et al^
1

'. Their films were not of good quality however and had 

a powdery appearance apparently containing undissociated particles of 

CuInSe
2
. No composition data is reported but the chalcopyrite structure of 

the films was confirmed with an X-ray powder diffractometer. There were 

significant variations in the electrical properties, with p- and n-type films 

(2) 

resulting at substrate temperatures > 400°C. Schumann et al also used 

flash evaporation to deposit epitaxial layers of CuInSe
2
 on GaAs and films 

deposited on substrates below 450°C were n-type and those above were p-type. 
(3) 

Recently Tomlinson et al determined that unless source temperatures 

greater than 1250°C are used, flash evaporated CuInSe
2
 have compositions 

which are grossly non-stoichiometric. 

2. Fast Evaporation: In this modified form of flash evaporation a fixed 

amount of bulk powder is placed in a cold source. The charge is then 

evaporated to completion at very high deposition rates, by heating the 

source to very high temperatures almost instantaneously. 

The stratification of the films is more severe in this method and 

large compositional gradients may be expected in the resulting films, unless 

hot substrates are employed. Some spitting may also be expected, but 



heating problems commonly encountered in flash evaporation will not be 

present. 

(4) 

Fray et al ' used this technique to deposit films onto substrates 

held between 150-350°C. They added extra Selenium to the starting charge 

to obtain p-type films. However, the chemical composition and X-ray 

diffraction analyses indicated that the layers had a lot of compositional 

scatter and contained CuSe or Cu
2
_

x
Se as secondary phases, presumably due 

to excess Selenium in the source and some re-evaporation of In
2
Se from the 

hot substrate. 

3. Direct Evaporation: In this method of preparation, a large quantity of 

the bulk compound is heated to sufficiently high temperatures that the 

constituent elements appear together in the vapour phase. In order to 

deposit films with the correct composition the method requires precise 

shutter opening times at some prescribed temperature. This is likely to 

result in non-reproducibi1ity of the composition between runs and probably 

is one of the least controllable methods of evaporation of an incongruently 

evaporating compound. 

Such a single source evaporation technique has been employed by 

(5) 

Kazmerski et al ' who adjusted the final stoichiometry of the films by 

choosing appropriate substrate temperatures. While no details of the 

composition of their layers are given, they reported that n-type films 

can be obtained only at a substrate temperature T
s
 of 200 < T

s
 < 325°C. 

P-type films were prepared by a two-source method in which Selenium was 

evaporated simultaneously with CuInSe,/
5

'. Kokubun et a l ^ who also_ 

used a two-source technique demonstrated that p-type films were obtained 

when the Selenium source temperature was in the range 180-250°C, but 

large scatter in.ithe electrical properties occurred. 

4. Multiple Source Evaporation: This consists of evaporating the 

constituent elements of the compound from separate cells and having the 
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vapours interact on the heated substrate. 

« 
The method requires strict control of the four deposition 

parameters and difficulties with reproducibility of individual flux rates 

(8) 

have been reported by Grindle et al ' who used a Molecular Beam Epitaxy 

method to grow CuInSe
2
 films. These authors found that p-type CuInSe

2 

films were Copper rich and may contain.some spurious binary compounds. 

5. Sputtering: In this method cold pressed targets of powdered CuInSe
2
 are 

bombarded with positive ions from a gaseous plasma, resulting in the 

ejection of surface atoms which consequently deposit on the substrates. 

However, because different elements in a compound have different sputtering 

yields and sticking coefficients the problem of fractionation will be 

encountered and, to obtain single phased films with correct stoichiometry, 

various deposition parameters will have to be adjusted. 

An evaluation of the properties of CuInSe
2
 films prepared by RF 

(9) 

sputtering have been done by Samaan et al ' who reported that considerable 

variations in composition and structure occurred due to various combinations 

of RF power, (DC bias) voltage, and substrate temperature. In general, low 

resistivity p-type films were produced at substrate temperatures of less 

than 250°C. A similar investigation by Piekoszewski et revealed 

that the properties of the films were additionally influenced by the particle 

size of the powder from which the target was prepared. These authors 

reported that although their films were stoichiometric to within ±5%, they 

contained weak traces of unidentified second phase material. 

The above survey of deposition techniques indicates that 

considerable difficulties exist in preparing stoichiometric single phased 

CuInSe
2
 thin films. This is not too surprising in view of the many 

experimental parameters that have to be adjusted and controlled in a 

particular method chosen. It is, therefore, desirable to minimise these 

variables in order to prepare good quality films in a relatively simple 



and economical manner. 
« 

Proposed Technique in this Work 

In this project an evaluation of the properties of CuInSe
2
 films 

obtained by evaporating a fixed amount of bulk CuInSe
2
 onto mainly cold 

substrates was made. 

The substrates were kept at room temperature so as to minimise 

the possibility of any re-evaporation of the condensing vapours and hence 

to keep the composition of the films as close to that of the source. The 

powders were evaporated by the fast heating technique because this led to 

high supersaturations at the substrate so that re-evaporation would again 

be less likely. Furthermore, using high deposition rates would also decrease 

the influence of any residual gas molecules impinging on the films during 

deposition. A rapid heating technique as opposed to flash evaporation was 

chosen to avoid any excessive heating in the system and to allow the . • ;: ; 

outgassing of the powders. The latter is important because if the bulk 

contains second phase precipitates, which was certainly the case here, then 

their incorporation in the films will not be desirable. 

With this technique it was anticipated that the films may be 

stratified and contain compositional gradients. However, provided the 

stoichiometry of the starting source is also preserved in the thin films, 

it was thought that fractionation might not be a serious problem and that 

the films could be made homogeneous by solid state interdiffusion and 

reaction processes during a suitable anneal. For this purpose the films were 

heat treated at various temperatures and their stoichiometry•and structure 

were monitored. 

In order to see the effect of substrate temperature on the 

composition and structure of the films, a few films were also deposited onto 

hot substrates. 



3.2 THE PREPARATION OF FILMS 

3.2.1 The Vacuum System and the Thin Film Deposition Assembly 

The thin film samples were all prepared in a vacuum system which 

consisted of a 40 cm diameter vacuum chamber evacuated by an Edwards 

diffusion pump using Silicone 705 oil. A liquid nitrogen cold trap, 

situated between the chamber and the diffusion pump, prevented the back-

streaming of oil vapour and reduced the partial pressure of the gases 

- 6 

present. The system was capable of a pressure of -4 x"10 torr as 

measured by an ionisation gauge. 

The vacuum chamber was partitioned into three sections which meant 

that it was possible to carry out up to three different depositions in the 

same pump-down. The three sources were for the evaporation of the 

semiconductor and for laying down different metal contacts. A schematic 

diagram of a deposition section is shown in Figure 3.1. The substrate-mask 

assembly was placed about 15 cm away from the evaporation source and was 

shielded by a shutter which was rotated away to permit film deposition. 

A quartz crystal for monitoring the evaporation rate was placed below the 

shutter but near the substrate. A pyrex evaporation shield was placed 

around the evaporation source to minimise the spread of evaporant and 

hence contamination inside the chamber walls. This shield was etched clean 

prior to any evaporation. 

For the evaporation cell material, molybdenum was considered to be 

suitable because it is stable at high temperatures, conducts heat well and 

can be machined rather easily. More importantly, its interaction with 

the constituents of Copper Indium Selenide is expected to be minimal'
1 1

'. 
(12) 

According to Elliott , the solubility of Indium in molybdenum is 

vanishingly small and less than 2% Copper has been determined to be 

soluble in molybdenum. However molybdenum does react with Selenium to form 

M
Q
S e

2
 at very high temperatures. In order to verify the extent of 

reaction of the molybdenum cell with the above elements, powders of CuInSe
9 



' - 7 5 -

SUBSTRATE HEATER 

— / m w w w w w w w 

SUBSTRATE 

' i MASK HOLDER 
MASK 

SHUTTER 

QUARTZ CRYSTAL 
WITH HEAT S H I E L D 

PYREX 
EVAPORATION 

S H I E L D 

I I EVAPORATION 
I J S O U R C E 
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were evaporated from hot strips of molybdenum and the inner surface 

composition of the boat after evaporation was examined by Electron Probe 

Microanalysis. From spectral scans across the boat for each element, 

Cu, In and Se, it was concluded that their presence was extremely dubious, 

probably well below ~0.1%. 

The evaporation crucible used in this study had the shape shown 

in Figure 3.2(a). This boat enabled large quantities of material to be 

evaporated at high evaporation rates. The cell was prepared by carefully 

drilling out a 6 mm diameter molybdenum rocF. A small recess at the bottom 

enabled the insertion of a thin thermocouple. This was of Pt-Pt 13% Rh type 

and allowed the recording of temperature up to -1800°C. 

The heating of the molybdenum crucible was achieved by passing 

large currents -300 Amperes along its length. As shown in Figure 3.2(b), 

thin molybdenum strips were wound around the neck and bottom of the boat 

and were welded to the main body by repeated heating of the empty cell to 

very high temperatures. The molybdenum strips were clamped at the other 

end by thick copper clamps connected to copper electrodes. These provided 

a very low electrical resistance and allowed the conduction of heat 

quickly once the cell was heated and then cooled down. 

3.2.2 Evaporation Procedure 

All the thin film structures were deposited through stainless steel 

masks onto glass substrates. The latter were thoroughly washed in liquid 

detergent and then rinsed in distilled water. They were subsequently 

degreased in an iso-propyl alcohol reflux condenser and placed immediately 

into the vacuum system. 

As soon as the required vacuum pressure (~10~
5

 torr) was reached, 

the starting charge of -250 mg CuInSe
2
 powder was gently warmed towards 

750°K over a period of approximately 30 minutes. The shutter was closed 

during this outgassing period and any excess Selenium from evaporation regime 



(see section 2.4) was not allowed to reach the substrates. 

The molybdenum boat was then heated rapidly from -750°K towards 

-2000°K by turning up the variac instantaneously to a previously 

predetermined value and allowing currents of -300 Amperes to pass through. 

It must be recalled that the free evaporation experiments had established 

that a boat temperature greater than 1750°K was needed to evaporate CuInSe
2 

to completion. A final boat temperature of 2000°K was aimed at to make 

sure that the starting charge evaporated completely and in as small a 

period of time as possible. Higher boat temperatures were not used 

because of the limitations imposed by the melting of the platinum element of 

the thermocouple, which occurs at -2043°K. 

The boat temperature and instantaneous deposition rate of CuInSe
2
 during 

a typical fast evaporation experiment are shown in Figure 3.3(a) and 3.3(b) 

respectively, where they are plotted against time of evaporation. It 

should be noticed that the whole evaporation lasts typically -30 seconds or 

so and during the first 20 seconds after the variac was turned up, the boat 

temperature increased typically at a rate of -50 °K s"
1

. The heating rate 

then drops and eventually the boat reaches a steady state temperature 

-2000°K. 

During this period, the evaporation rate goes through the evaporation 

regimes II and III, determined previously in section 2.4, but now there is 

some overlap occurring and these are shown by the dashed lines. It should 

be noticed that the evaporation rates are very high and reach a maximum 

-1 -1 -2 
of -4000 Hz s , which corresponds to approximately 180 mg s cm . 

The substrate temperature which was monitored during the evaporation 

did not increase by more than about 10° due to radiant heating and so the 

substrates can be considered to be essentially at a constant temperature. 

Complete evaporation of 250 mg of powdered CuInSe
2
 resulted in film 

o 

thickness in the region of ~6700 A as measured by a Talysurf stylus 

instrument. Thinner films for transmission microscopy studies could be 
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Fig. 3.3(b): Evaporation Rate as a Function, of Time During Film 
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obtained by evaporating half the amount of the starting powder. 
o 

The film thicknesses had a variation of -800A in between runs and 

this was due to some spitting of grains during the rapid heating up. 

This was observed clearly after the completion of evaporation, by the 

presence of unmolten powder dispersed on the bottom tray of the source 

assembly. However, in all cases there was no evidence of splattering of 

material against the substrate and the films were pinhole free, indicating 

that the height attained by any grain during spitting was less than the 

source to substrate distance. 

All the films were subsequently heat treated in a flowing nitrogen 

environment at temperatures of 150°C, 350°C and 450°C for various times. 

Limited numbers of anneals were performed also in forming gas (10% N
2
, 90% H

2
) 

and oxygen ambients as well. 

3.3 X-RAY DIFFRACTION ANALYSIS OF. FILMS 

3.3.1 Experimental Procedure 

The thin films of CuInSe
2
 were examined in a GEC X-ray Texture Camera 

(13) 

which was very recently designed for the study of thin films on substrates
v

 ' 

In this camera, whose schematic diagram is given in Figure 3.4, the 

powder diffraction patterns of the film and its substrate are recorded on a 

cylindrical film whose axis coincides with the incident beam. To limit the 

penetration of the X-ray beam and thus to enhance the diffraction pattern 

of the film with respect to the substrate, a glancing angle geometry is 

used and the flat specimen is inclined at angle, i, to the incident beam. 

The specimen is continously rotated in its own plane so that the irradiated 

area describes an annul us on the surface. 

The resulting diffraction patterns consist of straight lines and 

their d-spacings are determined by measuring the position of the lines, y , 

along the camera axis. This is shown in Figure 3.5(a) where the incident 

and diffracted beams, for a (hkA) plane at a Bragg angle 9 are considered. 
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3.5(a): Diagram Showing the Relationship Between 

Measured y-values and Bragg Angles 9 

3.5(b): Diagram Showing the Relationship Between the 

x-coordinate and Preferred Orientation 



The camera also records any preferred orientation effects in the 

films as revealed by intensity modulations of the diffraction lines along 

the x-axis. This is shown, in Figure 3.5(b), for a crystallographic 

plane (hk&) whose normal ON makes an angle, a , with the normal to the 

specimen surface XY. As the specimen is rotated about the XY axis, the 

(hk£) plane will move into a position which satisfies the Bragg condition 

and a reflection will flash out to give an intense spot A on the appropriate 

diffraction line for the plane. The positions of spot A, along the x-axis 

of the film, will be a function of the Bragg angle 9, the orientation 

(13) 

angle, a , and the X-ray incident beam angle, i . Thus, by measuring the 

position of intensity maxima along the diffraction lines the plane (or 

planes) which is preferentially aligned parallel to the surface of the 

substrate may be deduced. 

The angle of incidence, i, of the X-ray beam with respect to the 

substrate sets the range of Bragg angles that may be recorded so that 
(13) 

reflections with 20 < i will not be observed. Wallace et al
v

 ' recommend 

the use of i = 30° but with CuKct radiation, this setting would result in 

the cutting off of the low angle CuInSe
2
 reflections of 101 at 29 = 17.05°; 

112 at 20 =26.69°;and 103 at 29 = 27.88°. Among these the 112 reflection 

is the very intense line which characterises CuInSe
2
 and this means that 

i < 27°must be employed. The possibility of second phases existing in the 

films must not be ruled out, however, and a review of the intense lines in 

the system Cu-InrSe-O revealed that most of the intense lines of these materials 

occurred at 20 ^ 25°. Therefore an incidence angle of i = 22° was used 
o 

throughout this study and this allowed any reflection with d-spacing up to 4A 

to be recorded in the. photographs,with Copper radiation. 

For the interpretation of any preferred orientations in the films 

a chart, which gives lines of constant orientation angle, a , versus Bragg 

angles, 20, has been constructed for an incidence angle i = 22°. The chart, 
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1=22. 
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Fig. 3.6: Chart Giving a and 20 Values for the Determination of 

Film Orientation in the Texture Camera 
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which has been reproduced in Figure 3.6, allowed the simple determination 

of the orientation angle a at an intensity maxima occurring for any 

Bragg reflection. 

In order to obtain, precisely, the position of the diffraction 

lines of Copper Indium Selenide and determine a scale of their intensity 

in the texture camera, bulk CuInSe^ powders were photographed. The powders, 

with an average grain size of < 45 pm, were mixed thoroughly with Canada 

Balsam and coated on a thin microscope slide. Before the thick paste 

had dried, some more powder was sprinkled and the specimen was made as flat 

as possible. A cylindrical texture pattern from these CuInSe
2
 powders is 

shown in Figure 3.7. The diffraction lines have been indexed and were 

used as a basis for comparison with the X-ray patterns of CuInSe
2
 films, 

taken with the same camera settings. 

3.3.2 Structure of Films Deposited on Cold Substrates 

The variation of the structure of the deposited films before and 

after annealing was investigated by examining their X-ray diffraction 

patterns. Typical photographs for a film in the as-deposited state, after 

a heat treatment at 150° for lhrs and after a heat treatment at 350°C for 3 

hrs, are shown in Figures 3.8, 3.9 and 3.10 respectively and these 

indicate that the films are polycrystalline. 

3.3.2.1 Unannealed Films 

At first glance, it is evident that the X-ray pattern of the films 

prior to heat treatment does not resemble that of bulk CuInSe
2
 powder shown 

in Figure 3.7. The measurements of the d-spacings of these lines indicated 

that only some were due to CuInSe
2
 reflections. A comparison of the 

intensity and d ^ values of the experimental reflections with the d-spacings 

and intensities of the various compounds in the systems Cu-Se, In-Se, Cu-In 

and their oxides, concluded that the rest of the reflection in the 

photograph were due to Cu~Se
?
. These experimental data and the assigned 
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As-deposited Films 

Line identification 
o 

d A 
exp 

Assigned hkA index 

4 

a 3.56 Cu
3
Se

2 
(101) 

b 3.34 CuInSe
2 

(112) 

c 3.21 Cu
3
Se

2 
(200) 

* 
d 3.10 Cu

3
Se

2 
(111) 

e 2.87 Cu
3
Se

2 
(210) 

f 2.57 Cu
3
Se

2 
(201) 

g 2.39 C u

3
S e

2 
(211) 

h 2.27 Cu
3
Se

2 
(220) 

i 2.15 Cu
3
Se

2 
(002) 

j 2.04 Cu
3
Se

2 
(310) + CuInSe

2 
(204,220) 

k 1.92 Cu
3
Se

2 
(301) 

1 1.84 Cu
3
Se

2 
(311) 

m 1.77 Cu
3
Se

2 
(202) 

n 1.74 CuInSe
2 

(116,312) 

0 1.65 Cu
3
Se

2 
(321) 

P 1.44 CuInSe
2 

(008,400) 

4 
q 1.19 CuInSe

2 
(228,424) 

^ Table 3.1: X-ray diffraction lines of as-deposited films 



indices from the observed reflections are given in Table 3.1. These 
« 

results indicate that in the as-deposited state, the films are not 

homogeneous and are multiphased. 

3.3.2.2 Films Annealed at 150°C 

The effect of a low temperature anneal at 150°C was to strengthen 

the intensity of the CuInSe
2
 reflections present in the as-deposited films. 

This is evident in Figure 3.9 where, in addition, new X-ray diffraction 

lines were also observable. The measurement of the d-spacings of these 

reflections confirmed that they belonged to CuInSe
2
. A comparison of the 

pattern of as-deposited and annealed films also revealed that the intensity 

of all Cu
3
Se

2
 reflections had decreased. As a consequence, some low 

intensity Cu
3
Se

2
 reflections which were detectable in the as-deposited films, 

had disappeared after the heat treatment. These observations indicated 

that a solid state reaction towards forming the compound CuInSe
2
 occurred 

in the film and that this reaction was speeded up with an increase in 

temperature. 

3.3.2.3 Films Annealed at 350°C 

When the films were annealed at 350°C for 3 hours, the X-ray 

examination revealed that all the Cu
3
Se

2
 reflections had disappeared and 

that the X-ray patterns contained the CuInSe
2
 reflections only (see Figure 

3.10). The intensities of all the lines were high enough that the X-ray 

photographs had recorded even the weaker intensity chalcopyrite reflections 

at the low Bragg angles. These reflections 103; 211; 105; 213 and 301 were 

clearly discernible and a comparison of the pattern of the films annealed 

at 350° with that of bulk CuInSe
2
 of Figure 3.7 revealed that all the 

CuInSe
2
 reflections present in the bulk powder were also present in the 

thin films. 
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Fig. 3.10: Texture Camera X-ray Diffraction Pattern of a 

0uInSeo Film after Anneal at 350°C 



The X-ray diffraction of the films has thus shown that although 

films deposited onto cold substrates are multi-phased, they could be made 

homogeneous and converted into chalcopyrite CuInSe^ by a heat treatment at 

350°C for 3 hours. This is a very important result because it established 

the experimental conditions required for preparing single phased CuInSe
2 

thin films, starting from the evaporation of the powder of the compound. 

At this stage it should be mentioned that the X-ray investigations 

were repeated for layers prepared from the different starting batches A, 

B and D, as these had been found to have various compositions and varying 

amounts of second phase material. In all cases, the results were identical 

so that the type and actual composition of the starting powder did not 

affect the structural properties of the films. 

The structural stability of the CuInSe
2
 films with respect to 

prolonged anneal at 350°C and also with respect to higher temperature 

anneals were also investigated. No difference in the X-ray patterns of 

films annealed at 350°C for 3 hours and 30 hours was noticed. There were 

no extra lines present and the intensity of all the reflections were, as far 

as the naked eye could distinguish, very similar. This indicated that the 

films were structurally stable after long heat treatments in inert gas 

atmosphere at 350°C. 

3.3.2.4 Films Annealed at 450°C 

To investigate the effect of a high temperature anneal, some 

samples already annealed at 350°C were further annealed at 450°C. The 

X-ray pattern after such an anneal indicated that in addition to the 

chalcopyrite reflections, new diffraction lines were present. The d-

o o o 

spacings of these lines were measured to be 2.93A, 1.79A and 1.53A 

respectively. These were identified as the strong 222, 440 and 622 

(14) 
reflections of ln

9
0~

v

 Another strong reflection 400, coincided with 



the 211 reflection of CuInSe
2
 so that the intensity of this weak chalcopyrite 

line appeared somewhat stronger. This result was somewhat unexpected in 

view of the fact that the anneals were performed in flowing nitrogen. 

The detection limit of diffraction lines using the glancing angle 

reflection X-ray technique is not known precisely but it has been reported 

that very faint but interpretable lines may be recorded from films as 

° (16) 

thin as 200A . The fact that the reflections of the Indium Oxide 

were quite intense implied that this was present in appreciable amounts 
o 

perhaps in the region of 1000A or so. Such an oxide thickness is the 

result of thermal oxidation and since oxygen was not admitted on purpose 

into the furnace, it is thought that the oxidation reaction occurred with 

water vapour desorbing from the walls of the anneal tube, during the 450°C 

heat treatment. Since ln
2
0

3
 reflections were not observed in the X-ray 

patterns of films annealed at 350°C, it would seem that oxygen is not 

present in appreciable quantities in the anneal tube at this lower 

temperature so that any oxide layer that may have formed is below the limit 

of detection by X-rays. 

3.3.3 Structure of Films Deposited on Hot Substrates 

The effect of substrate temperature on the phase structure of 

CuInSe
2
 films was investigated by depositing films at temperatures in the 

range 150°-300°C. 

The structure of the films evaporated onto 150°C substrates, 

consisted of CuInSe
2
 and Cu

3
Se

2
. This was the same as in the film 

deposited on cold substrates and subsequently heat treated at 150°C. This 

indicated that at this substrate temperature the solid state reaction to 

form CuInSe was not complete. 
2 

On the other hand, at higher substrate temperatures of 250°C, the 

X-ray diffraction pattern consisted of the powder lines of CuInSe
2
 only. 

This showed that the condensing molecules had reacted to completion to 
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form the ternary compound. 

When a slightly higher substrate temperature of 300°C was 

employed, the X-ray analysis indicated that there was, in addition to 

CuInSe
2
, another phase. This was identified by many of its high intensity 

(15) 

reflections, as Cu^In^ , one of intermetallic phases in the Cu-In 

system. 

From the above results it is apparent that, with the fast 

evaporation technique, single phased CuInSe
2
 can also be deposited at 

substrate temperatures around 250°C. 

3.3.4 Preferred Orientation of Films 

The X-ray diffraction photographs of CuInSe
2
 layers displayed 

intensity modulations which were quite pronounced at the 112; 204, 220; 116; 

312; 008,400; 316,332 and 228,424 reflections of the chalcopyrite. This 

was a manifestation of some sort of texture in the films and in order to 
•i • 

determine the preferred orientation of the crystallites, the orientation 

angle,a, at the intensity maxima of each of the above hk£ reflections was 

determined with the aid of the chart in Figure 3.6. 

It must be recalled that th& measured angle, a , is the preferred 

angle between the normal to the family of planes {hk&} and the normal to 

the substrate surface. If, however, as in uniaxial or fibre textures, a 

particular set of planes {HKL} is parallel to the substrate plane, then 

the experimentally determined a becomes effectively the angle between the 

planes {hk&} and {HKL}. Therefore the planes {HKL} which are preferentially 

aligned with surface may be determined by comparing the measured angles, a , 

with the calculated interplanar angles <f>. 

For the tetragonal system, the angles <f> between the {HKL} and 

{hk£} are given by'
1 7

': 

/ hH + kK + 

-1 ( (c/a) 
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hk I 
reflection 

Measured 
angle 
(a) 

Calculated angle (<j>) 
between planes 

HKL and h U 

112 <8° 0; 70.66 112 112 

211 30° 28.08; 50.78; 67.82 211 

(204) 
35° 

35.33; 90 204 

(220) 
35° 

35.13; 90 220 

(116) 
30; 57.5 

29.52; 58.66 116 

(312) •• 29.48; 58.45 312 

(008) 
55° 

54.87 008 

(400) 
55° 

54.67 400 

(316) 
22.5; 47.5 

22.04; 48.62; 82.36 316 

(332) 21.93 82.45 332 

(228) 
20; 62.5 

19.47; 62.02 228 

(424) 19.46; 61.80; 90 424 

Table 3.2: Comparison of measured orientation angles and theoretical 

interplanar angles, indicating the (112) preferred 

orientation of annealed CuInSe
0
 films. 
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o 

and for CuInSe
2
 : c = 11.862A,. 

and a = 5.782A 

were used in the computation. 

From the examination of the cylindrical texture camera photographs, 

Figure 3.10, the preferred orientation may be guessed at first glance as the 

plane (hkA) at which a = 0. In other words, the reflection hkA in which 

a maximum intensity occurs, at the centre of the diffraction line at x = 0 

with very small values of a , gives the index of the plane preferentially 

(13) 

aligned parallel to the substrate
v

 . 

In the CuInSe
2
 films, the 112 reflection had an intensity maximum 

at the centre of the diffraction line with a 0, and could thus be assigned 

tentatively as the plane (HKL) being preferentially oriented. In order to 

confirm this the experimental angles, a , shown in Table 3.2 were compared with 

the interplanar angles, <f>, between (hkA) and (HKL) = 112. 

It is evident that the calculations match the experimental 

observations very well for all the Bragg reflections, confirming that the 

CuInSe
2
 films have a uniaxial structure with the (112) planes growing 

parallel to the substrate plane. The fact that some calculated values of 

<P are not observed in the texture photographs is because the cylindrical 

camera does not register reflections from all possible values of orientation 

angle, '
1 3

' . 

3.3.5 Conclusions 

In conclusion, the X-ray diffraction investigations of the films 

have shown that thin films deposited onto substrates held at temperatures 

lower than 150°C and higher than 300°C were multiphased. Single phased 

chalcopyrite CuInSe
2
 films could be obtained by depositing onto substrates 

at 250°C or by depositing onto cold substrates followed by an anneal at 

350°C. These homogeneous films had a (112) type preferred orientation. 
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3.4 TRANSMISSION ELECTRON MICROSCOPY OF FILMS 

3.4.1 Experimental Procedure 

The microstructure of the CuInSe
0
 films was examined using an 

A.E.I. EM7 Transmission Electron Microscope (TEM). The samples for film 

structure study were taken from the same substrates where all the other 

characterisation of the films had been done. 

4b 

The microscopy specimens were removed from the glass substrates-

by, first,dipping the slides in a 50:50 (vol %) hydrofluoric acid - distilled 

water solution - and then floating off the films in a dish containing 

0 distilled water. The small pieces of stripped films were subsequently 

caught on to 3 mm diameter microscope copper grids which had been previously 

etched in a 10 vol % hydrochloric acid-distilled water solution. 

An accelerating voltage of 1000 kV resulted in the transmission 
o 

of the electron beam through samples around 3000A thick with sufficient 

image contrast in bright field viewing. The samples yielded good quality 

electron diffraction patterns and there was no evidence of beam damage 
0 

arising from heating effects due to high operating voltages and the use of 

relatively thick samples. 

A series of electron micrographs and selected area diffraction 
p/ 

photographs were obtained for films in the as-deposited states and after 
the heat treatments. The crystallite size distributions in these samples 

(18 19) 

were determined by a method of linear analysis
v

 ' ' and for this purpose 

^ bright field micrographs at M = x 6300 magnification were taken so as 

to include as many grains as possible in the field of view. These 

micrographs were then photographically enlarged by a further four times 

and projected on A4-. size plain paper having a series of straight parallel 

lines drawn across it. The mean size of each grain intersected by the 

lines was subsequently measured and to obtain a statistically representative 

size distribution more than 200 grains were counted. The size of the 
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crystallites was taken as the mean value of the maximum and minimum 

dimensions of each grain intercepted by the lines and the accuracy of 
o 

these measurements was to within ±80A. 

In order to index the electron diffraction patterns, the electron 

microscope camera constant K, must first be determined. This constant 

relates the radius, R, of a diffraction spot or ring as measured from 

the central spot, through the formula: 

k

 -
 d

hk*
 r 

where d ^ ^ is the d-spacing of the plane giving rise to diffraction. In 

principle the camera constant, K, can be determined from 

K = LA 

where L is the camera length setting and X is the wavelength of electrons 

at a particular accelerating voltage. The above parameters are only known 

very approximately for given operating conditions and strictly, K, should 

be determined by measurement of the diffraction pattern of a substance whose 

d-spacing values are well known. In this study, a specimen established 

as consisting of CuInSe
2
 by X-ray diffraction analysis, was used as an 

internal standard to calculate the value of K. 

3.4.2 Results 

3.4.2.1 Uanannealed Films 

A typical bright field micrograph of a Copper Indium Selenide 
o 

film of -3000A thickness, in the as-deposited state, is shown in Fig. 3.11(a) 

The main feature here is the long dark lines which are bend contours 

occurring due to local buckling of the specimen and these indicate regions 

which are strongly diffracting. The fact that some of these contours 

spread over a considerable length implies the presence of large crystalline 

regions and a long grain boundary, can be seen (shown with an arrow) in 

the centre of the micrograph. 
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Fig. 3.11(a): Transmission Electron Micrograph of a-CuInSe^ Film 

before Anneal (Mag. = x 75,000) 

Fig. 3.11(b): Electron Diffraction Pattern of a CuInSe^ Film 

before Anneal 
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A selected area electron diffraction pattern for the as-

deposited film taken with a selector aperture of 35 urn which corresponds 

to a circular area of 1 pm diameter on the specimen surface is shown 

in Fig. 3.11(b). This consists of strong diffraction spots and broad rings. 

The spots are indicative of relatively large crystalline regions, .confirming 

the bright field micrograph observations. The d-spacings of these spots 

were determined to be due to the Cu^Se^ in the mixed phase as-deposited films 

The diffraction rings were too diffuse to make an accurate measurement 

(22) 

but the presence of In
2
Se

v J

 could not be ruled out. This compound was 

not detected by the X-ray diffraction investigations; this and the fact 

that the electron diffraction rings are diffuse imply that it must be in 

the amorphous state in the unannealed films. 

Overall, the electron microscopy studies of the unannealed 

films confirmed that these consist of a multilayered structure with 

amorphous In
2
Se and large crystalline Cu

3
Se

2
 phases being the major 

constituents. 

3.4.2.2 Films Annealed at 150°C 

A micrograph of the same CuInSe
2
 sample after heat treatment 

at 150°C for 3 hours is shown in Fig. 3.12(a). It is evident that annealing 

has resulted in films which are highly polycrystalline and consist of fine 

grains dispersed among larger ones. The grain boundaries are not well 

defined in these films but it is estimated that the mean size is around 

-500A for a 3000A thick film. 

The electron.diffraction pattern shown in Fig. 3.12(b) was taken 

wth a 100 pm aperture and corresponds to a circular area of -3.5 pm diameter 

on the specimen. The pattern consists of a ring structure which is 

typical of polycrystalline samples and the fact that the diffraction rings 

contain intense spots superimposed on them, is due to existence of larger 

grains within the observed area. The measurement of the d-spacings confirmed 
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Fig. 3.12(a): Transmission Electron Micrograph of a CuInSe 

Film after Anneal at 150°C (Mag = x 30,000) 

F'ig. 3.12(b): Electron Diffraction Pattern of a CuInSe^ Film 

after Anneal at 150°C 



the presence of CuInSe2
 a n c

* the index of hk£ reflections, in order of 

increasing distance from the central spot, are 112; 204; 220; 116,312; 

332,316 and 424,228 reflections of the chalcopyrite. 

The electron microscopy measurements confirmed the X-ray findings 

that inhomogeneous as-deposited layers are converted into homogeneous 

CuInSe
2
 phase. 

3.4.2.3 Films Annealed at 350°C' 

In Fig. 3.12(a) is shown the microstructure of the samples after 

heat treatment at 350°C for 3 hours. The comparison with Fig. 3.9(a) 

indicates that the anneal has resulted in the considerable growth of grains. 

This is also reflected in the electron diffraction pattern of Fig. 3.13(b) 

where now the diffraction rings have broken up into spots. It must be 

stressed that the selector aperture in these patterns was also 100 pm and 

so the 'spotty' pattern is indeed due to larger grains contributing to 

diffraction. 

The size distribution of the grains has been determined and the 

result is shown as a histogram in Fig. 3.14. The mean grain sizes vary 
o 

from 500 to 5000A and the mean crystallite size, as obtained from the 
o o 

arithmetic mean of the distribution, was about 2500A for a -3000A thick 

film. 

The transmission electron micrograph and the corresponding 

electron diffraction pattern after a total of 30 hours at 350°C is shown 

in Fig. 3.15(a) and Fig. 3.15(b) respectively from which it is evident 

that the microstructure of the CuInSe
2
 films has not changed drastically 

from the 3 hour anneal. The selected area diffraction pattern, taken with 

a 100 pm selector aperture, had somewhat fewer spots and indicated a very 

slight increase in grain size to have occurred. This was confirmed by the 

measurement of the grain sizes, which had a distribution very similar to 
o 

that of Fig. 3.14 but with a slightly high arithmetic mean of -2600A. 



' - 1 0 3 -

Fig. 3.13(a): Transmission Electron Micrograph of a CuInSe^ Film 

after Anneal at 350°C for 3 hours (Mag = x 30,000) 

Fig. 3.13(b): Electron Diffraction Pattern of a CuInSe2 Film 

after Anneal at 350°C for 3 hours 
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g. 3.14: Histogram showing the Crystallite Size Distribution of a 3000 A Thick 

CuInSe
2
 Film after Anneal at 350°C for 3 hours 
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Fig. 3.15(a): Transmission Electron Micrograph of a CuInSe 

Film after Anneal at 350°C for 30 hours 

(Mag = x 30,000) 

fig. 3.15(b): Electron Diffraction Pattern of a CuInSe 

Film after Anneal at 350°C for 30 hours 
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3.4.3 Conclusions 

The TEM investigations have confirmed the X-ray analysis results 

that films deposited onto cold substrates are multiphased and that conversion 

to Culnse 2 '0ccurs at anneal temperatures of 150°C. Considerable grain 

growth of crystallites occurred after an anneal at 350°C for 3 hours. The 

mean crystallite size was determined to be approximately equal to the film 

thickness with no significant grain size increases ocurring after prolonged 

anneals. 

3.5 . ELECTRON PROBE MICROANALYSIS OF FILMS 

The chemical composition of the films was determined by 

Electron Probe Microanalysis using the same procedure described in 

Section 2.3. The analysis was performed on films deposited onto substrates 

held at various temperatures and after anneals. The effect of the nature 

and composition of the starting powder on the stoichiometry of the films 

was also considered. 

3.5.1 Composition of Films Deposited on Cold Substrates 

3.5.1.1 As-deposited Films 

The compositions of some unannealed films are given in Table 3.3 

where they have been grouped according to the powder batch from which they 

were deposited. 

Powder Batch Sample EPMA Composition 

At%Cu At%Se At%In 

A MC56 21.9 4 9 29.1 

MC47 22.1 50.6 27.3 

B MC54 22.4 49.4 28.2 

MC53 21.0 50.6 28.4 

D MC59 21.4 50.7 27.9 

MC50 21.6 51.3 27.1 

Table 3.3: Composition of as-deposited CuInSe? films 
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It is evident that all the films are compositionally very 

similar and are all characterised by a slight deficiency in copper a 

feature which was also observed for the bulk CuInSe
2
 samples. 

The fact that films evaporated from any particular powder type 

have essentially similar compositions is indicative of the good 

reproducibility of the deposition technique between preparation runs. 

3.5.1.2 Annealed Films 

The effect of the heat treatments on the composition of the films 

is shown in Table 3.4 for a typical sample. The table includes composition 

results of specimens taken from different parts of the same thin film . 

sample. This was done to check the compositional uniformity of the films 

and it was determined that over the substrate area the composition did 

not deviate more than ±3% of the mean value. Such good reproducibility 

was also observed in bul-k CuInSe
9
 specimens. 

,1 < 4 

Comparing the mean composition of the as-deposited films with 

that after an anneal at 150°C, it is apparent that a definite compositional 

change has occurred. Upon anneal at this low temperature the results 

indicated that there was an apparent decrease in copper concentration. 

This effect was observed in all the samples investigated and implied 

that as-deposited films subjected to heat treatment lost copper. 

This is somewhat difficult to accept because copper is the 

least volatile component in the films. If loss of elements should occur 

during the anneal it would be more likely to be in the form of Se
2
 or 

In
2
Se molecules, as these are the major evaporating species in the 

(20 21 ) 

Cu-In-Se, Cu-Se and In-Se systems at low temperatures
v

 ' . 

The explanation for the observed apparent anomaly lies in the 

fact that the unannealed films were determined by X-ray and TEM analyses 

to be multiphased. Also the thermal evaporation had indicated that the 

films were deposited as layers of In-Se mixture followed by a Se-Cu 
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State of film EPMA Composition 

At%Cu At%Se At%In 

Mean Composition 

At%Cu At%Se At%In 

As-deposited 22.2 48.4 29.4 

21.5 49.6 28.9 

21.9 49 29.1 

After anneal 
at 150°C for 
3 hours 

20.9 49.5 29.6 

20.7 49.5 29.8 

20.8 49.5 29.7 

After anneal 
at 350°C for 
3 hours 

20.5 49.5 30.0 

21.4 5.0 28.6 

20.1 49.3 30.6 

20.9 48.6 30.5 

20.7 49.4 29.9 

Table 3.4: Composition of a CuInSe^ film after various heat 

treatments 
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mixture. These observations mean that before an anneal there will be 

concentration gradients of elements through the thickness of the layers. 

A relatively high copper concentration will be distributed near the 

film-air interface whilst a high concentration of indium will be expected 

to be near the film-substrate interface. 

In EPMA the X-ray photons generated at any particular depth within 

the specimen will be absorbed by overlying layers before reaching the 

detector. In the as-deposited films since Cu is distributed near the 

surface the characteristic Cu X-rays will be absorbed relatively less 

than if the copper was distributed uniformly throughout the thickness. 

Similarly the degree of absorption of the characteristic In x-ray 

line will be relatively greater in the unannealed films. The net 

effect as far as EPMA composition of the as-deposited layers is concerned 

would thus be an artificial enhancement of the copper concentration 

and an artificial decrease of the indium concentration. 

The fact that after annealing at 150°C the Cu concentration 

in the films decreased while that of In increased indicates that any 

concentration gradients in the films have been removed. This means that 

the distribution of the elements, after the anneal, becomes spatially 

homogeneous and this is in good conformity with the structural analysis 

of the films which demonstrated that CuInSe
2
 became the major phase. 

The effect of heat treatment at 350°C for 3 hours is also 

shown in Table 3.4. The comparison of the composition of these films 

with that after the anneal at 150°C will reveal that no compositional 

changes hve occurred. This indicated that the CuInSe
2
 films were 

stable after the heat treatment at 350°C and confirmed the structural 

observations that the films were homogeneous. 
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3.5.1.3 Films prepared from different starting powders 

The mean composition of films after 150°C and 350°C thermal 

treatments may be correlated with the composition of the starting powders 

from which they were prepared. In Figs. 3.16, 3.17 and 3.18 are shown 

the composition plots of films evaporated from lumps A, B and D 

respectively chosen from the bulk ingot. In each of these diagrams the 

composition of the bulk powder is also plotted and the dashed boundary 

identifies the single phase CuInSe
2
 region as defined approximately 

from the bulk composition results of Section 2.3. 

Examination of each of the above ternary composition diagrams 

will reveal that the film compositions always lie away from their powder 

composition. Furthermore, for any particular starting powder the 

composition of films are very similar, indicating good reproducibility 

of the composition between runs. The other striking feature of these 

ternary plots is that the composition of bulk CuInSe
2
 is not related to 

the composition of the films and that all the film compositions lie 

more or less in the same region of the phase diagram, irrespective 

of the starting powder used. 

Table 3.5 gives a list of compositions of various samples of 

CuInSe
2
 films and these have all been plotted on the same ternary diagram 

shown in Fig. 3.19. It is apparent that all film compositions lie along 

the CuInSe
2
-InSe join of the phase plot. It was calculated that the 

film compositions correspond to CuInSe
2
 having approximately 8.5 mole% 

excess InSe. In terms of a mixture, this is equivalent to about 73 mole% 

o 

CuInSe
2
 with 27 mole% InSe. If, as mentioned previously, 200A is 

taken as the minimum thickness of a film detectable by glancing angle 
o 

X-ray technique, it may be estimated that for a film -7500A thick 

the detection limit of a phase in a mixture of phases will be 3-6% by 

the X-ray technique. Since the chemical composition indicates that InSe 

is present in much greater quantities than this, it would have been 
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Powder 
Batch 

Sample EPMA Composition 

At%Cu. At%Se At%In 

D MC46 20 49.7 30.3 

A MC47 21.4 49.4 29.2 

D MC50 20.5 50.3 29.2 

B * MC53 20.3 49.5 30.2 

B MC54 21 49.6 29.4 

A MC55 20.4 49.4 30.2 

A MC56 20.8 49.3 29.9 

D MC59 20.2 50.5 29.3 

B MC62 20.7 50.3 29.0 

B MC63 20.9 49.4 29,8 

B MC65 20.6 50.6 28.8 

B MC67 20.8 49.6 29.6 

Table 3.5: EPMA composition of CuInSe
2
 thin films after 

heat treatment at 350°C 
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detected if it was in the form of a second phase material. It must 
« 

be recalled that the structural examination had not revealed the 

presence of any foreign material other than CuInSe
2
 in films annealed 

at 350°C. It must thus be concluded that the excess InSe detected 

by EPMA is dissolved in CuInSe
2
. 

Extensive solubility of GaSe in CuGaSe
2
 and GaS in CuGaS

2 

(23 24) 

had been reported
 5

 ' and this in conjunction with our results on 

CuInSe
2
 films, would indicate that excess homogeneity for AjByj compounds 

is a general feature of I-III-VI
2
 chalcopyrite semiconductors. The thin 

film composition data can thus be combined with the bulk composition 

data of Section 2.3 to define the single phase boundary at the InSe 

rich side of the phase diagram. This is shown by the dashed lines 

in Fig. 3.19 where for completeness the bulk composition data have 

also been reproduced. 

3.5.1.4 Composition of Films Annealed at 450°C 

The compositional stability of CuInSe
2
 layers after a prolonged 

anneal at 350°C and after a higher temperature anneal at 450°C is 

shown in Table 3.6 and Table 3.7 respectively. 

Sample 

Composition after 
350°C for 3 hours 

At°/Cu At %Se At%In 

Composition after 
350°C for 30 hours 

At%Cu At%Se At%In 

MC54 

MC56 

21 49.6 29.4 

20.8 49.3 29.9 

20.8 49.5 29.7 

21.1 49.3 29.6 

Table 3.6: Composition of CuInSe
2
 films after prolonged 

anneal at 350°C 
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The EPMA indicated that the stoichiometry of the films did 

not change for anneal periods of up to 30 hours at 350°C, confirming 

the X-ray and electron microscopy investigations that films are 

stable. 

Sample 
Composition after 
350°C for 3 hours 

At%Cu . At%Se At%In 

Composition after 
450°C for 3 hours 

At%Cu At%Se At%In 

MC53 

MC56 

20.3 49.5 30.2 

20.8 49.3 29.9 

22.6 45.6 31.8 

23.2 44.4 32.4 

Table 3.7: Composition of CuInSe^ films after anneal 

at 450°C 

As can be seen in Table 3.7, a definite change in composition 

occurred after annealing at 450°C. The relative selenium concentration 

decreased while both the copper and indium mole fractions increased. 

This meant that a net loss of selenium had occurred after the anneal at 

450°C. 

Since the films before the 450°C heat treatment had excess InSe 

dissolved, it is tempting to ascribe the loss of Se to the evaporation 

of InSe. A mass spectrometric investigation of the vapour in equilibrium 

with this compound had revealed that InSe evaporates congruently in 

(21) 

the form of In^Se and Se
2
 molecules

v

 . Therefore, should dissociation 

of InSe be the reason for the loss of Se from the films, then loss of 

an equal amount of indium from the layers should have occurred in the 

process. However this was certainly not the case and rules out the 

above possibility. 
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As the X-ray analysis had established that ln
2
0

g
 had formed 

in the films after the anneal at 450°C it is thought that the loss of 

selenium from the films during the anneals is connected with the oxidation 

process. In order to confirm this point some CuInSe
2
 samples were 

subjected to an anneal in oxygen gas at the lower temperature of "350°C. 

The reasoning behind this was that, since films annealed at 350°C in 

inert gas environment have a constant composition and are single 

phased, then any change at the same temperature of anneal but in an 

oxidising atmosphere would clearly establish the influence of oxygen 

on the film properties. Indeed, after 0
2
 anneals at 350°C ln

2
0

g
 was 

detected and a definite loss of selenium had also occurred. This 

confirmed that the observations after anneal at 450°C were due to the 

reaction of oxygen with CuInSe
2
 leading to a loss of selenium and the 

formation of ln
2
0

g
. 

3.5.2 Composition of Films Deposited on Hot Substrates 

The compositions of some films deposited directly onto hot 

substrates were determined in order to check whether any re-evaporation 

occurred and whether stoichiometric thin films of CuInSe
2
 can be 

prepared on hot substrates. The results for three substrate temperatures 

of 150°C, 250°C and 300°C are given in Table 3.8. 

Sample Substrate Temperature 
EPMA Composition 

At%Cu At%Se At%In 

MC73 150°C 20.6 50.1 29.3 

MC74 250°C 20.1 49.7 30.2 

MC75 300°C 24.3 44.7 31.0 

Table 3.8: Composition of CuInSe
2
 films deposited onto 

hot substrates 
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It is apparent that, for substrate temperatures up to about 

250°C, the chemical compositions are very similar to films deposited 

onto cold substrates and subsequently annealed. On the other hand the 

composition of films deposited at 300°C shows that there is an excess 

of copper and indium due to some re-evaporation of selenium. These 

films are grossly non-stoichiometric, which is in good conformity with 

the X-ray analysis which detected the presence of Cu^In^ as a second phase 

in addition to CuInSe
2
. 

3.5.3 Conclusions 

In conclusion, the Electron Probe Microanalysis of the films has 

shown that films deposited up to substrate temperatures of 250°C and 

films annealed at 350°C for up to 30 hours had essentially similar and 

reproducible compositions. 

Films annealed at 450°C incurred a loss of selenium due to 

thermal oxidation of CuInSe
2
 whilst deposition at substrate temperatures 

greater than 300°C resulted in the re-evaporation of Se leading to 

excess Cu^In^ precipitating as a second phase. 

3.6 THERMAL OXIDATION OF CuInSe
2
 FILMS . 

The results of X-ray and Electron Probe Microanalyses of 

CuInSe
2
 films heat treated in an oxidising environment can be combined 

to give a scheme of thermal oxidation of copper indium selenide. 

Oxygen, either in elemental gas form or in water molecules, reacts 

with CuInSe
2
 and leads to the formation of ln

2
0

3
 at the surface. This 

is the preferred oxide, presumably because of its higher heat of 

(21 25) 

formation
v

 ' of -221 kcal/mole as compared with -53.8 kcal/mole for 

Se0
2
, -44.1 kcal/mole for Se0

3
, -40.7 kcal/mole for Cu

2
0 and -35.62 kcal/ 

mole for CuO. Following the formation of ln
2
0

3
, the remaining selenium 

and copper atoms at the surface are left to rearrange themselves. 
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As the CuInSe
2
 layers are already copper deficient, it is likely that 

these copper atoms will diffuse to fill some of the Cu vacancies. 

This would be in accord with the fact that no copper oxide was detected 

in the layers. These events would then result in some selenium to 

remain free at the surface region. 

It would seem that there are three options open for these 

selenium atoms. Firstly, they may diffuse into the bulk and remain 

as excess selenium; secondly, they may evaporate off the film and 

join the gas phase and, thirdly, they may react with oxygen to form 

Se0
2
 or SeO^. However at-temperatures greater than about 300°C, these 

selenium oxides are volatile and will exist in gaseous s t a t e ' ^
1

. 

The observed loss of selenium from the films after the anneals 

in an oxygen environment, supports the latter two processes in which 

selenium either in pure elemental form or in oxide molecular form 

is transported away in the gas phase. 

In conclusion the thermal oxid ation of CuInSe
2
, at temperatures 

greater than 350°C, results in the formation of ln
2
0

3
 while at the same 

time causing the evaporation of some selenium. 

Our observations can be directly compared with the only study 

of oxidation of CuInSe
2
 that has appeared in the literature towards the 

(26) 

end of this project. Kazmerski et a r have estimated that over the 

temperature range 150-300°C, the composition of a thermally grown oxide 

on single crystal CuInSe
2
 was approximately 90%In

2
0

3
 and 10%Se0

2
. No 

elemental Cu or copper oxide were determined at the oxide crystal 

interface, within the detection limit of Auger Electron Spectroscopy, 

but the presence of a thin Cu Se was reported. 

The results of Kazmerski et al are in very good agreement 

with our results in that ln
2
0

3
 is the primary oxide of CuInSe

2
 and that 

no Cu
2
0 or CuO was detected. However the above authors do not report a 

change in composition due to loss of selenium and imply that after the 
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 Se
 a t

oms are present in the form of 

SeCL and Cu Se. This is not at variance with the results reported in 

this thesis because Kazmerski et al studied the oxidation mechanism only 

up to 300°C. Below this temperature the selenium oxide is still 

relatively stable and exists as a solid phase so that loss of selenium 

due to evaporation of Se0
2
 will not occur. 

3.7 SUMMARY 

Films of CuInSe
2
 have been deposited by a fast evaporation 

technique in which 250 mg of bulk powders were evaporated to completion. 

The evaporation method was not expensive to set up and was simple in the 

sense that the adjustable experimental variables were kept to a minimum. 
o 

This resulted in the deposition of uniform films of -7000A thickness 

quite reproducible between runs. 

A glancing angle X-ray camera and 1 Mey Transmission Electron 
•i < 

Microscope were used to examine the structure of the films. These revealed 

that the as-deposited films were stratified containing In
2
Se, Cu

3
Se

2
 and 

CuInSe
2
. Single phase CuInSe

2
 films were obtained by annealing at 

350°C for 3 hours and by-depositing onto substrates held at 250°C. A grain 

size distribution indicated that the mean crystallite size was 

approximately equal to the film thickness and that any increase with 

further annealing was not significant. 

The Electron Probe Microanalysis composition of the films indicated 

that up to substrate temperatures of 250°C and for anneal temperature 

of 350°C the films were indium and selenium rich and reproducible between 

preparation runs. The composition of films obtained from various starting 

powders were also found to be essentially the same. 

The film compositions and the bulk compositions of Chapter 2 

were combined to define an approximate single phase region for CuInSe
2
-

This was characterised by extensive solubilities for Se, In
9
Se© and InSe 
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but lack of solubility in the Cu-Se rich side of the phase plot. 

Investigations revealed that any oxidising environment 

during the anneal must be strictly avoided. The presence of oxygen 

at temperatures above 350°C resulted in the formation of a layer of 

In
o
0

o
 and a simultaneous loss of selenium from CuInSe

0
. 
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CHAPTER 4 

OPTICAL AND ELECTRICAL PROPERTIES OF CuInSe
0
 FILMS 

4.1 INTRODUCTION 

The first part of this chapter is devoted to the characterisation 

of the CuInSe
2
 films by optical transmission and reflection measurements 

in the visible to infra red region of the spectrum. 

In the second part of the chapter, the electrical transport 

parameters and the D.C. conduction models relevant in this study are 

introduced. 

Room temperature resistivity, theremopower and Hall effect 

measurements are described and the results are related to structural 

and stoichiometric changes occurring in the films after the heat 

treatments. 

The temperature dependence of the electrical properties is also 

presented and discussed in the light of carrier scattering pertinent 

to thin polycrystalline semiconductor films. 

4.2 OPTICAL PROPERTIES OF FILMS 

4.2.1 Theory of Optical Transmission and Reflection 

light wavelength, A , the measured transmittance, T, and reflectance, R, 

under normal incidence are defined by: 

For'a slab with plane parallel faces illuminated by monochromatic 

o 

R 
( 4 . 1 ) 

where 

I is the intensity of the incident beam 
o 

Ij is the intensity of the transmitted beam 

In is the intensity of the reflected beam R 
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(1-3) 
The forms of T and R at normal incidence are given by 

2 2 
j

 =
 [(1-r ) + 4 sin ijj] exp(-gd) (4.Z) 

2 2 2 2 
[1-r exp(-ad)] + 4r exp(-ad) sin ($+i|j) 

2 2 
r[l-exp(-ad)) + 4 exp(-ad) sin 

R = : (4.3) 
2 2 2 2 

[1-r exp(-ad)] + 4r exp(-ad) sin (<J>+i|0 

where d is the thickness of the slab and r is the reflection coefficient 

at the air-slab interface and is given by: 

(4.4) 
(n+1 r + k

4 

in which n is the refractive index and k is the extinction coefficient, 

both of which are related to the complex refractive index n by: 

n = n - jk (4.5) 

in equations (4.2) and (4.3) a is the absorption coefficient defined as: 

(4.6) 

Also <J> is the phase change of the incident wave upon one complete 

transversal of the thickness such that 

• (4.7) 

ip is the phase angle occurring at the interface and is given 

by: 

fl = tan"
1

 [ fa ) (4.8) 
\n +k +1 / 
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2 
The term sin (<j>+i|j) describes the periodic variation of the reflectance 

and transmittance with wavelength due to constructive and destructive 

interference of waves reflected from the front and rear surfaces of the 

slab. 

The interference fringe term can be averaged to yield the mean 

(2 3) 
transmittance and reflectance

 9

 ': 

2 

j
 =

 (1-r) exp(-ad) (4
#
g) 

1-r exp(-2ad) 

R =
 r [

l + (l-2r) exp(-2ad)
3 ( 4 J Q ) 

1 - v exp(-2ad) 

and 

R = r[l + T exp(-ad)] (4.11) 

If the reflection coefficient, r, is known by an independent 

measurement, then the absorption coefficient can be obtained from the 

transmittance alone: 

a
 = I

 l n
 [ l l f !

2

 +
 (r

2

 • [ - ^ f ^ ]
2

) * ] (4.12) 

If r is not known a priori, then equations (4.9) to (4.11) must be used 

together and the absorption coefficient of the slab can be determined by 

(3) 
solving the third degree equation for exp(-ad)

v 

[exp(-ad)]
3

 + [ ( ^ ) 2 - 1 + j ] [exp(-ad)]
2

 + 

(4.13) 

+ - 2] (exp(-ad)] - | = 0 

If the value of exp(-ad) from the solution of equation (4.13) is now 

substituted into equation (4.11) the reflection coefficient, r, may also 

be determined. This value of r can be subsequently used to calculate the 
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refractive index, n, from equation (4.4) which can be rewritten as 

1 + r + [4r -(l-r ) r ] 
l-r 

n (4.14) 

Thus n and a as a function of wavelength can, in principle, be 

determined from the experimental measurement of transmittance and reflectance. 

slabs, then these fringes can be used advantageously to determine the 

refractive index as well. From equation (4.7), transmission maxima and a 

corresponding reflection minima will -occur when 

where m is an even integer. Also transmission minima and simultaneous 

reflection maxima will occur when 2<f> = nnr, where m is now an odd integer. 

These relationships will enable the determination of the refractive index 

at wavelengths corresponding to the interference extrema. 

When the transmittance and reflectance of a thin film deposited 

on a substrate are to be interpreted, the formulae relating the optical 

(4) 
constants of the film and substrate become more complex

v

 '. The special 

case of a thin film on a relatively thick glass substrate has been treated 

(5) 

by Harris et al The authors assumed that over the entire range of 

measurements the glass was transparent, i.e. its extinction coefficient is 

zero. Furthermore, the substrate is assumed to have non-uniform thickness 

so that any interference effects within the substrate may be neglected. 

The internal reflections in such a system will then be as shown in 

Fig. (4.1),for light incident on the film side. 

If the interference fringes are resolved in the-weak absorbing 

2<j> = mir 
4irnd 
x 

The total transmittance and reflectance will then be given by: 

T Taf(l-Rga) 
1-Rga Rgf 

(4.15) 

R R
n
 + R

0
 + R

0
 + ... = Raf + 
3 

Taf
2

Rga 
1-Rga Rgf 

(4.16) 
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AIR F I L M G L A S S AIR 

Ri = Raf 

iry R
2
 (TafRgJTgf 

R3-(Taf Rg| Rgt)Tgf 

Taf 

TafRga 

(TjrfRgjRgf 

( TafRga) RjfRgi 

(Taf Rga Rgf)Rgf 

Tafd-Rga) = V 

(TafRga) Rgf(t~Rga) =72 

t,frr4r^(1-r^=t
3 

Fig. 4.1: Normal Incidence Transmission and Reflection of a Thin 

Film on a Thick Glass Substrate 
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In these equations: 

(Taf)
 =

 (Transmittance)
 Q f t h e f i l m > f Q r i n c i d e n t l i g h t

 travelling 

(Raf ) (Reflectance)
 f r Q m a i > i n t Q f i ] m 

(Tgf) (Transmittance) 
of the film for incident light travelling 

(Rgf) (Reflectance) 
from glass into film 

Rga is the reflectance of glass for incident light travelling from 

glass into air. 

In the derivation of equations (4.15) and (4.16) the glass is 

treated as a semi-infinite medium and only multiple reflections within 

the film are considered and the formulae for Taf, Rga and Rgf can be 

(4 5) 

obtained by addition of amplitudes ' . 

In order to determine the optical constants of the film alone, 

the quantities Taf and Raf must be obtained explicitly from the experimental 

measurements. To do this equations (4.15) and (4.16) must first be 
(5) 

simplified. For the glass substrate Rga is given by ': 

(n -l)
2 

Rga = — S
 ? 

( y l )
2 

(4) 

If the refractive index of glass n
g
 is taken as 1.5

V

 , then 

Rga = 0.04 and 1-Rga Rgf in equations (4.15) and (4.16) will have a 

minimum value of 0.96 occurring for the extreme case of Rgf = 1. However 

for a semiconductor film with typical value of refractive index n
q
 = 2.3-3, 

(4 5) 

it can be shown that Rgf will be around ~0.3
V

 ' . Therefore for most 

practical purposes 1-Rga Rgf will not be expected to deviate very much 

from unity so that equations (4.15) and (4.16) may be simplified to: 

T = Taf (1-Rga) (4.18) 

R = Raf + Taf
2

 Rga (4.19) 
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Thus the transmittance and reflectance of the thin film alone can be 

obtained without too much loss of accuracy by suitably correcting for the 

glass substrate. These can then be used to calculate the absorption 

coefficient and the refractive index of the films. 

4.2.2 Experimental Details of Optical Measurements 

The transmittance and reflectance of the samples were measured 

with a Beckman DK-2A double beam ratio recording spectrophotometer. A 

tungsten lamp source with a lead sulphide detector enabled the measurements 

to be carried over the wavelength range 0.6 pm - 2.5 pm. 

The sample compartment which is shown in Fig. 4.2 had an 

integrating sphere consisting of two hollow metallic hemispheres fastened 

together. The inside surface of the sphere was coated with Magnesium Oxide 

to provide a pure white reflecting surface. 

The reference and sample beams entered the sphere alternatively 

from the front entrance ports and were directed towards their respective 

exit ports. These ports at the back were usually covered with a reflecting 

surface so that the rays were deviated back inside the sphere. This 

radiation was then reflected back and forth by the walls of the sphere until 

it reached the detector placed on the opening at the top. 

The instrument was adjusted to the 100% level by placing two 

identical highly reflecting Magnesium Oxide tiles at the sample and 

reference exit ports. The zero level was adjusted by closing the sample 

shutter. 

For normal incidence transmission measurements the sample was 

placed at the sample entrance port. For reflectance measurements, the 

sample replaced the tile at the sample exit port. Near normal incidence 

conditions were achieved by placing the sample and reference tile at the 

5° angle to the incident beam. This yielded the sample reflectance 

relative to that of the tile and to obtain the true value, readings were 
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M g O t i l e 
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reflecting sample 
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Fig. 4.2: Schematic View of the Spectrometer Sample Compartment 

Illustrating the Optical Ray Paths 
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multiplied by the reflectance of the tile. The calibration reflection 

chart of the tiles used in the experiments is reproduced in Fig. 4.3 

and shows that considerable correction was necessary for the wavelength 

range 1.0 < A < 0 . 7 . 

The correction for the transmission of the glass was achieved 

by placing, at the reference entrance port, a blank glass slide of the same 

thickness as the film substrate. Correction for the reflectance of the 

glass was done by the procedure described in section 4.2.1. 

4.2.3 Results 

The transmittance spectra of a typical film annealed at 350°C is 

shown in Fig. 4.4 and it indicates that the films are transparent above 

about 1.4 pm and exhibit interference fringes. The films start to absorb 

very strongly below about 1.2 pm and this wavelength corresponds roughly 

to the expected absorption edge of CuInSe
2
. The reflectance spectra for 

such a typical film is given in Fig. 4.5 where interference fringes are 

also evident. The reflectance rises slightly over the wavelength region 

0.6-1.4 pm and then decreases slowly in the infra red region. 

By contrast, the optical spectra of fiIms'deposited onto substrates 

held at temperatures less than ~250°C, were characterised by very high 

reflectance and a transmission less than 10% over the entire wavelength 

range. This is shown in Fig. 4.6 and indicates the presence of a highly 

reflecting metallic phase and confirms the structural investigations that 

the unannealed films are very inhomogeneous. 

4.2.3.1 Absorption Coefficient 

The absorption coefficients of three 350°C annealed CuInSe
2
 films 

as a function of wavelength are shown in Fig. 4.7 for a high resistivity 

p-type sample (mc53); for a low resistivity p-type sample (mc56) and for 

an n-type sample (mc67) respectively. 
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Fig. 4.7: Absorption Coefficient of 350°C Annealed CuInSe 

Films as a Function of Wavelength 
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At wavelengths below about 1.4 pm, the absorption coefficient 

4 -1 

has values greater than 10 cm for all the samples which show similar 

wavelength dependences in this region. This high absorption is associated 

with optical transitions involving the valence band and conduction band 

of the semiconductor and-an analysis of this region will enable the energy 

gap to be determined. 

For wavelengths greater than about 1.2 pm the absorption coefficient 

decreases dramatically by almost two orders of magnitude, indicating that 

the semiconductor is becoming transparent in this range. However rather 

than rapidly falling towards zero, the absorption coefficient levels off 

at around 1.6 pm and starts to increase again. It is interesting to note 

that the absorption coefficient of the more resistive sample (mc53) 

is much lower than the other samples. These observations are consistent 

with extra absorption due to free carriers. 

This type of absorption, which is usually observed at wavelengths 

just below the fundamental edge, occurs when incoming photons interact 

with charge carriers in the main band. In this case, the absorption • of 

a photon results in an electron making a transition to a higher empty 

state within the same band while conserving its momentum by scattering 

processes. 

The value of the absorption coefficient due to free carriers may 

(6 7) 
be related to the carrier concentration through the classical formula^ ' 

«F = ( _ § 1 ) (nf
1

) 
m pu 4ttc c 
W vj 

where N is the carrier concentration, p the mobility, m
c
 the conductivity 

effective mass,n is the refractive index, and g is a scattering factor which 

varies from 1.13 for acoustic lattice scattering to 3.4 for ionised impurity 

scattering. 

> 
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By using typical values for CuInSe
2
 an order of magnitude estimate 

of the carrier concentration of the samples may be deduced. The typical 

18 -3 17 -3 
results were 2.6 x 10 cm for sample mc67; 6.4 x 10 cm for sample 

1 9 - 3 
mc53 and 1.2 x 10 cm for sample mc56. These compared quite reasonably 

with the carrier concentrations obtained from electrical measurements which 

18 -3 17 -3 20 -3 
were 6.3 x 10 cm , 1.2 x 10 cm and 1.2 x 10 cm for the above 

: specimens respectively. 

In order to determine the optical band gap, the spectral dependence 

of the absorption coefficient due to fundamental absorption must first be 

isolated from the experimental data. This is usually done -by subtracting 

the effects of free carrier absorption and is achieved by extrapolating 

the free carrier absorption curve back into the short wavelength region. 

However in the present case the correction for free carrier absorption was 

not very significant as the value of ap extrapolated below the fundamental 

edge of 1.2 pm was less than 1% of the total a determined experimentally. 

For a direct band gap semiconductor like CuInSe
2
, the absorption 

coefficient due to fundamental absorption, arising from optical transitions 

(6 8) 
between the valence and conduction bands, obeys the relationship

v

 ' . 

a
d
 = A(hv - Eg)

1

 (nf
1

) 

where hv is the energy of the incident photons and Eg is the band gap 

and A is a factor which takes into account the density of states and 

effective masses of electrons and holes. 

By plotting graphs of (a
d
) against hv, it is then possible to 

determine the direct energy gap of the semiconductor. Such a plot,; typical 

of single-phased CuInSe
2
 films, is given in Fig. 4.8. The graph has a 

linear region which can be extrapolated to zero absorption, to yield the 

forbidden bandwidth Eg. The value of this band gap was found to vary 

between 1.00 and 1.02 eV for various samples. These results are in 

excellent agreement with the accepted value of 1.02 eV in the literature 
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hffeV) 

Fig. 4.8: Fundamental Absorption as a Function of Photon 

Energy for a 350°C Annealed CuInSe
P
 Film 
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for sfngle crystal CuInSe
2
 and indicate that the films have optical 

properties similar to the bulk material. 

4.2.3.2 Refractive Index 

The wavelength dependence of the refractive index for the three 

representative samples considered previously, has also been determined and 

is given in Fig. 4.9. 

For wavelengths shorter than 1.4 pm all the films exhibit a rapid 

increase in their refractive index. This reaches a peak around 1.1 pm and 

decreases as the wavelength of the incident radiation is reduced further. 

This is the typical behaviour associated with fundamental absorption in 

(2 7 ) 

semiconductors ' . The dispersion of the refractive index beyond the 

fundamental edge is small as would be expected for the transparent region. 

The refractive index varied amongst the different specimens and the value 

at X = 2 pm had an average of 2.65. 

The above experimental results may be compared with other 

published data on CuInSe
2
. Only three papers have appeared in the literature 

so far and these were published during the course of this project and are 

plotted as the dashed lines in Fig. 4.9. At wavelengths near and below 0.8 pm 
(9) 

the results of Loschke et al agree very well with the data reported here. 

For the wavelength region beyond about 1.6 pm, the data of Horig et a l '
1 8

' 

and Sobota et a l '
1 1

' also are in fair agreement with our results, though the 

latter authors report a somewhat higher value of the refractive index. 

Refractive index data for the absorption region (0.6 - 1.6 pm) has not been 

reported in the literature, so a comparison of our results in this region 

is not possible. 

4.2.4 Conclusions 

The optical measurements have shown that films deposited at substrate 

temperatures less than 250°C contain metallic second phases. Films annealed 
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at 350°C have band gaps and refractive indices which agree very well 

with published single crystal CuInSe
2
 d a t a ^

1 1

'
1 2

' , confirming the good 

quality of films prepared in this investigation. 

4.3 ELECTRICAL TRANSPORT THEORY 

4.3.1 The Hall Effect and Thermoelectric Effect in Semiconductors 

4.3.1.1 Single Band Conduction 

The Hall Effect 

When a current-carrying conductor is placed in a transverse 

magnetic field, an electric field called the Hall field, E^, appears in a 

direction perpendicular to both the magnetic field and current flow. This 

Hall field is related to the applied current density, J, and magnetic flux 

density, B, by the Hall coefficient R^ through the relationship: 

E
h
 = R

h
JB (Vnf

1

) 

In a semiconductor, in which condution occurs in a single band, the Hall 

coefficient is a direct measure of the type and volume concentration of 

the majority carriers. For n-type semiconductor 

r = -r

h n
e 

and for a p-type semiconductor 

R
u
 = + — 
H p 

e 

where n is the electron concentration and p is the hole concentration, r is 
e

 r

e 

the Hall factor which depends on the scattering mechanism and on whether 

the semiconductor is degenerate or not. It can take a value between 1 and 1.93, 

but since the scattering mechanism dominating in the semiconductor is not 

known prior to Hall measurements, it is usually taken to equal unity. 
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Thermoelectric Effect 

When a temperature gradient is applied along a conductor an 

internal electric field, Zj, is set up along the same direction as 

the temperature gradient. This is known as the Seebeck effect and the ratio 

of the thermoelectric field, £y, to the temperature gradient, ^ is 

defined as the thermoelectric power or Seebeck coefficient of the material. 

The thermoelectric power is an alternative means of determining the type 

and density of carriers in a semiconductor. 

The general expression for the Seebeck coefficient in a semiconductor, 

in which conduction takes place in a single band, can be obtained by the 

solution of Boltzmann transport equation. If the scattering of carriers is 

-5 
described by a relaxation time, t , which varies with energy E as t = AE , 

the formula i s
( 6

'
1 3 )

: 

S = i 
e 

(

f
s ) F

3 / 2 - s
( n ) 

(

f
 _ s ) F

l / 2 - s
( n ) 

- n (MV K"
1

) (4.20) 

where k is Boltzmann constant, e electronic charge, n is the reduced 

Fermi energy = Ep/kT, s has values of j for acoustic lattice scattering and 

-3/2 for ionised impurity scattering. F (n) is the Fermi Dirac integral 

defined^
9 , 1 3 )

as: 

F (n) = rQ (4.21) 
1 + exp[x-ri] 

where x is the reduced energy |y. 

The reduced Fermi energy, rij'Can be directly related to the 

carrier concentration in a band by the Fermi integral with one-half index: 

n =

 j =
 N

c
 F

l/2
( , l ) ( 4

-
2 2 a ) 

P = J = N
v
 F

1 / 2
 (

n
) (4.22b) 
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where N is the conduction band density of states and N is the valence 
C V 

band density of states which are given by: 

2irm kT 3/2 
N = 2 ( P ) (4.23a) 

h 

27rm kT 3/2 
N

v
 = 2 ( S ) (4.23b) 

v

 ii 

in which m„ and ni are the density of states effective masses of the 
n p 

carriers. 

If the semiconductor is non-degenerate, that is the Fermi level 

is well away from either band edges so that n < 0, Boltzmann statistics 

can be used and the formula for the Seebeck coefficient simplifies to: 

k N r 

S

n
=

 " I
 [ A + £ n (

T T
) ] ( 4

'
2 4 a ) 

k Nv 

S
p
= + | [A + A n (4.24b) 

where A is the scattering factor which is 2 for acoustic lattice scattering 

and 4 for ionised impurity scattering. 

4.3.1.2 Mixed Band Conduction 

In general when conduction by minority carriers is likely to be 

significant, the contribution to transport from both holes and electrons 

must be taken into account. Such a situation arises very frequently in p-

type semiconductors when the electron mobility is very much higher than the 

hole mobility. In this case the conductivity, Hall coefficient and Seebeck 

coefficient will be given by'
5

'
1 4

': 

0 = a

n
 + a

p W-m)"
1 

9 2 
R

U n
 cj4 + R a 

n _ Hn n Hp p 
h =

 '( 1 ^ 
( a

n
 + a

p ' 

S a + S a 
S = n n p p 

a

n
 + a

p 
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where a = ne p , a = pe P are the conductivities arising from electrons 
n n p

 r

 p
 3 

and holes respectively. In terms of electron to hole mobility ratio 

m
n 

b = — , the expressions for mixed conduction are: 
M

P 

•a = e(p + nb) p
p
 (4.25) 

R
H
 = (

4

'
2 6

> 
H

 e(p+nb ) 

N N 
. A(p-nb) + p - nb £ n ( J ) 

S 2 2 — ] (4.27) 
p + nb 

The expressions for mixed conduction are of particular interest when a p-

type semiconductor is converted to n-type. Then the measured Hall 

coefficient and thermopower will be expected to become zero at some stage 

during the p to n conversion. These effects will be considered later. 

•i < 

4.3.2 Electrical Transport in a Two-layer Model 

There are certain situations, such as in a semiconductor doped non-

uniformly in the thickness region, when the interpretation of the measured 

transport parameters is not straightforward. The electrical transport of 

a surface space charge layer or a thin conducting oxide layer on a slab 

is another example where the theory presented previously cannot be applied 

directly. In such cases it is expected that each layer will contribute 

to the transport properties and for this purpose, a simple two-layer 

conduction model will be considered. 
(15) 

Such a model was first used by Petritz ' to explain conductivity 

and Hall effect measurements. His approach has been used here to develop 

also a model for thermoelectric effect. For completeness each transport 

parameter will be presented. 
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Fig. 4.10: Schematic Representation of Two-Layer Model with the Equivalent 

Electrical Circuits for 

(a) Conductivity 
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(c) Thermoelectric Effect 
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•In the two-layer model, a thick semiconductor slab with length, 

L, width, w, and thickness d
g
, is assumed to be covered with a thinner 

conducting layer of thickness d^. As shown in Fig. 4.10, the total 

measured conductivity, Hall coefficient and thermoelectric power of the 

sys.tem, may be determined by considering the resistance and voltages in each 

layer and by constructing an equivalent circuit. 

4.3.2.1 Effective Conductivity 

The total conductivity of the two layers may be calculated by the 

parallel combination of the respective resistances 

r
 _ 1 _ j_ . j_ 

" R " R
S
 R

b 

where R = —^-r- , R =
 L 

s a
s
wd ' B a

g
wdg 

where and a
g
 are the conductivities of each layer- In terms of measured 

conductance, G, this leads to 

qjwd 
G = — =

 r
 (a

s
d

s
 + a

B
d

B
) 

since d = d
g
 + d

g 

a

S
d

S
 + a

R
d

R 
= ( 4 " 2 8 ) 

4.3.2.2 Effective Hall Coefficient 

For the Hall effect, each layer is assumed to give rise to a Hall 

voltage such that for the bulk 

v
 _

 l

B
 R

BH
 B 

BH d
B 

and for the surface layer 

VSH = ^ 

!s r s h 8 
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where B is the applied magnetic flux density R
g H
 and R

g H
 are respective 

Hall coefficient in the two layers. 

The currents I
g
 and are related to the total applied current 

I, through the resistance of the layers 

ir< 
i, 

R

S
+ R

B 

= i 

a

B
d

B 

( a

B
d

B
+ a

S
d

$
) 

ir, 

R

S
+ R

B 

= i 

a

s
d

s 

( a
B
d

B +
a

s
d

s
) 

The total Hall voltage is obtained by treating the two layers as two voltage 

generators in parallel 

V. 
V R' + V R' 
BH 5 SH B 

V + R

S 

where 

and 

w 

w 
'B " ^ 

are the effective resistances of the Hall generators. 

In terms of the experimentally measured parameters 

V

H
 =

 T "
 R

HT
 9 

so that the total effective Hall coefficient of the two layers will be 

k

HT 

( d

S
+ d

B
} ( R

H B
a

B
 d

B
 + R

H S
a

S
d

S
} 

1 
( a

B
d

B
 + a

S
d

S
}

' 

(4.29) 
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4.3.2.3 Effective Seebeck Coefficient 

For the thermoelectric effect again each layer is assumed to 

give rise to a thermoelectric voltage directly proportional to their 

Seebeck coefficients Sg and Sy respectively. 

For the bulk, when the temperature difference, AT, is small, 

v

B T '
= s

B
a t 

and for the surface layer 

V
S T
 S

s
 AT 

The resulting thermoelectric voltage will be the parallel sum of each 

voltage generator so that 

V

BT
 R

S *
 V

ST
 R

B 

"
 R

B
 + R

S 

In terms of experimentally determined parameters 

V
T
 = S

T
 AT , 

so that the effective Seebeck coefficient of the two layers will be 

<. ^s'Vs * W B (4.30) 
T

 "
 a

S
d

S
 + a

B
d

B 

Equations (4.28) to (4.30) may be rewritten in the terms of the bulk 

transport parameter so that 
a

S
 d

S 
°j

 1 f

 V (4.31) 

^ = vttf) 
B 

d. R„- a 2 cL 

r
 1 + (^)cl + (tt) (4.32) 
HT

 =
 B HB B B 

R

HB a d
c 9 

S
s
 a

s
 d

s 

S
T

 1 +

 (4.33) 
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As the conductivity and thermoelectric effect in a two-layer 

system will be considered later on, it is appropriate at this stage to look 

at these more extensively. 

In Fig. 4.11 the total conductivity a-j-/a
g
 has been platted as a 

' surface to bulk thickness ratio d
g
/dg. Various values of surface to bulk 

conductivity ratios ranging from 0.1 to 100, have been taken as the 

constant parameter to show how the total conductivity is affected. The 

main feature of these curves is that the total conductivity becomes 

dominated by the surface layer if this has a very high conductivity. For 

example, if cfg/cXg is equal to 100, then the total conductivity becomes twice 

the bulk value, even though the surface layer may only form less than 1% 

of the thickness. If the conductivity of the surface layer is comparable 

or lower than the bulk, then the total conductivity remains very much 

constant, until the surface layer is thicker than the original bulk. 

In Fig. 4.12'V the total thermopower Sy/Sg of equation (4.33) is 

plotted for a p-type surface on a p-type bulk, as a function of surface to 

bulk thickness ratio. Since the total thermopower will depend upon the 

^values of the surface to bulk conductivity ratio Cg/tfg and the values of 

surface to bulk thermoelectric power ratio S
g
/Sg, the thermopower is treated 

as two cases. 

In the first instance, the value of S
g
/Sg is held constant and 

the total Seebeck coefficient is plotted versus cTg/^g. Such a plot is shown 

in Fig. 4.12(a) for values of a
g
/ag ranging from 100 to 0.1 and for an 

arbitrary value of S
g
/Sg = +3. The exact value of this ratio is not crucial 

and the effect of choosing another Seebeck ratio is to merely change the 

final value of Sy/Sg. In these plots it is apparent that the measured 

Seebeck coefficient will be mainly due to the surface layer when this has a 

higher conductivity than the bulk. For example, for a
g
/ a

B
 = 100 the total 

thermoelectric power is nearly that of the surface, despite the fact that 
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g. 4.11: Theoretical Variation of Total Conductivity 

as a Function of Thickness Ratio for Various Values 

of Surface to Bulk Conductivity Ratio in the 

Two-Layer Model 
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Fig. 4.12(a): Variation of Total Thermopower with 

Thickness Ratio for various Values of 

Surface to Bulk Conductivity Ratio for a 

p-type Surface on p-bulk. 
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Fig. 4.12(b): Variation of Total Thermopower with Thickness 

Ratio for Various Values of Surface to Bulk 

Thermopower Ratio for a p-surface on p-bulk 



-156-

th is only forms less than 10% of the thickness.' In other words, even if 

the surface layer is very thin compared to the bulk, it will dominate 

the measured Seebeck coefficients. 

In Fig. 4.12(b) the other case for thermoelectric power is treated, 

where now the value of cr^/ag is held constant at an arbitrary value of 10 

and the total thermopower is plotted versus thickness ratio for various 

combinations of surface to bulk theremoelectric power ratio S
g
/Sg. The 

main feature of these curves is that at any particular surface layer 

thickness, the higher the Seebeck coefficient of the surface layer the 

further the total thermopower deviates away from the bulk value. For example, 

at dg/dg = 10"
1

, the measured thermopower is 2S
g
 for a surface having 

Seebeck coefficient 3Sg, whereas it becomes 6Sg for a surface having Seebeck 

coefficient lOSg. 

So far the majority carrier type of the two layers were assumed 

to be the same and the case of a p-type surface on p-type bulk was treated. 

The situation for n-type surface on n-type bulk will be the same except 

that the thermopowers will be negative. 

If the surface layer has a majority carrier type which is opposite 

to that of the bulk then a new situation arises. While the total conductivity 

in such a case will still be represented by Fig. 4.11, the total thermo-

electric power will behave differently. The case of an n-type surface 

on a p-type bulk is shown for the thermoelectric effect in Figs. 4.13(a) and 

4.13(b). It will be evident that the comments made previously for a p-type 

layer on a p-type bulk are still valid here. There is now, however, an 

additional feature: the total thermopower crosses the zero level and 

changes sign at particular surface thicknesses. 

In Fig. 4.13(a) it is apparent that the total thermopower will 

become zero, for a very small surface thickness, provided that it has a 

very much higher conductivity than the bulk. Similarly in Fig. 4.13(b) 
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Fig. 4.13(a): Variation of Total Thermopower with Thickness 

Ratio for Various Values of Surface to Bulk 

Conductivity Ratio for an n-surface on p-bulk 

(5s/db= 10 const. 

Fig. 4.13(b): Variation of Total Thermopower with Thickness 

Ratio for Various Values of Surface to Bulk 

Conductivity Ratio for an n-surface on p-bulk 
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it will be seen that the total thermopower begins to change sign at a 

smaller value of surface to bulk thickness ratio, if the surface layer 

has a higher Seebeck coefficient than the bulk. 

The case of an n-type surface on a p-type bulk will be invoked 

later and its important prediction is that a zero crossover for thermo-

electric power will occur, an effect which is quite similar to the case of 

mixed band conduction in semiconductors. 

4.3.3 Electrical Transport in Polycrystalline Semiconductor Films 

4.3.3.1 Effective Conductivity, Hall Coefficient and Seebeck Coefficient 

The interpretation of electrical transport measurements on poly-

crystalline materials is complicated by the fact that these are composed 

of crystalline grains separated from one another by grain boundary regions. 

Treatment of this problem was first reported by V o l g e r ^ ^ for the Hall 

effect. This basic model is shown in Fig. 4.14 and consists of cubic grains 

length resistivity p^ and carrier concentration n-j , surrounded by 

intergrain domains of width &
2
, resistivity p

2
 and carrier concentration n

2 < 

To determine the resistivity, Hall coefficient and theremoelectric 

power of such a structure, the electric fields and currents in a unit cell 

comprising the regions labelled A, B and C in Fig. 4.14 are considered. This 

approach is basically the same as in the two-layer model and leads to the 

representation of the basic unit.cell by an equivalent electrical network. 

The effective transport parameter for the overall system is determined by 

summing over all the unit cells in the sample. These expressions are 
U P-J 

complex functions of the ratios — and — and it is impossible to get 
*1

 p

2 

specific information on the local regions. However if the intergrain regions 

are more resistive and thinner than the grain regions, that is j and 

p-|/p
2
 are both very much less than unity, the expressions do simplify a little, 

and are given 



-159-

Grains 

Intergrain reg ions 

h 

i 

A 
1 

B 

C 
i j 

Fig. 4.14: The Volger Model of a Polycrystal1ine Material 

¥ 



-160-
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' 

S
T
 = S,

 +
 S

2
 (4.36) 

where the subscript T refers to the experimentally measured total 

transport parameter and subscripts 1 and 2 give the parameters at the 

grain and intergrain regions respectively. 

Thus, if the above conditions are satisfied it is evident that 

the Hall effect in a polycrystalline sample will give the carrier 

concentration in the grain regions. Similarly, the thermoelectric power 

measurements will give the Seebeck coefficient of the grain regions only. 

The last statement effectively means that in the interpretation of thermo-

electric measurements on polycrystals, only the prevailing carrier scattering 

in the bulk of the grains need be considered and that any
1

 additional 

scattering in the grain boundary region due, for example, to potential 

barriers, may be neglected. 

In a polycrystalline semiconductor thin film, the intergrain 

domains may be taken to represent high resistance space charge regions. At 

the grain boundary, just as at the free surface of a crystal, there will 

be a high density of trapping states. Many of the charge carriers near the 

surface of the crystallite will become trapped at these sites and a 

depletion space-charge region will be set up. At each grain boundary 

there will be two such depletion regions, each extending into the bulk of 

the crystallite on each side of the intergrain boundary. This situation 

is represented, in an energy band diagram of an n-type semiconductor, by 

an upward bending of the conduction and valence band edges by an amount of 

e $
o
, known as the barrier height (Fig. 4.15). 
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Fig. 4.15: Space Charge Regions due to Trapping at Grain Boundaries 



-162-

As far as the polycrystalline model is concerned the width of the depletion 

regions will be equivalent to the intergrain width &
2
,

 a n d t b e

 undisturbed 

regions of the crystallite will be represented by the bulk grain of length A-j.. 

In order to see whether the condition 1 « 1 applies to CuInSe
2 

films, the width of any space charge layer, must be determined. This may 

not be known exactly but an estimate may be made by taking &
2
 ~ 2L

g
 where 

(21) -
L

g
 is the effective Debye length for the semiconductor-given by 

£q£
s
 kt l 

D
 = c

 T
f

 ( m ) 

e (n + p) 

where e
s
 is the static dielectric constant, n and p are the carrier 

concentrations in the conduction and valence bands. 

For CuInSe
2
 films, taking s

s
 = 13.6^

2 2

^ and T = 300K, &
2
 may be 

o 

estimated to lie between 10-300A for carrier densities in the range 

20 17 -3 

10 - 10 cm , which are typical of films in this work. As the grain 

size is approximately equal to the film's thickness, then the length il-j of 
o 

the grains will be typically -6000A. It is thus clear that the width of 

any space charge region will be small compared to the grain dimensions so 

that the effect of the intergranular regions on the Hall and Seebeck 

effects of the CuInSe
2
 films in this study may be neglected. In other 

words the Hall and Seebeck coefficient will be related to the carrier 

concentration inside the bulk grains. 

4.3.3.2 Effective Mobility 

So far nothing has been said about the mobility in polycrystalline 

semiconductors. This is usually obtained experimentally by a combination 

of the Hall effect and resistivity measurements on the polycrystal1ine 

sample. 

In terms of equations (4.34) and (4.35) 
pi 

R

HT
 R

H1
 + R

H2
 (

T f P ^ M

T =
 =

 1 7 (4*37) 
p

l
+ p

2 ( p - f ) 
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P O 
for ( — — ) « 1 this can be approximated to p

1
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} 
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ir
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 it
 +

 ~ n — i
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'
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n
1
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Equation (4.38) shows that the overall mobility in the polycrystalline semi-

conductor with thin and high resistivity intergrain regions will be 

determined.by scattering in the bulk and in the integral'n regions. Very 

often the bulk crystalline mobility is very high so that the mobility of the 

polycrystalline sample may be expected to be limited by the grain boundary 

regions. 

The scattering mechanisms that are observed quite frequently in 

polycrystalline thin semiconductor films have been described by 

(23 24) 

Anderson'
 5

 'and in general the film mobility, My, will be given by 

Matthiesen's rule for different scattering mechaniisms: 

i_ 1_
 +

 1_
 +

 j_
 +

 _ l
 +

 i_ (4.39) 

"T
 = M

c "d gb
 p

B 

where m
c
 is the crystallite bulk mobility, m

s
 is mobility due to surface 

scattering, Mq is the dislocation scattering mobility, Mg^ is the grain 

boundary mobility and Mg is the potential barrier limited mobility. Each 

of these will now be briefly introduced. 

4.3.3.2(a) Surface Scattering 

In a thin film the effect of the external surfaces will be 

important and a carrier approaching this region will be scattered such 

that the velocity component parallel to the surface may be altered. 
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( 2 3 ) 
Anderson has shown that for the case of a semiconductor 

with flat bands at the surface, the surface scattered mobility, p
s
, 

can be written as 

u -
M

s " (4.40) 
l + ( £ > 

where m
c
 is the bulk crystal mobility and d is the thickness of the film, 

A is the mean free path of the carriers given,for non-degenerate semi-

(18) 
conductors, with lattice scattering by

v

 ' 

m kT 1 
A = ( - Y - ) (4.41) 

2-rre
 c 

(23) 

For degenerate statistics this becomes : 

q
n
 1/3 m u 

• A • ^ / • ( 4 - 4 2 ) 

where m
c
 is the conductivity effective mass and m^ is the density of states 

effective mass, n is the carrier concentration. 

The mobility of carriers in a thin film will be thus reduced 

by surface scattering when the mean free path of the carriers becomes 

comparable to the film thickness. 

4.3.3.2(b) Dislocation Scattering 

In general thin films tend to have a much larger concentration 

of crystal defects than bulk crystals and in this respect a high density 

of dislocations may be expected. 

The effect of dislocation scattering has been discussed by 

(25) 

Dexter et al , which assume that dislocations distort the crystalline 

lattice thus giving rise to a scattering (deformation) potential. 



-165-

The dislocation limited mobility is given by: 

, - 2 E
2

b
2

 m N
 9 w

 2 

7T - it
 ( 4

'
4 3

> 
m

D
 * h

e
kT ^ 

where E is the deformation potential, b is Burger's vector, N is the 

density of dislocations per unit area and v is the Poisson ratio of the 

material. The dislocation mobility has a T
1

 dependence on temperature 

whilst being inversely proportional to the density of dislocations. This 

means that at low enough temperatures and with a sufficiently high 

number of dislocations the mobility may become comparable to other 

scattering mechanisms. 

4.3.3.2(c) Grain Boundary Scattering 

In polycrystalline films the grain boundaries are regions of 

lattice mismatch and may act as scattering centres for carriers being 

transported from grain to grain. The physical interruption of carrier 

transport may be taken into account by allocating to the charge carriers 

a mean free path, A
g
, which is approximately half the distance between 

boundaries. 

The grain boundary limited mobility is given for a non-degenerate 

(23). 
semiconductor by 

M
g b
 = eAg m

c
 kT)~* (4.44) 

For a degenerate semiconductor this becomes 

3

 c 

where n is the carrier density, m
c
 and m^ are the conductivity and 

density of states mass. 
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Grain boundary scattering has a temperature dependence for 

classical semcionductors and is temperature independent in degenerate 

semiconductors. 

4.3.3.2.(d) Potential Barrier Scattering 

In this model depletion regions around the grain boundaries 

are assumed to give rise to Schottky type potential barriers. When an 

electric field is applied across such a barrier it increases the band 

bending on one side while reducing it on the other side of the boundary as 

shown in Fig. 4.16. Carriers cross the grain boundaries by a thermionic 

emission process and a current density across the barrier may be written 

as<
2 4

>: 

eV eV 

J = J
2
-J

1
 = J

Q
 [exp ( - j—•) - exp(- ^ 1 ) ] (4.46) 

(24 26) 
where J

Q
 is the equilibrium current density given by * : 

J

o •
 e n

c < r m >
4 e x

P
[

" k T
] ( 4

-
4 7 ) 

in which n
c
 is the carrier concentration of the crystallites. 

If the voltage applied across the barrier Vg = V-j + V
2
 is small 

then the current density across the barrier may be written as 

eV 

J - J
0
 i r

 ( 4

-
4 8 ) 

This leads to the definition of potential barrier limited mobility so 

that: 

e<|> 
P

B
 = u

o
 exp[- (4.49) 

where 
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Fig. 4.16: Potential Barriers at a Grain Boundary for 

a Non-degenerate Semiconductor 
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has units of mobility and L is the grain size of the polycrystalline film. 

The barrier limited mobility is thus typified by an exponential increase 

of mobility with increase in temperature, with the activation energy related 

to the band bending of the grain boundaries. 

At this stage it should be pointed out that the usual potential 

barrier mobility, as described above, applies strictly to semiconductors 

obeying classical statistics and in which the barriers are higher than a few kT 

If the semiconductor has a degenerate carrier population, then 

equations (4.49) and (4.50) will not be valid and a modified expression 

must be used. To do this, the Richardson-Dushmann expression for thermionic 

(26 27) 
emission current must be considered and this is given by * . 

. 2_2 -e^-ec 
J

o
 =

 e 4 7 T

g
 T

 exp[- H ^ ) ] (4.51) 

Here e$
o
 is the energy at the top of the barrier and Ep is the Fermi energy, 

both measured with respect to the bottom of the band. The thermionic current 

is derived under the assumption that ecj>
0
 - Ep » 2-3 kT and e<J>

0
 - Ep represents 

the work function, if emission from metals is considered, whilst e<b - E
r
 is 

O F 

the effective barrier height if thermionic emission from semiconductors is 

considered. 

In a semiconductor, the thermionic emission current is independent 

of carrier density. For convenience in calculating mobility, this may be 

introduced using equation (4.22a) namely: 

n = JL N F (
n
) 

/tt
 c $ 

Combining this with equation (4.51) one obtains for the arbitrary degeneracy 

case: 

- "e
 e x p [ E

F
/ k T ] 

F

I (E
F
/KT) 

j n ' - r w . _ • ._ . e x p c _ e v k t ] ( 4 - 5 2 ) 
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and this leads-to a potential barrier limited mobility of the form: 

M
b
 = u

Q
 exp[-e(f>

o
/kT] 

where 
. exp[E

F
/kT] 

=

 — — i
 f

 (f /kt) '
4

-
5 3

' 0

 (8mkT)
 F

^
E

F
/

k T

? 

It should be noticed that equation (4.53) is a general expression and that 

if the semiconductor obeys Boltzmann statistics then as [Ep/kT] « 0, 

F^Ep/kT) exp[Ep/kT] and the mobility reduces to the usual forms of 

equations (4.49) and (4.50). 

It is apparent from the above expression that, if the Fermi level 

is located inside the conduction band of a degenerate semiconductor, then 

the effective barrier for crossing over the grains is now as shown in 

Fig. 4.17. 

The distinction between degenerate and non-degenerate conditions 

for thermionic emission over potential barriers is very important and 

has been overlooked in the literature. For example, for polycrystalline 

19 -3 (28) 
silicon films having a carrier density of 5 x 10 cm , Seto has 

reported a potential barrier height of 0.005 eV. Similarly, Saitoh et 

(29) 
al have determined a barrier height of 0.007 eV for polycrystalline 

19 9 

InP thin films having an electron density of 3 x 10 cnf^. Using the 

respective density of states masses, it can easily be shown that these two 

examples correspond to cases where the carrier population is degenerate, 

with the Fermi level positioned inside the band. No attempt was made to 

take this into consideration and the barrier limited mobility expression 

applicable to non-degenerate cases was used. Furthermore, the small 

barrier heights correspond to -0.2 kT at room temperature and so are in 

direct violation of the requirement that the barrier height must be at least 

kT if thermionic emission over barrier is to hold. 
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Grain boundary 

Fig. 4.17: Potential Barriers at a Grain Boundary for a 

Degenerate Semiconductor 
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The above discussion indicates that if a thin film sample: is 

characterised as degenerate, then strictly speaking equation (4.53) must be 

used instead of the usual equation (4.50) for fitting the experimental 

mobility to a potential barrier model. Perhaps if such a procedure had 

been used by Seto and Saitoh et al, then a more sensible barrier height 

would have been obtained. 

4.4 ELECTRICAL PROPERTIES OF FILMS 

4.4.1 Experimental Details of Electrical Measurements 

^ The physical shape and dimensions of the samples used for the 

electrical measurements was that of a double cross structure shown in 

Fig. 4.18. The length to width ratio was designed to be greater than 2.5, 

so that any reduction of the Hall voltage due to electrostatic shorting of 

^ (14) 
the Hall field by the current electrodes was avoided^ . 

Initial attempts to use permanent evaporated metal contacts were 

unsuccessful because electrical measurements on films subjected to heat 

treatments were very variable and unrealiable. However by using fresh 

contacts on already annealed films the measurements could be performed 

quite well. Obviously the electrical contacts deteriorated during the 

4 anneal stage, presumably due to interdiffusion effects. Since the advantage 

in laying metal contacts in the same pump down as in the deposition of 

fresh CuInSe
2
 films was lost it was decided to use 'Silver Dag' as the 

^ contact material. This highly conducting paste has been reported to give 

(30 31) 

good ohmic contacts to CuInSe
2
 ' '.and was found, in this investigation 

also, to be highly satisfactory. Besides the ease of application, this 

metal paint had also the advantage of being easily removed prior to any 

% 
heat treatment of the films. 

All electrical measurements were carried out in the dark and, for 

the room temperature resistivity and Hall effect measurements, the 

experimental slide was placed on a sample holder fixed inside a cast aluminium 
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1mm 

Fig. 4.18: Sample Geometry for Electrical Transport 

Measurements 

% 

4 
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box. For the measurement of the Hall coefficient the box was placed 

between the poles of a powerful electromagnet capable of supplying a 

field up to 1 tesla. 

A constant D.C. current, typically 1-10 pA, as supplied by a 

Keith!ey 616 Electrometer, operating in the resistance mode, was passed 

between contacts A and B of the specimen. The conductivity voltages V
g c 

and Vp
E
 were measured with a Daltron Digital Voltmeter, having an input 

impedance greater than 1 0
1 B

 ft. Such a high input impedance was good 

enough to avoid significantly affecting readings. The Hall voltages between 

probes BF and CE were measured -a few times for various current and 

magnetic field direction across the sample. This procedure was adopted in 

order to eliminate the effect of the offset voltage due to misaligned 

electrodes and any other thermomagnetic voltages that were invariably 

present. 

The measurement of the Seebeck coefficient relied on the principle 

that if two conductors A and B are joined to form the junctions P and Q at 

temperatures T-j and T^ respectively (Fig. 4.19a), then the open circuit 

voltage V , measured between terminals C and H is given by: 

v

o
 =

 ^
 (

V V
d T 

'l 

Here S
A
 and S

D
 are the Seebeck coefficients of the two materials and 

A D 

usually A represents the semiconductor whose thermoelectric power is to 

be measured. 

If the temperature across the two junctions, AT = T^ - T-j, is 

kept very small then the thermoelectric power of the materials A and B is 

given by: 

S

A "
 S

B = 7 T
 ( 4

"
5 4 ) 
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Fig. 4.19(a): Circuit Containing Two Junctions P and Q 

of Two Materials A and B for Measuring 

Thermoelectric Power 

Teflon insu la tor 

Copper 
block 
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Heater w i res 
t o 
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Fig. 4.19(b): Apparatus for Room Temperature Thermoelectric 

Power Measurements 
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Thermoelectric power measurements at room'temperature were 

performed using the apparatus shown in Fig.(4.19b). 

A solid, aluminium block was fixed directly to the base of a 

cast aluminium box, which acted as an infinite heat sink and also 

permitted measurements to be performed in the dark. This aluminium slab 

maintained one end of the semiconductor sample at room temperature. A 

solid copper block, having a small heater embedded in it, was used to warm 

the other end of the sample. This slab was placed approximately a 

centimetre away from the aluminium block and was thermally insulated from 

the enclosing box by a thick piece of Teflon. 

The experimental slide was placed across the two blocks and fixed 

securely at the two ends to ensure good thermal contact. Two thin Chromel-

Alumel thermocouples welded electrically so that their junctions were in the 

form of a small ball were used as the thermal probes. These were fixed 

on the semiconductor surface via a very small blob of silver paint which 

provided good thermal and electrical contact. 

The measurements were performed after a steady state was reached 

and typically the temperature difference between the two ends of the sample 

was less than 3K. The thermal probes gave rise to four thermoelectric 

potentials. The terminal pairs H ^ , H ^ gave the hot end temperature T^, 

the pair 9
a

ve the cold end temperature, T
c
. The pair H ^ gave 

the thermoelectric potential developed across the semiconductor and the 

chromel wire and finally the pair C ^ H ^ gave the thermoelectric potential 

V
fl
 of the semiconductor and the alumel wire. The thermoelectric 
^ T +T 

H C (32) 
power of the semiconductor S g

c
, at a mean temperature T = — ^ — is

v J

: 

V

Cr 
S

Sc
 = S

Cr
 + ( 4

'
5 5 ) 

b c L r t

H - T
c 

S

Sc
 = S

A£
 +

 7 ~ (4.56) 

V c 
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In the above equations the sign of the voltages V^ is taken, by 

convention, to be the sign of the potential of the cold junction. In other 

words the cold end of the sample is connected to the positive terminal of 

the voltmeter. 

is the absolute thermoelectric power of chrome! which is +21.5 uV 

K
 1

 at room temperature. Similarly S
f l 0
 is the absolute thermoelectric 

power of alumel. which is -18.5 pV K
 1

 at room temperature. If equation (4.55) 

is subtracted from equation (4.56) then 

_ l _ „
 s

c r '
 s

a *
 =

 _ j * 0 _
 ( 4 > 5 7 ) 

T - T V - V V - V 
'H C A£ Cr

 V

A& Cr 

Substituting equation (4.57) into equations (4.55) and (4.57) the thermo-

power at room temperature can be conveniently obtained from 

4 0 V

Cr 
s© = V—rV-

 + 2 1

-
5

 <
4

-
5 8

' 
V

A£ Cr 

4 0 V

A£ , » 
= - 18.5 (4.59) 

V - Vlx 
A£ Cr 

The temperature dependences of the transport parameters were measured in a 

_3 

stainless steel cryostat. This was evacuated to a vacuum better than 10 

torr, using a small air cooled Edwards diffusion pump system, in order to 

minimise the problem of water condensation on the samples at very low 

temperatures. The schematic view of the cryostat is shown in Fig. 4.20. 

Here a large and thick copper block acted as the sample holder. This slab 

was connected to a protruding copper 'cold finger' which could be immersed 

in a dewar containing liquid nitrogen thus enabling the cooling of the 

sample. The copper slab also contained a heater controlled' by a Stanton-

Redcroft Model 681 temperature controller. A platinum resistance thermo-

meter inserted inside the copper block acted as the feedback control and 

allowed any particular temperature setting to be held constant with a 
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Fig. 4.20: Schematic Drawing of the Cryostat 
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maximum fluctuation of ± 0.5K. The samples could also be cooled and 

heated at controlled rates of IK/min to 15K/min. 

The sample slides were placed in good thermal contact with the 

sample holder using 'Silver Dag'. The temperature of the sample was 

monitored by means of a chromel-alumel thermocouples stuck in the vicinity 

of the double-cross structure and any temperature gradient across the 

sample was found to be less than 2K. The thermocouples were not broken 

at the air-vacuum feed-through. This was in order to minimise errors in 

the readings due to any thermal emf's generated at the interface. Araldite 

was used to form the necessary vacuum seal at the feed-through. The 

semiconductor sample was connected to external instrumentation via a terminal 

block connected to copper wires going through another vacuum feed-through. 

4.4.2 Room Temperature Electrical Properties 

4.4.2.1 As-deposited Films 

The room temperature electrical properties of some films deposited 

on cold substrates and prior to annealing are given in Table 4.1. 

Sample Thickness 
o 
A 

Resistivity 

(ft-cm) 

Thermopower 

(MV K"
1

) 

Carrier 
Concentration 

(cm"2) 

Hall 
Mobility 
( c m

2

V - V ' 

MC53 7467 8.22 x 10'
4 

+6 3.05 x 10
2 1 

2.47 

MC55 6696 7.56 x 10'
4 

+7.2 6.88 x 10
2 1 

1.18 

MC56 7500 8.40 x 10"
4 

+9.3 2.9 x 10
2 1 

2.65 

MC62 2788 5.11 x 10"
4 

+2.4 
21 

5.14 x 10
 1 

2.32 

MC67 7025 1.31 x 10"
3 

+4 3.19 x 10
2 1 

1.49 

Table 4.1: Room temperature properties of as-deposited CuInSe 

f i 1 ms 
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All these films were p-type as verified by thermopower and Hall 

measurements. They were all characterised by very high carrier 

21- 22 -3 

concentrations in the 10 10 cm region. These high values of p and 

.. the very low values of Seebeck coefficient are typical of metals. Indeed, 

the carrier concentration and resistivity as a function of temperature, 

demonstrates the metallic type conduction quite well. In Fig. 4.21a 

.it is evident that the carrier concentration does not vary over the 

temperature range investigated. The resistivity,(Fig. 4.21b), shows on 

the other hand "a monotonic increase with temperature rise over the same 

4 temperature range. The temperature dependence of resistivity was p oc T
m 

where m = 0.7-0.9. This variation of resistivities is very similar 
(33) 

to metals in which thermal scattering gives rise to a p « T
1

 dependence
v

 '. 

{
 The electrical properties of these as-deposited films must be 

discussed in the light of their structural characteristics. It must be 

recalled that these films are stratified prior to any heat treatment. The 

X-ray and electron diffraction analyses and the evaporating characteristics 

of CuInSe
2
, had suggested the presence of In

2
Se, CuInSe

2
 and Cu

3
Se

2
. It 

is therefore expected that the overall electrical properties of the as-

desposited films will be given by the parallel combination of the electrical 
-IK. 

conductivities, Hall coefficient and thermopower of each layer present. In 

other words a multilayer model, similar to the simple two-layer model 

described in section 4.3.2, but containing more complicated expressions due 

• to extra terms,will be needed to express the measured overall transport 

parameters. However the comments on the two-layer model will still be 

applicable here. If one of the layers has a conductivity very much higher 

^ than the rest, then it will dominate the overall electrical characteristics. 

If the room temperature electrical data of the various elements 

and compounds in the Cu-In-Se system are compared, then one can identify 

the layer or layers that give rise to the observed electridal properties. 
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Fig. 4.21(a): Carrier Concentration as a Function of Temperature for an 

Unannealed CuInSe^ Film 
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Fig. 4.21(b): Resistivity as a Function of Temperature for an 

Unannealed CuInSe^ Film 



Since the films are overall p-type conducting, then it is expected that 

the dominant layer must also be a p-type conductor. 

All the In-Se compounds are n-type semiconductors and in this 

(361 

respect will not contribute to the overall properties
v

 . Selenium 

which is a p-type semiconductor might be a suitable candidate but it can 

be dismissed on the grounds that it has resistivity orders of magnitude 

(35) 

higher than the measured values . Copper also has a positive thermo-

electric power of +1.8 pV K
- 1

 at room temperature'
3 6

' with a typical 

resistivity of -10
 6

 ti c m '
3 7

' but these values are too low to account for 

the observations. The resistivity of CuTnSe
2
 will be shown later to be at 

least an order of magnitude higher than the as-deposited films and so will 

not dominate the properties of the unannealed layers. 

This thus leaves the compound Cu
3
Se

2
, whose presence was confirmed 

by X-ray diffraction and electron diffraction as the layer that must give 

rise to the observed electrical properties of the unannealed films, .j -

Unfortunately no electrical data was found for CUgSe
2
 in the literature. 

However CuSe,another compound in the Cu-Se system, is reported to be a 
-5 

p-type conductor with resistivity of -10 ti cm and thermopower of +69 pV 
-1 (38) " (39 40) 

K
 v

 . Also Cu
2
_

x
Se is a p-type semiconductor^ * ' with resistivities 

-4 -3 21 22 -3 
in the range 10 - 10 ti cm and hole concentration of 10 - 10 cm . 

These values would suggest that CUgSe
2
 having a composition between Cu

2
_

x
Se 

and CuSe, is very likely to be also a p-type conductor with electrical 

properties similar to those observed in the unannealed CuInSe
2
 layers. 

4.4.2.2 Films Annealed at 350°C for 3 hours 

A few as-deposited films which were subjected to a low temperature 

(150°C) nitrogen anneal for 3 hours showed little change in their electrical 

properties. It was observed that, on average, the resistivity of the films 

increased by about 1.5 times. The thermoelectric power showed a'smaller 

increase and remained positive. X-ray and electron diffraction analyses had 
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indicated that CuInSe2 started to become the major phase in these films 

and so the slight changes in the electrical properties towards semi-

conducting behaviour can be attributed to this effect. 

Substantial changes in the electrical properties were observed, 

after films were heat treated at 350°C for 3 hours and these changes 

coincided with the conversion of stratified layers into a homogeneous 

CuInSe2 phase. All but three of the films which underwent the above anneal 

retained the as-deposited majority carrier type and remained p-type as 

verified by thermopower measurements. 

• The Hall effect in most of these p-type films was not observed for 

the normal supply currents used, indicating that the Hall coefficients were 

very small. Attempts to use higher supply currents resulted in-the drift 

of readings, very probably due to Joule heating effects in the specimens 

and only an estimate of the upper limit of the Hall coefficient could be 

made with these samples. However, since the thermoelectric power could 

be measured, this was used to obtain their carrier concentrations. 

From equation (4.24b) it is evident that, in order to convert thermo-

power to carrier concentration, the dominant scattering mechanism and the 

density of states mass of the carriers must be known at the temperature of 

¥ 

the measurement. The general procedure is to use the Seebeck formula for 

arbitrary degeneracy, equation (4.20), and determine the reduced Fermi 

energy, n, from the experimental thermoelectric power. This value of ri 

can then be used in equation (4.22b) to obtain carrier concentration 

providing the density of states is known. Of course if the Fermi level 

is determined to be well away from the bottom of the band, then the non-

degenerate formula of equation (4.24b) will be used directly. 

The density of states effective mass for holes has been reported 

(41 42) 

to be 0.73 m
Q
 ' ' for CuInSe

2 5
 but as the dominant scattering mechanism 

at room temperature is not known in our thin film samples, the carrier 
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concentrations were initially calculated assuming acoustic lattice 

scattering. The validity of this procedure was then tested on a few samples 

where thermoelectric power and Hall effect measurements were possible. 

In all cases, the carrier concentration as obtained from thermoelectric 

effect was an order of magnitude higher than the carrier density determined 

from the Hall effect. The two measurements can be made to agree by changing 

either the type of scattering mechanism assumed or the value of effective 

mass in the formulae. In the first instance, if the value of 0.73 is kept 

in the calculations then the scattering mechanism must have a relaxation 

-s 5 
time with energy dependent E such that S > j . In this case the Fermi 

fc \ 

integrals diverge and formula of equation (4.20) is not valid and it 

is not possible to proceed further. Alternatively if the acoustic lattice 

mechanism was assumed to be dominant in the films, then an effective mass 

of 0.38 mo is required to bring Hall and thermopower effects into agreement. 

The carrier concentration of the p-type films, whose Hall coefficient 

could not be measured, was thus determined by the latter procedure. In 

order to check the validity of this, the thermopower carrier concentrations 

were compared with the values estimated from the Hall effect. This is 

given in Table 4.2 where it is evident that the agreement between the two 

methods is very good. 

The room temperature electrical properties of CuInSe
2
 films after 

a standard 350°C anneal in nitrogen for 3 hours are shown in Table 4.3. 

As stated previously most samples were low resistivity p-type. However, 

due to variations, there were some samples which had higher resistivities 

and some which were n-type after the anneal. The EPMA analyses of all the 

films, irrespective of their electrical properties, were essentially similar 

although very slight compositional changes do appear to occur from time to 

time. Nevertheless the preparation method adopted can be considered to be 

reproducible because p-type CuInSe
2
 films having carrier concentrations 

20 -3 -2 -1 
around 10 cm with resistivities in the range 10 -10 Q cm could be 
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1 
Sample Carrier Concentration 

Calculated from Thermopower 

(cm"
3

) 

Carrier Concentration 
from Hall effect 

(cm"
3

 ) 

MC53 8.8 x 10
1 6 

1.2 X 10
1 7 

measured 

MC54 4.51 X 10
1 6 

2.7 X 10
1 6 

measured 

MC62 1.06 X 10
2 1 

1.3 X !0
2 1 

measured 

MC56 1.22 X 1 0
2 0 

> 2 X 1 0
2 0 

estimated 

MC65 6.73 X 1 0
1 9 

> 5 X ! 0
1 9 

estimated 

MC68 1.02 X 1 0
2 0 

> 6 X ! 0
2 0 

estimated 

MC66 3.39 X 1 0
2 0 

> 4 X 1 0
2 0 

estimated 

MC59 6.11 X 10
2 0 

> 7 X 1 0
2 0 

estimated 

MC61 4.95 X 10
2 0 

> 1 X 10
2 1 

estimated 

MC60 8.36 X 1 0
2 0 

> 8 X 1 0
2 0 

estimated 

Table 4.2: Comparison of carrier concentration obtained from 

thermopower and Hall effect measurements of films 

annealed at 350°C. 
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Sample Thickness 

o 

(A) 

Resistance 

(ft cm) 

Thermopower 

(liV k"
1

) 

Carrier 
Concentration 

cm"
3 

Mobility 

2 „ -1 
cm V s 

MC69 7050 7 x 10"
2 

-3 5.94 x 10
1 9 

1.5 

MC67 7025 1.35 x 10"
1 

-10 6.33 x 10
1 8 

7.30 

MC63 6425 1.93 x 10"
1 

-18.5 5.75 x 1 0
1 8 

5.62 

MC54 5966 4.69 x 10"
1 

+592 2.70 x 10
1 6 

4.5 

MC53 7467 3.42 x 10"
1 

+508 1.20 x 10
1 7 

1.2 

MC56 7500 2.5 x 10"
1 

+31.5 1.22 x 10
2 0 

0.21 

MC65 6175 2.96 x 10"
1 

+47 6.73 x 10
1 9 

0.31 

MC68 2338 1.86 x 10"
1 

+33 1.02 x 10
2 0 

0.33 

MC66 7625 1.75 x 10"
1 

+18 3.39 x 10
2 0 

0.12 

MC61 2775 4.9 x 10"
2 

+12.2 4.95 x 10
2 0 

0.26 

MC59 5100 4.4 x 10"
2 

+10.6 6.11 x 10
2 0 

0.23 

MC60 3933 3.92 x 10"
2 

+8.6 8.36 x 10
2 0 

0.19 

MC62 ' 2788 1.89 x 10~
2 

+7.3 1.06 x 10
2 1 

0.31 

MC74 4810 5.09 x 10"
2 

+7.7 9.87 x 10
2 0 

0.12 

MC76 4920 6.92 x 10"
2 

+8.4 8.66 x 10
2 0 

0.10 

Table 4.3: Room temperature properties of homogeneous CuInSe
9
 films 
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obtained consistently. Films with similar properties were also obtained 

when deposited directly onto hot substrates at 250°C and for completeness 

typical hot substrate samples MC74 and MC76 are also given in Table 4.3. 

The reason why most of the CuInSe
2
 films prepared in this study are 

p-type must be associated with the intrinsic defect population in the films. 

In th.is respect an excess of selenium, a deficiency of copper or indium 

will be expected to act as acceptors. The films were compositionally 

selenium rich and copper deficient and so this may be the cause of the p-

typeness of these films. 

% 

The fact that some n-type CuInSe
2
 films were also prepared indicates 

either a slight loss of selenium and/or the introduction of a slight excess 

copper or indium into the films. At this stage it will be appropriate to 

look into how these unintentionally doped n-type films could have arisen. 

The loss of selenium during deposition is one likely possibility. 

It must be recalled that, during evaporation of CuInSe
2
 powders, the vapour 

at some stage contains a fair amount of selenium molecules. If some of 

this volatile element re-evaporated from the substrate during a particular 

run, then this would explain the n-typeness. However the re-evaporation 

of selenium would be expected to be more likely from hot substrates than 

cold substrates. The fact that single phased CuInSe
2
 films, deposited 

onto substrates at 250°C were still p-type,indicates that re-evaporating 

of selenium cannot explain the n-type characteristics of some films. 

It is thought that the incorporation of a slight excess of copper 

into the films offers a more reasonable explanation. The small amount 

of Cu needed to dope the films n-type can come from the second phase Cu
g
Se

2 

4 precipitates present in the evaporating powder charge. During the pre-soak 

temperatures the selenium associated with the copper selenide will be 

evaporated onto the shutter, leaving behind excess copper. The evaporation 

of this Cu at the higher temperatures would thus result in slight increase 
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in copper concentration and lead to n-type films. This will only operate 

when the charge contains sufficient for the effect to occur. 

4.4.2.3 Films Annealed at 350°C for Prolonged Times 

The room temperature electrical properties of the films as a 

function of further anneal time at 350°C have been investigated, to check 

whether they could be altered by such a process. The resistivity, 

thermopower and carrier concentrations of some p-type samples are shown in 

Figs. 4.22, 4.23 and 4.24 respectively. The electrical properties at t = 0 

correspond to the as-deposited films and the increase of resistivity and 

thermopower and the decreases of carrier density in the first 3 hours of 

anneal is due to the conversion of stratified layers into homogeneous 

CuInSe
2
 films. 

For anneal times longer than the'standard 3 hour anneal, the 

resistivity and thermopower of the films both decrease continuously as the 

films are annealed progressively. Eventually after anneal times of 

-35 hours, these properties converge to similar values irrespective of the 

starting level and in all cases the films remain p-type. As is evident 

from Fig. 4.24 the hole concentration increases continuously during the 

21 -3 

prolonged anneals reaching the ~10 cm range. It should be mentioned 

that Figs. 4.22, 4.23 and 4.24 contain the behaviour of two samples annealed 

in a reducing Ng/Hg (forming gas) environment. These samples did not 

behave differently from the samples annealed normally in Ng gas and the 

implication of this will be considered later. 

The effect of prolonged annealing on the n-type samples was also 

investigated and the results of room temperature resistivity, thermopower 

and carrier concentration are shown in Figs. 4.25, 4.26 and 4.27 

respectively. It is obvious that the changes observed in the first 3 hours 

of anneal are essentially similar to p-type samples, namely an increase 

in resistivity and thermopower and a decrease in carrier concentration occurred. 
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Fig. 4.22: Room Temperature Resistivity of p-type CuInSe
2
 Films 

as a Function of Anneal Time at 350°C 
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Fig. 4.23: Room Temperature Thermoelectric Power of p-type 

CuInSe„ Films as a Function of Anneal Time at 350°C 
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Fig. 4.24: Room Temperature Carrier Concentration of p-type CuInSe- Films 

as a Function of Anneal Time at 350°C 
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T{ hours) 

Fig. 4.25: Room Temperature Resistivity of n-type CuInSe
2
 Films 

as a Function of Anneal Time at 350°C 
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Fig. 4.26: Room Temperature Thermoelectric Power of n-type CuInSe
2 

Films as a Function of Anneal Time at 350°C 
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Fig. 4.27: Room Temperature Carrier Concentration of n-type 

CuInSe^ Films as a Function of Anneal Time at 

350°C 
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There is a distinct difference however in that the films changed from 

p-type during the first 3 hours. 

However the variation observed for anneals longer than 3 hours 

are completely opposite to that of p-type films. In other words the 

thermopower and resistivity increase and the carrier concentrations 

decrease. 

The main result of prolonged anneals can be seen to be an increase 

in the hole concentration of the p-type films and a reduction in the 

carrier concentration of the n-type films. These changes imply the 

introduction of acceptors into the films during the anneals, making the 

p-type samples more conducting whilst compensating the carrier population 

of the n-type specimens. 

In terms of intrinsic defects, the production of extra acceptors 

in CuInSe
2
 requires either the introduction of selenium or the removal of 

copper or indium from the films. The introduction of excess anions can 

be dismissed because the samples were not annealed in the presence of 

selenium. 

On the other hand, the removal of cations from the samples is 

plausible during the anneals if it is recalled that the vapour above 

CuInSe
2
 consists of In

2
Se and Se

2
 at temperatures up to about ~1000°C. 

_9 
At 350°C the partial pressures of In

2
Se and Se

2
 are 1 x 10 torr and 

-15 (43) 
5 x 1 0 torr respectively so that at the anneal temperatures In

2
Se 

molecules will dominate the gas phase above CuInSe
2
. During the long 

anneals some of these molecules will be expected to be swept away by the 

flowing nitrogen gas to condense onto cooler parts of the furnace tube. 

This effectively means that more indium atoms will be lost from the films 

than selenium atoms. In other words as anneal time increases there will be 

a net loss of indium from the samples, resulting in the creation of extra 

indium vacancies and hence an increase in carrier concentration of p-type 

films and a decrease in carrier concentration of n-type films. 
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The possibility of external contamination, in particular oxygen, 

giving rise to the change in carrier density of the films, must not be 

ruled out. The interaction of oxygen with surface atoms of CuInSe
2
 may 

lead to chemisorption. This usually involves the capture of electrons 

from the semiconductor resulting in the formation of a depletion layer on 

a n-type semiconductor and an accumulation layer on a p-type semiconductor. 

If this surface region starts to dominate the underlying bulk then an effective 

reduction in the carrier concentration for n-type films and an effective 

increase of carrier concentration in p-type films would be observed. In 

other words chemisorption effects could possibly explain the experimental 

variation of carrier density with anneal. 

In order to investigate whether oxygen, does indeed affect the 

,r electrical properties of our films, some samples were heat treated in a 

hydrogen gas ambient. Such an anneal would be expected to reduce the extent 

of interaction of oxygen and thus would show a marked effect upon the 

electrical properties of the films should oxygen be the reason for the 

observed behaviour of films annealed at prolonged times. 

However, as mentioned previously, the electrical measurements .on 

samples that underwent heat treatment in forming gas (N
2
/H

2
), indicated 

that these had similar properties as the samples annealed in N
2
. 

It is thus concluded that oxygen does not affect the electrical 

properties of films annealed at 350°C and that the observed increase in 

* carrier density of p-type films, and the decrease of carrier density of 

n-type films after prolonged anneals- must be attributed to the net loss 

of indium from the samples. 

» 
4.4.2.4 Films Annealed at 450°C 

Following anneals at 350°C, samples which were further heat treated 

in N
2
 at a temperature of 450°C had their majority carrier type change from 

p- to n-type. This majority carrier conversion coincided with a net loss 
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of selenium from the films as determined by Electron Probe Microanalysis 

(see Section 3.5.1.4) and the appearance.of ln
2
0

3
 in the layers as 

detected by X-ray diffraction analysis (see Section 3.3.2.1). 

The p- to n-type conversion was looked at further, by annealing 

'some samples for successive times and measuring their resistivity and 

thermopower at room temperature. The thermopower results are shown in 

Fig. 4.28, where the Seebeck coefficient is seen to decrease from positive 

values to zero and eventually becomes negative after about 2-3 hours of 

anneal. Over the same period of time the resistivity,as shown in Fig. 4.29, 

remains more or less constant but then starts to decrease as films are 

annealed for progressively longer times. 

As mentioned earlier, any loss of selenium from CuInSe
2
 will have 

the effect of introducing extra donors and make the samples change to n-type. 

It is tempting therefore to connect the loss of selenium detected by EPMA 

with the electrical changes observed after the 450°C anneals. However, if 

the change is purely due to a new balance of intrinsic defects, then one 

would expect the samples to be in the mixed conduction regime before 

changing from p- to n-type. In this case equations (4.25), (4.26) and (4.27) 

would be expected to describe the transport parameters. 

Of particular interest here is the zero crossover point for the 

Hall coefficient and for the Seebeck coefficient. The Hall coefficient 

will pass through zero when 

p = nb
2 

where p is the hole concentration, n is the electron concentration and b is 

the electron to hole mobility ratio. This relationship can be substituted 

in the conductivity and thermopower expressions to determine the value of 

these parameters at the Hall crossover. If use of the fact that at the Hall 

2 2 
crossover n. = (nb) is made, where n. is the intrinsic carrier density of the 
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Fig. 4.28: Room Temperature Thermoelectric Power of previously 

Heat Treated CuInSe^ Films as a Function of Anneal 

Time at 450°C 
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Fig. 4.29: Room Temperature Resistivity of Previously 

Heat Treated CuInSe^ Films as a Function of 

Anneal Time at 450°C 
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semiconductor then it can be shown that: 

(i) The resistivity of the sample at the crossover is 

equal to the resistivity of the pure intrinsic 

semiconductor at the temperature of the Hall crossover. 

(ii) The thermoelectric power is not zero but is still 

positive for b > 1 

(14) 

The thermopower crossover occurs approximately when p = nb
v

 ' when the 

Seebeck coefficient has the value: 

k 1
 m

n
 3 / 2 

S

 -
 ] ] 

where ni and m are the density of states effective massives for holes and 
p n

 J 

electrons. Since m
p
 > m

n
 and b > 1, then the thermopower at p = nb is 

indeed nearly zero and indicates that the thermopower zero crossover occurs 

after the Hall crossover is observed. 

From the above discussion it is expected that the sample 

resistivity will reach its intrinsic value before the thermopower becomes 

zero. At 300K the intrinsic carrier concentration of CuInSe
2
 may be 

9 -3 
calculated to be ~9 x 10 cm and for typical mobilities this corresponds 

g 

roughly to an intrinsic resistivity around 10 ft cm. 

Such a high value of resistivity was not observed in our CuInSe
2 

films during their p- to n-type transition. Therefore self compensation 

effects due to selenium losses cannot explain the experimental results 

of films annealed at 450°C. 

So far the effect of ln
2
0g on the electrical properties has not 

been considered. It is of interest to note that ln
2
0

2
 is an n-type 

(44) 
semiconductor having a bandgap of 2.62 eV

v

 . Unlike most oxides its 
electrical properties are more reminiscent of metals and thin films with 

-3 -1 (44 45) 
resistivities in the range 10 - 10 ft cm have been prepared

v 9

 . 



These resistivities are very much lower than those of annealed CuInSe
2 

films so that if ln
2
0

g
 forms a progressively thicker layer after the 

anneals at 450°C, then its high conductivity would be expected to have 

a marked effect upon the transport properties of the CuInSe
2
 films. 

In this case conduction through a two-layer,as described in 

Section 4.3.2, will be appropriate for consideration. For this purpose 

the experimental data of Figs. 4.28 and 4.29 were replotted in a manner 

which can be compared with the theoretical conductivity and thermoelectric 

power of an n-type surface on p-type bulk. 

In Fig. 4.30a "the experimental conductivities are plotted as 

Oj/a
B
 versus time. Here ag represents the conductivity of the bulk and is 

theconductivity of the samples annealed at 350°C but prior to the anneal 

at 450°C; when the effect of any surface oxide is still negligible. Oj 

represents the combined conductivity of the bulk and surface and is the 

conductivity of the samples measured after the anneals at 450°C. Similarly^ 

in Fig. 4.30b,the experimental thermopower results have been plotted as 

Sy/Sg, where Sg represents the bulk thermopower and is the thermopower of the 

films before the anneals at 450°C and Sy is the total thermopower 

measured after the heat treatments. 

It must be pointed out that the experimental conductivity and thermo-

power data of Figs. 4.30a and 4.30b have been plotted versus time of anneal, 

whereas the theoretical plots (Figs. 4.11 and 4.13) had been obtained as a • 

function of surface to bulk thickness ratio. Nevertheless qualitative 

comparison between the two-layer model and experiment is still possible, 

because the surface oxide will be expected to grow with anneal time. The 

relationship between time of anneal and oxide thickness may not necessarily 

be a linear one, but the choice of a different functional time scale will 

only expand or compress the experimental curves without changing their 

basic features. 
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Fig. 4.30(b): The Variation of Total Thermopower of 450°C 

Annealed Films Normalised with Respect to 

Thermopower at the Start of Anneal 

t(hours) 

Fig. 4.30(a): The Variation of Total Conductivity of 450°C 

Annealed Films Normalised with respect to 

Conductivity at the Start of Anneal 



Thus it will be seen that the experimental data of films 

annealed at 450°C follow the predictions of a two-layer model of a 

conducting n-type layer on p-type bulk quite well. Namely, the thermo-

electric power ratio crosses the zero level changing from p- to n-type at 

some particular time which corresponds to a particular surface to bulk 

thickness ratio. Also the conductivity ratio during this time increases 

in a manner consistent with theory. 

In conclusion the p- to n-type conversion observed for films 

annealed at 450°C, is due to the shunting effect of a highly conducting 

ln
2
0

3
 oxide layer that grows with time of anneal. 

4.4.3 Temperature Dependence of Electrical Properties 

4.4.3.1 Carrier Concentration of Films 

The carrier concentration of n-type samples annealed at 350°C 

is shown in Fig. 4.31 as a function of temperature. This figure also 

includes as shown by the dashed line, the carrier concentration at the 

degeneracy temperatures for direct comparison. This line represents 

the carrier concentration at which the Fermi level is just at the edge 

of the conduction band at various temperatures. These have been calculated 

from equation (4.22) and the semiconductor is considered to have a degenerate 

carrier population at a particular temperature when the reduced Fermi 

energy ti = Ep/kT = 0. In this case the Fermi integral of equation (4.22) 

has a value^
1 3

^ F^(0) = 0.678, so that 

O c
Q C
 i J 5 3/2 _ 3/2 -3 

n = 3.695 x 10 m
d
 T

d e g e n
 cm 

where n is the carrier density and m
d
 is the density of states mass. 

From Fig. 4.31 it is evident that for all the n-type samples 

the measured carrier concentrations are above the degeneracy limit at 

all temperatures, indicating that the Fermi level is situated within the 

conduction band. The electron concentration is also independent of 

temperature as would be expected for a degenerate carrier population. 
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Fig. 4.31: Carrier Concentration as a Function of Temperature for 
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The hole concentrations of low resistivity and high resistivity 

p-type films are given in Fig. 4.32, where concentration at the degeneracy 

temperature, as shown by the dashed lines, has also been plotted. The 

low resistivity samples have carrier densities which lie above the degeneracy 

limit, indicating that these have a degenerate population. Due to the fact 

that the Hall voltage was too small to be measured, only the room temperature 

carrier density as obtained from thermopower measurements is shown for 

these particular samples. The hole concentration is expected to remain 

constant at lower temperatures, just as in the case of the degenerate n-type 

samples. 

The carrier concentration of the high resistivity samples lay 

well below the degeneracy limit indicating that they are not degenerate. 

The hole concentrations of these samples have been measured only over a 

resistricted temperature range due to high sample resistances at low 

temperatures when the noise in the Hall voltage made the measurements 

unreliable. Over the limited temperature range, the carrier density of 

these non-degenerate samples showed a steady increase with temperature. 

The carrier density is activated with activation energies of 0.07 eV and 

0.10 eV for samples MC53 and MC54 respectively. 

These carrier activation energies can be compared with literature 

data on CuInSe
2
. In this respect Schumann et a l '

4 5

' observed acceptor 

energies of 0.085 eV to 0.095 eV in their epitaxial CuInSe
2
 thin films. 

These values are very similar to the activation energies observed in this 

study and imply that the variation of hole concentration of the non-

degenerate p-type films is due to carrier excitation from one of the 

acceptor levels of CuInSe©. 
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4.4.3.2 Carrier Mobilities 

The carrier mobilities as a function of temperature for p- and 

n-type samples are shown in Figs. 4.33 and 4.34 respectively. The two 

non-degenerate p-type samples in Fig. 4.33 are characterised by a mobility 

which increases continuously with temperature. The mobilities could be 

described as being activated with activation energies of around 0.04 eV. 

The degenerate p-type samples also exhibit an increase in mobility 

with temperature, but this increase is not as steep as in the non-degenerate 

samples. The n-type CuInSe
2
 films have a-mobility variation very similar 

to these degenerate p-type samples. In both types of sample a slight 

increase in mobility was observed in the temperature range 150-260K, after 

which the mobility exhibited a decrease with temperature. In order to 

determine the type of scattering mechanism that gives rise to the 

experimental film mobilities each of the mobility limiting mechanisms in 

equation (4.39) was examined in turn. 

For surface scattering the greatest reduction in mobility is expected 

for carriers having a mean free path comparable to film thickness. In the 
o 

CuInSe
2
 films here the mean free path is approximately -40A for a p-type 

21 -3 ° 

degenerate film with hole concentration of -10 cm and ^80A for a n-

19 -3 
type film with electron densities of -10 cm . Since the films investigated 

o 

had typical thicknesses of 6000A, these mean free paths are negligibly 

small and hence any reduction of mobility due to surface scattering will be 

insignificant. 

To estimate the effect of dislocation scattering a deformation 
o 

potential of ~6.5 eV, Burger's vector of -2.5A and a Poisson ratio of 0.37, 

(25) 
quoted by Dexter et al

v

 ' for typical semiconductors, was used in the 

calculations. The dislocation density in the films is not known but a high 

12 -2 

value such as -10 cm , which may be observed in severely cold worked 

metals, was taken as an estimate. The calculated room temperature mobilities 
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2 - 1 - 1 2 -1 -1 
were 50 cm V s for the p-type films and 300 cm .V s for the 

n-type films. These values are obviously very much higher than the 

experimental mobilities and thus dislocation scattering may also be neglected here. 

For mobilities limited by grain boundary scattering the 

o 

mean free path of the carriers was taken as -3000A, being approximately 

half the film thickness and hence half the mean grain size. As is 

evident from equation (4.45.) the grain boundary limited mobility is 

smallest for samples having the greater carrier concentration. This 
3 2 - 1 - 1 

mobility was calculated to be about 2 x 10 cm V s for a p-type 
21 -3 3 2 -1 -1 

* sample with p = 10 cm and 8 x 10 cm V s for an n-type sample 

19 -3 

with n = 10 cm . Clearly these mobilities are orders of magnitude 

higher than the measured values so that grain boundary .1imited mobility 

may also be discarded from the mobility analysis. 

To check the applicability of scattering by potential barriers 

at grain boundaries, the mobility data were plotted following Section 

4.3.3.2(d) as £n[pT^] versus 1/T for the non-degenerate samples and as 

5n[pT^ F^(q) exp[-n]] versus 1/T for the degenerate samples. The results 

of such plots for a non-degenerate p-type, degenerate p-type and degenerate 

n-type CuInSe
2
 film are shown in Fig. 4.35. 

s

 The plots yielded quite good straight lines indicating that the 

potential barrier model may explain the experimental mobilities. The 

band bending, e<|> , was obtained from the slopes of these linear graphs. 

f
 At room temperature the barrier height e<j> - Ep was ~2kT for the non-

degenerate p-type samples but was very much smaller than kT for the 

degenerate p- and n-type CuInSe
2
 samples. 

It must be borne in mind that the derivation of thermionic 

emission over barriers is based on the assumption that the barrier height 

must be at least ~2kT or higher. While this condition is fulfilled for 

the non-degenerate samples it clearly was not for the degenerate films. 
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Fig. 4.35: Curve Fits (solid lines) of Experimental Mobility 

using the Potential Barrier Scattering Model 
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Therefore a description of the mobility of these latter samples by a 

potential barrier scattering mechanism is meaningless, even though the 

experimental data fits the theoretical temperature dependence. 

As far as the non-degenerate p-type samples were concerned, the 

fit to the barrier model was used to calculate the mean grain size of 

the films and to compare them with experimentally (by T.E.M.) measured 

values. The grain size can be obtained from the intercept of the 

&n[pT*] versus 1/T plots which should yield from equation (4.50) 

° (27117110* 

where L is the mean grain dimension. Such a calculation yielded values of 
o 

L lying in the range 8-20A. These sizes are orders of magnitude lower than 

the grain size measured on transmission electron micrographs which were 
o 

approximately the film thickness of ~6000A. Thus while scattering by 

potential barriers is able to explain the temperature dependence of the 

mobility of non-degenerate p-type CuInSe
2
 samples, it does not tie in well 

with the grain dimensions. In fact using the experimentally determined 

crystallite size, it is calculated that the potential barrier limited 

mobility is much higher than the experimental values. 

It is thus apparent that the principal scattering mechanism peculiar 

to thin polycrystalline semiconductor films do not explain the mobility 

of the CuInSe
2
 films prepared in this study and that alternative models 

are required, which are characterised by a mobility which increases with 

temperature. Ionised impurity scattering is such a mechanism, resulting 

in a mobility with a nearly temperature independent mobility in degenerate 

(14) 

semi conductors . It is therefore worthwhile to consider the 

applicability of this scattering model to our films. 

The contribution of ionised impurity scattering to the mobility was 

analysed in accordance with a treatment valid for arbitrary degeneracy 
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in the semiconductor. In this model the ionised impurity mobility is given 

by
( 4 9

>: 

2
3 / 2

 (e e )
2

 (kT)
3 / 2

 F,(n) 
u. = — — -1

 3 1 
^ 7re°(m

d
r gczjf^n) 

where N. is the density of ionised impurities, e
s
 is the static dielectric 

constant, n is the reduced Fermi energy, F^(n) are the Fermi-Dirac 

integrals and g(z) is a slowly varying function given by: 

g(z) = An(l + z) - z/(l + z) 

where 

4

 V s
 m

d
( k T ) 2 

P Tie
2

 fi
2

 (TI) 

in which P is the carrier concentration. 

In the above mobility expression, N.. represents the total ionised donor 

and acceptor concentrations. In a p-type semiconductor, if all the donors 

Np are assumed to be fully ionised, then N\ is given by: 

N

i - <
N

A "
n

A
) + N

D 

where N^ is the*total concentration of acceptors and n^ is the concentration 

of unionised acceptors. Since charge neutrality in the semiconductor must 

be maintained then: 

N
a
 - n

A
 = p

 +
 N

D 

and 

N. = p + 2 N
d 
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This indicates that the ionised impurity concentration is related to the 

carrier concentration as well as to the concentration of compensating donors 

in the p-type semiconductor. Usually the latter is not known and so N. 

must be taken as a fitting parameter to bring experiment and theory into 

close agreement. 

Using the above approach, the fit of ionised impurity mobility to the 

experimental results has been tried for our CuInSe
2
 samples and results 

for typical p-type and n-type films are given in Fig. 4.36, where the 

experimental points are shown as dots and crosses and the solid lines 

represent theory. 

It is apparent that over most of the temperature range, the calculated 

ionised impurity scattered mobilities fit the experimental data quite well. 

This indicates that this scattering model may explain the mobilities and 

their temperature dependence in CuInSe
2
 films. The theoretical fits to these 

20 -3 
three representative samples were obtained by taking N^ to be 4.1 x 10 cm 

21 -3 20 -3 
for sample MC54, 3.4 x 10 cm for MC65 and 1.5 x 10 cm for sample 

MC63. In all fits the ionised impurity concentration that gave good 

agreement between theory and experiment was determined to be much higher 

than the measured carrier concentrations. This indicated that the CuInSe
2 

films in this investigation are compensated with P < N
g
 < N^ for the p-type 

films and n < N^ < N
g
 for the n-type films. 

In conclusion,the temperature dependence of the mobility of p- and n-type 

CuInSe
2
 films, is described by dominant ionised impurity scattering, which leads 

to an increase in mobility with increasing temperature. 

4.5 SUMMARY 

The optical transmission and reflection of CuInSe
2
 films, in the 

wavelength region 0.6-2.5 pm, confirmed that unannealed films were 

inhomogeneous. Annealed films displayed an absorption coefficient which 
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varied very sharply around -1.2 pm and the analysis in this region yielded 

a direct band gap with E
g
 = 1.01 eV in very good agreement with published 

data for bulk CuInSe
2
-

The optical measurements also enabled the refractive index of 

CuInSe
2
 to be determined and new data for the wavelength region 0.7 < X < 1.7 pm 

were obtained. Outside this wavelength range our values compared quite 

well with recently published data. 

Overall, the optical measurements confirmed that the CuInSe
2
 films 

in this study were of good quality. 

The electrical properties of the films were determined by D.C. 

resistivity, Hall effect and thermoelectric power measurements. The 

samples in the as-deposited state were p-type with very low resistivities 

-4 -3 

in the range 1 0 - 1 0 ft cm... The metallic behaviour of these films was 

attributed to Cu
3
Se

2
 in the inhomogeneous stratified layers. 

A heat treatment at 350°C in inert gas and deposition onto hot 

substrates at ~250°C were found to result in p-type films with resistivities 

- 2 - 1 

in the range 10 - 10 ft cm. These resistivities could be obtained 

consistently with the preparative method adopted, but a few films turned out 

to be either high resistivity p-type or even n-type. This was attributed 

to the inhomogeneity of the starting bulk material, which contained, as 

determined by XRD and EPMA, various amounts of copper selenide as second 

phase. 

Prolonged anneals at 350°C resulted in the decrease in carrier 

concentration of the p-type films whilst it had the opposite effect on n-type 

films. These effects were discussed in the light of intrinsic and extrinsic 

impurities in CuInSe
2
 and it was:concluded that a net loss of indium from 

the films could explain the observations. 

Annealing of films at a higher temperature of 450°C resulted in 

p-type films being converted to n-type. The X-ray analysis had shown that 
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 semiconductor, had formed during 

such anneals. A two-layer model consisting of an n-type oxide on p-type 

CuInSe
2
 was considered and this could explain the p-;to n-type conversion 

qua!itatively. 

From the measurement of electrical properties as a function of 

temperature, it was determined that the n-type and low resistivity p-type 

CuInSe
2
 samples had a degenerate carrier population -independent of 

temperature. On the other hand, high resistivity p-type samples had a 

carrier density which increased with temperature with an activation energy 

in the range 0.07 - 0.10 eV being due to carrier excitation from one of the 

acceptor levels in CuInSe
2
. 

The mobilities of the degenerate p- and n-type samples were very 

similar and increased slightly with increase in temperature, whilst the 

non-degenerate p-type samples exhibited a much steeper rise of mobility 

with temperature. Scattering mechanisms pertinent to thin polycrystalline 

films such as surface scattering, dislocation scattering, grain boundary 

scattering and potential barrier scattering, were all considered in the 

mobility analysis. None of these were the mobility limiting mechanism; 

instead a good fit with experimental data was obtained using ionised 

impurity scattering as the model, which also indicated that the films were 

compensated. 
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CHAPTER 5 

CONCLUSIONS 

The work presented in this thesis has been concerned with the 

preparation and characterisation of single phased CuInSe
2
 films. 

When films containing multi-elements are grown, it is very important 

that these have the correct ratio of the constituent elements, 

otherwise the resulting films will not be homogeneous. To overcome this 

problem, different techniques have been used to prepare CuInSe
2
 films, 

with varying success and reported in the literature. In this study 

a simple evaporation'method was adopted, whereby a small charge of bulk 

CuInSe
2
 powder was evaporated to completion at a very fast rate. 

As the composition of the films using such a technique will be 

expected to be related to that of the starting material, the composition 

of the bulk CuInSe
2
 was determined by Electron Probe Microanalysis. 

X-ray diffraction techniques were also used to verify the chalcopyrite 

structure of CuInSe
2
 and to check the homogeneity of the bulk ingot. 

The above techniques showed that the bulk contained varying amounts 

of Cu
3
Se

2
 precipitates having dimensions of the order of ten microns. 

The composition of the matrix CuInSe
2
 varied within the bulk material 

and excess solubility for Se and In
2
Se

3
, but absence of solubility for 

Cu Se was determined in the different parts of the ingot. This 

inhomogeneity thus necessitated the careful comparison of the properties 

of films prepared from material obtained from the different sections 

of the bulk CuInSe
2
. 

X-ray diffraction of the powders indicated the presence of Bragg 

reflections which were additional to those tabulated in the literature 

for CuInSe
0
 and Cu

0
Se

0
. Structure factor calculations on the allowed 
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hk£ reflections of the chalcopyrite structure confirmed that these 

spurious lines were due to weak and unreported CuInSe
2
 reflections. 

In order to establish the experimental conditions necessary to 

yield films with the correct composition, the evaporation rates of 

the powders have been measured using an oscillating quartz crystal 

microbalance. The nature of the evaporating species as evaporation 

progressed was determined by composition analysis of condensates 

obtained at different stages of evaporation. 

Three distinct evaporation regimes were identified. The first 

occurred at low temperatures and was associated with excess second phase 

material in the ingot. The second regime was due to the dissociation 

of CuInSe
2
 into In-Se, whilst the third regime was due to the remaining 

Se-Cu in the boat, once all the indium from the finite copper indium 

selenide charge was depleted. These experiments indicated that boat 

temperatures greater than 1500°C are needed, to evaporate CuInSe
2
 to 

completion, so as to preserve the stoichiometry of the films. 

The structure of the films, as investigated by X-ray diffraction 

and transmission electron microscopy techniques, revealed that films 

deposited onto cold substrates were stratified consisting of amorphous 

In
2
Se and crystalline Cu

g
Se

2
 and CuInSe

2
 phases. When these films were 

heat treated at 350°C in inert gas, conversion to polycrystalline 

CuInSe
2
 was achieved. Single phased films could also be prepared by 

depositing directly onto heated substrates held at 250°C. The homogeneous 

CuInSe
2
 films were found to have a fibre texture with a predominant 

(112) preferred orientation. The grain size distribution of the films 

indicated that the mean crystallite size was approximately equal to the 

film thickness, and that no significant increase occurred for anneals 

longer than 3 hours. 

The chemical composition of films deposited at substrate temperatures 

of 250°C and of those annealed at 350°C, were consistently indium and 
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selenium rich. This was the same irrespective of the starting powders 

taken from different sections of the bulk ingots and the composition of 

all the films lay on the CuInSe
2
 - T n S e join of the ternary phase diagram. 

* 

Films deposited at substrates held at temperatures higher than 

300°C were selenium deficient and had CUyln^ as a second phase. Homogeneous 

single phased films annealed at 450°C were also Selenium deficient but contained 

ln
2
0

3
 as a result of the thermal oxidation of CuInSe

2
. 

The optical transmission and reflection measurements of single 

phased CuInSe
2
 films gave a mean refractive index of 2.65 at wavelengths 

well beyond the fundamental absorption edge. The analysis of the 

absorption coefficient above the absorption edge resulted in a direct 

band gap of 1.01 eV,in very good agreement with published single crystal 

data. 

The electrical properties of CuInSe
2
 films as determined by'D.C. 

resistivity, Hall effect and thermoelectric power measurements, indicated 

that films deposited at temperatures below about 250°C were p-type with 
-4 -3 

resistivities in the range 10 -10 Q cm. The metallic behaviour of the 

layers was due to Cu
3
Se

2
 phase in the films, which dominated the 

transport properties. 

* Films deposited at substrates of 250°C and films deposited onto cold 

substrates followed by an anneal at 350°C in inert gas were consistently 
- 2 - 1 

p-type with resistivities in the 10 -10 fi cm range. However due to 

^ the inhomogeneity of the starting material, a few films annealed at 

350°C were somewhat of higher resistivity and some were even n-type. The 

chemical compositions of these films were not significantly different 

from the low resistivity p-type films, indicating that the small change in 

stoichiometry is sufficient to give them their somewhat different 

electrical properties. 

Prolonged annealing at 350°C of p-type films resulted in the increase 

in carrier concentration, whereas it resulted in the decrease in carrier 
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density of n-type films. This was attributed to the net loss of indium 

from the films during the heat treatment. 

Annealing at 450°C resulted in the eventual conversion from p- to 

n-type conductivity of the films. Such heat treatment was shown to 

coincide with the formation of Ir^Og and a two layer model consisting of 

highly conducting n-type oxide film on p-type CuInSe
2
 films was 

considered to explain the experimental results qualitatively. 

The carrier populations of the highly conducting p-type and n-type 

films were determined to be constant and degenerate over the temperature 

range -125 to 30°C. On the other hand, the carrier concentrations of the 

high resistive p-type samples increased with increase in temperature and 

the activation energies of around 0.08 eV were interpreted as due to 

carrier excitation from one of the acceptor levels of CuInSe
2 < 

The mobility of all the p- and n-type samples increased with 

increasing temperature. Scattering mechanisms pertinent to thin poly-

crystalline films were not found to fit the experimental data, but ionised 

impurity scattering, taking into account the degeneracy of the carrier 

population, was onsidered to be the mobility limiting mechanism. 

This study has shown that homogeneous CuInSe
2
 films can be 

reproducibly prepared by evaporating the bulk material. Deposition of 

films onto cold substrates, followed by an anneal at 350°C or deposition 

onto substrates held at 250°C were established to be the conditions 

necessary to obtain single phased films with reproducible chemical 

compositions. In either method, the electrical properties were essentially 

similar and repeatable between deposition runs, but it may be more 

convenient to use cold rather than hot substrates. 

While the CuInSe
2
 films prepared in this work have carrier 

concentrations too high for thin film transistor applications, their 

low resistivity and good optical properties make them suitable for thin 
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film solar cells. The requirement for a p-CuInSe2/n-CdS photovoltaic 

_2 

cell is a chalcopyrite layer having resistivity in the range 10 -1.0 fl 

cm'
1

'. Piekoszewski et al'
2

' have prepared cells with efficiencies 

of 5%, by evaporating CdS onto RF sputtered p-CuInSe2 films, whilst 

6.6% efficient cells have been reported for p-CuInSe2 films prepared 
(3) 

by double source evaporation of CuInSe2 and Se . Recently, Mickelsen 

(4) 

et al have succeeded in producing heterojunction solar cells-with 

efficiencies up to 9.4% by three source elemental evaporation of Cu, 

In and Se. All the above methods of preparation of CuInSe2 film are 

more complex and difficult to reproduce whilst the simple evaporation 

method adopted in this study offers a low cost and more controllable 

process for the fabrication of the chalcopyrite film. 

As far as preparing CuInSe2 films suitable for TFT applications is 

concerned, several approaches may be worthy of investigation. In 

single crystals a net loss of selenium had been found to give rise to 
(5) 

high resistivity p-type and also n-type samples '. Hence more 

experiments using hot substrates in small steps between 250°C and 300°C may 

define a short temperature interval where the required low carrier 

concentrations may be achieved. Alternatively the slight change in 

stoichiometry may be achieved through the evaporation charge, if it is 

recalled that excess indium or copper in CuInSe2 gives rise to n-type 

(5) 

crystals; '. By adding suitable amounts of Cu or In into the evaporating 

powder charge, low carrier density films may be obtained.In this respect 

the addition of copper may be preferred because the films were already 

indium rich and any more indium incorporated into the films may result 

in secondary phases precipitating out. 
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