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ABSTRACr 

A study has been made of a variety of factors influencing the 

efficiency and operational stability of front-wall CdS-Cu2S solar cells. 
In the course of this work -1 cm2 cells were fabricated with conversion 
efficiency of up to 8% without attempting to reduce reflection losses. 

The CdS films were produced by vacuum evaporation and the 

electrical and structural characteristics of these films were studied as a 
function of the rate and temperature of the deposition. Previously there 
had been some controversy concerning the nature of the CdS source material 
required for fabricating high performance CdS-based solar cells,, but this 

work has shown that a variety of CdS sources can be employed successfully 
provided that the film deposition parameters are suitably chosen. 

A conventional chemical exchange technique was employed to 
convert the CdS film surface to Cu2SI with the thickness and stoichiometry 
of the resultant Cu2S layer being examined by means of electrochemical 
analysis. 

Changes in the electrical properties of the CdS-Cu2S cells due to 

post- fabrication anealing under a variety of different conditions were 
studied and correlated with structural changes monitored by means of Auger 

electron spectroscopy with the aid of argon ion etching. Depth profiles 
of the constituent element concentrations indicate that, for samples 
annealed in air, a deep penetration of copper into the CdS layer occurs 
together with a significant out-diffusion of cadmium from the CdS after 
only a few minutes at 1000C. In contrast, the copper penetration which 
results from vacuum or hydrogen annealing treatment is substantially less 

and no significant out-diffusion of cadmium is observed for annealing 
temperatures up to 4000C. Two different diffusion processes, one in the 

grain boundaries and one in the mid-grain regions, have been identified and 
their relative importance has been studied for annealing cycles performed 
under the same three different ambient atmospheres (air, vacuum or 
hydrogen). The normally rapid and undesirable grain boundary diffusion of 
copper was found to be significantly inhibited by the use of flowing 
hydrogen during annealing. A further technologically important 

observation concerns the effect of the deposition of a film of copper over 
the copper sulphide layer of a cell and subsequent annealing of it in air. 
The improved electrical stability which this treatment yields has been 

shown to be directly associated with reduced interdiffusion at the CdS-Cu2S 
interface. This interfacial diffusion has also been shown to be 
influenced by the CdS stoichiometry in the vicinity of the junction. 

Finally, a brief investigation was made into the use of the ion 
implantation technique as a means of doping the upper layer of the OdS film 
with copper without annealing the completed cell. The results have 
demonstrated the feasibility of this technique, with the best results being 
obtained using a copper ion fluence of 5.1014 ions cm-2 at 50 keV ion 
energy. 
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Chapter 1 

Introduction 

Energy Sources 

The world energy scene is characterised by a steadily increasing 

demand for energy for the production of goods and services, a rapidly 

depleting store of fossil fuels and increasing pollution hazards associated 

with excessive burning of these fossil fuels. In view of this 

unsatisfactory situation, a search is going on all over the world for an 

energy source which is renewable, inexhaustible and clean. Solar energy 

is perhaps the most popular choice in this regard. It is almost 

inexhaustible, clean and distributed all over the globe. It is for this 

reason that intense efforts are being made in many parts of the world to 

make more extensive use of solar energy to meet out growing energy needs. 

Essentially, there are three main approaches towards the utilization 

of solar energy. These are: (i) the thermal approach,, in which solar 

radiation is absorbed by passive collectors and converted into thermal 

energy which can be used for a variety of purposes such as water heating, 

drying, industrial process heating etc. (ii) direct energy conversion, in 

which solar energy is directly converted into electricity using either 

photovoltaic or thermoelectric modules, and (iii) biological conversion, in 

which solar energy is used to promote,, through photosynthesis,, the 

production of biomass which can be used for the prodLrtion of transportable 

fuels or electricity. 

Intense research and development work is going on in each of these 

approaches, and it is expected that each will make a significant 

contribution to the future world energy requirements. In particular, the 

direct conversion approach has been shown to be technically feasible and, 
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in addition to its convenience as a system which can stand alone or be 

linked to a national grid supply, it is considered likely to be 

economically attractive in the long run. 

Photovoltaic solar cells (particularly silicon p-n junctions) have 

been known and in use for quite some time. Indeed, they have served as 

the most reliable power source for both the manned and unmanned space 

flights. In the development of space quality solar cells, no 

consideration was given to the cost of the solar cells. The main emphasis 

then was on reliability of these cells to produce the required electric 

power but, today, greater consideration is being given to producing drastic 

cost reductions as well as achieving the reliability and long term 

stability required for terrestrial applications. Already a number of 

large scale installations have been planned and a1 MW station began 

operation in Southern California early in 1983 making use of the expensive 

Si wafer cell modules (1), but it is probable that the main worldwide 

market will be for cheaply prodLced systems in the small and medium power 

range. It is expected that much cheaper production costs can be achieved 

by replacing the single crystal wafers of Si with Si ribbon, 

polycrystalline or amorphous Si films. Alternatively, a wide variety of 

materials (2) other than Si have been investigated. In particular,, much 

attention has been paid to CdS - Cu2S cells in thin film form. Because of 

the relatively little amount of material required for large area devices, 

the ease of production, and the low energy pay-back period, this system is 

full of promise. 

1.2. materials for Solar Cells 

The key to the development of any ef f icient, low cost photovoltaic 
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device lies in the choice of suitable materials or tailoring of these 

materials to the required specifications together with the adoption of 

processing techniques which have a suitably low energy consumption. 

However, the performance of a solar cell must be analysed in terms of 

criteria which relate not only to the cell itself but also to the 

application in which it is designed to be used. The definition of these 

criteria will identify research directions in relation to promising 

materials and lead to the development of appropriate energy conversion 

devices. 

From the basic nature of the photovoltaic phenomena (discussed in 

chapter 3), it follows that a photovoltai. c device should essentially be 

compcised of two components, one which absorbs the incident sunlight and 

generates the minority carriers (known as the absorber-generator) and the 

other, that collects these charge carriers and converts them into majority 

carrier (this is known as the collector-convertor). 

In selecting suitable absorber materialst three important material 

parameters need be considered,, these are (i) band gap,, (ii) absorption 

coefficient and (iii) minority carrier diffusion length. Theoretically, 

it has been demonstrated that any semiconductor with a band gap between 0.8 

(3,4). and 2.4 eV could achieve 10% conversion efficiency However, thee 

calculations of the efficiency as a function of energy band-gap, shown in 

Fig. (1.1) , assume absorption and collection ef f iciency as 100%, i. e. all 

the photons greater than the band gap energy are absorbed, each produces 

one electron-hole pair in the material and, finally, all of the charges 

which are generated are collected by the electrodes without any 

recombination. Howevero, due to reflection losses and the other losses 

discussed below, the theoretical efficiencies cannot be fully attained in 

practice. 
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The second parameter of considerable importance in determining the 

efficiency is the absorption coefficient. Figure (1.2) shows the 

absorption cOef f icient a( X) of several semiconductor materials as a 

function of the incident photon energy (5). It follows that except for 

Si, other materials with an energy band gap between 1.0-1.7 eV absorb 90% 

of the photons in a5 ijm thick layer. Si will absorb about 70% of the 

useful photons in 10 Um thickness and 90% of the photons in 100 1, m layers. 

other materials such as GaAs,, CdTe,, Cu2S, 1 Cu In Se2, etc. absorb the same 

number of photons in a much smaller thickness (less than 1p m). For 

instance,, Cu2S absorbs 90% of the sunlight with energy greater than its 

band gap energy within a thickness of only 0.4 u m. 

The third parameter of relevance is the diffusion length of the 

minority carriers (L) in the absorber material because, after achieving 

photon absorption and carrier generation, the generated carriers must be 

transported to the junction region with minimum loss. The diffusion 

length depends on doping and impurity concentration in a material and also 

on the structure of a material, i. e. on whether it is crystalline or 

noncrystalline (oriented polycrytalline, polycrystalline, or amorphous). 

Clearly, the thickness of the absorber layer in a photovoltaic cell is 

limited by the minority carrier diffusion length. 

The collector-convertor is designed to collect the minority carriers 

generated in the absorber and to convert them into majority carriers. 

There are three material characteristics for consideration, (i) 

Electrical conductivity, (ii) Electron affinity and (iii) Lattice constant. 

The collector material must be of the opposite conductivity type to the 

absorber so that the generated carriers are not lost by recombination and 

are converted to majority carriers in this material. Secondly, the 

collector material must have an electron affinity matched to the absorber 
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because any mismatch in electron affinity leads to a decrease in the 

photovoltaic efficiency. The third parameter is the lattice constant 

which must match the absorber material. Any lattice mismatch produces 

interface states (6) at the junction which can then act as a recombination 

surface leading to a reduction in the photogenerated current collection 

efficiency. 

1.3 Thin Film Solar Cells 

Thin film polycrystalline solar cells are leading contenders in the 

search for low-cost, mass produced large area devices. However, one of 

the main problems with polycrystalline thin films is the existence of 

internal surfaces in the form of grain boundaries. The grain boundaries 

are regions of increased disorder with both structural defects and 

segregated impurities in large densities. Thus they are generally regions 

of increased recombination. In addition, charge trapping at grain 

boundary energy levels can form potential barriers that impede carrier 

transport. Therefore, these grain boundaries can degrade current 

generation, photovoltage, and the stability of the cells. 

A number of different materials (e. g. Cu2S,, CdTe, CdS, CuInSe2, 

Zn3PP GaAs and amorphous silicon) have been used in devices which have 

exhibited respectable efficiencies under laboratory conditions and, 

although their full potential has yet to be realised, an improved 

understanding of the associated problems is gradually being developed. 

This is clearly demonstrated in the case of CdS - Cu2S cells which are the 

subject of this thesis. The intense research effort centred on these 

devices has led to a steady improvement in reported efficiencies to nearly 

10%. Table (1-1) shows the performance achieved with a number of thin- 
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Table (1-1). Representative efficiency of some thin-film solar cells. 

cell 

a-sic/a-si 

Galýs ý+/n homojunction 

CdS/Cu In Se2 - 
Znx CdS, _X/Cu In Se2 

CdSlCu2S 

Znx oc'Sl-x, 'Cu2S 

CcIS/QJTe 

CdS/CuInS2 

CdS/InP 

Mg/Zn3 P2 

Best efficiency 
reported (%) ref. 

10.1 7 

8.1 8 

9.53 9 

10.98 14 

9.15 6 

7.93 This work 

10.2 10 

10.5 11 

3.25 12 

5.7 13 

4.3 15 
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film solar cells. It is clear that at the present time,, the CdS - CU2S 

solar cell remains one of the leading members of the group of thin film 

photovoltaic devices and in the light of the results and experience, so 

far obtained, these devices are now seen to offer a serious alternative to 

more expensive single crystal Si solar cells. However, a number of 

problems have yet to be solved before sufficient confidence is developed 

for large scale commercial exploitation. 

1.4 The Aims of This Work 

As indicated above,, the devices which have been studied during this 

research project have been the subject of numerous previous investigations. 

While this previous work has led to a steady improvement in reported 

efficiencies, there has been some controversy concerning the best 

fabrication procedures for achieving high efficiency and there is still 

much uncertainty about the factors which are inhibiting further improvement 

and which cause cell efficiencies to degrade during operation. 

In order to develop an understanding of such matters it is necessary 

first to obtain detailed information about the fundamental processes which 

occur during cell formation, during any post- f abr ication treatment and 

during subsequent operation. While the main aim of this work has been to 

provide such information, considerable time and effort were spent initially 

in developing reliable cell fabrication procedures. As discussed in 

Chapter 2 (which provides some of the background to the current study) the 

cell properties are critically dependent on every component part of the 

device so that a very high degree of control is required at every stage of 

cell construction in order to achieve suitably reproducible results. 
N 

Having gained the required proficiency in cell fabrication, a wide 
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ranging investigation was undertaken to analyse the structure, the 

cornposition profiles, the optical properties and the electrical properties 

of the devices and to study the changes in these characteristics associated 

with changes in fabrication and post- fabrication treatments. As might be 

expected, a wide variety of analytical and measuring techniques were 

employed during the course of this investigation. The basic theory, of 

semicondirtor junctions in terms of which some of the experimental results 

have been interpreted is given in Chapter 3 while a description of the 

apparatus and other experimental details can be found in Chapter 4. A 

full account of the results obtained from each part of the investigation is 

given in Chapter 5. In Chapter 6 these results are discussed and assessed 

in relation to the initial aims of the study. Finally, the work 

is smumarised and the main conclusions presented in Chapter 7. 
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Chapter 2 

2. Developments in Photovoltaic Solar Cell Technology 

2.1 General Historical Review 

It was Becquerel (16) in 1839 who f irst observed that a voltage was 

developed when he directed light on to one of the electrodes in an 

electrolyte, the so-called "photovoltaic ef fecV'. 38 years later, Adams 

and Day (17) observed the effect in selenium. In 1891 Appleyard (18) 

suggested the use of photovoltaic cells as energy conversion devices. A 

number of other early solid-state research workers including Lang (19), 

Grondahl (20) and Schottky (21) pioneered selenium and cuprous oxide 

photovoltaic cells. A bench mark in the development of photovoltaic 

devices occurred in the early 1940s with the discovery by Ohi (22) of 

photovoltaic action at a p-n junction situated within a silicon crystal. 

A few years later, p-n junction photovoltaic devices (23-26) were 

fabricated using PbS and Ge. But it was not until 1954 that solar cells 

with acceptably high conversion efficiency for electrical power generation 

came on the scene. In that year, Chapin et al. (27) reported that they 

had made a diffused silicon solar cell with a conversion efficiency of 6%. 

Subsequently Reynolds and coworkers (28) made a similar breakthrough with a 

single crystal cadmium sulphide device, and Rappaport (29,30) achieved 

practical efficiencies using a Si p-n junction to convert the energy in 

particle radiation into electrical energy (the betavoltaic effect). with 

the achievment of these relatively good results in 1954, the development of 

photovoltaic devices for solar energy conversion began. 

The first analytical treatment of solar cell efficiency was published 

in 1955 by Prince (3 )l and then Loferski (4 ) showed that there is an 

optimum energy-band gap of about 1.5 eV for the semiconductor materials of 
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p-n homojunction solar cells. This stimulated investigation into some 

materials such as gallium arsenide, cadmium telluride and indium phosphide 

(33) which have energy band gaps close to optimum In the 1960's and 

early in 1970's many laboratories were involved in the study of solar cells 

(34,35) produced using many different materials and techniques Most of 

(36) the cadmium chalcogenides were investigated, including CdTe-Cu2Te 

CdTe-CdS (37) and the graded band-gap CdxSTel_x anisotype heterojunction. 

(38) 

A comprehensive treatment of basic solar cell characteristics was 

produced by Hovel (39) in 1975. Backus (40) compiled a volume of classic 

papers on solar cells up to 1974 and Stanley (41) reviewed the development 

of thin f ilm CdS cells up to 1975. more recebt reviews have been 

contributed by Hill (42) on thin film solar cells,, and by Shirland and Rai- 

Choudhury (43) who have discussed photovoltaic device configurations and 

the system arrangements that could be built using various low cost 

materials. In 1979 Savelli and his colleagues (44) considered again the 

problems and promises of the CdS-Cu2S solar cells, and in the same book 

Fahrenbruch and Aranovich (45) gave a general account of heterojunction 

phenomena and interface defects in photovoltaic converters. Since the 

beginning of the 1980's the ever increasing interest in photovoltaic 

devices has lead to a succession of review articles on all aspects of the 

subject. Kazmerski (46) produced a good book about polycrystalline and 

amorphous solar cells but mwh attention has continued to be focussed on 

(ýdS-%S thin film solar cells. For example, Rothwarf (47) has reviewed 

the basic anomalous effects observed in CdS-Cu2S solar cells and Burton 

(48) has discussed the utility of using ZnxCdl_xS in place of CdS in 

conjunction with a Cu2S layer. In 1981 in a book on photovoltaic and 

photo elect rochemical systems, Bloss and Schock (49) reviewed the OdS-Cu2S 
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thin f ilm, solar cells, while Townsend (50) discussed the Schottky barrier 

solar cells. In the same year Hall (51) reviewed the progress made with 

silicon photovoltaic solar cells. The most recent paper on CdS-Cu2S cells 

was published by Martinuzzi (52) and in 1983 a book on fundamentals of 

solar cells was prodmed by Fahrenbruch and Bube (2) where they considered 

a variety of systems including CdS-4202S thin film solar cells. However 

the progress on solar cell research and development including fundamental 

studies of devices, their deployment and economic problems can be followed 

most simply through the proceedings of the regular photovoltaic specialists 

conferences which have been organised by the I. E. E. E. in the U. S. A. since 

1963,, and by the Commission of the European Communities in Europe since 

1977. 

2.2 The Properties of Cadmium Sulphide Thin Films 

2.2.1 General 

Cadmium sulphide has found application as a semiconductor in many 

different systems including photovoltaic solar cells, photoconductive 

devices, light amplifiers, phosphors and electroluminescent devices, thin 

film transistors and diodes. This has stimulated enormous interest in 

cadmium sulphide and many laboratories throughout the world have 

established research programmes to study the structure, the electro-optical 

properties and the overall physical chemistry of this material. 

Cadmium sulphide is a member of the technologically important II-VI 

group of compounds, with a direct band gap of about 2.4 eV at room 

temperature. It is n-type semiconductor as a result of sulphur vacancies, 

induced by the presence of excess Cd during film or crystal growth. 
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Although some workers have attempted to prepare p-type CdS, its existance 

has never been established beyond question that the tendency towards self- 

compensation is very strong in CdS. Initial studies of photovoltaic 

devices were made using single crystal materials. Subsequently ceramic 

and evaporated thin film cells were developed with the aim of providing low 

cost, light weight solar energy converters suitable for terrestrial 

applications. 

2.2.2 CdS Film Deposition Techniques 

CJS polycrystalline films can be obtained by various methods including 

vacuum deposition using either thermal evaporation or sputtering,, chemical 

spraying, silk screen printing, sintering, chemical Printing and electro 

phoretic deposition. Up to the present time,, the highest ef f iciency thin 

f "m CdS - Cu2S solar cells have been produced using vacuum deposition 

techniques (6,49). - 

Developments in the fabrication of the CdS thin films and studies of 

their properties have been reviewed by Massie (53), Shirland (54) 
, Crossley 

et al. (55), Perkins (56),, Stanley (41) and more recently by Hill (42) and 

Bloss and Schock (49). The first polycrystalline CdS thin films for solar 

cells were made by Carlson et al. (57). Attempts have subsequently been 

made to reduce the bulk resistance of the CdS f ilms in order to reduce the 

high series resistance for the CdS - C02S solar cells. Gorski (58) tried 

to reduce the series resistance by means of more thickly deposited CdS 

films up to 100 Um. Other workers tried to reduce the resistivity of CdS 

f ilms by doping with donor atoms. Three methods have been adopted for 

doping these films: (i) deposition of the dopant onto the completed thin 

f ilms followed by annealing, (ii) introduction of the dopant into the CIS 
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source prior to evaporation, (iii) coevaporation of CdS and dopant using 

separate sources. In general when a doped evaporation source is employedr 

the dopant concentration in the film is different from that in the source 

material (59). Indium has been the most common dopant usually introduced 

into the charge as chloride or sulphide. In one investigation, Shirland 

et al. (60) evaporated a series of films onto glass substrates from CdS 

charges which contained various concentrations of indium up to 1 mole 

In addition to its effect on resistivity, the dopant also caused a change 

in the optical transmission of the film which varied linearly with the 

doping level up to 0.1 mole %. Avignon et al. (-59) used an electron beam 

method to evaporate In, I, Ag or Cu doped source material. It proved 

impossible to deposit CdS films doped with Al by doping the charge with 

AlCl3* This is believed to be due to conversion of AlC13 to A12S3. which 

has a very low vapour pressure (61). Early CdS cells at the Clevite 

Corporation (60,62,63) were In-doped and gave reasonable efficiencies, as 

long as their thickness was over 5 Um. Doping with Zn was found to 

improve the ohmic contact with týe substrate, but also lowered the 

efficiercy. Doping by CuCl was found to lower the efficiency due to loss 

of the open-circuit voltage. An attempt to deposit CdC12 mixed with the 

CdS onto a pre-evaporated CdS film caused the latter to be attacked by 

chlorine (63). on the other handp David et al. (64) observed that doping 

with CuCl and CdCl2 decreased the series resistance and improved the 

photovoltaic response. Alsop Hill (42) found that a CdS charge composed 

of pure CdS in the bottom half of the ampoule and CdS + 0.01 % CdCl2 in the 

top half of the ampoule, gave rise to a CdS thin film in which the 

resistivity was low at the back surface, leading to an improved contact 

with the molybdenum substrate and increased resistivity towards the outer 

surface. The conversion efficiencies of the cells made with these layers 
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were higher than those made with uniformly doped CdS layers, mainly due to 

an increase in the photogenerated current. 

An easier and potentially more reproducible way to produce low 

resistivity Ods films for photovoltaic solar cells is to introduce donor 

native defects (sulphur vacancies) during the CdS deposition, which can be 

done by controlling the evaporation parameters such as substrate 

temperature, evaporation rate and the stoichiometry of the source 

materials. However, there are many conflicting reports in the literature 

concerning the influence of the deposition parameters on the properties of 

the resultant f ilms. The majority of such studies have shown that the 

resistivity of CdS films increases with increasing substrate temperature 

and decreases with increasing the deposition rate. on the other hand, 

Wilson and Woods (65) found that, the resistivity decreased with decreasing 

the deposition rate and increasing the thickness of CdS films, while Arya 

et al. (66) observed a decrease in the resistivity as the substrate 

temperature was increased. Moreover,, in the latter case,, the CdS films 

had a higher resistivity when the source temperature was held at 11000C 

than when held at 10500C. This result was considered to be due to the 

composition of the CdS source material, which was deficient in sulphur. 

(MS in the form of powder, crushed crystals or pellets can be used for 

evaporation. It is usual to contain the OdS in a quartz or carbon ampoule 

to avoid chemical attack of heated metal containers. Tantalum, for 

example, was found to get brittle after a short time of operation due to 

the formation of Ta2S5 (61,67) 
. spattering of CdS particles during the 

sublimation can be redwed by using a quartz wool or sintered glass plug. 

A comprehensive review of the vacuum deposition of CdS has been given by 

Stanley (41) and Hill (42). Typical parameters for CdS deposition are: 

substrate temperature in the range of 200-2500C, source temperature about 
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10000c, with deposition rate in the range of 1-1.5 vm min. 

A wide variety of substrates have been used for CdS thin film 

deposition. The most successful to date being, zinc-coated copper, 

molybdenum, and metallised Kapton for front wall cells, and glass with a 

transparent conducting coating (e. g. Sn02, ' In2O3)- The substrate must 

have a thermal expansion coefficient close to that for CdS. Molybdenum 

and Ni-Fe are both suitable in this respect, but Mo tends to oxidise at 

high substrate temperatures leading to poor adhesion of CdS film and to 

high contact resistance (42). Adhesion problems have also been 

experienced with Ni-Fe substrates but it appears that these have now been 

solved (68). Studies of growth of CdS on smooth and rough copper surfaces 

have shown (69) that the resistivity, the photoluminescence and the grain 

size were similar in both cases,, but the adherance of the CdS on a smooth 

surface was not as good as on the rough surface. 

2.2.3 Crystal Structure and Surface Topography of CdS Films 

In general evaporated CdS films have a hexagonal wurtzite phase 

structure if the substrate temperature is higher than 1500C, (41,42,, 49,6.5) 
F 

with a preferred orientation along the c axis, which is almost 

perpendicular to the substrate. The film consists of a thin base layer of 

randomly oriented crystallites covered by a thicker layer of highly 

oriented crystallites (70), forming a columnar grain structure. The 

presence of the cubic sphalerite phase is strongly temperature dependent, 

and also depends on the nature of the substrate, the presence of impurities 

and the rate of deposition (65,71). 

The orientation of the crystallites is not perfect but assumed to have 
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a range of angles with respect to the substrate. Foster (79) noted that 

f ilms deposited on glass substrates were oriented at approximately 200. 

Shallcross (72) has shown that the degree of preferred orientations 

increases with the thickness of the films. In addition Klerk and Kelly 

(73) and later Wilson and Woods (65) emphasized the influence of the 
4 

deposition rate. They found that the degree of preferred orientation was 

increased by decreasing the deposition rate. It is evident that the 

degree of preferred orientation is a function of substrate temperature. 

At low temperatures the mobility is low and the orientation is poor (74). 

Bujatti (75) investigated the effect of temperature gradients in the 

substrate, he found that below 2800C the temperature gradient has no 

effect, while in the range from 2800 to 4000 a temperature gradient of 

Oc -1 50 cm reduced the preferential orientations by a factor of more than 3. 

other authors (76-78) have shown that the columnar structure of CdS can be 

modified by doping. Chlorine,, in particular, has been found to destroy 

the orientationt while indium and gallium, have a small influence and 

silver and sulphur appear to have no effect (79). 

Problems of non-uniformity in the film thickness and c-axis 

orientation arise when large area films are being deposited from a single 

source. In an attempt to improve this situation by using a multiple 

source system (80),, four sources have been employed in a square formation. 

The uniformity in film thickness improved substantially with this 

arrangement but the c-axis of the crystallites were found to be oriented as 

if there had been just one source. 

Under appropriate evaporation conditions the columnar grains with a 

width of 2-5 1, m in films exceeding a thickness of 20 1, m can be achieved 

(49). Shallcross (72) found a marked increase in grain size with 

increasing the substrate temperature, and lowering the deposition rate. 
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Transmission diffraction data have confirmed that the crystallite size was 

larger on the top surface than on the substrate surface. Improvements in 

crystallite size have been obtained recently using quasi-rheotaxy as 

reported by Romeo (811 82). 

Norian and Edington (83) have made a detailed study of the CdS 

microstructure. They determined the grain size, dislocation density and 

microscopic defect structure of CdS films. The topography of the CdS 

surface was seen to contain hills and valleys. The hills were found to be 

faceted and were approximately 5 jim high with a base line between 10 and 15 

V me 

An attempt was made at RCA (84) to improve the cell performance by 

reducing the number of grain boundaries and increasing the grain size by 

re-crystallization of the CdS layer. Various annealing treatment have 

subsequently been reportede, such as annealing in vacuum (8-9,, 86), or in a 

variety of different gas atmospheres, for example, argon, nitrogen, oxygen, 

and cadmium vapour (87-89) and utilization of a Cu or Ag enhanced 

recrystallization (90,91). These processes have been shown to produce 

significant changes to the crystal structure of the films and the work of 

Dresner and Shallcross (76) indicated that carrier mobilities approaching 

those of single crystal samples could be achieved. At the same time the 

resistivities of the films could be controlled by appropriate doping during 

the recrystallisation. Boer (92) has also studied this ef fect, and found 

that annealing the evaporated CdS layer at 6200 to 6500C in a nitrogen 

atmosphere containing HC1, copper, cadmium, sulphur and traces of oxygen 

resulted in a significant improvement of photoelectric properties. 

In an effort to increase the grain size from an initial 2-5 ljm to 

greater than 30 um - some CdS films have been heated in evacuated quartz 

ampoules at temperatures ranging from 550C to 7000C for up to 96 hours 
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(93). The resulting grain growth was not consistent across the films or 

across different samples from the same substrate, but a few large irregular 

grains with widths in excess of 100ýkm were observed in some of the films. 

Having prepared films with the required thickness and properties an 

etching treatment has been found to be one of the most important steps in 

the formation of high output frontwall CdS - Cu2S cells. The etching is 

usually done just prior to formation of the Cu2S layer, using strong HC1 

solution. The etching has two directly observable effects (94,95), it 

textures the film surface with pyramid structures, and it forms deep etch 

pits. The degree of surface texturing of the CdS films has been found to 

vary directly with time, temperature and acid concentration,, but the degree 

of pitting seems to be more strongly affected by the time of the etch than 

by the temperature and acid concentration (94). The effect of texturing 

is to reduce the light reflection losses and hence to increase the photon 

absorption leading to a higher cell current. It has been suggested that 

the etching opens the grain boundaries in the CdS film thus encouraging 

deeper penetration of the Cu2S layer during the subsequent barrier 

formation (96). The deep etch pits have generally been considered harmful 

since they lower the internal shunt resistance of the cell and can cause 

short circuits. However Shirland (100) has suggested that the etch pits 

might be helpful to cell output by providing a channel for the CL12S layer 

to form laterally in the grain boundaries intersecting the walls of the 

deep etch pits. Also, he could not detect any opening of grain boundaries 

that could be attributed to the HCl etch, but Norian and Edington (83) 

observed that etching prodtred crevices at the grain boundaries sites. 

2.2.4 Point Defects in CdS Thin Films 

As would be expected in the case of such a technologically important 
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material, extensive work has been done on the characterization of localised 

defect and impurity states in CdS. The aim has been both to provide 

information about the properties of such states and to determine their 

origin in relation to specific physical defects in the material. Much of 

this work has, of course, been concerned with single crystal material but 

with increasing interest in the films, more attention is now being paid to 

the characterization of these systems. In an earlier investigation 

Brandhorst et al. (97) reported the existence of a number of deep levels,, 

which were present in evaporated CdS. The identity of the various levels 

is not well known, but assignment of the most probable identities has been 

made. States of 0.05,, 0.14 and 0.25 eV below the bottom of the conduction 

band have been found most frequently in cadmium rich samples and were 

assumed to be associated with sulphur vacancies, while the 0.61 eV centre 

was seen in sulphur-rich material. In contrast, levels lying at 0.41 and 

0.82 eV below the conduction band usually occur together and are present in 

both sulphur-rich and cadmium-rich samples. Oualid and coworkers (98) 

used a deep level capacitance transient technique to determine the energy 

and the capture cross section for the electron traps found in their 

evaporated CdS layers. They confirmed the existence of traps at 0.05, 

0.15 and 0.25 eV below the conduction band with the 0.15 eV level 

(identified with the doubly ionised sulphur vacancy) being dominant. 

Besomi and Wessels (99) observed eight different traps, with trap depths 

ranging from 0.16 to 0.96 eV while the concentration of the traps ranged 

from 1013 cm-3 to 1015 cm-3. They also found the characteristic DLTS 

spectrum to be dependent on the grain size of the polycrystalline Cds 

films, but in view of the non-uniformity of grain structure across any film 

and the change in growth conditions required to bring about variations in 

the structure, it is difficult to draw definite conclusions about the 
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influence of grain size alone on the electrical character isitics of the 

f ilms. 

2.3 The Properties of Copper Sulphide 

2.3.1 Composition of Copper Sulphide 

It seems that many of the durability problems which have plagued CdS - 

Cu2S solar cells through their history can be traced to the departure of 

the stoichiometry of the copper sulphide layer towards a more sulphur-rich 

composition. 

The properties of copper sulphide layers have been studied by a number 

of investigators, and much of the data has been discussed by Stanley (41) 
AP 

and later by Hill (42), Savelli and Bougnot (44), and very recently by 

Fahrenbruch and Bube (2). A number of characterization methods have been 

developed based on morphology (100), cathodoluminescence (101), electron 

chemical analysis (ECA) (102). transient and galvanic electrochemical 

measurements (96) and so on. Much of this work has been concerned with 

copper sulphide in the role of a photovoltaic cell absorber. Copper 

sulphide is known to exist in a number of crystallographic phases. The 

phases which are known to be stable at room temperature include Cu2S 

(chalcocite),, Cul. 96S (djurleite), Cul. 8S (digenite), Cul. 75S (anilite) and 

CuS (covellite). However, the value of x in the CuXS need not be exactly 

equal to those just given above. For example, Cook and coworkers (103) 

found that at room temperature chalcocite can have values between L995 and 

2.0, and djurleite between about 1.91 and 1.96, etc. The structure and 

the associated crystallographic constants of the various phases in the Cu-S 

system have been studied by Cook et al. (103) and others (104-106) and the 
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relevant data are shown in table (2-1). In addition to these forms, 

Russell and Woods (107) have observed a complete phase transformation at 

the surface of a sample which originally had the djurleite phase. The new 

phase had a hexagonal structure with lattice parameters a=1.524, c=1.32 

nm,, but no value of x for this phase was reported. The chalcocite phase 

with an orthorhombic structure at room temperature has been found to 

convert to hexagonal at 1040C, djurleite with an orthorhombic structure at 

room temperature transforms to tetragonal at 86-930C and to cubic at 1000C, 

and digenite with pseudo-cubic structure at room temperature transforms to 

cubic at 780C (108F 109). 

In the formation of CuxS on CdS, two Cu atoms replace a Cd atom, with 

the sulphur sublattice remaining relatively unchanged (110). Similarly, 

throughout the phase changes in the CuxS, it is thought that the sulphur 

sublattice again remains relatively stationary with the Cu atoms moving 

around it to form the various phases. In a stoichiometric crystal there 

are two CU+ ions associated with each S2- ion (111). Deviation from the 

composition Of Cu2S are affected by removing Cu+ ions from the crystal and 

three types of atomic imperfections follow; the effectively neutral Cu 

vacancy generated by a CU2+ ion in place of two Cu+ ions,, the ef f ectively 

negatively charged vacancy generated by one missing Cu+ ion, and an 

association of these two defects. 

2.3.2. optical Characteristics 

The optical absorption and electrical properties of this material are 

extremely important in obtaining the optimum generation and collection of 

carriers in the solar cell in which it is employed. Since the structure 
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Table (2-1) Structure and lattice constants of relevant phases of Copper 

Sulphide. 

phase structure Lattice Constant (m) 

a b c 

Cu2S Chalcocite orthorhombic 1.1848 2.733 1.3497 

Hexagonal 0.391 - 0.6722 

Cul. 96S Djurleite orthorhombic 1.571 1.356 2.684 

Cul. 8s Digenite pseudo-cubic 0.556 - - 

Cul. 75S Anilite orthorhombic 0.789 0.784 1.101 

Cus Covellite Hexagonal 0.3794 - 1.633 

1 
22 



and crystalline parameters of the different copper sulphide phases vary 

with composition, it is expected that there will be corresponding 

variations in the band gap, absorption coefficient and the resultant 

spectral response of the completed device. 

Chalcocite (Cu2S) possesses a high absorptivity in the visible region 

of the solar spectrum, and high transmission in the infrared. However, 

the published optical and other properties Of Cu2S show extremely wide 

variations. For example, there have been widely different values reported 

for the band gap at room temperature. Although two optical absorption 

thresholds are observed in several studies, it is not clear whether both of 

them coexist in the same phase. Mulder (112) studied the optical 

absorption spectra of various copper sulphide phases, and has inferred that 

chalcocite phase has an indirect transition at about 1.2 eV and what is 

most probably a direct transition in the range of 2-2.5 eV. on the other 

hand, cathodoluminescence studies of Cu2S have indicated that a 

luminescence peak at about 1.2 eV,, which appears to be associated with 

chalcocite phase (113), has a shape like that which one would expect for 

band-to-band transitions in a direct band gap material (101). Similarly 

Rothwarf and Windawi (114) calculated the relation between the absorption 

coef f icient and sheet resistance for degenerate Cu2S. and compared the 

results with existing experimental data on material prepared in the same 

way as for solar cells. They found good agreement between the 

experimental data and their calculations assuming that Cu2S is acting as a 

direct band gap semiconductor. However the non-ideal structure of copper 

sulphide films creates uncertainty in the numerically dedLced values and 

therefore makes the assignment of the direct or indirect nature of the 

absorption edge correspondingly uncertain. in spite of this uncertainty, 

there is no doubt that there is an absorption edge at about 1.2 eV at room 
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temperature, and this agrees with the cut-of f observed at this energy in 

the spectral response of CdS-C02S solar cells. 

2.3.3. Electrical Properties 

Copper sulphide is a p-type material because Cu vacancies act as 

acceptors and their density determines the majority carrier concentration 

and hence the position of the Fermi level. Acting as the absorber layer 

in a front-wall photovoltaic cell, the two electrical properties of a 

copper sulphide layer which play particularly important roles are the sheet 

resistance and the diffusion length of the minority carriers which are 

created by absorption of the incident radiation as discussed in the 

previous section. 

The minority carrier diffusion length in copper sulphide was measured 

by Gill et al. (115) using a light microprobe to scan the bevelled junction 

region of CdS - CuxS solar cells. The value of the diffusion length was 

found to be between 0.1 to 0.4 Um for Cu2S (chalcocite),, while for 

djurleite and digenide the value was found to be much less (116) (_ 501). 

Subsequent measurements made using the Electron Beam Induced Current (EBIC) 

technique (117) were found to be in agreement with these observations. 

The electrical properties of copper sulphide have been measured by a 

number of workers. The Cu2S phase has the lowest electrical conductivity 

in the Cu-S system by virtue of being the least defective. This is 

clearly shown by the resistivity data of Guastavino et al. (118). The high 

conductivity of digenite is due to the increasing concentration of neutral 

vacancies, which allow the formation of a large number of negatively 

charged vacancies and free holes. Measurements of resistivity, Hall 

mobility and carrier concentration have been listed by Stanley (41) and 
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also by Savelli et al. (44). 

The electrical resistivity of CU2S films which show optimum 

photovoltaic performance lies in the range between about 10-2 to 10-1n cm. 

This value corresponds to a carrier density greater than 1020 cm-3, with 

mobility measurements indicating values between 1 to 10 cm, 2/V. s (118). 

The mobility has been found to be less dependant on the stoichiometry of 

the copper sulphide (119) than the other electrical parameters. Windawi 

(120) has measured the carrier concentration of chalcocite phase (Cu 2S) and 

found a value of 1021 cm-3 ,, which accords with copper sulphide being 

degenerate with the fermi level 0.2 eV inside the valence band. As the 

properties of a heterojunction are dependent on the electron affinity 

difference between the constituent materials, a direct measure of the 

electron affinity for copper sulphide is clearly desired. Indirect 

measurements have lead to some disagreement. Schewchun et al. (121) 

suggested a value close to that of silicon (4.05 eV) , this suggestion has 

been inferred on the similarity between CdS-Si and CdS-Cu2S solar cells 

(122). Pf isterer et al. (123) indicated a value of 4.2 eV, and Duchemin et 

al. (124) gave an electronic af f inity value of 4.4 eV. Unfortunately, 

direct measurement based on photoemission edge studies are difficult in the 

case of copper sulphide because it cannot be cleaved. 

2.3.4 Film Fabrication Processes 

It is clear from what has been said before, that the chalcocite phase 

is needed in order to achieve high efficiency cells, and a well-controlled 

method of film preparation is therefore required in order to prodwe Cu2S 

layers with reproducible characteristics. Several methods for copper 

sulphide film fabrication have been investigated, including the 

chemiplating process (the so-called wet process), vacuum deposition, the 
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solid state reaction (the dry process) , various spraying techniques, and 

sulphurisation of Cu films. For the purposes of CdS-C02S solar cell 

fabrication, it is the dipping process which has been the most frequently 

adopted method and it is this process which has produced cells with the 

highest efficiency (6,49). In this method the Cuxs layer is formed by 

dipping the pre-etched film of CdS into a hot solution of CuCl. A 

topotaxial layer of CuxS is formed by chemical displacement of Cd from the 

lattice of CdS crystallites by Cu+ ions. Salkalachen et al. (125) found 

that the pH of the CuCi solution plays an active role in controlling the 

CuxS growth processes. With a pH value of 4.6 the film thickness was 

observed to increase with time parabolically while in solutions of lower pH 

(about 3.4) a fast linear growth mechanism was dominant. Other factors 

which influence the CuxS layer growth process are the grain size and 

morphology of the CdS parent surface and the relative concentrations of 

cadmium and sulphur atoms at this surface (126). 

A disadvantage of the wet method is that it requires a CdS film with a 

thickness of about 25um or more. This is due to the fact that the CuXS 

penetrates deep into the grain boundaries of the CdS (83,127,123) and can 

thus cause shorting paths to the substrate on thin CdS films. 

In considering the thickness of the chemically converted layer it is 

important to realise that care must be exercised in interpreting empirical 

data. Due to the textured surface structure of CdS substrate and deep 

protrusions of copper sulphide into the grain boundaries, there is 

considerable non-uniformity in the thickness of the copper sulphiýe layer. 

It follows that the mid-grain thickness is much less than the average 

equivalent flat surface thickness. In cells exhibiting good conversion 

efficiencies, CuxS thickness in the range of 0.1 - 0.41ffn have been reported 
(6,47,52,129) It is usually found that deviation from stoichiometric 
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composition occurs during the formation processes. However, this thesis 

describes an attempt to investigate the copper sulphide stoichiometry 

during the formation processes and subsequent annealing treatment, (section 

5.1.2). 

2.4 Properties of CdS -. CuqS Solar Cells 

2.4.1. Cell Structure and Stability 

Although photovoltaic devices based on thin film CdS - CU2S 

heterojunctions with solar energy conversion efficiencies of up to 10% have 

already been demonstrated (10), problems relating to reprodLribility and 

long-term stability of these devices still remain to be solved before their 

full potential can be realized. It is clear that changes in the 

properties of any component part of a cell during operation can contribute 

to a reduction in its efficiency but, in front-wall CdS - Cu2S cells, it is 

the very thin Cu2S layer, (<0.51im thick), in which the majority of 

photocarriers are generated, and the adjacent regions of the CdS layer in 

the vicinity of the heterojunction which are crucial in determining both 

the initial efficiency and the subsequent operational stability. Both the 

active layers, and the junction itself, are strongly influenced by the 

post- fabr icat ion annealing' which is an important step in most cell 

manufacturing procedures. In general,, the effects of a short annealing 

treatment are a reduction in the dark current of the device, and an 

increase in the light-generated open-circut voltage, short circuit current 

and fill-factor, with a consequent increase in the overall conversion 

ef f iciency. However, the annealing conditions required to optimise the 

cell characteristics have been the subject of some uncertainty. For 
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example, reports indicating the benefits of a short bake in air (130.1 131) 

have been followed by others (132,133) attributing detrimental effects to 

the presence of oxygen. Such uncertainty is not surprising in view of the 

combination of effects which occur during heat treatment. These effects 

include the desired diffusion of'copper from the Cu2S into the CdS in order 

to broaden the space charge barrier in the CdS layer at the interface. 

This effect can be accompanied by diffusion of copper along grain 

boundaries with the possibility of shorting paths being generated between 

the Cu2S layer and the back contact to the CdS (in front-wall cells). 

Furthermore any loss of copper from the Cu2S layer via this mechanism or 

via interaction with the atmosphere degrades the stoichiometry Of Cu2S and 

thereby reduces its photon absorption coefficient and, consequently, the 

light-generated current in the device (47) 

Two different techniques have been employed with a view to preventing 

a loss of copper from the front surface during post fabrication heat 

treatment. One method is to carry out the annealing in a reducing 

atmosphere such as carbon monoxide (134) or hydrogen (135" 136) in order 

not only to avoid copper oxide formation but also to reduce any previously 

formed copper oxides to the metal and thereby increase the Cu/S ratio 

towards its optimal value of close to 2 (137). The second technique for 

avoiding loss of copper from the Cu2S during post- fabr icat ion is to deposit 

a thin film of copper onto the Cu2S layer before annealing in air or oxygen 

(138). This treatment results in a much improved operational stability 

but, although the processes giving rise to the observed changes in 

electrical characteristics during the oxygen/air annealing treatment are 

reasonably well understood (139,201), an explanation for the stability 

acquired by cells as a result of this treatment has not progressed beyond 

the proposition that the process leads to the formation of a protective 
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copper oxide film over the device. This matter has formed one component 

of the present study and is considered again in later sections of this 

thesis. 

While diffusion processes occurring at the heterojunction interface 

and within the grain boundaries are obviously of great importance in 

relation to the stability of thin film solar cells, the complex non-planar 

morphology of the OdS - C112S system has severely hampered the development 

of a satisfactory analysis of these processes. It has previously been 

mentioned that diffusion of copper into the CdS substrate layer is a 

desired feature of post fabrication annealing. Diffusion of copper from 

metal layers into single-crystal CdS has been studied by a variety of 

techniques such as radiotracer methods (140), optical transmission (141), 

and electrical capacitance (142). The radiotracer technique was similarly 

used (143) to study copper diffusion from a thick Cu2S layer into single- 

crystal CdS. Diffusion profiles for polycrystalline CdS layers are 

expected to be drastically different from single-crystal profiles owing to 

the presence of the complex grain structure, and this has been clearly 

demonstrated by recent, mainly qualitative, studies using transmission and 

scanning electron microscopy (83), electrochemical analysis (ECA) (125F 

133), atomic absorption spectroscopy (144), x-ray photoelectron 

spectroscopy (145) and Auger electron spectroscopy (AES) (144 - 149). 

For such data to yield quantitative information concerning the grain and 

the grain boundary diffusion parameters, some assumptions need to be made 

concerning the physical structure of the cells, as discussed in chapter 3. 

2.4.2. CdS - Cu-)S Junction Models 

Since the discovery of the photovoltaic effects in copper/cadmium, 
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sulphide many models have been proposed to explain the conduction 

characteristics both in the light and in the dark. These models have been 

summarized by Van Aerschodt et al. (31) and Stanley (41) and later by Hill 

(42) and Savelli et al. (44). 

The concept of the CdS - Cu2S heteroj unction was first proposed by 

Cusano (36) and supported by Keating (150). Before that Woods and 

Champion (151) and Grimmeiss and Memming (152) had suggested that the cells 

operated as p-n homojunctions, while Williams and Bube (153) suggested 

that the observed phenomena were associated with some kind of metal- 

semiconductor junction. The evidence from the Clevite Group (154) 

confirmed that the device was indeed a p-n heterojunction. In the Clevite 

model the cells were essentially considered to have a p-i-n structure, with 

a nearly degenerate p-type layer of cuprous sulphide, an approximately 

intrinsic layer of cadmium sulphide (-lum) compensated by copper introduced 

during a post-fabrication heat treatment at 2000C and an n-type layer of 

CdS as shown in f igure (2-1). The experimental observations made by the 

Clevite Group were explained in terms of the behaviour of the intrinsic 

layer in the cadmium sulphide. This layer, being photoconductive, was 

assumed to introduce an illumination dependent series resistance. A 

similar model was proposed by Mytton (155),, but Van Aershodt et al. (31 ) 

criticised the Clevite model in view of the lack of evidence for a high 

series resistance in the observed forward bias I-V characteristics taken in 

the dark. As an alternative Van Aershodt ( 31 ) suggested that the 

experimental observations could be explained in terms of a model in which 

the barrier height and the occupancy of interface states changed under 

illumination. 

In the early model proposed by the Stanford Gr oup (130,156), it was 

considered that the heterojunction had a conduction band spike and that 
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tunnelling through this spike played the major role in determining the 

cross-junction current. A conduction band spike was similarly postulated 

by Te Velde (131) who considered that the height of the spike was dependent 

on the quantity of oxygen which penetrated the Cu2S layer during post- 

fabrication heat treatment to form electron traps at the CdS - Cu2S 

interface. According to the Stanford model, however, it was the width of 

the spike which was influenced by heat-treatment as a result of copper 

diffusing into the CdS space charge region and generating deep states 

within the band gap. As the occupancy of these states would change with 

illumination, the width of the conduction band spike and, hence, the 

electron tunnelling probability would,, similarly,, be influenced by the 

incident radiation. Figure (2-2a) shows the early model of the Stanford 

Group. In the dark, the occupied, deep acceptor states partially 

compensate the ionised donors and widen the space charge layer while, under 

illumination, the effects of hole trapping by the acceptors causes the 

space charge layer width to be significantly narrowed. 

In the light of further experimental data, this model was modified to 

incorporate a negative conduction band discontinuity thus eliminating the 

condwtion band spike to produce the interface structure shown in figure 

(2-2b). The general principles of this model have since been supported by 

others including the Delaware Group (47,157) and by Martinuzzi and 

coworkers (158) although there is still some dispute concerning 

quantitative details such as the magnitude of the conduction band 

discontinuity &Ec for which values between 0.14 eV and 0.35 eV have been 

quoted. Other details such as the location of the Fermi energy and the 

space charge layer width clearly depend on the cell fabrication conditions. 
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2.4.3. Photovoltaic Prooerties of CdS =. CugS Solar Cells 

As mentioned above,, the electrical characteristics of a practical cell 

depend very much on the fabrication process and post- fabr icat ion 

treatments. T. iowever, the junction model shown in figure (2-3) has evolved 

as a result of a variety of different types of investigation and can be 

used to account for the majority of basic operational features and 

anomolous effects which have been observed. 

The fundamental cross-junction charge transport processes which can 

occur in heterojunctions are discussed in chapter 3. In the case of CdS - 

CU2S cells, it has been found that more than one transport mechanism is 

generally in operation (159). As might be expected, it is often found 

that the dominant mechanism is dependent on the temperature. At 

temperatures below 00C, Martinuzzi and coworkers (158,160) obtained I-V 

characteristics which were consistent with a multi-step tunnelling process 

as proposed by Riben and Fencht (161) while, at higher temperatures, the 

current became progressively more thermionic in nature. This is in accord 

with the observations at the Delaware Institute of Energy Conversion (47) 

where the room temperature I-V characteristics for cells which had been 

given some post- f abr ication heat-treatment were found to fit the 

relationship: 

e (V -JRA. L) 
V J-eANS exp exp S-J C2-1) J c2 I kT 

In 

kT R 
sh 

A_L L 

where Aj is the junction area, A_L the planar area, NC2 the effective 

density of states at the band edge of the CdS, S, the interface 

recombination velocity, 96 the barrier height at the junction, e the 

electron charge, n the diode ideality factor and JL is the light- 

generated current. on cells which had been freshly made, the I-V data 
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could be explained in terms of electrons tunnelling through the barrier. 

It seems that the effect of copper diffusion during the post- fabrication 

heat-treatment was to broaden the barrier sufficiently to make the 

tunnelling mechanism less probable than thermionic excitation over the 

barrier with subsequent recombination of carriers via interface states. 

Setting J=o in equation (2-1) the open circuit voltage can be 

expressed as 

VmE Ax + kT ln J- kT ln eNs kT ln (j (2-; ) 
cc gl sc c2 I 

For eVoc >> kT where Eg, is the energy gap of Cu2SF isc is the short- 

circuit current (2JL)j, and AX = AEC the electron affinity difference 

between the Cu2S and the CdS. Experimental values for the open circuit 

voltage up to 0.53 V have been reported but it can be seen from equation 

, 
(2-2) that the parameters AX, S, and Aj/A_L are all important in maxi. mising 

the open circuit voltage. AX and S, are directly related to fundamental 

material properties, and can only be changed significantly by changing 

materials. An improvement has been accomplished by the use of Znx Odl_xS 

in place of CdS, with the result that open-circuit voltages of the order of 

0.7 V have been reached 
(162). It seems that the optimum value for x in 

Znx Cdl_xS will be about 0.15 - 0.2, but while improving the open circuit 

voltage, the use of this alloy has, so far, always been accompanied by a 

reduced cell current. In the best CdS - Cu2S cells, AM1 (or Air Mass 1 

represents the solar spectrum at the earth's surface when the sun is at the 

zenith, the incident power is about 100 mW cm-1) currents of 25-26 

mA cffi2 have been achieved, but due to recombination at the interface, the 

light-generated current flowing in the external circuit is not the full 

current generated in the absorber layer. It follows that the short 

circuit current density JSC (when V= o) can be expressed as a function of 
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the maximun generated current (47) thus 

i 
sc 

iLi Lo sIv+F ItF (2-3) 

where JLO is the currnt density generated in the CL12S such that JL ý- JLO - 

JLRF JLR being that part which is lost by recombination via interface 

states. JLo is itself a function of the incident photon flux and the 

opto-electronic characteristics of the absorber material (CL12S), The 

fraction of JLO which flows across the junction 'depends on the electron 

mobility in the CdS and F the electric field at the interface as well as on 

the interface recombination velocity. 

The field in the CdS space charge region at the junction is a very 

important parameter in determining the short circuit current. For an 

ordinary space charge region dominated by shallow donors, under short- 

circuit conditions, this field can be written as (47) 

2VDaN*wo 1/2 
F (V - 0) 

2eV 
13 

N 

. ££0 (2-4) 

and for finite voltages 

2N* (V V) 
1/2 

F (V) D0 
CCO 

(2-5) 

where VD is the diffusion voltage, W is the width of the space charge 

region. The electric field F is dependent on the net ionized donor 

density ND* in the space charge region or on the net positive space charge 

near the junction. An increase in the effective value of ND*, narrows the 

space charge region and increases the value of F. When light reaches the 

CdS space charge region and causes an increase in ND*# there is a 

corresponding increase in F (equation 2.5) and,, therefore, an increase in 
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JL (equation 2.3). Since 1976 the interface recombination model shown in 

figure (2-3) has been found to account for most of the well documented 

phenomena observed in CdS - Cu2S cells including : the increase in the 

capacitance of the cell with light (47,162,163), the cross over between 

dark and light I-V characteristics, the enhancement of the short-circuit 

current by short wavelength light and quenching by long wavelength light, 

and the time-dependent phenomena all of which stem from the trapping of 

carriers in deep levels in the compensated region of the CdS layer near the 

junction. 
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Chaoter 3 

Theoretical Consideration 

3.1 The photovoltaic effect 

When a photon of energy equal to the energy band-gap of a 

se., nicor-ductor is absorbed, an electron is excited from the valence band to 

the conduction band. Absorption of such photons thus produces an increase 

in the density of electrons in the conduction band and an exactly equal 

increase in the density of holes in the valence band. Photons having less 

energy than the band gap will not be absorbed, and therefore cannot 

contribute to the generation of free charge carriers, while photons having 

an energy greater than the band gap will be absorbed and will generate free 

charge carriers, but for each quantum absorbed, the excess over the band 

gap energy value will be wasted as heat. 

In order to produce a photovoltaic effect, two requirements must be 

met, one the generation of free charge carriers (electrons and holes) due 

to the incident light and the other, the presence of a built-in field to 

separate the, positive and negative charges and drive them to their 

respective collecting electrodes without any substantial loss. The 

photovoltaic efficiency thus depends essentially on the ability of the 

solar radiation to generate free charge carriers and that of the built-in- 

field to separate them. The ability of solar radiation to generate charge 

carriers is determined by the band gap of the material involved and the 

spectral dependence of the photon absorption coeffibient. The ability of 

the built-in-field to drive the charge carriers to their respective 

electrodes for collection without any appreciable loss depends upon the 

mobility of the charge carriers, the carrier diffusion and recombination 
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parameters and the junction characteristics of the system providing the 

internal field (e. g. p-n homojunction, heterojunction, schottky barrier). 

one can see that the electrical and the structural properties of materials 

constituting solar cells are critically important in determining the 

overall photovoltaic efficiency. 

3.2 The P-N Junction Photovoltaic Converter 

3.2.1 The ideal case 

To derive the ideal' conversion efficiency for a photovoltaic device, 

we shall first consider the energy-band diagram for an ideal p-n junction 

under solar radiation as shown in Fig. (3-1). 

When the solar radiation is incident normally on one face of the 

semicondictor, the number of photons absorbed per unit time per unit volume 

is equal to Pin a/h v, where Pin is the radiation density, c& the optical 

absorption coefficient, and hv the energy of incident photon. The 

absorption of these photons causes the electron and hole concentration to 

increase at a rate RG as (42) 

RG0p 
incl Q/ hv 

where Q is the quant= efficiency. 

In equilibrium, the rate of generation of electron-hole pairs is 

equal to their rate of recombination, which can be written as An/ Te in p- 

type semiconductors and A P/ Th in n-type semiconductors, where Te and 'r h 

are the recombination lifetimes of excess minority electrons and holes. 

Thus 
Ap -p in cl Qrh/ hv 

An -P in cl QTe/ hv 
(3-2) 

The equivalent circuit for an ideal p-n junction is shown in Fig. 
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. (3-2) where the photogenerated current is represented by the constant 

current source, JLr in parallel with the junction. The forward current 

density, ' if, in the dark, due to the forward voltage V across the junction 

is given by 

iF01S(e eVAT 
- 1) -jS (e aV- 

1) (3-3) 

where S= 2, and is is the reverse saturation current density, 
kT 

which results from the thermal generation of minority carriers within the 

semiconductor. 

The J-V characteristics of such a system can be obtained using 

Kirchhoff's laws, from which it can be seen that the current through the 

external load, RL is given by 

j-jF-iL01S (e ev 
- 1) -iL (3-4) 

As the forward voltage across the diode increases, the forward current must 

increase until at open-circuit voltage, the forward current is equal to the 
I 

reverse photogenerated current and the current through the load, RLI is 

zero. Then from eq. (3-4) we obtain 

ijea 
VOC 

and i 
Vn+ 

ac 

since L >> i => L >> 1 
T 

SL 
v In 

cc W 
S 

(3-5) 

(3-6) 

then eq. (3-6) becanes 

(3-71 

The current JL in eq. (3-5), (3-6) and (3-7) shifts the J-V 

characteristics along the current axis by an amount -Jsc, where isc is the 

short-circuit density and is nearly independent of voltage. Eq. (3 -7) 

shows that for a given JLP the open-circuit voltage increases 

logarithmically with decreasing reverse saturation current density is* 
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This open-circuit voltage is directly dependent on the junction potential 

barrier which itself is dependent on the band gap of the semiconductor. 

The reverse saturation current density can be written as, (42,164) 

J-nee+Peh (3-8) 
SPTenTh 

where T. and Th are the electron and hole recombination times. nPis the 

concentration of electrons in the p-region, Pn is the concentration of 

holes in the n-region, and Le and L. v, are the diffusion lengths for the 

electrons and holes respectively. Eq. (3-8) shows that is depends on the 

minority carrier densities and on the ratio of minority carrier diffusion 

length and recombination time. When the solar cell is illuminated, 

photons are absorbed and the carrier densities are increased from np to np 

+ &n p and f rom Pn to Pn + APn- Then the saturation current density 

becomes 

fLe (n + An )e 
ppTe 

or 

or 
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The photogenerated current JL can thus be written as 

Ap eLLh (--t +-) 
TeTh 

p 
in 

QEL+L 
h) 

hv 

(3-10) 

(3-11) 

(3-12) 

The magnitude of the factor Pin aQ/h depends on both the semicondwtor and 

the solar radiation. 

The condition for maximun power output for the device as indicated by 

the point Pm on the J-V characteristic shown in fig. (3-3), can be 

obtained by putting 

(P + AP e 
Lh 

(3-93 
hhTh 
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d (j V) 
dV 

The maximum power is delivered when the load impedance is properly matched 

giving 

pjV FF .JV mmm sc oc 
(3.13) 

where FF is the fill-factor, which depends upon the sharpness of the J-V 

characteristic curve. This factor relates the maximum power which a cell 

can deliver to the short-circuit current isc and open-circuit voltage Voc, 

and is given by 
iv 

FF -imvm 
sc ov 

(3-14) 

The power conversion ef f iciency is def ined as a ratio of power output per 

unit cell area and input power density. Thus, the efficiency is given by 

imvmx 
100 - 

FF J 
SC 

v 
cc x 100 (3-151 

P in P in 

where Pin is the input power density, which is equal to the radiation 

density. 

No account has yet been taken of the spectral distribution of the 

incident radiation, and consideration must obviously be given to this if 

estimates are to be made for the conversion efficiency of practical cells. 

The radiation intensity Pin in e-q- (3-1) must be replaced by a spectral 

distribution function G(v ), and it must be remembered that the absorption 

coefficient a and the quantum efficiency Q are both functions of photon 

energy. The rate of generation of electron hole pairs is then (42) 

a (v) 

hv 
dv (3-16) 

This equation can be used to calculate the theoretical efficiency of cells 

fabricated from various semiconductor compounds, as shown in Fig. (1-1). 
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The actual spectral distribution of solar radiation incident on the Earth's 

surface depends on the location, the time of year and time of day, and on 

atmospheric conditions. 

3.2.2 The Practical Case 

For practical solar cells, the charge transport mechanism is 

considerably more complicated than that for the ideal case described above. 

In addition to electron and hole diffusion currents, there may be quantum 

mechanical tunnelling through the barrier and recombination via space 

charge or interface states. The effect of these processes on the J-V 

characteristics of a device have been discussed previously (2,42,45, 

157). In these circumstances the forward current tends to follow an 

exponential dependence on the forward voltage expressed by exp (eV/nkT) 

where n is called the ideality factor, and has a value dependent on the 

dominant charge transport mechanism in operation. The conversion 

efficiency usually decreases with increasing values of n for the device. 

The equivalent circuit for a practical cell can be represented as in 

Fig. (3-4) and the J-V relationships must be modified to include the effect 

of the series resistance Rs and the shunt resistance Rsh* Hence the 

current drawn fran a device, under illurnination can be expressed as (157) 

j Js, I exp e (V-JR 
s+V- 

JR 
s-1 (3-17) 

n kT R- 
L 

i sh 

where JL is the light generated current density (roughly equal to the short 

circuit current density isc) j Jsi the saturation current density for the 

ith current mechanism and ni is the corresponding diode ideality factor. 

For a front-wall cell with the structure shown in Fig. (4-1), the 
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series resistance Rs has a number of components, one of which is a 

resistance arising from the bulk of the base material (the collector). 

This resistance is given by 

R 
s2 ý P2 d2/A (3-18) 

where P2 is the resistivity and d2 is the thickness of the layer, and A is 

the surface area of the base material. The back contact can introduce an 

additional resistance, but the major contribution to Rs is due to the sheet 

resistance of the upper layer (the absorber). This resistance is due to 

the need to make the absorber as thin as possible in order to ensure that 

the photogenerated carriers are close to the junction region. The 

contributing resistance is given by 

Rs, -PI/dIM 

where m is the number of grid lines, and P, and dl are respectively the 

resistivity and thickness of the upper layer. 

The shunt resistance, Rsh, arises because of current leakage paths 

within the solar cell due to surface leakage along the edges of the cell, 

and also to diffusion spikes along dislocations, grain boundaries or 

microcracks. In thin film devices the possibilities for current leakage 

are greater than in single crystal systems due to the microcrystalline 

structure of the films, surface damage, and the possible presence of pin. - 

holes in the films. 

3.3 The p-n Heterojunction 

A heterojunction is a junction formed between two dissimilar 

semiconductors. When the two semiconductors have the same type of 

conductivity, the junction is called an isotype heterojunction. 

Alternatively, when the conductivity types are different an anisotype 

42 



heterojunction is formed. The properties of neterojunctions have been 

reviewed by Milnes and Feucht (165), Sharma and Purohit (166), Casey and 

Panish (167), Hill (42) and more recently by Fonash (163), Shaw (169) and 

Fahrenbruch and Bube (2). 

The energy model of an ideal abrupt heterojunction was first proposed 

by Anderson(17J3). This model forms the basic starting point for most 

subsequent heterojunction theories. Fig. (3-5) shows the energy-band 

diagram of the anisotype heterojunction formed from two different 

semiconduztors having band gaps %, 6, Fg2,, permittivities c1 61 c 2,, work 

function 01 61 02 and electron af f inities X1&X 2o When these two 

semicondLrtor materials are brought into contact,, electrons flow from n- 

region to p-region, and holes flow from p-region to n-region until 

equilibrium is established between p- and n-regions, This results in the 

formation of an uncompensated positive space charge of ionized donors in 

the n-layer of width Wn, and an uncompensated negative space charge of 

ionized acceptors in the p-layer of width lip. As the Fermi level must be 

uniform throughout the system under conditions of thermal equilibrium and 

the vacuum level is everywhere parallel to the band edges and is 

continuous, the discontinuity in conduction-band edges '&EC and valence- 

band edges AEv is invariant with doping provided that Eg and X are not 

functions of doping. Figure (3-5b) shows a possible configuration for a 

solar cell p-n heterojunction, where Eg2 ý' Eglo 

Depending on the relative magnitudes of X, and XV it is clear that 

, &EC may be positive or negative. When AEC<o the effect is merely to 

redtne Vd and ultimately to reduce Voc. on the other hand, &Ec>o implies 

a conduction band spike which tends to impede photogenerated current 

transport and at the same time may change the dark J-V characteristics 

considerably. " Anderson (170) derived the current voltage characteristics 
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of the heterojunction, whicn is shown in Fig. (3-5), and showed that tne 

forward current density is given by 
0eV eV 

J=eXN( nl exp 
d2 ) [exp (2 exp (- 

2V' 
(3-20) 

d2 T nl 
KT KT KT 

where V, and V2 are the parts of the applied voltage (V `ý VI + V2) dropped 

across the p and n regions of the junction. Nd2 is the donor 

concentration in the n-region, Dn, and Tnl are the electron diffusion 

coefficient and lifetime in the p-region and X is the transmission 

coefficient for the electrons crossing the junction. Although Anderson's 

simple model satisfactorily accounts for many properties of 

heterojunctions, it fails to explain the behaviour observed for C-V and J-V 

characteristics as a function of temperature due to the fact that it ignors 

the states which invariably occur at the interface and which give rise to 

recombination and tunnelling current. 

The model proposed by Dolega (171) considers the junction as the 

interface between the two surfaces each having its own distribution of 

surface states. The trapped cnarges, normally associated with surfaces can 

recombine because of the overlap of the surface state distributions. Thus 

fast recombination occurs at the interface of those electrons and holes 

which reach the recombination centres by thermal emission over their 

resioective barriers. 

The forward current density according to Dolegals model has been 

rewritten by van Opdorp (172) in the form 

eVd V v J-B exp C- exp (3-213 
kT nkT 

where n is the diode ideality factor. B is a weakly temperature dependent 

factor. Since this model implies thermal excitation over the barriers, it 

cannot explain the temperature independence observed in many 

heterojunctions for the slopes of Ln i vs V curves. Such observations 

44 



suggest that the tunnelling processes are more important. For example, 

where a conduction band spike exists, electrons may tunnel through it frorn 

the n-region into the conduction band of the p-region and subsequently 

recombine either close to the interface or after thermal excitation (173). 

Newman (174) found that the tunnelling current in a heterojunction can be 

written as 

j exp (L-) exp () 
so Tv 

00 
(3-221 

where Jso, To, Vo are constants. However, in many practical 

heterojunctions the current seems to be due to a mixture of tunnelling and 

recombination processes. Fig. (3-6) shows the various possibilities for 

current paths across an anisotype heterojunction. In this figure the 

electron and riole paths el and hl represent the diffusion processes as 

previously discussed for the ideal p-n junction. The second possibility 

for the electron and hole paths e2 and h2 show an emission and 

recombination situation in which the carriers are thermally excited into 

opposite ends of interface states with a subsequent recombination. Such a 

mechanism would be expected to show a temperature dependence. The third 

possibility of the paths indicated by e3 and h3 are tunnelling processes in 

which either the electrons can tunnel from the conduction band in the n- 

region of the wide band-gap material into empty interface states and then 

recombine with holes, or holes can tunnel from the valence band of the 

narrow band-gap material and then recombine with electrons. If tunnelling 

originates from the bottom of the conduction band or the top of valence 

band, then the fori%urd current density is of the form (175) 

J-B exp I- aT (Vd -V31 (3-23) 

where 

4 M* e c2 (3-24) T 3ý -N 
d2 
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This expression for aT assumes a single step process of tunnelling 

and a linear barrier. 

More satisfactory agreem. ent with experimental results is obtained 

(160" 161) if a multi-step tunnelling process is considered. A simple 

form of the appropriate equation is of the form 

cf exp (ß T) exp (9 V) (3-25) 

where cf is constant and the coefficients T and a are practically 

independent of the applied voltage and the temperature respectively. The 

slope of ln J versus V for the above equation is almost temperature 

independent with the small remaining temperature dependence arising from 

the variation with temperature of the widths of the band gaps. The weak 

temperature dependence of the current-voltage characteristics for the 

tunnelling recombination process, allows this mechanism to be easily 

distinguished from thermal ly-ass i sted processes. 

3.4 The Schottky Barrier 

According to Schottky's theory of metal- sem iconductor junctions, the 

shape of the potential barrier in the surface region of a semiconductor is 

determined by a uniform space charge. However, a variety of surface and 

interface space charge barrier systems are now often referred to as 

Schottky barriers and contacts which have intentional rectifying properties 

as Schottky diodes. 

In a similar way to that for a p-n junction, a barrier arises at the 

junction between a metal and semiconductor because of the difference in 

work functions between the metal and the semicondmtor. Mott (176) showed 

that the diffusion potential should be equal to the difference between the 
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work functions of the metal and the semiconductor, and the barrier height 

should be given by the difference between the metal work function ý6 and 

the electron affinity of the semiconductor Ys. Bardeen (177) assumed the 

existence of a thin insulating layer between the metal and the 

semiconductor and explained that the barrier height is often almost 

independent of the choice of metal, due to the existence of surface states 

on the semiconductor. 

The current transport in metal- sem icondLr-tor contacts is mainly due 

to the majority carriers, in contrast to p-n junctions, where the minority 

carrier transport processes are important. Fig. (3-7) shows four 

basic transport processes under the forward bias (the inverse processes 

occur under reverse bias) for an n-type semiconductor. These processes 

are (178) (a) emission of electrons from the semiconductor over the top 

of the barrier into the metal, (b) quantum-mechanical tunnelling 

through the barrierr (C) recombination in the space-charge region, 

and (d) recombination in the neutral region (hole injection). 

For many practical cases, process (d) can be neglected, but processes 

(c) cause departures from the ideal behaviour (process a) in mxh the 

same way as discussed for p-n junctions. 

Assuming that mechanism (a) is dominant, the forward bias dark current 

of a Schottky barrier diode can be written as 

J- A* T2 exp 
e 0b) 

I exp CLV-) (3-261 
KT KT 

where ýb is the Schottky barrier height, while A* is the modified 

Richardson constant and it is given by 

A-4vem* k2/h3 . 120 Ell A/cm 
2K2 (3-27) 

m 0 

where m* is the effective mass of the carriers, mo is the free electron 

mass, and h is Planck's constant. However due to effects of tunnelling 
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and recombination processes, the J-V characteristics for practical devices 

do not follow exactly the form' of eq. (3-26), but can be fitted to an 

equation of the form 

JJ exp ( eV (3-281 
S nKT 

or 

JJ exp (2 V 
-) for eV >> KT 

s nKT 

where J. is the reverse saturation current density, and n is known as the 

ideality factor as in the similar case for p-n junctions. This factor can 

be obtained from the slope of the ln i versus V curve. 

e av 
(3-29) KT .8 In J 

Schottky barriers have been studied by many workers and a detailed 

treatment can be found in various books such as those by Rhoderick (178) 

and by SZe (164), while Townsend (50) and Hovel (39) have reviewed Schottky 

barrier solar cells. Ideal Schottky cells have also been discussed by 

McQuat and Pulfrey. (179) one of the main advantages of Schottky barrier 

cells is their response to short wavelength light, and high short circuit 

currents which can be obtained provided that anti-reflective coatings are 

added to minimise the normally high reflection from the surface of the 

metal. To form high efficiency Schottky barrier solar cells, it is 

necessary, as in tne case of p-n junction cells, to provide as large a 

barrier height as possible to reduce is and hence increase the open circuit 

voltage Voc. The non-ideal Schottky barriers with a very thin insulating 

layer between the metal and the semiconductor (MIS) can produce a junction 

with a higher open circuit voltage and higher efficiency than that achieved 
(180-182) with the simpler M-S structure. A general analysis of MIS 

junctions has been made by Fonash (183F 184) for semiconductors with 

different oxide layer thickness and different metal work functions. 
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3.5 The SDace Charge Region and Capacitance-Voltage Studies for Solar 
cells 

ýa It has been seen in the previous sections that the performance of 

semiconductor solar cell (whether in the form of a homojunction, a 

heterojunction or a Schottky barrier) is very sensitive to the nature of 

the space charge barrier at tthe interface and particularly to its 

influence on the carrier transport mechanisms across it. Studies intended 

to obtain information about the space charge region can thus be very 

profitable in building an improved understanding of the behaviour of a 

cell. In particular capacitance measurements can be used to obtain 

information about the charge distribution, the space charge layer width, 

the diffusion voltage and the carrier concentration of the semiconductor. 

In this section, in order to provide a treatment which would be 

Herent practical situations, a pt-n junction applicable to a number of di. 

with a three-region space charge distribution will be considered, following 

the analysis of Hall and Singh (185). The three regions (all within the 

n-type semiconductor) are shown in Fig. (3-9) and include : (a) a high 

space charge density from x=o to x= dl, (b) from x = d, to d2 a lower 

charge density in a pa rtially compensated layer of the system, and (c) from 

x= d2 to Wa higher space charge density contributed by the more highly 

conductive w1k of the semiconductor. Clearly W is the total space charge 

layer width. 

The electrostatic potential T is related to the space charge density 

p by Poission's equation which must be solved making use of the followirrg 

boundary conditions: 

dT 
0 at dx 

T-o at x-a (3-30) 
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V+V at x=W 

where V. is the diffusion voltage and V is the applied voltage. 

The space-charge density for such a distribution as is shown in Fig. 

(3-3) can be expressed in the following terms: 
N 

p=e+ 
exp [a (x-d 1+N2+N3 

(1 -I+ 
exp Eb Cx-d 2 )1 

)]for o<, x-. cw 

for x>w (3-31) 

where the space charge density at the high space-charge density surface is 

e (Nl + N2) , the space-charge density in the com-pensated layer is eN21 and 

the space charge density for the bulk is e(N2 + N3)- The parameters a and 

b are required to describe the spatial variations of charge within the 

transition layers between one space-charge region and the next. The 

Poisson equation may be written in one-dimensional form as 

d2TeN11 

dx 2FI+ 
exp [a (x-d 231+ 

exp [b (x-d A 
)] 

(3-32) 

and this can be integrated to yield T as a function of xby making use of 

appropriate boundary conditions including those expressed in equations (3- 

30) together with the requirement that no discontinuities in T should 

exist at the boundary between the three regions. Then for the case where 

a=b= 0* the expression for the potential T in each of the three regions 

are: 

T=- (-E) [C N+N1 3' x2_ (N +N3 wx - (N d-Nd) x] (3-331 
x<dIc12231132 

eN22_ Id (N +N3 wx +NdX (3-34) d< xs d2NI Iw2x112332 

nd a- (2-1 [(N +NI I' x2_ (N +N) wx +INd2Nd2 (3-351 2c23232111 
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Figure (3-8) one-dimensional spatial variation of space-charge 
density from the heterojunction interface at x= 



It follows from ea. (3-35) and (3-30) that the space-charge width W 

can be written as 

2 2 c(V + VD) N3d2N1 d2l 
w. ( (3-361 

e (N 2+N3N2+N3N2+N3 

The junction ca-Pacitance C is related to the charge Q by: 

dO (3-37) 
dV 

where Q-Ae [N1 d, +N2W+N3 (W -d2 

-Ae [N, d, -N3d2+ (N 2+N3) W1 (3-38) 

and where A is the area of the junction. 

If we assume IChat dl, d2, N1, N2 and N3 are not functions of voltage 

V, then 

dQ A (N +N) 
dW 

U-V 23 dV 
(3-39) 

Using e. q. (3-36) and (3-39), it is seen that the capacitance-voltage 

relationship can be written as: 

(. 132 C2 _) V+(2 -) EVE) +e (N d2_Nd2 
cA2ce (N +N)A2 (N +N 

2c 3211 

and from e. q. (3-36) and (3-40) ue have 
(3-401 

cA 
w 

as in the case of a siinple single region space charge barrier. 

Three special cases of particular relevance to the CdS-Cu2S system can 

be considered. 

Case I. When N, = N3 " Or then eqs. (3-M) and (3-40) can be written as 

follows: 
2c (V V 

weND (3-42) 

(. 1) 2 (V +V (3-431 
CA2ce N2 D 

This situation applies to the simplest form of p+-n junction or the ideal 
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metal- sem iconductor device (Schottky barrier). According to eq. (3-43), a 

graph of C-2 against the reverse bias voltage V allows N2 to be determined 

from the slope and the diffusion voltage TVD to be obtained from the 

intercept on the voltage axis. 

Case II. When we have a conductive interface layer for which N, > N2 and 

N ol the eq. (3-36) and (3-40) become 3 
2e (V +VDN12 

31' wd (3-44) 
eN2N21 

and 

(. 1) C2v+ c- 2 (V Nd2 (3-451 
cA2NA2ND 2c II 

In this case, the extrapolated interface with voltage axis for plot of 

C-2 _ vs _V is no longer equal to the diffusion voltage Vd, but rather VD 

2 N, dý , while the slope of the plot still determines N2 (the bulk 

ionized impurity concentration). As the thickness of the conducting 

surface layer is increased, the space-charge layer thickness decreases and 

an effective barrier-reduction effect can occur as a result of electron 

tunnelling. 

Case III. The third case of interest is related to a situation in which 

an insulating region lies close to the interface, possibly as a result of 

impurity compensation. In this case N3 > N2, N, =o and e. q. (3-36) and 

(3-40) can be written as: 
2c (V +VDN3d2 

w= (- L, (3-461 
e (N 2+N31N2+N3 

and 

(. 1) 2--2-v+2 
(V + 2-- Nd2 

C A2 ce (N 2+N3A2ce (N 2+N31D 
2c 11 

(3-47) 

once again the slope of the plot of C-2 against V allows the bulk 

semiconductor electron concentration (N2 + N3) to be determined while the 
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voltage-axis intercept now occurs at 

(2-) Nd2 (3-48) VD - VD + 2c 32 

For many practical situations, N3 and d2 are such that the second term is 

dominant and then 

2 V13 N3 d (3-491 
2c 2 

Accordingly, from this result, the width of the insulating region d2 can be 

obtained. 

It is important to note that the C-V measurements should be carried 

out at large operating frequencies, when slow trapping states play only a 

neglible role in determining the charge densities. Capacitance values 

measured at high frequencies (- 1 MHz) are determined by fast, shallow 

states rather than the deep-level traps (186). 

With regard to the use of the above analysis in studies of CdS - Cu2S 

solar cell junctions it is expected that one of the above three cases will 

be applicable at different stages of cell fabrication. When the cell is 

first formed, a junction defined by case I or case II is anticipated, 

depending upon the fabrication conditions,, but as a result of subsequent 

heat-treatment during which copper diffuses from the Cu2S into the CdS, an 

insulating region is generated on the CdS side of the junction leading to 

the situation described by case III. According to the analysis above, the 

resultant barrier properties are very sensitive to the width of the induced 

insulating layer which is, of course, dependent on the temperature and the 

time of the diffusion process. 
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3.6 Diffusion Processes in Thin Film 

As we shall see in chapter 5 in this thesis , the diffusion of copper 

from the Cu2S layer to the CdS is a very important step in CdS-Cu2S solar 

cell fabrication processes. The diffusion of copper results in an 

increase in magnitude of the space charge barrier on the CdS side of the 

junction, but it could also have a deleterious effect. on the long term 

operational stabilit, .1 
of the cells. 

The -diffusion of impurities in thin films can take place in the grains 
I 

and in the grain boundaries. There is no doubt that the resultant 

diffusion profile in such a film is very complicated and some gross 

assumptions have to be made in order to estimate the respective diffusion 

coefficients (D 9 in the grain and Dgb in the grain boundary) from the 

observed profiles. 

In applying simple diffusion theory the following assumptions are 

made, (a) one species of impurity will diffuse independently of any other, 

(b) the diffusion rate is independent of the concentration,, and (c) the 

amount of material diffusing per unit time is proportional to the 

concentration gradient. For the simple one-dimensional case with 

propagation in the y direction, Fick's (187) equation can be written as 

3C (Y. t) 
.D32C 

(ye t) 
(3-50) 

at Y2 

where C is the i. T-npurity concentration, and D is the diffusion coefficient 

According to Fick's law, for impurity diffusion from a limited supply at 

the surface (y = o), the concentration at a depth y should be given by 

(188o, 189) 

C (y. t) C exp y1 
0 4.0 t (3-51) 

where Co is dependent on the initial surface concentration of the 

impurities, and on the time of diffusion t. 
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In this work, the CdS thin film is in the forin of a polycrystalline 

layer with columnar grains and grain boundaries perpendicular to the 

substrate. During the heat-treatment process or during cell operation, 

one could expect that the diffusion of copper from the Cu2S to the CdS 

would take place both in the grains and between the grains of the film. 

For bulk diffusion into the grains, equation (3-51) becomes: 

(Y. t) Cey2 
90 xp To t 

(3-52) 

where Dg is the diffusion coefficient in the grain. In the absence of any 

other diffusion mechanism, Dg could be obtained from a plot of ln Cg 

against y2- However, in addition to the grain diffusion, there will be a 

further process associated with the grain boundaries. The grain boundary 

diffusion problem has been mathematically analysed (190" 191) using an 

idealised model in which grain boundaries lie normal to the free surface of 

an other wise homogeneous section of material and that each grain boundary 

is an isotropic slab of material of width S in which the diffusion is 

character ised by the coef f icient Dgb* With this model (illustrated in 

Fig. 3-9a) and with Dgb >> Dg the grain boundary constant concentration 

contours are expected to follow the form shown in Fig. (3-9b). Using this 

model, a polycrystalline film could be considered to be formed from a 

random array of slabs of width S lying normal to the free surface of the 

thin f ilm with each slab sardwiched between two flat grains. Assuming the 

boundary conditions Cg 0 Cgb and Dg3C9 =D aCg6 at the grain-grain ý -x gb ag 
boundaries interface, where cg is the concentration in the grain (outside 

the slab) and Cgb is the concentration in the grain boundary (within the 

slab) , Le Claire (192) has shown that 

Ds3 
Log C 

gb 
-5/3 

(4091 

1/2 

(a 
Log C 

gb (3-53) gb ay 6/5 
ta (n B-13 6/5 
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(a) 

(b) 

Figure (3-9) The typical grain boundary concentration contours 

and the model for the grain boundary diffusion in 

sectioning experiment. 

I 
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where n and Oare dimensionless parameters introduced by Whipple (193). 

Numerical evaluation of the last term has provided a value of 0.78 (192,, 

194), practically independent of concentration, position and temperature. 

Thus, provided that s, t and Dg are known, Dgb can be found by determining 

the slope of a graph of 109 qgb against Y6/5. 
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Chapter 4 

Experimental Procedures 

4.1 Introduction 

Figure (4-1) shows the cross-sectional structure of a typical cell. 

The fabrication of such a cell can be divided into five main stages: 

Preparation of the substrate, deposition of the cadmium sulphide, formation 

of the copper sulphide, cell annealing, production of the front contact and 

encapsulation. 

Each of these stages of fabrication has an important influence on the 

properties of the completed cells and therefore it was necessary to control 

very carefully the fabrication procedures in order to obtain reproducible 

results. 

The experimental details concerning each of the process steps are 

given in the following sections together with information on the 

characterization procedures used at different stages of cell fabrication 

and for determining the behaviour of the completed cells. 

4.2 Preparation of the Substrate 

A wide variety of substrates was used, including zinc-coated copper, 

Molybdenum (Mo), zinc coated Mo,, Pb, Sn, Zn and various metallic thin films 

evaporated on glass sheets. The most successful results were obtained 

with zinc coated copper which makes a good low resistance ohmic contact and 

provides good adhesion with the CdS thin film. A brief fabrication 

procedure is as follows: 

4.2. (a) Copper Substrate Copper sheets of the required size (5 cm x 4.5 

cm) were washed in tap water and detergent to remove any contamination on 
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the surface. They were etched in nitric acid (30%) until all the top 

surface was removed. The sheet was rinsed thoroughly in distilled water 

and in methanol and finally it was dried in a nitrogen stream. 

4.2. (b) molybdenum Substrate The sheets of Mo were cut to the required 

size (5 cm x 4.5 cm) and detergent was used for initial cleaning, as in the 

case of copper. These sheets were then dipped for 10-20 seconds into a 

beaker containing 50/50 fuming nitric acid and distilled water until the 

surface had been oxidized to a dark brown colour. This brown oxide layer 

was removed by soaking the sheets in concentrated hydrochloric acid for 

about 20-30 seconds,, leaving the surface clean and bright. Finally the Mo 

sheet was rinsed well in distilled water and dried in a nitrogen stream. 

4.2. (c) Glass Substrate Sheets of glass of the required size (1.2 cm x 

1.2 cm) were used. The thickness of the glass sheet was -0.1 cm. The 

glass sheets were kept in a beaker containing 5% concentrated lipsol liquid 

for a few days. Everything was then heated to about 700C for 1 hour, 

before rinsing in hot water and transferring the glass sheets to a beaker 

containing 2% concentrated lipsol liquid and placing them in an ultrasonic 

cleaner for 5 minutes. The required number of glass sheets were rinsed 

thoroughly in warm distilled water until all the lipsol liquid was removed 

and finally the glass sheets were rinsed in methanol and dried in a 

nitrogen stream. 

4.2. (d) Coating the Substrate The vacuum evaporation technique was used 

to make a thin coating layer on both metallic and glass substrates. A 12" 

vacuum coating unit was used. Molybdenum and tungsten boats were 
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degassed in a vacuum before the metal deposition took place and high purity 

metals were evaporated using a suitable boat. The substrate was placed 

about 14 cm vertically above the boat. The thickness was measured 

using a film thickness monitor. For zinc layers the thickness was 

determined by a simple method of measuring the weight of the substrate 

before and after deposition. From the weight difference, density of Zn, 

and the area of Zn deposited on the substrate the thickness can easily be 

calculated. 

For glass substrates,, a thin film of chromium was evaporated first, in 

order to provide a good adhesion between the glass, and the required metal 

layer was deposited immediately afterwards without breaking the vacuum. 

4.3 Deposition of the Cadmiurn Sulphide Layer 

When CdS powder is heated in a vacuum, it decomposes and the 

constituent elements travel until they reach a cooler surface or substrate 

where they recombine to grow in the form of a polycrystalline CdS film. 

The wurtzite hexagonal phase always predominates in CdS evaporated films at 

substrate temperatures greater than 1500C (42,49,65). If there is a 

preferred growth direction in the crystallites then,, as the growth 

continues, those crystallites which initially were oriented with their 

growth direction nearly perpendicular to the substrate begin to 

predominate. Thus thicker films are covered by highly oriented grains. 

Apparently the growth rate of the CdS crystallites is substantially greater 

in the +c direction than in others. However, the orientation of the 

hexagonal (0001) plane is not perfect and it often assumes a range of 

angles with respect to the substrate. By arranging the substrate at a 

suitably large distance from the source the crystallites can almost be 

4 
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aligned with (0001) direction perpendicular to the substrate. Further, by 

increasing the thickness of the CdS film, the degree of preferred 

orientation can be increased. This type of oriented growth yields the 

columnar structure as shown in Fig. (4-2). The substrate surface texture 

and temperature , and the evaporation rate, determine the number of 

nucleations and statistical distribution of their orientation, and hence 

the grain size of the final CdS film (43). 

The process of the evaporation has generally four main steps (195). 

The f irst step is the dissociation of the bulk COS to cadmium and sulphur 

on the surface 

CdS (solid) -'-- Cd(surface) +S (surface) (4-1) 

The loosely bound cadmium atoms on the surface can evaporate directly. 

Cd (surface)---ý'- Ocl (gas) (4-2) 

but a single sulphur atom is more likely to associate with another one 

before the evaporation 

2S (surfacefýý---ý" S2 (surface) (4-3) 

and then the sulphur on the surface can evaporate directly 

S2 (surface) 2ý2' S2 (gas) (4-4) 

The cadmium and sulphur vapours recombine on the heated substrate. 

Since the sulphur vapour pressure is slightly higher than cadmium vapour 

pressure, the deposits will have an excess of Cd. The lower the substrate 

temperature the greater the amount of excess cadmium in the film and hence 

the lower the resistivity. If the temperature of the substrate is very 

high, cadmium atoms may re-evaporate before recombining with sulphur, thus 

the stoichiometry of the CdS thin film depends not only on the 

stoichiometry of the CdS materials in the crucible but. also on the 

substrate temperature and the evaporation rate (42,65). 

The system used for CdS film deposition during this project is shown 
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schematically in Fig. (4-4) and consists of an evaporation system capable 

of attaining vacuum better than 10-5 torr. The substrate holder consisted 

of a hollow stainless steel block containing a heater element insulated 

from it by two thin sheets of mica. Power was supplied from a transformer 

rated at 15 V,, 60 A. The substrate was placed between the heater block 

and a mask, which was designed to allow a simultaneous fabrication of 18 (1 

cm x1 cm) cells arranged in a3x6 matrix. An extra 1 cm square hole 

had been cut to clamp a chromel-alumel thermocouple to monitor the 

substrate temperature. The thermocouple was spot-welded on a metal foil 

which was placed in contact with the substrate between the substrate 

heating block and the mask. The substrate holder including the substrate, 

the mask, and the thermocouple were then suspended above the quartz 

crucible by the use of two threaded rods, so that its height could be 

varied. 

The CdS charge was contained in a double-walled cylindrical quartz 

crucible which was heated by means of a molybdenum heating element wrapped 

around a quartz former as shown in Fig. (4-5). The outer shield was a 

cylinder of stainless steel covered with a quartz tube. It is difficult 

to heat the CdS to its sublimation temperature without particles, being 

projected directly onto the substrate. This splattering can be avoided by 

putting a quartz wool plug on the top of the CdS. Power was supplied from 

a transformer rated at 15 V,, 60 A. A plat i num-plati num/rhod ium 

thermocouple could be placed within the quartz crucible to monitor the 

temperature of the CdS during the evaporation. 

The hot-wall consisted of a pyrex cylinder with a heating element 

wrapped around it. The length and the diameter of this pyrex cylinder 

were 22.5 cm and 14.0 cm respectively. Power was supplied from 

transformer rated at 35 V, 10 A. 
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Figure (4-4) Apparatus for the deposition of CdS. 
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Figure (4-5) Source Container and heater. 
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At the start of each evaporation cycle, a shutter was placed in 

position between the CdS source crucible and the substrate. 

After pumping down to obtain vacuum less than 10-5 torr. The 

substrate was heated until outgassing was completed. To improve the 

quality and the reproducibility of the CdS thin film the substrate was 

heated to 3000C. and then dropped to the required temperature before 

starting the deposition. Gradually the quartz crucible and the hot-wall 

were heated, bringing the hot-wall to 2000C and the quartz crucible to 700- 

7500CP when the sublimation of CdS begins to be noticable. With the 

temperature of the substrate, the hot-wall and the quartz crucible adjusted 

to their required values, the rate of evaporation was allowed to attain a 

steady-state before the shutter was moved aside. Some immediate 

adjustment is then required to the substrate temperature which starts to 

rise due to the radiation heating from the high temperature source 

assembly. The temperature of the substrate could be controlled at any 

temperature between 2000C and 3500C, while the quartz crucible could be 

heated to temperatures up to 11000C. 

At the end of the evaporation, the substrate was once again covered by 

the shutter, and all the heaters were switched off. The system was cooled 

down to room temperature with care being taken to ensure that the substrate 

cooled slowly in order to retain good adhesion to the OdS film. 

4.4 Formation of Copper Sulphide Layer 

The formation of a p-n heterojunction is accomplished by converting 

I 

the top layer of the WS surface to copper sulphide via a chemical reaction 

with a solution of cuprous chloride in water and hydrochloric acid for 

short periods at about 950C. The reaction follows as 
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CdS +2 CuCl '0 Cu2S + CdC12 (4-5) 

where a mutual exchange of two Cu+ ions for every Cd++ ion from the CdS 

results in a topotaxial copper sulphide layer on the surface. The 

free-energy change for this reaction is - 5.22 x lg4 J mole-1 (-1.4 eV 

molecule- 1) (42) and the forward reaction is thus highly favoured, 

particularly as the CdC12 is removed from the reaction area by going into 

the solution. 

In order to improve the quality and the reproducibility of the copper 

sulphide layer, cuprous chloride powder was purified to remove the unwanted 

cupric ions, which may be present in the chemiplating solution. The 

cuprous chloride powder was first purified by dissolving in concentrated 

hydrochloric acid, which was decanted and precipitated in a large volume of 

deionised water. The pale green colour due to cupric ions (which are 

present in the powder as cupric chloride together with the cuprous 

chloride) in the solution is removed and fresh delonised water added to the 

deposit which is again allowed to settle. This was repeated several times 

until all traces of acid (containing soluble cupric ions) were washed away. 

This was indicated by the clear solution and a pure white deposit. 

Finally the CuCl was rinsed in alcohol and dried under vacuum. 

The chemiplating solution was prepared using deionised water which was 

first boiled while nitrogen gas was bubbled through in order to remove the 

oxygen. The deionised water was cooled to about 600C and 11 ml of 

hydrozine was added to 75 ml of the water. After adding 13 ml of 

concentrated W-1 acid, the temperature of the solution rises to 70-800C. 

Finally a known weight of purified CuC1 powder was added (usually 0.5 gm) 

and the solution was stirred well while nitrogen gas was bubbled through. 

After heating to the required temperature (usually 950C) the pH was 

adjusted to the required value (pH =4 was usually used). 
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Prior to dipping the CdS layer into the Cu Cl solution, the edges of 

the CdS films were protected using a varnish which could withstand a 

temperature up to 2000C. The CdS films could be cut out as 1 cm square 

cells to be dipped singularly, or they could be left as a combined unit of 

up to 9 lcm square cells and dipped together. 

In the actual chemiplating process, the CdS films were first 

chemically etched in concentrated IM at room temperature for 5-10 seconds. 

The films were then cleaned in deionised water and thermally stabilized in 

a deionised water bath at anout 8oOC for a few seconds and then chemiplated 

in a CuCl solution as prepared above. Finally the films were rinsed 

thoroughly in deionised water and dried in nitrogen gas. 

4.5 Cell Amealing 

After the formation of the copper sulphide layer, the next step is the 

"forming" of the junction by means of heat-treatment. If performed in a 

suitable atmosphere the role of this treatment can be to form the junction 

and also to improve the stoichiometry of the copper sulphide layer. The 

best results in this programme were obtained when the cells were heated in 

flowing hydrogen at temperatures in the range of 150-2000C for a few hours. 

Heat-treatment in vacuum and in air were also investigated and it was shown 

that,, for short annealing times, a vacuum gives similar effects to 

hydrogen,, while air was found to be markedly different. Alternatively, 

for some cells, a thin layer of Cu (about 100 AR) was evaporated onto the 

copper sulphide layer, and the cells then heat-treated in air. The effect 

of the heat- treatment on the copper sulphide stoichiometry (in different 

ambient atmospheres) and on the electrical properties of the cells are 

shown and discussed in chapters (5) and (6). 
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4.6 Formation of the Front Contacts 

Although it is possible to make a simple front contact by painting 

lines of silver paste (using a fine brush) on the top surface of the copper 

sulphide layer, mimh better results and mLch greater reproducibility are 

obtained by evaporating a linear array of gold grid lines through a mask. 

The mask made for this purpose was designed to produce grid lines of 20 I'm 

width and optical transmission higher than 90%. A negative print was 

taken of a large scale drawing of the grid design and a photo etch 

technique used to make the mask using copper foil. The Cu foil was 

polished until it had a bright finish. A good finish could be obtained by 

polishing the Cu foil with Brasso which was then removed using 

trichloroethylene (C H Cl-C C12)0 The foil was then transferred to a 

beaker containing 2% of concentrated lipsol liquid and washed in an 

ultrasonic cleaner for 5 minutes. The foil was then rinsed thoroughly in 

warm distilled water (until all the lipsol liquid was removed), and finally 

rinsed in methanol before being dried in a nitrogen stream. 
I 

A layer of positive (Shipley AZ-1350) photoresist was spread uniformly 

over the Cu foil and baked at 800C for 30 minutes. The Cu foil was cooled 

to room temperature and the photographic negative was placed over it in 

front of a UV light (200 W high pressure Hg unfiltered lamp was used) and 

exposed for 1-2 minutes. The grid pattern was developed using Shipley Az- 

351 developer diluted with distilled water (1: 5) for 1 minute,, then the Cu 

foil was baked at 800C for a few minutes. The exposed area of the foil 

was then etched away using hexahydrate crystals of ferric chloride (500 

g/1). The remaining photoresist was removed using acetone. The 

resultant masks had a grid structure with 16 lines cm-1, and a grid width 

of the order of 40-50 Um as shown in Fig. (4-3). 
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In order to ensure that the grid lines had a sufficiently low 

resistance, a thickness of about 0.5 um was used. Line widths of 

40-50 jim were obtained consistently, yielding grid transmission of about 

85% as can be seen in Fig. (4-3). The gold grids were joined up with 

silver paste and a fine wire of Cu was attached to complete the electrode. 

4.7 The Scanning Electron Microscopy (SEM) 

The SEM is a well-establ i shed research tool in many research f ields 

(196). It was designed to produce a magnified image of a surface. Some of 

the main advantages of this instrument are: the large depth of focus and 

high magnification, which gives considerable perspective to the image, the 

possibility of examining relatively large samples at low power and high 

magnification. 

In this work a Stereoscan 600 scanning electron microscope (Cambridge 

Scientific Instruments Limited) was used. It has a switched magnification 

range between X20 and X50,000 which represents a scanned area on the sample 

from 6 mm x5 mm to 2.4 Vmx2Vm. The sample holder can be positioned at 

any tilt angle between 0 and 900j, and the sample stub can be rotated in the 

holder. 

The SEM was used to study the grain structure and surface texture of 

the CdS thin films arising from different fabrication processes, and also 

to determine the grain size and the thickness of the OdS films. 

4.8 Auger Electron Spectroscopy (AES) 

Auger electron spectroscopy was discovered in 1925 by pierre Auger 

(197). In recent years, as a result of advances in high vacuum 

66 



technology, it has become a powerful method for solid surface and thin film 

analysis and it is now commonly used in both industrial and research 

laboratories (198,199). 

The emission of Auger electrons is a secondary ef f ect which occurs 

when an atom is subjected to X- irradiation or particle bombardment. 

Under such treatment atoms of the material become ionised, electrons in the 

inner orbits being ejected. This leaves the atom in an excited state and 

it may return to a lower state by an electron dropping from an outer orbit. 

This releases an amount of energy equal to the difference between the two 

energy levels involved. This energy may be transferred to another 

electron which is ejected in consequence. This is known as the 'Auger 

effect' and the ejected electron as an 'Auger electron'. 

Although X-rays and ions can be used for the excitation,, AES is best 

performed by using relatively low energy (usually 1-10 kev) electrons. 

The principles underlying the technique are illustrated in Fig. (4-6). 

The basic requirement is the measurement of the kinetic energy distribution 

of secondary electrons. An Auger peak from an element of atomic number Z 

is found at an energy given approximately by 

EWXY M=EWM-EXM-EY (Z + A) -0A (4-6) 

where Ew, Ex Ey are the energies of individual levels relative to the Fermi 

level, OA is the work function of the energy analyzer material, and 

A allows for the change in the energy level since the atom is doubly 

ionized after Auger ejection. The experimental values for A have been 

found to be generally between 1/2 and 3/4 (197,199). 

A Vacuum Science Workshop Auger electron spectrometer OCAS 2000) was 

used for this work. This consists of two chambers, one for sample 

analysis and the other, with a differentially pumped Ar ion gun for sample 

processing. The system is diffusion pumped through long life cold traps 
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f itted with isolation valves. The sample transfer mechanism allows up to 

eight samples to be transported from the sample preparation chamber via a 

gate valve into the main analysis chamber. A 1800 hemispherical analyser 

with an integral four element zoom lens was f itted in the system. Auger 

spectra were monitored at vacuum levels <10-9 torr for the following 

elements at the indicated energy: Cu (920 eV),, S (152 eV), Cd (376 eV), Cl 

(181 eV), 0 (508 eV) and C (272 eV). In order to minimize errors due to 

sputtering artefacts, such as surface damage, differential sputtering,, 

etc., the Ar gun was operated at 10 UA at the low ion beam energy of 4kV. 

The milling rate was calibrated to be 4 nm min-1 using several films of 

known thickness. The elemental concentrations were determined from the 

peak heights. The peak heights are proportional to the elemental 

composition but they do not give the concentration of the concerned species 

in absolute terms. 

The AES method is ideally suited for fast determination of 

concentration depth profiles and, in this investigation, has been used 

primarily for studying the interdiffusion processes associated with the 

degradation behaviour of the completed CdS-CuxS thin film solar cells. 

41 

4.9 The Ion Implantation Facility 

The ion implantation accelerator is shown diagrammatically in f igure 

(4-7). The main features are the heavy ion source, constant field 

accelerator tube, magnetic separator, electrostatic quadrupole focus 

electrodes, x and y shift and scan deflector plates,, first target chamber,, 

accelerating column and second target chamber. Relative to the separator 

magnet the ion source could have a voltage of +lOOkV maximum, and the f inal 

target a voltage of -200 kV maximum giving the accelerator voltages of up 
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to 300 M 

A sample of the material, containing the desired element to be 

implanted was ionised in the ion source. The desired ion species was 

separated from its isotopes and other unwanted ions in the magnetic 

analyser. The isotope separation is based on the principle that the 

accelerated ions, deflected by a uniform magnetic field, will travel along 

trajectories determined by their mass to charge ratio and energy. 

All ions could be given equal energy (by stabilizing the pre- 

acceleration voltage) and thus trajectories of the particles were 

determined by mass to charge ratio alone. The ion beam passed through a 

series of equipotential planes, ending at earth potential, and then between 

the pole pieces of a 600 Lintott mass separator magnet. A slit placed in 

the path of the ion beam as it emerged from the magnet selected the 

required ion species from the beam and blocked the unwanted ions. The 

ions passing through the slit were focused by the quadrupole electrode 

system, and further electrodes shifted and rastered the beam. Neutral 

particles were removed by a neutral beam trap consisting of a set of 

electrodes which shifted the charged beam into a path displaced from its 

original path but had no effect on neutral particles. At this stage the 

ion beam could be used to implant a sample placed in the f irst target 

chamber, if an ion energy of 100 keV or less was required. The ions could 

be accelerated further by passing through another set of equipotential 

planes to a second target at a potential up to - 200 kV relative to earth. 

A further set of focus, shift and raster, and neutral beam trapping 

electrodes was placed between the second accelerator tube and the second 

target chamber. This accelerator tube consisted of nine aluminium 

accelerating electrodes, separated by pyrex spacers and protected on the 

inside by stainless steel. 
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4.10 The Electrochemical Reduction Technique 

The thickness and the stoichiometry of the cuprous sulphide layers 

were determined electrochemically by cathodic stripping. The method was 

essentially that employed by Castel (102), whereby measurements are made of 

the variations in the chemical potentials for the different Cu-S phases 

present in the copper sulphide layer by slow sweep chrono-potentiometry. 

In order to measure the chemical potentials, a cell is constructed 

with the form 

pt I S2-(aq) I CUXS I pt 

where S2- represents sulphur with degree of oxidation 2, dissolved in an 

aqueous solution of neutral electrolyte. The chemical reduction from 

Djurleite to Chalcocite and further to copper takes place in two steps: 

CU S+ (2 - x) e- -+ 
!ý Cu S+2xS 

2- 
x222q (1 ) 

x Cu S+x e- xCU+ 
!ýS 2- 

q (2) i222 

A study (102) of the variation of the normal potential in the above 

cell during the course of the reductions (1) and (2) has revealed that, 

given the basic properties of the sulphide anion, the redw-tion potential 

of copper sulphides (Cu2SJI Cul. 96SI CuS) are a function of acidity of, the 

electrolyte solution and the above two reactions are identified with the 

best separation when the electrolyte pH is equal to or greater than 8. 

The experimental cell used in this investigation was similar to that 

employed by Castel consisting of a sodium acetate solution (0.1 M" pH 8.0) " 

platinum anode, a reference electrode and the copper sulphide sample as 

cathode. The experimental arrangement for the potential measurement is 

shown in Figure (4-8). Prior to the measurement,, pure N2 gas was bubbled 

through the solution to drive off traces of dissolved oxygen. Later,, 

during the experiment, an inert ambient (again N2 gas was used) was formed 
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Figure (4-8) Electrochemical cell for studying the electrochemical 

reduction of copper sulphide films. 

1- DC voltage supply (, ý, 30OV) 

2- High resistance 0,5.75 MM 

3- Keithley digital multimeter 

4- Recorder 

5- Nitrogen gas 

6- Colomel reference electrode 
7-0.1 M Sodium acetate solution 
8- Platinum anode 

9- Exposed area of Cu 
XS 

film (cathode) 
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above the solution. 

While preparing the copper sulphide films for this experiment, extreme 

care was taken to use pin-hole free films. A non-conducting epoxy was 

applied to insulate all the other regions of the electrode immersed in the 

electrolyte except a small area (- 0.2 cm, x 0.2 cm) of the CuxS f ilm 

itself. Low current densities in the range of 2.5 x 10-4 A cm-2 to 25 x 

10-4 A cm-2 were maintained in the cell by using a high resistance in 

series with the power supply. 

If q, and q2 are the quantities of the electricity necessary to 

accomplish the two stages of the reduction as in (1) and (2), and,, tl. and 

t2 are the respective reduction periods,, then deviation from the copper 

sulphide stoichiometry 
2q2t 

qI+q2t1+ at 
(4-7) 

where a in the last term is a factor by which the current is incresed to 

accelerate the reaction in the C02S phase. The total quantity of copper 

formed can be deduced from 

n 'a 
2 (4-8) CU F 

where F is Faraday's constant and I is the current flowing in the cell. 

The second step of the reduction can be used to calculate the equivalent 

planar thickness, d, of the cuprous sulphide layer fran the relation 

aIt2mI 
d -F (4-9) 

where M, and d respectively are the molecular weight and the density of the 

copper sulphide taken to be 5.6 g cm-2. S is the area of the sample. 

Figure (4-9) schematically illustrates the electrochemical data obtained 

experimentally in the form of a potential-time graph. Although the 

electrochemical method is a destructive technique, which yields only the 
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average film properties, its application has been very helpful in 

developing an understanding of the copper sulphide film characteristics, 

and consequently of the heterojunction photovoltaic properties. 

4.11 Sheet Resistance of the Copper Sulr)hide Layer 

For the sheet resistance measurements, a linear four-point probe 

method was used. The same grid lines as shown in Fig. (4-3) were used in 

groups of four to make measurements of the sheet resistance. Current was 

passed through the outer two grids and the voltage (related to the sample 

resistivity) developed across the inner two grids was measured. 

4.12 Resistivity and Carrier Concentration Determinations for the CdS 
thin tilms 

The resistivity of the CdS layers perpendicular to the plane of the 

substrate (along the c-axis) was measured by the use of ohmic contacts on 

both faces of the CdS thin film. One of the contacts was the metal 

substrate itself,, while the other was a circular evaporated indium dot on 

the front surface of the film. The resistance R between the two contacts 

was measured with a Keithley digital multimeter and the resistivity p 

calculated from 
A 

p= (4-101 

where A is the area of the indium dot and I is the thickness of the CdS 

thin f ilm. 

The carrier concentration for the CdS thin films were obtained from 

capacitance-voltage measurements on Au/CdS Schottky diodes formed by 

evaporating circular dots of gold on to the front surface of th CdS films. 

The metal substrate once again provided the back ohmic contact.. The diode 
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capacitance C was measured using a Boonton 72B capacitance meter with the 

reverse bias voltage V across the junction in the range between 0 and 3 

volts. By plotting the data in the form C2 against V, the carrier 

concentration was calculated from the slope of this graph using equation 

(3-43). This measurement could also be used to determine the space charge 

width and the diffusion voltage for both Au/CdS Schottky diodes and 

CdS/Cu2S solar cells. 

4.13 The Optical System fOr the Cathodoluminescence Analysis 

The apparatus for studying the luminescence emission is shown 

diagrammatically in Figure (4-10). The- cathodoluminescence was excited 

using 5 VA cm-2, , 10 kev electrons from an electron gun placed in the front 

of the sample so that the electrons struck the sample normally. The 

emission observed through a window in the cryostat was reflected through 

450 by an adjustable mirror and mechanically chopped at 800 HZ before being 

passed through a Hilger Monospek monochromator which had a1 mm grating 

blazed at 1 pm with slit widths of 0.25 mm. A photomultiplier was placed 

at the exit slit of the monochromator and the output from it was fed 

through a Brookdeal, low noise amplifier and a Brookdeal phase sensitive 

detector into a potentiometric recorder. 

The adjustable mirror was positioned to maximise the amount of emitted 

light incident on the entrance slit of the monochromator which had an 

electromagnetic clutch control and a synchronous motor for wavelength 

scanning. The electron gun focus and the x and y deflection plate 

voltages were adjusted to give uniform exposure of the sample as judged by 

observation of the visible cathodoluminescence emission from the sample. 

The samples were mounted in an evacuated chamber on a rotatable metal 
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Figure (4-10) Arrangement of optical apparatus for studying 

luminescence emission before and after implantation. 

A Ion beam B Cryostat base and cold finger 

C Electron gun D Photoexcitation 

E Chopper F Hilger Monospek monochromator 
G Detector H Amplifier 

I Phase sensitive detector j Recorder 

K High Voltage Supply 
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block having a hexagonal cross section, so that six different samples could 

be f ixed on its six faces by using silver paste. The cathodoluminescence 

spectrum was recorded at liquid nitrogen temperature in a vacuum of _10-7 

torr. 

4.14 The Photovoltaic Soectral Response measurenents 

The photovoltaic spectral response measurements were made at room 

temperature, with the cells illuminated normally using a Bausch and Wmb 

monochromator (grating blased at 0.3 Pm), and a tungsten ligh*t source. 

The photovoltaic response was measured from 0.4 to 1.1 Vim with a Wratten 

88 A filter being used for wavelengths higher than 0.78 um. For 

monitoring the spectral response of the open-circuit voltage a Keithley 

digital multimeter was used and the output recorded potent iometr ically. 

Since the short-circuit current in this experiment was very small due to 

low intensity of incident light, great care was required to avoid stray 

effects due, for example, to background light in the laboratory. 

Therefore, for measurements of the spectral response of ISC, the cell was 

connect ed with a Brookdeal low-noise amplifier and phase sensitive 

detector. 

The spectral dependence of the incident light intensity was 

calibrated by the use of a standard PbS cell so that the spectral responses 

of the cells could be normalised for constant incident photon flux. 

4.15 The Current-Voltage Characteristics 

Figure (4-11a) shows the electrical circuit which was used to measure 

the current-voltage characteristics of the CdS-Cu2S solar cells under 
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Figure (4-11) Circuits of measuring current-voltage characteristics. 



various conditions. The voltage was measured directly across the cell and 

the current was measured by monitoring the voltage generated across a1 ohm 

standard resistance. A Bryans 26000 x-y recorder was used to record the 

resultant characteristic as the externally applied bias was scanned 

manually. The light source illuminating the cells was a 1000 W tungsten 

lamp with a water filter to give an approximation to the solar spectrum 

(200). The light intensity was calibrated by use of a standard silicon 

solar cell which had been calibrated for AMO solar radiation (at which it 

gave a short-circuit current of 105.3 mA) but as the short circuit current 

Isc. of this cell is directly proportional to light intensity, the light 

source could be calibrated for different light intensities including Aml 

which was the radiation level mostly used. 

For -I-V measurements at different temperatures the test cell could be 

mounted in a cryostat which could be evacuated to a pressure of 10-5 torr. 

A temperature control system was used to maintain steady temperatures in 

the range between 80 and 400 K. A copper-constantan thermocouple mounted 

near the sample was used to measure the temperature. Figure (4-11b) shows 

the basic principle of the electrical circuit which was used for these 

studies. Two Keithley 
-digital 

multimeters were used to measure the 

current and the voltage under forward and reverse bias voltages which were 

provided from a stabilised DC power supply. 
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Chapter 5 

Results 

5.1 Develor-ment of thin film CdS-Cuý, S solar cells 

5.1.1. The CdS layer 

5.1.1. a. The effect of the substrate 

Both the topography and thermal expansion properties of the 

substrate are crucial factors in determining the structural properties and 

defects of subsequently grown layers of CdS, but the substrate must also 

provide a low-resistance ohmic back contact to the CdS in order to minimize 

the series resistance of the completed cells. In order to determine which 

substrate had the best characteristics in terms of reproducibility, 

stability and high efficiency cell performance, a variety of possible 

systems were investigated. Table (5-1) summarizes some of the results,, 

indicating the quality of the adhesion, ohmicity and back contact 

resistance between the substrate and the WS films. The table shows that 

only zinc coated Mo, Al and Cu sheets, and pb coated glass sheets gave both 

good adhesion and low back contact resistance. 

In order to provide a further check,, several different substrates 

were placed in the vacuum chamber at the same time and then the CdS 

deposition was carried out. Table (5-2) shows the resistance between the 

substrate and a 0.2 cm indium dot deposited on the top surface of CdS 

films. The first three substrates show a low resistance between the 

indium dot and the metallic substrate. Such a resistance is due to the 

resistivity of the CdS film itself,, and these substrates provide a linear 

relationship between the current and the voltage. The other substrates 

have a high resistance due to the unsatisfactory back contact. 

Fig. (5-1) shows the scanning electron micrographs for one batch 
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Table (5-1) Adhesion, ohmicity and back contact resistance for 

different substrates. 

A- Metal Sheet Substrate Adhesion Contact ohmicitY Back contact 
resistance 

Mo Good not always oýrnic high 

Al ohmic very high 

Ag not always ohmic high 

Ti ohmic very high 

CU Poor rectify very high 

Thin film deposited on 

metal sheet substrate 

Zn on Mo Good oh: nic low 

Zn on Al 

Zn on Cu 

Ti on Cu Poor 

In on Cu 

In on Mo 

Thin film deposited on glass 

sheet coated with Cr. 

Zn poor ohmic low 

Cu - Zn poor oft-nic low 

Pb good ohmic low 

Sn poor 

In poor 

Ag good not always ohmic high 
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Table (5-2). The resistance between the substrate and the CdS film. 

The WS was evaporated at a rate of 1, pm min-' and substrate 

temperature 230-2400C. 

Substrate 

Zn thin film on Cu sheet 

Ti thin film on Cu sheet 

Resistance (0) 

0.5 

0.75 

Pb thin film on glass sheet 0.82 

Ag thin film on glass sheet 10.8 

Mo sheet 18 

Ti sheet 100.8 

f 
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of CdS films grown on different substrates. The Zn coated Al substrate is 

shown to be associated with a low packing density and some pinholes, while 

CdS films grown on zinc coated Cu and Mo together with Pb coated glass 

substrates show a good packing density. However, the grain sizes were 

somewhat similar for all the OdS films. 

In view of these results and the work of other investigators (see 

chapter 2) a special effort was devoted to developing a reliable 

fabrication procedure for CdS-Cu2S cells on zinc coated copper substrates. 

The zinc layer is necessary to prevent the direct formation of copper 

sulphide by the reaction of the copper with the S2 molecules arriving from 

CdS vapour. In addition, zinc serves as an effective ohmic contact to the 

CdS. One advantage of this substrate is due to the interdiffusion between 

the zinc and the copper during the substrate baking and CdS deposition. 

This interdiffusion leads to the formation of high reflectivity brass at 

the surface of the substrate. Because of the superior reflection 

properties of pure copper and low zinc brasses (202,203),, it is desirable 

to keep the initial Zn layer as thin as possible. To achieve the optimum 

thickness of zinc, that is sufficient zinc to inhibit direct copper 

sulphide formation but a thin enough layer to result in maximum light 

reflection and good ohmic characteristics, different thicknesses of zinc 

layer were tried. Results indicate that a maximum in the short-circuit 

current is obtained when the thickness of the zinc layer is in the range 

between 0.2 - 0.5 jim, in agreement with the work by Bragagnolo (202). At 

this thickness the adhesion for the CdS layer was good but it should be 

noted that some adhesion problems have been encountered for zinc layers 

thinner than 0.1 Um or for zinc layers evaporated under poor vacuum 

conditions. 

The adhesion of thin films of Cu and Zn on glass substrates was 
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poor and the copper films peeled from the substrate at various stages of 

processing. The adhesion was improved when the substrate temperature was 

raised to - 3000C prior to deposition but the zinc coated copper sheet 

substrate was found to be much better and more reproducible. 

In order to explore the effect of surface texture of the 

substrate, the growth of CdS on smooth and rough surfaces of zinc coated 

copper foil was also investigated. The unetched surface of the CdS on a 

smooth substrate was found to be much flatter than for a rough substrate 

but the adhesion of. the CdS was not as good as that on the rough substrate 

so that difficulties in cell fabrication were encountered. Accordingly, 

the standard substrate used for all subsequent investigations was rough 

textured, zinc-coated copper foil. 

5.1.1. b. The effect of CdS powder 

In the early work on this project a variety of different CdS 

powders were investigated. The aim was to determine the relationship 

between the source material and the grown CdS films. Fig. (5-2) shows the 

0 cathodoluminescence emission spectrum for two different CdS powders. 

Curves A and C are for the "as received" CJS powders, while curves B and D 

are for the sintered powders. The sintering process was carried out by 

heating the CdS powder in vacuum (_ 10-5 torr) for 10 hours at 4000C,, and 

then sealing off in vacuum the quartz tube containirxg the CdS powder before 

baking it for 2 days at 9000C. 

Changes in the composition of the CdS powders are expected to 

occur during the sintering process. Indeed, when the Koch-light CdS 

powder was sintered, a thin layer of sulphur (or probably sulphur-rich CdS) 

was seen to be deposited on the quartz tube of the cold trap, while for 
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General Electric powder a thin layer of cadmium was deposited. Thus, the 

effect of sintering is to change the stoichiometric composition of the CJS 

powder so that the atomic ratio of Cd/S is increased for Koch-light CdS 

powder, and is decreased for General Electric powder. Fig. (5-2) shows 

the sintering treatment to have a marked effect on the luminescence 

properties. For example, the intensity of the edge emission for Koch- 

light CdS powder increased significantly while it diminished for the 

General Electric powder. Similar marked variations have been found in the 

electrical properties of the CdS films produced using these powders. This 

is illustrated by the results in Table (5-3), which were obtained when the 

film deposition rate and the substrate temperature were 0.6 Um min-1 and 

230-2400C respectively. 

Table (5-3) Carrier concentration and resistivity values of CdS thin 

film obtained using different OdS source powder. 

source material Carrier co entration Resistivity (n cm) 
(C: r 

F), 

G. E. CdS powder 5.33 x 1016 42.7 

Sintered G. E. CdS powder 8.5 x 1015 1050 

Koch-light CdS powder 2.4 x 1017 25.0 

Sintered Koch-light CdS powder 8.5 x 1017 7.3 

The structural properties of the films also depend on the chosen source 

powder, as can be seen in Figure (5-4) which shows the effect of the 

sintering treatment for films formed from Koch-light powder. It should be 

noted that films prepared by evaporating the "as received" Koch-light CdS 
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powder showed a low packing density and a large number of pinholes after 

acid etching. Furthermore, although quartz wool was used to Plug the WS 

source bottle some particles of CdS tended to be projected onto the 

substrate during the evaporation process. This was due to the fact that 

the "as received" Koch-light CdS was in the form of a very fine powder. 

This problem could be overcome by decreasing the rate of evaporation, but 

this had a further effect on the electrical properties of the CdS films, as 

discussed in section (5.1.1. c). The effect of the evaporation process on 

the resultant film properties is further demonstrated by comparing the 

spectra in Fig. (5-2) with those in Figure (5-3) which shows the 

cathodoluminescence emission spectra for the CdS films prepared using the 4 

different CdS powders. (Curves A-D were obtained for the same 4 CdS 

films referred to in Table 5-3). The two peaks observed in the vicinity 

of 490 and 520 nm in the CdS powders have been extensively investigated in 

CdS single crystals (204). The lower wavelength (higher energy) peak is 

due to an excitonic transition, while the green edge emission peak (lower 

energy) is attributed to the recombination of a free electron with a hole 

bound to a native defect,, probably the cadmium vacancy, or an impurity 

acceptor. The longer wavelength peaks in the cathodoluminescence spectra 

are due to other defects in the CdS f ilms. The large peak observed at 

about 690 nm for the "as received" Koch-light CdS powder is considerably 

diminished in the thin film (Curve A), while the edge emission peak shows a 

significant increase in magnitude. other differences between the emission 

spectra for the powder and thin film samples can be seen but the overall 

emission and relative intensities of the various emission bands depend 

strongly on the film deposition parameters. It is interesting to note 

that, in general, those layers which display poor cathodoluminescence 

(e. g. curve D in Figure 5-3) are found to form low efficiency cells. 

82 



A 

A I 'I 
I"I I "J "I 

I' ' 

�1 I, '-I 
I" Is 'I I 

It 
I' 

II 
II 
"J 
II 

I, 

II 
I. 
II 

'I I, 
SI 

1,1% 

ii 

C 

B 

A Koch-light 

B Sintered Kock-light 

C G. E. 

D ........ Sintered G. E. 

!: )Uu 600 700 

Wavelength (nm). 

Figure (5-3) Cathodoluminescence emission spectrum of CdS thin 
films prepared from different CdS powders, and using substrate 
temperature of 230 - 240 0C and deposition rate of 0.6 um/min. 

Boo 



i IIIIIIIIII.. M- 
ý. 

ý OL 
V%* I I 

d 

a 

b 

11_::, , 15; ; --II-,:; -i ; ý, *L C, i.; pwler and ý1-, ) Sinterej K,, z; i- 

light CdS powder, viewed at normal incidence and at tilt angle 

of 'u 300. 

i ;, -re (5-5) 

after removal of by leaching in 0.1 N KCN Solution. 

The cells fabricated using two CdS films prepared at two substrate 

temperatures, (a) 200 - 2100C and (b) 230 - 2400c. 



Due to the problems of evaporating unsintered Koch-light powder 

(mentioned above) the reproducibility of CdS films formed from this source 

of CdS was poor. However, this problem did not arise when using either 

sintered Koch-light or General Electric CdS powder, which reliably produced 

good quality CdS films suitable for fabricating high efficiency solar cells 

providing that the growth conditions, such as the substrate temperature and 

deposition rate, were optimized. 

5.1.1. c. Substrate temperature and deposition rate 

The influence of the deposition rate and the substrate 

temperature on the electrical properties of the CdS films prepared using 

sintered Koch-light and the "as received" General Electric CdS powder is 

seen in the results shown in Table (5-4). It should be noted that 

in c4lculating the resistivity and carrier concentration account has been 

taken of the variation in film thickness which ranged from - 30 pm for the 

films prepared at the lowest substrate temperature to less than 20 Pm for 

the films deposited at > 2500C. This is due to the fact that once the 

vapour molecules have condensed on the substrate surface re-evaporation can 

occur and the rate of re-evaporation increases with substrate temperature. 

The upper limit for the film deposition rate as shown in Table (5-4) was 

1 ijm min-1, because at higher source evaporation rates spattering of the 

OdS powder became a problem, with powder particles being seen on the CdS 

films when they were examined under an optical microscope. The lower 

limit of the substrate temperature was 200OCr because the substrate 

received considerable radiation heat from the furnace. It should be noted 

that all films in Table (5-4) were deposited with care taken to ensure that 

the hotýwall temperature (2000C), the source- substrate separation, the 
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pressure and the CdS source degassing procedure were identical during the 

different evaporation cycles for these films. 

, The results in Table (5-4) show that the resistivity of the CdS 

films increases with increasing substrate temperature and decreases with 

the deposition rate, while the carrier concentration decreases with 

increasing substrate temperature and increases with increasing deposition 

rate. These findings are in good agreement with the work of Dimova (205). 

Wilson and Woods (65) obtained similar results for the effect of the 

substrate temperature on the electrical resistivity of CdS films when the 

substrate temperature was above 1500C. but the effect of changing the 

evaporation rate was different to that observed here. However, a direct 

comparison between these results is not valid because the films examined by 

Wilson and Woods were much thinner than those considered here and film 

thickness is known to have an important influence on the properties of 

evaporated layers. 

It is clear from Table (5-4) that, although the trend for the 

resistivity and carrier concentration values were in the same direction for 

both series of films, the absolute values of the carrier concentrations for 

the film prepared from sintered Koch-light OdS powder are approximately one 

order of magnitude higher than for the films prepared using General 

Electric CdS powder. Such a difference could be due to differences in the 

stoichiometry such that the atomic ratio of Cd/S was higher for the 

sintered Koch-light than for the unsintered General Electric powder. 

Alternatively, differences in the quantity and variety of trace impurities 

in the two different sources would be expected to exert an important 

influence on the electrical properties of the resultant films. 

The effect of the deposition rate and substrate temperature on 

the grain size was studied by means of the scanning electron microscope. 
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Fig. (5-5) shows some of the relevant micrographs for the top surface of 

CdS films prepared at two different substrate temperatures using General 

Electric CdS powder. The grain structure in these films has been revealed 

by grain boundary decoration. This boundary decoration was provided by 

first forming CuxS on the surface of the CdS film by the CuCl solution 

process and then removing the CuxS layer by dissolving it with KCN 

(212,219) The removal of CuXS which bad formed between the grains 

reveals the boundaries. From the resultant micrographs in Fig. (5-5) it 

is clear, that the grain size increases as the substrate temperature 

(72) increases as has been. previously observed by Shallcross Similar 

micrographs have been obtained for films produced with lower deposition 

rates. 

5.1.1. d. Structure and chemical etching 

To obtain a highly absorbing surface for the solar cell and 

to remove surface contamination prior to dipping, the CdS layers are etched 

in concentrated HC1 acid at room temperature. The textured surface 

which results from etching is advantageous since it acts as a light trap 

and makes the area of the solar cell junction significantly larger than the 

geometrical area of the film. Figure (5-6) shows the scanning 

electron micrographs for CdS films which had been etched in concentrated 

HC1 acid for times of 0,5,10,20 and 30 sec at room temperature. It is 

clear that as the etching time is increased up to 10 sec, the acid attacks 

both the grain and the grain boundary regions, yielding a pyramidal 

structure at the CdS surface with a number of pyramids at the top of each 

CdS grain. As the etching time is continued beyond 10 sec, some pinholes 

and etch pits start to develop and increase in width as the etch time 
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Figure (5-6) SEM micrographs of CdS film after HCJ acict etcning 

for (a) 0 sec, (b) 5 sec, (c) 10 sec, (d) 20 sec and 

(e) 30 sec. 



increases. Subsequent studies of the properties of completed cells have 

indicated that the optimum etching time for high efficiency solar cells is 

about 5 to 10 seconds. 

The effect of the different HC1 acid concentrations and 

temperatures was investigated but such variations were found to provide no 

advantage over the use of the "as received" concentrated HC1 at room 

temperatures. Brief consideration was given to an alternative method of 

surface preparation. In this method the CdS film was first dipped in CuCl 

solution and then the resultant CuxS layer was removed with a KCN solution. 

This procedure increases the effective surface area, primarily by 

increasing the grain boundary penetration. Although this technique did 

not lead to the fabrication of solar cells with improved efficiencies as 

compared with acid etching, it did show that the removal of the top layer 

of CdS is very important, since the short-circuit current was improved 

significantly even after a2 sec preparatory dip. Moreover the 

stoichiometry of the CuxS was also improved, as discussed in section 

(5.1.2. b). 

Besides increasing the effective area, providing a clean, fresh 

CdS surface and reducing the reflection of the solar cell after the 

formation of CuxS layer, the acid etch may also change the composition of 

the upper layer of the CdS f ilm, or at least etch away any Cd-rich layer on 

the surface. Indeed some indication of this behaviour has been obtained 

from capacitance-voltage measurements. Fig. (5-7) shows the plot of C-2 

as a function of the reverse voltage for two Schottky diodes of Au-CdS, 

where the gold dot Schottky contacts were evaporated onto the CdS f ilms 

before and after the acid etch for 10 sec. As the area increases by a 

factor of 2.0 after the acid etch (see section 5.1.2. b), then a reduction 

of the carrier concentration from 6.1 x 1018 cm-3 to 5.2 x 1017 cm-3 after 
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the acid etching is obtained. The associated increase in the space charge 

width, with the accompanied increase in area is consistent with the 

capacitance at zero bias. 

5.1.2 The Copper Sulphide Layer 

5.1.2. a The Thickness and Composition of 2! xS layer 

The dipping of CdS films in a hot CuCl solution for solar cell 

formation demands high quality CdS films. Since any pinholes or tiny 

scratches over the film surface exert considerable influence on the process 

of CuxS growth. The microstructure and topography of the CdS films 

strongly influence the microstructure and topography of the subsequent CuxS 

films. In fact no change was observed in the scanning electron 

micrographs before and after the formation of CuXS and the surface 

structure of a CdS film with a CuxS layer is similar to that for CdS layer. 

Auger electron spectroscopy (AES) and electrochemical analysis 

(ECA) were used to investigate different aspects of the growth behaviour of 

the CuXS films (details are given in chapter 4). To offset any variation 

in the growth of these films due to differences in the underlying CdS, 

films of identical structure and electrical properties were chosen. In 

fact, all the CdS films were deposited with the same evaporation 

conditions, using sintered Koch light CdS powder, and they were all etched 

in concentrated HC1 acid for 10 seconds. The growth of CuXS layers was 

studied as a function of the CuCl molar concentration in the dipping 

solution, the dip period and the bath temperatures. 

Figure (5-8) shows the variation of the equivalent thickness of 

the CuxS layer as a function of plating time. This thickness is a 

function of both the mid-grain thickness dl and the grain boundary depth d2 
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of Cu, S (see Section 5.3.2). Curves A,, C and D show these -variations for 

three different CuCl concentrations 1,5 and 14 g 1-1 where the solution 

temperature and pH values were 950C and 4 respectively. For the lowest 

CuCl concentration employed (1 9 1-1) curve A shows that the growth of the 

Cu, S layer is reasonably linear with time, but as the CuCl concentration is 

increased two growth mechanisms are indicated by the growth curves which 

follow a parabolic law for small dip times and a linear variation over the 

longer term. The initial parabolic growth is clearly more significant for 

higher CuCl concentrations, as seen in curves C and D. When the solution 

temperature was decreased (Curve B) both of the above two mechanisms could 

still be observed but, in each case, it appears that the growth proceeds at 

a slower rate. These results are in good agreement with Salkalachen et 

(125) for plating solutions with a PH value of more than 4. al. Palz et 

al. (206), Lindquist and Bube (207) and Rothwarf (208) have attributed a 

linear growth to the penetration of the solution into the cracks and 

numerous grain boundaries in the CdS films. Baron et al. (133) have 

suggested that a paraabolic type of growth is restricted to the central 

region of the grains. This is consistent with results obtained on single- 

crystal CdS by Singer and Faeth (209) and Buckley and Woods, (210) who 

found that the growth of CuXS layers followed a parabolic law attributed to 

diffusion limited growth on the CdS surface. These observations were made 

for fairly large thicknesses of copper sulphide layers. 

The composition of the as-dipped chemiplated layers are non- 

stoichiometric to varying degrees immediately after formation. The 

measurements in Figure (5-9) show the composition of the copper sulphide 

layers as functions of plating time. The values of x in the CuxS 

increases as plating time increases. It is clear that, for very thin 

layers of Cuxs, the value of x is very low (curve A). This may be partly 
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because the composition of the CuXS layers is af f ected by the laboratory 

atmosphere during transfer to the measurement system. The upper surface 

of the CuxS layer tends to become oxidized, while the under layer is less 

affected. However, it should be emphasised that all the measurements were 

taken immediately after the chemiplating process in order to minimize the 

time for oxidation. 

It is significant that a higher CuCl concentration seems to have 

a positive influence in improving the stoichiometry of the layer. At 5g 

1-1 the values of x in the CuxS layers are considerably increased as 

compared with lower CuCl concentrations (Curves A and Q. Also the 

composition of the CuxS layer was improved as the CuCl solution temperature 

was increased, as is clearly shown in Figure (5-9) by comparing curves B 

and C. As the use of 14 g 1-1 CuCI concentration requires only a very 

short dipping time for the required thickness of the CuxS layer to be 

formed it was found that greater control was achieved by use of a weaker 

solution. Therefore (unless stated otherwise) the following standard 

dipping conditions were used throughout the remainder of the reported work: 

Plating solution -5g 1-1 CuCl, 13 ml 1-1 HC1,11 ml 1-1 hydrazine, PH =4 

(adjusted with HM or hydrazine) 

Solution temperature = 950C 

Plating time = 5-6 sec. 

5.1.2. b The effect of chemical etching 

In addition to its effect on the texture of the CdS surface, the 

chemical etching ofthe CdS films was found to affect the stoichiometry of 

the CuxS layer subsequently formed by dipping in CuCl solution. Table 

(5-5) shows that both the acid etch and the KCN treatment improves the 

stoichiometry of the CuXS layers. 
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TABLE (5-5). Copper sulphide stoichiometry and equivalent thickness 

changes due to different chemical etching of cds films. 

xd oxide % 

A- unetched 1.9507 2051 1.14 

B- KCN 1.9747 2175 0.9 

C-1.9826 2598 1.1 

D-1.9721 2791 1.65 

E- HC1 1.9721 4076 0.838 

In sample A, the CuxS layer was formed on the "as made" CdS 

layer, while the CdS film in sample E was given a 10 sec etch in 

concentrated HC1 acid. For samples B, C and D the CdS layers were first 

dipped in CuCl solution for 2,5 and 12 sec respectively, and the 

resultant CuxS layers were then removed using KCN solution. CuXS layers 

were once again formed on these samples using the same standard dipping 

procedure as for samples A and E. It should be noted that the thickness 

of the CuxS film quoted in table (5-5) is the equivalent thickness (d) for 

which the surface area of the CuxS layer is taken as equal to the 

geometrical area of the exposed layer (see section 4-10). Therefore the 

results in table (5-5) reflect the increases of surface area and junction 

area as a result of the different surface preparation processes. If we 

assume the thickness and the growth mechanism of the Cuxs layer are the 

same during the final dipping process for all the samples in table (5-5), 

the values of d indicate that there is an increase in the surface area of 

the CdS and, consequentially, of thee junction area of the cell as a result 

of the etching process. This factor is approximately equal to 2 in the 

case of the HCl acid etch as shown by sample E (table 5-5) and,, as 
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expected, increases steadily with increase in pre-dipping time for samples 

B, C and D. 

5.1.2. c. The influence of different annealing conditions 

As electrochemical analysis (ECA) is a destructive technique it 

is not possible to perform an electrical character isat ion and a CuxS layer 

stoichiometry determination on a particular sample subjected to a variety 

of annealing treatments. However, in order to be able to correlate such 

data, the samples under investigation were taken from the same batch of CdS 

layers and processed together prior to the respective measurements being 

made. 

The influence of annealing in air is demonstrated in table (5-6), 

which shows how the sheet resistance, the amount of oxide and the 

stoichiometry of the Cuxs varies with annealing time. The results show 

TABLE (5-6). Copper Sulphide stoichiometry (CuxS) and sheet resistance 

changes due to annealing in air. 

Annealing time (mins. ) x oxide % sheet resistance (102 U) 

0 1.966 0.011 12.0 

2 1.964 0.011 

5 1.954 0.012 

10 1.912 0.017 8.5 

20 1.89 0.05 5.7 

very clearly the deterioration in the stoichiometry of the copper sulphide 

as the annealing time increases and oxidation proceeds. 

An improvement, rather than a deterioration, in the x-parameter 

is obtained by annealing in a vacuum or in flowing hydrogen, as can be seen 

92 



in table (5-7) which shows the ef f ect of 20 mins. annealing in one of the 

three different ambient atmospheres. It is clear that while oxide 

formation is a significant effect in the case of air annealing, there is 

some reduction of the existing oxide layer in the case of vacuum or 

hydrogen annealing,, together with the kqrovement in x values. 

TABLE (5-7). Copper sulphide stoichiometry (CuXS) and oxide percentage 

changes due to 20 mins. annealing at 2000C for different 

annealing ambient atmospheres. 

Annealing ambient x oxide 

1.966 0.011 

Air 1.940 0.05 

vacutin 1.976 0.006 

Hydrogen 1.979 0.003 

As the copper vacancies which are produced in the copper sulphide 

layer (as a result of surface oxidation) act as acceptor centres, the 

departure of x from the value 2 causes an increase in the majority carrier 

density with a consequent reduction in the sheet resistivity of the copper 

sulphide layer. This is also seen from the data in Table (5-6). This 

well-known association between the sheet resistance of the CuxS layer and 

the composition parameter x is further demonstrated in figure (5-10), which 

also shows that the highest values of both sheet resistance and x are 

obtained by annealing in vacuum or in hydrogen. 

The advantage of using a vacuum or a hydrogen atmosphere during 

the annealing stage is undoubtedly due to the avoidance of oxide formation 
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with its consequent lowering of the x value in the CuXS phase at the 

surface of the cell. As Table (5-7) shows that a reduction of the oxide 

is possible, with an improvement in the x-parameter, it was anticipated 

that longer annealing times (particularly in hydrogen) would be beneficial. 

This has indeed been conf irmed by examining the ef f ects of annealing at 

different temperatures for up to 8 hours. The best value of the CuxS 

stoichiometry (x = 1.9927) close to opti-n= value for high ef f iciency CdS- 

CuxS solar cells was obtained when the CuxS layer was annealed under 

flowing hydrogen for 8 hours at 2000C. This finding is in a good 

agreement with the work at the Institute of Energy Conversion in Delaware. 

5.1.2. d. The effect of copper overlayers 

As discussed in section (5.2.4), an alternative method for 

avoiding a deterioration in the stoichiometry of the CuXS layer during the 

, annealing stage is to provide an overlayer of copper. Subsequent 

annealing (in air) not only improves the stoichiometry but also the 

stability of these cells. 
0 The ef fect of an additional copper layer (in this case 100 A) and 

air annealing for up to 3 hours can be seen in Table (5-8). This lists 

the x values and oxide percentages of the CuXS layers before and after 

applying the Cu layer,, and following air annealing at 2000C. It is clear 

that, in the presence of the copper overlayer, the first go mins. of 

annealing time allows the stoichiometry of the CuXS layers to be improved 

while at the same time a surface oxide layer is being generated. 

If a CuxS layer coated with a thin layer of Cu is annealed in 

vacumm no significant improvement of the CuxS stoichiometry is obtained and 

the Cu layer remains largely unaffected. Therefore, to enhance the 

reaction between the Cu layer and the CuXS, the annealing of this system 
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TABLE (5-8). Composition parameter x in CuxS and oxide percentages of 

CuxS before and after applying copper over layer (-100 OA) 

and subsequent annealing treatment in air. 

x oxide % 

As-dipped 1.965 0.01 

+ 100 R Cu layer 1.951 0.02 

20 mins. air annealing 1.981 0.10 

40 mins. air annealing 1.985 0.17 

90 mins. air annealing 1.988 0.2 

180 mins. air annealing 1.980 0.21 

must be done in air. indeed a value of x as high as 1.992 was obtained 

for some samples as a result of this treatment. As previously noted, such 

a value can be obtained by the use of hydrogen annealing but only after 

many hours of annealing time. There is clearly an advantage for the 

copper overlayer treatment which requires a shorter annealing time and, at 

the same ti-ne, i. nFroves the stability of the cell (see section 5-4). 

5.1.3. Properties of the top contact 

In a front-wall solar cell the grid design must be a compromise 

between the current collection efficiency and the transmission of the 

incident light onto the CuXS surface. In the early stages of this 

investigation, the completed cells had a high series resistance and a low 

fill-factor when using a grid with up to 4 lines cm-1. The grids were 

either of silver paste and printed onto the Cuxs surface or vacuum 

evaporated gold through a mask. Because the copper sulphide layer is very 

thin its sheet resistance is high and, in order to minimise the series 
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resistance of the cell, the current conducting paths must be kept very 

short. Hence, a close-spaced grid structure is found to be essential. 

However, since the incident light must be transmitted through the spaces 

between the grid lines, the grid lines have to be proportionally narrow. 

With an improved grid design providing 16 lines cm-1, improvements in the 

short-circuit current, the series resistance, the fill-factor and 

consequently the conversion efficiency of the cells have been obtained. 

Table (5-9) compares the effect of two different grid designs on some cell 

parameters and shows that the grid can have a significant influence on the 

overall efficiency which can be achieved. Apart from their grids, the 

cells compared in table (5-9) were almost identical, both having a CuxS 

layer with x value of 1.98 and CuXS real layer thickness approximately 0.2 

Um. It must be noted that by using x values smaller -than 1.96 fill- 

factors as high as 0.75 have been obtained, but the short-circuit current 

was then very small due to the reduced photon absorption coefficient. 

TABLE (5-9). Voc, Jsc, FF and n of two identical cells having different 

gold grids design. 

Voc (volts) JSC mA Cm2 
. -FF 

n% 

4 lines cai-l 0.51 15.7 0.51 4.08 

16 lines crrl 0.51 18.5 0.7 6.60 

In addition to the density of grid lines, the series resistance of the cell 

and also the fill-factor are influenced by the grid material, line 

thickness and line width. In order to have grid lines with sufficiently 

low resistance, a line thickness over 0.5 ijm was found to be necessary. 

obviously, the grids must be made from metals which form a good ohmic 
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contact with the copper sulphide layer. Grids made from evaporated silver 

metal were found to be unsuccessful, since the open circuit voltage, Voc, 

was significantly reduced (in some cells it was as low as 0.32 volts). 

More satisfactory grids were obtained using evaporated copper metal, but 

much better and more reproducible results were obtained from gold 

evaporated grid contacts. 

5.2 Characteristics and properties of the CdS-CuxS solar cells 

The effect of CdS properties 

Figure (5-11) shows typical I-V characteristics for CdS-CuxS 

solar cells made from CdS films with different resistivities. Before 

annealing, the cell made from low resistivity OdS film (Curve A) had poor 

diode and photvoltaic characteristics, i. e. the current voltage 

relationship was almost ohmic, the open-circuit voltage and the fill-factor 

were low, and the dark saturation current was high. The photovoltaic 

effect shows improvement after the annealing treatment,, but the open- 

circuit voltage always remains below the normally-achieved standard value 

0.5 V) Better output was obtained immediately after the dipping 

process when the resistivity of the CdS was increased, and the open circuit 

voltages were then found to reach the above standard value of this device. 

As seen in figure (5-11) the annealing treatment improves the photovoltaic 

properties (curve C and D), but the series resistance and the fill-factor 

were found to be rather poor in the case of CdS films with electrical 

resistivity higher than 500 ncm (curve Q. The rather low short-circuit 

current for the cell formed in high conductivity CdS (curve B) is 

undoubtedly due partly to the stoichiometry of the CuxS, which was found to 

degrade more rapidly for CuxS layers made from low resistivity CdS (see 
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section 5-4). 

An investigation of the effect of etching the OdS surface prior 

to dipping showed that improvements of the cell efficiency are obtained 

after HCl etching for 5-10 sec. Typical results are shown in table (5-10). 

TABLE (5-10). Voc,, and Isc changes due to different etching time of the 

CdS layer. 

HCl voc (V) jsc MA crr 2 

unetched 0.52 10.2 

2 sec. etch 0.515 13.7 

5 sec. etch 0.5 16.7 

10 sec. etch 0.5 17.0 

20 sec. etch 0.49 15.4 

These results were obtained using relatively high resistivity CdS films 

(500 12cm). The etched films were formed into cells using the standard 

dipping procedure (summarised in section 5.1.2. a) and post- fabr icat ion 

annealing was carried out in hydrogen for 20 mins. at 2000C. The fall in 

the open-circuit voltage with increased etching time (table 5-10) can be 

attributed to the increase in the area of the actual heteroj unction, Ap 

according to the following relation (47) 

ý T J AV ý- - 1. 
0Ce A, 

where AL is the projected area of the cell. From the data in table (5-10) 

the ratio 
AJ 

was found to be 2.16 for a 5-10 sec HCl etch which f its 

well with the data in section (5.1.2. b) . In order to improve the Voc, the 
A 

ratio of -L! 
J- 

' must be close to one. By using a weak HC1 etch (20%) the 
A. L 

unwanted surf ace contaminated layer of the CdS can be removed without 

severe surface texturing. It has been found that this does avoid the 
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re&rtion in Voc values but,, as expected, the short-circuit current and the 

efficiency are always lower than that for a highly textured surface. The 

importance of the acid-texturing is demonstrated by comparing table (5-10) 

with results in table (5-11) which were obtained using films which had been 

given the KCN treatment. The CdS films were first dipped in CuCl solution 

for 2,6,8,12,, and 20 sec. The copper sulphide was then removed by KCN 

and the devices were then redipped in CuCl for 5-6 sec and finally annealed 

in air for 5 mins. at 2000C. These results show, once again, that the VOC 

falls as the effective area of the junction,, Aj, is increased (in this 

case due to increased grain boundary penetration of the CuXS layer) but for 

these cells there is no significant improvement in the short-circuit 

current, presumably due to the relative smoothness of the cell surface and 

the consequent poor photon absorption properties of the Cuxs layer. 

TABLE (5-11). Voc and Jsc changes due to different KCN etching time. 

Note that the predipped CuXS are annealed in air at 2000C 

for 5 mins. 

First dip time (sec) voc (volts) js, (Ina ad-2) 

2 0.5 10.25 

0.5 12.8 

8 0.49 

12 0.48 9.68 

20 0.46 8.5 

HC1 acid etch (5 sec) 0.49 14.8 
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5.2.2. The influence of the copper sulphide layer 

As discussed in section (5.1.2. a) the required CuxS stoichiometry 

can be achieved by appropriate control of the CuCl solution temperature, 

and concentration. However, the photovoltaic Properties of the completed 

cell depend markedly on the thickness of the CUXS layer as well as on the 

stoichicmetry. 

Table (5-12) shows how the thickness of the CuXS (determined by 

the plating time) affects several cell properties. The cells were 

fabricated using 35 Pm thick CdS films which had been etched in a 

concentrated hydrochloric acid at room temperature for 10 sec. The f ilms 

were dipped in CuCl solution for 3,6,10,15 and 20 seconds using the 

standard CuCl solution (see section 5.1.2. a). Prior to deposition of gold 

grids (16 lines cm-1) the cells were annealed in vacuum for 20 mins. at 

2000C. Table (5-12), shows that the open-circuit voltage decreased as the 

plating ti-ne increased as would be expected from the deeper penetration of 

the CuXS through the grain boundaries of the CdS causing an increase in the 

junction area. The calculated increase in junction area (using eq. 5-1) 

is shown in figure (5-12). This deep penetration of the CuXS is also 

responsible for the low value of the fill-factor at 20 mins. plating time. 

As the CuxS is responsible for the absorption of the major 

portion of the light, its optimum thickness is a compromise between the 

need to make it as large as possible to maximize light absorption and the 

opposing requirement that the thickness should not exceed a value related 

to the diffusion length of the CuxS minority carriers (electrons). 

, 
Therefore, in spite of the improvement of the Cuxs stoichiometry as the 

plating time is increased the short-circuit current is seen to reach a 

maximum value after approximately 6 seconds plating ti-ne, which corresponds 

to copper sulphide equivalent thickness of about 0.28 Um (real layer 
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thickness of - 0.12 um). 

The effect of the CuxS thickness on the electrical properties has 

been investigated using a variety of OdS films with different electrical 

properties. These have been processed in a variety of CuCl solutions with 

different CuC1 concentrations and solution temperatures. For cells which 

were given the same post-fabrication annealing conditions the optimum real 

layer thickness of the CuXS for the best efficiency cells was always in the 

range 0.10-0.2 Um. For this thickness the short-circuit current is found 

to increase with higher values of x as shown in figure (5-13) for cells 

under AMI light intensity. In the presence of a djurleite-digenite 

mixture (1.96 >x>1.89), the short-circuit current is only slightly 

sensitive to the x-value. However as x increases above 1.96,, the short- 

circuit current increases very rapidly and reaches its maximum values when 

x is very close to 2. These results are in a good agreement with Palz et 
(109,137) al. 

TABLE (5-12). Cell parameters as a function of plating time. 

plating time (sec) d(A9) x jsc (mA crr2) VOC(volts) 

3 1590 1.9 10.87 0.525 

6 2840 1.976 15.71 0.52 

10 4040 1.977 13.42 0.51 

15 4900 1.983 12.04 0.475 

20 7810 1.986 9.75 0.46 

FF n% 

0.735 4.2 

0.7 5.71 

0.692 4.73 

0., 673 3.84 

0.535 2.4 

5.2.3. The effect of different annealing conditions 

The influence of annealing in one of three different ambient 

atmospheres is demonstrated in figure (5-14) which shows how the open- 
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circuit voltage, voc and the short-circuit current, Jsc, both vary with 

annealing time. In every case there is an improvement in Voc and isc for 

very short annealing times, but while further heat treatment in air gives 

rise to a subsequent deterioration in these electrical characteristics 

(full curves in figure 5-14) no such deterioration occurs with further 

annealing in either vacuum or hydrogen (broken curves in figure 5-14). 

Thus, although there is a clear optimum time for annealing in air (in the 

region of 5 mins. for the case shown in figure 5-14) no such optimum time 

can be associated with annealing in either a vacuum or a hydrogen 

atmosphere. Indeed, very much longer periods of hydrogen annealing have 

been employed with no sign of deterioration of the cells. During the 

course of this investigation some cells were heated for up to 10 h and in 

other laboratories annealing in hydrogen for periods up to 64 h (at the 

slightly lower temperature of 1500C) has been successfully employed 
(1211s, 212). During this project, the best recorded value of the short- 

circuit current (23.2 mA cm-2 at AM1 as shown in figure 5-13) was obtained 

after a hours annealing in flowing hydrogen at 2000C. This high value for 

isc was undoubtedly due to the corresponding improvement in the CuxS 

stoichiometry with the x value (x = 1.9927) similarly being the highest 

recorded value obtained during this work, as seen in figure 5-13. As 

discussed previously (section 5.1.2. c), cells exposed to air suffer 

oxidation with a corresponding fall in the Cu content of the CuxS phase and 

resultant deterioration of the electrical characteristics. Annealing in a 

vacuum or in hydrogen atmosphere is expected to reverse this process to 

some extent and this was confirmed by spectral response measurements, an 

example of which is shown in figure (5-15). In order to make clear the 

changes which occur under different ambient conditions, the effect of a 

long (20 days) exposure to air is compared here to the effect of subsequent 
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annealing in vacuum for a slightly longer period (30 mins. ) than was 

employed for the samples in figures (5-10) and (5-14). The spectral 

responses show three main features - two broad maxima at approximately 0.9 

Um and 0.7 I= and a sharp edge at 0.5 jim. The long wavelength maximum is 

due to absorption by chalcocite which has a smaller band gap (- 1.2 eV) 

than that of djurleite (1.8 eV) (213). Absorption by the latter phase 

contributes to the maximum in the region of 0.7 1, m and the feature at 0.5 

Um is due to absorption in CdS. Accordingly, as has been clearly 

demonstrated using single-crystal cells (213), the relatively greater fall 

in the long wavelength photoresponse compared with the fall in the 0.7 um 

response (curves A&B figure 5-15) is a consequence of an undesirable 

reduction in the value of the composition parameter x due to the effect of 

oxygen. However, some recovery of the long wavelength response of this 

cell was obtained by annealing in vacimm, as is clearly shown in curve C. 

5.2.4. Effect of copper overlayers 

The beneficial effect of applying an overlayer of copper to a 

CuxS/CdS cell has been discussed previously (section 5.1.2. d). Howeverp 

as the various cell fabrication conditions for optimum device performance 

are very much interrelated, it was necessary first of all to determine the 

effect of different thicknesses of copper and of different annealing times 

on the properties of cells produced by an adaptation of the standard 

procedure summarised in section (5.1.2. a). For this purpose, after the 

CuCl dipping stage, the cells were placed in the vacuum evaporation unit 

and a thin layer of copper was deposited over the CuxS surface to a 

thickness measured by a quartz crystal monitor. The cells were then 

completed with the usual linear array of gold contacts evaporated onto the 
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surface through a mask. The results of this experiment for copper 

thicknesses in the range 0-200 A are presented in table (5-13). With no 

heat-treatment, it is clear that deposition of copper had an expected 

adverse effect on the electrical properties of the cells. However, during 

the following 3h annealing treatment at 2000C in air an interesting 

variety of behaviour was observed. The cell with no copper layer degraded 

rapidly, as expected, while the copper-covered cells all displayed steadily 

improving (but copper-thickness dependent) characteristics for the first 90 

mins., after which degradation ensued. 

This experiment in which the best result was achieved for the 
0 

sample with a 100 A thick layer of copper after 90 mins. heat treatment is 

consistent with the work of Bloss and JL-wig (214) 
who obtained optimum cell 

0 
characteristics with copper layer thicknesses in the range/50-100 A. The 

full I-V characteristics for the cell with 100 AR copper layer are shown in 

Figure (5-16) for annealing times of 0,, 40,90 and 180 mins.. An important 

feature of the copper treatment is its relative insensitivity to the 

processing time. This is clearly demonstrated by the data in table (5-13) 

and figure (5-16) which show that after the first 40 mins. of heating, the 

changes taking place during the subsequent 2h were quite minor and these 

cells were then found to retain their charcteristics for long periods under 

operational conditions without encapsulation, as described in section 5-4. 

5.2.5. Temperature dependence of the photovoltaic properties 

The experimental data of the temperature dependence of the short- 

circuit current, isc, and the open-circuit voltage, Voc, are shown in 

figures (5-17) and (5-18) for three cells A, B and C. The cells were 
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TABLE (5-13). Variations in electrical characteristics with time of 

annealing in air at 2000C for cells with different 

thicknesses of copper overlayer. 

Annealing Thickness of copper overlayer 

time 0 0 50 A 0 100 A 0 200 A 

0 mins. voc (V) 0.42 0.18 0.17 0.21 

Isc (mA) 14.3 3.5 3.8 1.9 

isc mA cm72 19.06 5.8 6.3 3.1 

8 mins. VOC 0.48 0.25 0.21 0.32 

Isc 10.5 4.0 3.5 2.8 

isc mA arr2 14.0 6.6 5.8 4.6 

20 mins. VOC 0.48 0.39 0.45 0.36 

Isc 9.2 4.3 6.8 4.0 

isc 12.2 7.1 11.3 6.5 

40 mins. VOC 0.47 0.49 0.49 0.44 

Isc 6.0 8.3 8.8 6.0 

isc 8.0 13.8 14.6 9.8 

60 mins. VOC 0.44 0.48 0.495 0.47 

Isc 4.3 8.3 9.0 6.8 

isc 5.7 13.8 15.0 11.14 

90 mins. VOC 0.4 0.48 0.49 0.48 

Isc 3.8 9.0 10.5 6.9 

isc 5.0 15.0 17.5 11.3 

180 mins. VOC 0.25 0.46 0.48 0.48 

Isc 2.8 6.8 10.0 5.9 

isc 3.7 11.3 16.6 9.67 
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prepared using the standard preparation conditions as described previously 

but they were annealed under different annealing conditions (different 

time, and different ambient atmosphere). For the measurement of Voc and 

Jsc in the range -800C to 800C, the cells were mounted onto a temperature 

controlled Cu block and kept in vacuum. Simulated solar radiation at AMI 

(100mW cm-2) was once again employed and care was taken to ensure that 

sufficient time was allowed for thermal equilibrium to be achieved before 

any reading was taken. 

Figure (5-17A) shows the variation of Jsc with the temperature 

for the cell A before and after 3,6,20 and 40 mins. annealing in air at 

2000C, while in figure (5-17B) and (5-17C) the cells were annealed for 20, 

140,240 and 480 mins. in vacuum and hydrogen ambient atmospheres 

respectively. 

In cell A, the short-circuit current, as expected, initially 

increased as the annealing time was increased and, while being relatively 

insensitive to temperature over most of the temperature range employed, 

there was a strong decrease of isc in curves b and c at temperatures higher 

than +500C. No such change occurred in curve d or e, following the 

deterioration in isc due to excessive annealing in air (for 20 arx3 40 mins. 

respectively). However, before the annealing took place (curve a) the 

short-circuit current, isc, showed a distinct increase at high temperatures 

(over 700C). This is likely to be due to the fact that the ti. ne taken for 

each measurement at the elevated temperature is equivalent to a short 

anneal in vacuum during which there would be a consequent improvement in 

the value of isco For vacuum annealing (figure 5-17B), although an 

improvement of the short-circuit current is obtained at low temperature for 

annealing times up to 4 hours, its value is seen to drop very rapidly with 

temperature above a certain threshold, with the threshold moving to lower 
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temperatures as the annealing time of the cell was prolonged. 

Accordingly, after 8 hours annealing in vacuum the value of isc is very 

small at room temperature whereas, if the annealing was terminated after 

140 mins. (curve c, figure 5-17B), a high and nearly temperature 

independent short-circuit current is sustained to temperatures up to 

approximately 400C. 

For the cell annealed in hydrogen (figure 5-17c) the short- 

circuit current is seen to improve as the annealing time is increased and 

after 8 hours of annealing time, this cell displays temperature 

insensitivity up to 400C,, similar to the improved vacuum-annealed cell 

(cell B, curve c). 

The variation of the open-circuit voltage, Voc, with temperature 

is shown in figure (5-18A) and (5-18B). Figure (5-18A) shows the effect 

of air annealing, while figure (5-18B) shows the effect of vacuum 

annealing. For hydrogen annealing similar results to that shown in figure 

(5-18B) were obtained. It is seen that the Voc value drops over the 

entire range slowly at first until a temperature of about -500C is reached 

and then more rapidly over the rest of the range. 

5.2.6. The effect of illumination intensity 

Typical results showing the effect of different light intensities 

on the I-V characteristics of the CdS-CuxS cells are shown in figure 

(5-19). The curves were taken at light intensity values from 10 to 

180 mW c-n-2 at room temperature. As expected, the short-circuit current, 

Isc, increases approximately linearly with the light intensity, and the 

open-circuit voltage, vocs, rises with higher light levels and starts to 

saturate. it is clear from figure (5-19), that the slopes of the I-V 

curves at the current axis become less horizontal with increasing light, 
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which indicates a decrease in the shunt resistance of the device. 

However, offsetting this is the rise in open-circuit voltage and a 

decreasing internal series resistance indicated by the slope of the curves 

at the voltage axis becoming more nearly vertical with increasing light 

intensity. 

From the values of Voc and 1, -19),, a plot of ln isc 
,, 

in f igure (5 

versus Voc gives a straight line,, as can clearly be seen in f igure (5-20). 

This plot indicates that the relation between Voc and Isc in equation (3-7) 

holds perfectly well (Jsc -JL), and values of n=1.18 and Jo = 1.68 x 10-6 

mA cm-2 at room temperature were obtained. 

5.2.7. Determination of heterojunction parameters 

G) Freshly prepared cells. 

The dark, room-temperature I-V characteristics of a typical 

freshly prepared CdS-Cu2S heterojunction are shown in figure (5-21). it 

is clear that three different regions can be distinguished which correspond 

to different conduction mechanisms occurring over different voltage ranges. 

At low voltages (less than 0.15 volts) the conduction follows ohm's law 

whereas at higher voltages the conduction follows diodic behaviour with two 

different slopes. However at forward voltages above 0.7 volts, as is 

clearly shown in figure (5-21), the series resistance of the cell becomes 

important and the linearity is lost. 

The two regions which follow the diodic behaviour (regions II and 

III) can be fitted to equation (3-28), and values of the diode ideality 

factor, n, atid the reverse saturation current,, Is, can be obtained. The 

resulting values are listed in table (5-14). The barrier height can be 

calculated using the expression for the reverse saturation current, as has 
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been proposed by Rothwarf (157) using the interface recombination model. 

According to this model the reverse saturation current is given by 

is eSINc exp (-eý/U) (5-2) 

or 

ns (5-3) 
eeSINc 

where S, is the interface recombination velocity, and NC is the effective 

density of states f or CdS [NC =2 (2 7r m* kT h-2) 3/2 = 4.42 x 1014 (T) 3/2 1 

(99) where m* is the effective mass at room temperature 

NC - 2.2 x 1018 cm-3. Assuming a value for S, of about 5x 106 cm sec-1 

(163), the barrier heights listed in table (5-14) were obtained for the 

cell whose characteristics are shown in f igure (5-21). 

Figure (5-22) shows the plot of log IR versus log VR. This plot 

demonstrates that the reverse characteristics can be described by the 
Y 

expression IR c' VR- At low voltage (less than 0.1),, Y=1 is calculated 

from the slope in the region a. As the reverse bias increases, Y is seen 

to increase, thus for voltage above 0.4 volts (region c) the reverse 
y 

current is compatible with Zener effect (JR =BV> 2) and a value of 

y=3.2 is calculated. 

(ii) The effect of post-fabrication annealing treatment. 

As discussed in section (5.2.3),, annealing in a hydrogen 

atmosphere is an important step in achieving high efficiency cells. 

Therefore we have been concerned to study changes in the conduction 

processes in the cells after hydrogen annealing. Figure (5-23) shows the 

dark I-V characteristics (for the cell discussed in the previous section) 

after 20 mins. tr ydrogen annealing at 2000C. It is clear that these curves 
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TABLE (5-14). Values of reverse saturation current density, Js, diode 

ideality factor, n, and barrier height of CdS-CuxS cell 

before and after annealing. 

region 

A- For freshly prepared cell ii 

III 

JS (mA an-2) n0 (ev) 

1.06 x 10-1 6.94 0.60 

1.0 x 10-2 3.03 0.66 

B- After 20 mins. hydrogen 11 1.5 x 10-4 7.65 0.77 
annealing treatment at 
2000C. 111 1.12 x 10-6 2.88 0.90 

have a similar structure to those shown in figure (5-21) for the as- 

prepared cell, but the three regions seem to have shifted towards higher 

voltages and provide different values for the diode ideality factor and 

barrier heights as listed in table (5-14). It is clear that as a result 

of this annealing treatment an increase in the barrier height values are 

seen in II and III regions with accompanied reductions of the reverse 

saturation current. As can be seen in f igures (5-21) and (5-23) the 

region II seems to occur at relatively higher forward bias after annealing 

treatment and is sustained up to 0.6 volts, where region III begins. In 

fact when the annealing treatment was continued up to 8 hours in hydrogen 

at 2000C no conversion to region III was observed, with region ii being 

maintained up to at least 3 volts. 

The variation of reverse current with applied voltages is shown in 

f igure (5-24). Once again the three different regions a, b and c similar to 

that in as-prepared cells are clearly seen after 20 mins. annealing 

treatment in hydrogen at 2000C. However,, the region between the ohmic 

behaviour and Zener effect (region b) seems to be wider as compared with 
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f igure (5-22) for as-prepared cell and the value of y=2.3 is found to be 

smaller in the region c, in the case of annealed cell. 

The above cell was also investigated under illumination at Ami 

light intensity. Figure (5-25) shows the plot of evoc versus M This 

plot is a straight line over temperature in the range 170-340 K. At lower 

temperatures the open-circuit voltage is found to saturate. However,, when 

the line is extrapolated to kT =0a value of 0.95 eV, corresponding to the 

barrier height is obtained. According to equation (2-2), a value of 

LEc, the electron affinity difference can be calculated. Taking the band 

gap of Cu2S as 1.2 eV then the value of & Ec from the extrapolated value of 

(Eg, -, & Ec) is found to be 0.25 eV. This value is found to be independent 

of illumination intensity. It should be noted that for other cells values 

of AEc in the range of 0.20-0.3 ev have been calculated. This variation 

is due partly to experimental errors and partly to assuming the presence of 

a pure chalcocite phase of copper sulphide with a band gap equal to 1.2 eV. 

However these calculated values of AEC are in good agreement with the 

values reported by other authors (134,215), although Boer (216) has quoted 

a value of 0.35 eV. 

Figure (5-26) shows the I-V characteristics of the CdS-Cu2S solar 

cells similar to that studied above, but the annealing treatment was 

continued up to 8 hours in hydrogen at 2000C. The cell parameters are 

listed next to the I-V characteristics. The quoted thickness of the copper 

sulphide layer together with the values of x were made on a different but 

identically fabricated cell, using a CdS film from the same batch. 

5.2.8. Capacitance - Voltaqe characteristics 

Capacitance - voltage characteristics for Au-CdS and CdS-CuxS 

ill 
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junctions were studied to gain information concerning the majority carrier 

concentration (the net donor density) of the OdS, the diffusion voltage and 

changes in the space charge layer width resulting from different annealing 

treatments. 

Typical results for dark junction capacitance - voltage 

characteristic of a Au-CdS Schottky diode are shown in figure (5-27). 

From the plot of C-2 versus applied reverse bias, the carrier concentration 

and the diffusion voltage are found to be 3.1 x 1017 cm-3 and 0.5 volts 

respectively. 

Figure (5-28) shows the effect of annealing a CdS-Cu 2S cell (cell 

A) which was fabricated from the same batch of CdS layers from which the 

sample in figure (5-27) was taken. These plots all yielded straight 

lines, and for the newly formed junction (curve i) it is clear that the 

carrier concentration of 2.66 x 1017 cm-3 calculated from the slope of the 

plot (i) agrees very closely with that obtained from the corresponding Au- 

CdS Schottky diode (figure 5-27). The low value of the diffusion voltage 

(0.54 volts) of the CdS-CuXS cell in curve (i) is due to the high 

conductivity CdS layer. The annealing treatment resulted in decreased 

junction capacitance, indicating the formation of a compensated region of 

CdS at the CdS-CuxS interface. It is clear in curve (ii) of figure (5-28) 

that the value of the diffusion voltage is increased. This value is very 

close to the expected value for the diffusion voltage of the CdS-CuxS 

device (Case I in section 3-5). As the annealing treatment is prolonged,, 

more copper diffuses to the CdS layer causing an increase in the width of 

the compensated layer and reduction in the carrier concentration, as is 

clearly shown in table (5-15) . The voltage - axis interceptr VD* of the 

plot (iii) is no longer equal to the diffusion voltage as a result of the 

formation of a region of highly compensated OdS at the CdS-CuxS interface. 
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(This result conforms to Case III in section 3-5. From equation 3-48 a 

value of the thickness of the insulating layer d2 = 10.5 x 10-6 cm is 

calculated). 

When the copper sulphide was formed on a CdS layer having a mich 

higher carrier concentration (>1018 cm-3) than that for cell A,. the 

capacitance value at zero bias was higher than the upper limit of the 

capacitance meter (6000 pf) and no measurement could be made before any 

annealing treatment. Such behaviour indicates that the space charge layer 

width of the junction was very narrow, yielding nearly oKmic properties, as 

confirmed by measuring the I-V characteristics. 

For a cell (cell B) made using a lower carrier concentration than 

that for cell (A),, the capacitance - voltage characteristics before and 

after annealing treatment are shown in figure (5-29). The carrier 

concentration, N, and the voltage intercept VD*, together with the space 

charge layer width,, W, for both cells A and B are listed in table (5-15). 

It is clear from figure (5-29) that even before annealing treatment of cell 

(B) the intercept of the plot (i) with the voltage axis is not equal to the 

expected diffusion voltage of the CdS-CuxS cell. This indicates that, the 

space charge layer is not homogenous even for the freshly prepared cell. 

The thickness of the insulating layer d2 was calculated using equation (3- 

48) with the value for the diffusion voltage of VD = 0.8 volt, (see section 

6-3) obtained from the barrier height measurements (section 5.2.5). 

As the capacitance meter was limited to the range 0- 6000 pf, 

the devices under investigation had to be of very small area (of the order 

of 1-2 mm2). As a consequence, the active area of the copper sulphide 

layer was entirely covered with the gold contact. with this contact in 

Position during the annealing treatment for both cells A and B. the 

diffusion process at the CdS-CuxS interface was expected to be different to 
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TABLE (5-15). Carrier concentration, intercept voltage, space charge layer 

width and insulating layer width values for gold covered cells 

before and after air annealing. 

Annealing time N (c: 6-3) VD* (volts) W (r-m) d2(cn) 

(mins. ) 

Cell A0 2.66 x lgl7 0.54 4.67 x 10-6 - 

5 1.87 x 1017 1.06 7.36 x 10-6 3.92 x 10-6 

10 1.19 X 1017 2.0 11.1 x 10-6 10.5 x 10-6 

Cell B0 1.97 x 1016 2.44 3.67 x 10-5 3.03 x 10-5 

5 1.23 x 1016 3.14 5.28 x 10-5 4.48 x 10-5 

10 0.97 x 1016 3.5 6.32 x 10-5 5.54 x 10-5 

that applying in the absence of the contact. In fact the changes in the 

space charge layer width summarised in table (5-15) were found to occur 

after much shorter annealing times if the gold contact was evaporated after 

the annealing treatment. This is clearly shown in figure (5-30), where 

the space charge layer width is plotted as a function of annealing time for 

cell B (curve ii) and a set of similar cells annealed prior to gold 

contacting (curve i). For the latter case, the space charge layer width 

increases very rapidly with the annealing time for the first 20 mins., 

after which the values se m to saturate. If the annealing treatment was 

continued beyond 4a mins., the capacitance became nearly independent of the 

reverse voltage. 

Annealing cycles in vacuum or hydrogen ambients were found to 

reduce the junction capacitance in a similar way to air annealing, but 

longer times were required to obtain changes equivalent to those 

illustrated in table (5-15). 
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5.2.9. Deer) levels in CdS-CuXS solar cell 

An indication of the presence of traps in the CdS-CuxS solar 

cells was occasionally noted during the measurement of I-V characteristics 

when the current was found to drift with time at a fixed voltage setting. 

This drift generally increased with increasing forward bias and 

tEinperature. 

In order to obtain some information about these traps a brief 

investigation was carried out using the DLTS technique. The transient 

capacitance apparatus for recording DLTS spectra made use of a double 

boxcar detection system, similar to that described by Lang (217), and a 

Boonton 72B capacitance meter. The measurements were made for two cells 

similar to those used in the previous section. The reverse bias did not 

exceed 2 volts, in order to avoid excessive current being drawn as a result 

of junction breakdown. The trap filling was achieved by applying a 

forward bias pulse of magnitude approximately equal to the reverse bias. 

The DLTS spectrum for each CdS-CuxS heterojunction solar cell,, 

before and after 10 mins. air annealing treatment is shown in figure (5- 

The trap emission rate, en, is given by (217). 

e ln ( 
t2 

I (t -t (5-4) 
nt121 

where tj and t2 are the boxcar gate opening times. The emission rate is 

related to the trap depth,, ET, and the capture cross section, ant through 

the expression (217): 

ezNav exp ncn th TIT 

is the thermal velocity of the electrons Nth 1.5 x 106 T 1/2 where vth 

cm sec -1) and NC is the effective density of the states in the conduction 

band. Thus, from the slope and intercept of Arrhenius plots of en T; 2 

-1 versus Tm (where Tm is the temperature of the DLTS peak) the trap depth 
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and the capture cross section (assumed to be temparature independent) can 

be calculated. The corresponding plots for cell B before and after 

annealing are shown in figure (5-32) and the results are listed in table 

(5-16). 

The trap concentration NT was calculated by the use of the 

expression (216) 
-1 

N2N AC 11 - 
a, C, - 

CCV)l 
- (Ccvl )21 (5T63 

T CEO W(vl CEO) C(O) 

where N is the carrier concentration, AC is the change in capacitance at 

t=0, C(V) and C(O) are the steady state capacitance with and without 

applied reverse bias respectively, W(V) is the width of the space charge 

layer with an applied reverse bias V, and X is the width of the edge region 

of the depletion layer given by (218) 

X2 =2cc (E 
f-ET)/ e2 N (5-7) 

Here EF is the Fermi energy and the other terms have their usual 

meaning. The traps EA, and EA3 for cell (A) in f igure (5-31) before and 

after annealing are found to have the same energy depth (0.62 eV), and 

m2). capture cross section (_ 10-13 c. 

5.3. Cell diffusion processes and stability. 

5.3.1. Introduction 

It is obvious from the evidence presented in the earlier sections 

of this chapter that diffusion at the CdS-Cu2S interface is influenced by 

the cell fabrication and post-fabrication processes. In order to study 

this aspect,, Auger spectroscopy was employed (as described in section 4.8) 

to determine the compositional profiles and the effect on the profiles of 

different fabrication processes. This information was later correlated 

with the electrical characteristics of the cells. 
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TABLE (5-16). DLTS parameters for the electron traps observed in cell B 

before and after annealing treatment. 

Before annealing treatment ET (eV) cl n (an 2 NT (Crr3) Temperature 
range (K) 

EBI 

EB2 

After amealing treatnent 

EB3 

EB4 

0.44 5.8 x 10-18 6.5 x 1014 300 - 330 

0.80 8.5 x 10-15 370 - 400 

0.65 6.0 x 10-14 9.2 x 1014 280 - 310 

0.94 2.4 x 10-12 360 - 390 

5.3.2. AES depth profiles for as-fornied CdS-C! 17S cells 

A typical set of Cu,, Cd and S concentration-depth profiles for a 

freshly fabricated cell is shown in figure (5-33). It is clearly 

possible to identify three distinct regions: (I) where the concentration of 

copper is nearly constant, (II) where this concentration falls sharply, and 

(III) at greater depth where the copper concentration falls more slowly. 

Region I is assumed to be associated with the copper sulphide 

layer (approximately 89 run thick in this case) covering the exposed surface 

of the CdS grains. The rapidly decreasing copper signal in region II is 

considered to be associated both with diffused copper in the upper surface 

layer of the CdS grains and with copper in the grain boundaries, while 

region III can be interpreted as being due solely to deep intrusions of 

copper sulphide along the grain boundaries. These deductions, which are 

more clearly illustrated in figure (5-34), are supported by the following 

three observations. Firstly, the cadm ium- to- sulphur signal ratio 

saturates with increasing depth into the cell indicating the bulk CdS 

region. The observed intense copper signal at such depths within the 
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layer could only be associated with grain boundaries. secondly, 

evaporated Cu2s and/or single-crystal CdS heterojunctions are characterized 

(146-148) by abrupt concentration profiles of copper and cadmium in 

contrast with the trailing copper signal (region III) in cells fabricated 

from chemiplated copper sulphide and polycrystalline CdS. Thirdly, the 

grain boundary width S,, measured from scanning electron microscope 

topography (Figure 5.5) of the layers on which the grain boundary has been 

revealed by leaching the Cu2S from the cells with a KCN solution, was found 

to be approximately twice the mid grain thickness dl of the copper sulphide 

layer. For example, for the sample of figure (5-5) the boundary width S 

at the surface was found to be 170 nm. This corresponds to a maximum 

thickness of dl =S= 85 nm for the Cu2S on the side surfaces of the 
T 

adjacent grains bordering an intrusion, and this is consistent with the 

film thickness obtained from depth profile data. 

5.3.3. Depth profiles for different chemiplating temperatures 

in order to provide a further check on the validity of the above 

model, the profiles for cells produced using a range of CuCl bath 

temperatures were compared. Figure (5-35) shows the Auger electron 

spectroscopy copper profiles for cells prepared with CuCl bath temperatures 

in the range between 50-980C. The ion exchange reaction was clearly 

rather slow at 50 and 750C and resulted in a very thin copper sulphide film 

on the upper surface of the CdS grains and almost no growth within the 

grain boundaries. The dramatic change in concentration profiles at higher 

temperatures indicate the accelerated growth of the copper sulphide layer 

with extensive intergrain penetration as well as significant mid-grain 

growth. 
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These results were confirmed by ECA experiments. These 

experiments yield an equivalent thickness ý of the copper sulphide which is 

a function of both the mid-grain thickness d, and the grain boundary depth 

d2 of copper sulphide. The data for d, from AES measurements and d 

obtained from the ECA experiments are displayed in figure (5-36), where 

both values are seen to increase rapidly for CuCl bath temperatures between 

85 and 900C. However, while the equivalent thickness d gives a measure olf 

the total amount of copper present in the sample the AES profiling data 

yields more explicit information about the contributions of mid-grain and 

grain boundary growth. 

it is interesting to note that some impurities, such as 0, C and 

Cl, were found on the' surface of these samples. The impurity peaks 

disappeared completely after a brief Ar+ ion bombardment (less than 1 

mins. ). The presence of both Cd and Cl on the top surface indicates that 

CdC12 formed during the reaction is not fully washed away. 

5.3.4. The effect of different annealing treatments on the copper and 

cadmim profiles 

In order to study the effect of annealing on the composition 

profiles of the CdS-Cu2 S heterojunctions, a batch of cells. fabricated under 

identical conditions were subjected to a variety of different annealing 

treatments. The three ambient atmospheres widely employed for post- 

fabrication annealing processes are air, vacuum or hydrogen. As discussed 

previously, it is usual, in the case of air, to heat for only a few minutes 

at temperatures up to about 2000C whereas vacuum or hydrogen treatments 

require very much longer periods for optimal results. In this 

investigation, each cell was annealed for a period of 10 mins. at 
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I temperatures of 100,200p 400 or 6000C in air, vacuum (10-5 torr) or 

flowing hydrogen (0.8 L min-1). 

Some important differences between the effects of the three 

different annealing atmospheres could be clearly defined. In the first 

place, air-annealed cells were found to exhibit substantial concentrations 

of cadmium throughout the copper sulphide layer. only as the temperature 

was raised to 6000C did significant out-diffusion of cadmium occur under 

vacuum or under hydrogen. Secondly, the relative concentration of copper 

found deep within the cells was highest for air-annealed cells and lowest 

for hydrogren-annealed cells but, as might be expected, with progressive 

increases in temperature the sharpness of the fall in copper concentration 

across the interface was progressively diminished in all cases. 

Finally, the samples annealed in hydrogen were found to display 

lower surface concentrations of both sulphur and chlorine than those for 

samples annealed in air or vacuum, presumably as a result of chemical 

reduction and vaporization. 

Figure (5-37) shows typical concentration profiles for copper in 

cells annealed for 10 mins. at 2000C. It is clear that, in comparison with 

the profile for an unannealed cell (Figure 5-33), some broadening of the 

junction has taken place and this is particularly significant in the case 

of air annealing. After heat treatments at 4000C, the disparity between 

the effects of air and the other two ambient atmospheres is even more 

dramatic, as can be seen in Figure (5-38). In this case, the diffuse 

nature of the profile for the air-annealed case makes it difficult to 

distinguish between a region II and a region III (section 5.3.2) and 

difficult therefore to identify the location of the interface between the 

copper sulphide and CdS layers of the cell. The compositional instability 

of the junction when it is annealed in air is further demonstrated by 
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examination of the cadmium profile after different annealing treatments. 

Figure (5-39) shows such profiles for cells annealed for 10 mins. at 1000 

or 4000C. These results show clearly that a reasonably abrupt junction is 

maintained after annealing at 4000C in either vacuum or hydrogen (curves A 

and B). In contrast, annealing at 4000C in air is seen to result in 

significant out-diffusion of cadmium (curve D), and even after 10 mins. at 

1000C a substantial cadmium concentration is detected throughout the Cu2S 

layer (curve Q. Only after heating to 6000C in vacuum or hydrogen was a 

significant concentration of cadmium detected in the Cu2S layer. 

5.3.5. Eepth profile for CdS Cu S Solar cells with a copper overlayer ___X 

Figure (5-40 ) shows a set of Auger depth prof ile measurements for 

a sample given the optimum treatment according to results discussed in 

section (5.2.4) (i. e. 100 A thick layer of copper followed by 90 mins. 
0 

annealing at 2000C in air). This result can be compared with profiles for 

an untreated cell (Figure 5-33) and a cell which had been annealed in air 

without a surface layer of copper (Figure 5-41). The copper oxide, copper 

sulphide and cadmium sulphide regions of the system-are reasonably clearly 

distinguished in figure (5-40),, with the copper signal showing its 

characteristics long tail due to the deep copper sulphide grain boundary 

intrusions. There is evidence of significant interdiffusion of oxygen and 

sulphur across the copper oxide-copper sulphide interface, but it is 

especially interesting to note that the CdS-Cu2S interface, as marked by 

the cd profile, is relatively abrupt. This result contrasts markedly with 

the effect of air-annealing on cells without a copper overlayer. For such 

cells as discussed above, cadmium diffuses across the CdS-Cu2S boundary in 
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significant quantitites even for annealing conditions of much shorter 

duration and much lower temperature than those employed in the case of the 

copper coated cell. 

5.3.6 Diffusion characteristics of copper in CdS films 

As we have seen earlier, there is considerable penetration of 

copper into the CdS layer in both the grain and grain boundary regions. 

Clearly it is of technical (as well as general scientific') interest to 

study this diffusion process and also to estimate the diffusion 

coefficients of Cu in the grain and grain boundary regions of the CdS films 

during the annealing treatments under different annealing conditions. 

In order to draw quantitative conclusions relating to these 

diffusion processes, it is necessary to separate the grain and grain 

boundary contributions to the total copper concentration across the depth 

prof ile. This can be done by identifying the three regions I, II and III 

referred to in section (5.3.2). For example, in figure (5-42) which shows 

results for samples annealed in vacuum at different annealing temperatures 

these 3 regions are fairly clearly distinguished. In general the copper 

concentrations at any depth within the CdS layer can be expressed as 

C= C9 + Cgb 

where C9 is the concentration in the upper, exposed regions of CdS grains 

and Cgb is the concentration within the grain boundaries. According to 

the grain structure model in section (5.3.2),, Cg is zero within region III 

where the copper signal arises solely from copper in the grain boundaries. 

According to the analysis of Le Claire (192) the diffusion coefficient in 

the grain boundary, Dgb, can be found by determining the slope of log Cgb 

against y6/5 (as discussed in section 3-6). Figure (5-43) shows the data 
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of figure (5-42) plotted in this form allowing a value for Dgb to be 

calculated from the gradient of the linear tail region of each curve. 

These curves can also be used in the process of evaluating D9 by 

extrapolating the grain boundary concentrations Cgb in region III back into 

region II. Subsequently, by subtraction of the extrapolated Cgb values 

from the total observed concentration in region II, the distribution of 

copper as a function of depth into the grains can be determined. 

According to equation (3-52), a plot of log C9 against y2 provides a 

measure of Dg. Such graphs do indeed yield relatively good straight lines 

as can be seen in figure (5-44), where in each case y is measured from the 

Cd S-Cu2S interface (taken to be at a depth of 80 nm). The calculated 

values of D9 and Dgb obtained by this procedure for each of the different 

annealing conditions are summarised in table (5-17). These values are 

found to increase with temperature, as would be expected and,, from the 

slopes of the corresponding Arrhenius plots, the calculated activation 

energies, listed in table (5-17), were obtained. Except in the case of 

grain boundary diffusion under vacuum these activation energies are subject 

to rather large errors. As would be expected, the experimental errors 

associated with the Dgb are smaller than those for D9 values due to the 

additional uncertainty introduced by the extrapolation procedure required 

in the calculation of Dg. 

5.4 Long term stability 

While some diffusion of copper from the copper sulphide layer 

into the CdS is necessary in order to improve the efficiency of a freshly 

prepared cell, further uncontrolled interdiffusion across this interface 

leads to degradation of the cell characteristics. In addition to the 
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effect of the ambient atmosphere, one of the factors which is expected 

to influence the rate of interdiffusion at the CdS-Cu2S interface is the 

stoichiometry of the constituent phases. In order to investigate the 

significance of this particular factor, cells were constructed using 

different fabrication conditions and the subsequent degradation was 

followed by monitoring the short-circuit current or the CuxS stoichiometry 

(using a set of cells prepared under identical conditions). For example, 

figure (5-45) shows the reduction in X as a function of time for 3 cells. 
0 

Cell (a) had a copper over layer 100 A) and was annealed in air for 9o 

mins., cell (b) was made in the conventional way using a CdS film similar 

to that in cell (a), and cell (c) had a graded CdS base layer (achieved by 

reducing the rate of sublimation during deposition of the CdS layer) so 

that the near junction region was nearer to the stoichiometric composition 

than the bulk of the layer which, like that in conventionally constructed 

cells was slightly Cd-rich in order to provide the required high 

conductivity base for the device. 

The etching and the dipping procedures were the same for all 

three cells but cells (b) and (c) were annealed in hydrogen for 20 mins. at 

2000C. As can be seen in figure (5-45), the stoichiometry of the copper 

sulphide layer in cell (c) is clearly more stable than cell (b), but not so 

stable as the cell (a) which had the copper oxide over layer. Other 

observations made during the course of this investigation have indicated 

that the degradation rate of the CuXS stoichiometry is further increased if 

the CdS layer has a significantly lower electrical resistivity than that 

used for cell (b). 

Corresponding results for the stability of the short-circuit 

current for cells produced by the same three fabrication procedures are 

shown in figure (5-46). As expected, the variations in behaviour between 
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the 3 different cells during the initial decay periods resembled very 

closely the form seen in f igure (5-45). The irregular saw-tooth features 

are due to annealing cycles designed to reverse the degradation process as 

discussed below. 

As the cells were unencapsulated and stored in air it was 

expected that, even in the absence of any interdiffusion processes 

occurring at the cell interface, the cell ef f iciency would diminish as a 

result of oxidation at the front surface and the consequent loss of copper 

from the copper sulphide. In fact, as is shown in figure (5-46) after 60 

d. in air annealing cell (c) in hydrogen for 90 mins. at 2000C restored the 

short-circuit current to a value close to its initial level. A similar 

restoration was achieved for the same cell after 136 dayst while for cell 

(b) it was found that hydrogen annealing, at best, leads to only a partial 

recovery of the initial characteristics. The open-circuit voltage 

degradation rate, like the photocurrent, was mu=h slower in cell (c) than 

in cell (b) and, in the case of cell (a), there was no change at all in the 

open-circuit voltage value after 90 days. Once again the annealing 

treatment in hydrogen was found to restore the open-circuit voltage for 

cell (c) to its initial value, but for cell (b) only a slight improvement 

was obtained. 

5.5 The effect of copper ion implantation of cds thin films 

It has been seen previously that diffusion of copper into the 

upper region of the CdS layer in a CdS-Cu2S cell is a necessary process in 

the formation of a high ef f iciency device. The results in section (5.4) 

showed that cells fabricated with a graded CdS layer can produce more 
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stable cells than those having an initially uniform low resistivity CdS 

f ilm. Cells made using uniform high resistivity CdS layers have a high 

open-circuit voltage but these cells suffer from the high series resistance 

associated with the high resistivity CdS layer. Although this problem is 

avoided to some extent by using a graded CdS film, the final thickness of 

the high resistivity layer is difficult to control, being dependent on the 

CdS evaporation process as well as the subsequent HC1 etch and copper 

sulphide plating process. 

As an alternative means of establishing the required doping 

profile, consideration was given to the use of ion implantation. This 

technique allows great control of both depth and density of doping. it is 

now widely used in the semiconductor industry and has been successfully 

used for doping various II-VI senicondLrtor materials (227). 

In order to establish the feasibility of employing this technique 

for thin film (33S-Cu2S cells, a short investigation was carried out using 

monoenergetic copper ions with energy in the range 50-250 keV. The ion 

implantation was performed on a low resistivity CdS film (0.1 ncm) which 

was first etched in cold concentrated HCl acid for 5 sec. Although some 

other acceptor- produc i ng dopant might have been used, copper ions (Cu+) 

were enployed to allow greater comparability of the implanted cell with a 

conventional cell and also it was considered that the presence of copper in 

the CdS layer would inhibit the copper sulphide stoichiometry from being 

degraded by further loss of Cu during the subsequent processing of the 

cell. 

Copper ion implantation at a constant ion ener. U 

To monitor the ef fect of implanted ions in relation to the damage 
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caused by the implantation, cathodoluminescence emission measurements were 

made before and after subsequent annealing treatment of the CdS films. 

Figure (5-47) shows the ca thodo luminescence emission spectrum for an 

unimplanted film (sample A) and for films implanted with 50 kev copper ions 

at fluences ranging from 1014 to 1016 ions cm-2 (sample B-F). Al 1 the 

measurements were made at 77K. As already mentioned in section (5.1.1. b),, 

the cathodoluminescence emission spectrum for unimplanted CdS films in 

figure (5-47) has three peaks a, b and c with a broad infrared emission 

shoulder over the range from 680 nm to 800 nm. It is clear from figure 

(5-47) that the cathodoluminescence intensity of all peaks a. bt and c 

decrease as the ion fluence increases, while a peak developed at about 710 

nfl. 

As the damage which accompanies ion implantation needs to be 

I annealed, the samples in f igure (5-47) were annealed in vacuum (- 10-5 

torr) for 30 mins. at 3000C, and the cathodoluminescence emission spectra 

for the corresponding annealed samples is shown in figure (5-48). As a 

result of this annealing some partial recovery of the peaks a and c was 

observed,, while the edge emission peak (peak b) diminished, especially for 

samples implanted using relatively higher ion fluences (samples E and F). 

It is clear in figure (5-48) that the peak at 710 nm (peak d) is removed 

by the annealing, while for sample E and Fa new peak at about 750 nm 

developed (peak e). 

Independent methods were used to distinguish whether the peaks d 

and e were due to copper implantation or to the damage which occurred 

during the ion implantation process. An experiment was carried out using 

four CdS layers obtained from the same CdS evaporation cycle. Two of the 

layers were implanted with fluences of 5x 1014 and 1016 Ar+ ions cm-2 at 
0 

50 keV ion energy. A thin film of copper (- 200 A) was evaporated on the 
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final CdS layer followed by an annealing in vacuum for 30 mins. at 3000C. 

The cathodoluminescence emission spectrum of these samples is shown in 

f igure (5-49). As can be seen the peak at 710 nm, (peak d) is only 

obtained after the Ar+ ion implantation as a result of ion damage, while 

the peak at 750 nm (peak e) is found for the copper treated CdS layer. 

To study the effect of copper ion implantation on the electrical 

properties, the copper implanted samples were dipped in CuCl for 6 sec and 

annealed in vacuum for 20 mins. at 2000C. From the I-V measurement at AMI 

light intensity, the values of the open-circuit voltagep Voct the short- 

circuit current, isc, and the conversion efficiency, n, are obtained and 

listed in table (5-18). The other characteristics listed in table 5.18 

were obtained using similar CdS layers with the same ion implantation and 

subsequent annealing treatments as used for the original samples (samples 

A-F). The resistance and- the capacitance values were obtained by 

evaporating a dot of In and Au respectively. It was found that the 

Schottky capacitance values for samples which had been ion implanted with 

copper ions were light dependent and therefore the listed capacitance 

values were taken in the dark. The equivalent thickness d and the values 

of x in the CuxS layers were obtained after the above samples had been 

dipped in the standard CuCl solution and annealed in vacuum. It is 

interesting to note that, although all the samples were dipped using the 

same standard CuCl solution and the same time (6 sec) the results in table 

(5-18) show that, as the copper ion fluence was increased, the 

stoichiometry of the copper sulphide layer improved while its equivalent 

thickness diminished. At the same time there was a gradual improvement in 

Voc, while the short-circuit current had a maximum value of 18.2 mA cm-2 

for a CdS layer implanted with 5x 1014 ions cm-2. This cell, 

correspondingly, gave the highest conversion efficiency value for this set 

129 



>q 
41 

-1-1 In 

4-J 

u 
U) 
CD 
r_ 

0 
ro 
0 

Iz 43 
(IS 
E) 

CD 

4-) 

P4 

% 

%% 

500 600 700 800 

wavelength (run) 

Figure (5-49) Cathodoluminescence emission spectrum of CdS films. 

(1) before any treatrýent, (2) and (3) after Ar + ion implantation with 

5X10 
14 

and 10 16 
ions cm- 

2 
at 50 KeV and (4) after evaporating a Copper 

overlayer onto the CdS and annealing in vacu= for 30 mins. at 300 0 C. 



of samples. 

5.5.2. Copper ion implantation at a constant ion fluence 

From the above results for 50 keV ion energy, the best ef f icierry 

was achieved when the ion fluence was 5 x 1014 ions CM-2. Therefore this 

was the flux used to study the effect of ion energy. CdS films similar to 

those used in the previous study were first etched and then implanted with 

copper ions with energies of 100,150,200 and 250 keV. 

Figure (5-50) shows the cathodoluminescence emission spectrum for 

these layers at 77K. Curve A is obtained for unimplanted CdS layer. The 

peaks are found at the same wavelengths as already seen for sample (A) in 

f igure (5-47). After copper ion implantation, the intensity of the three 

main peaks is seen to redice as the ion energy increases in a similar way 

to that obtained in figure (5-47) where the ion fluence was varied. It is 

clear that a peak at 710 nm (peak d) is again formed as a result of the 

implantation damage and the cathodoluminescence intensity of this peak is 

increasing, as expected, with increasing ion energy. It is also noted 

that there is a slight shift of this peak towards shorter wavelength as the 

ion energy increases. 

Figure (5-51) shows the cathodoluminescence emission spectrum 

after the implanted CdS layers are annealed for 30 mins. at 3000C in 

vacuum. The edge emission peak (peak b) appears to be eliminated for all 

the samples in this figure, while the peak (a) has recovered especially for 

samples BI and C' which are implanted respectively at 100 and 150 keV ion 

energy. For peak (c) only a partial recovery is observed for sample B1. 

It is clear that peak (d) is diminishing after annealing treatment and for 

samples BI and C' the curves in f igure (5-51) show a peak at about 750 nm,, 
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although this is slightly, shifted towards shorter wavelength for sample C'. 

This shift is more noticeable for sample D' and E' where higher ion 

energies were used. 

In order to study the effect of ion implantation on cell 

parameters such as Voce isc, and n. the CdS layers were given the same 

treatment as described earlier in section (5.5.1),, and the resistance and 

Schottky capacitance values were again obtained on similar layers after 

identical implantation conditions. Table (5-18) lists these results 

together with corresponding values of the equivalent thickness j 
and x for 

the CuxS layers obtained by electrochemical measurements. It is clear 

that Voc, isc, x and n values for these cells all show a reduction as a 

result of increasing the ion energy, while the equivalent thickness,, d, 

appears to be effectively independent of the energy of ions used here. 

5.5.3. Depth profile for copper ion implantation of CdS, 

Figure (5-52) shows the Auger electron spectroscopy depth prof ile 

of a copper ion implanted CdS f ilm. This film was implanted with 5x 1014 

ions cm-2 at 50 keV,, then the experiment was carried out using the same 

profiling and measurement procedure as described earlier in this chapter. 

Curve (i) in figure (5-52) shows the copper concentration depth 

profile immediately after implantation. This curve seems to drop fairly 

sharply after about 9 mins. sputtering time (corresponding to a depth of 36 

nm). Curve (ii) is obtained for a similarly implanted CdS layer after 

being heated in vacuum for 30 mins. at 3000C. In this case the 

concentration seems to drop at slightly greater depth, but the sharpness of 

both curves in figure (5-52) indicates that the diffusion of copper ions 

into the grain boundaries of the CdS layer is very small. 
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Chapter 6 

Discussion 

Introduction 

It is clear from the results presented in chapter 5 that the 

various cell fabrication processes are very much interrelated. As a 

result, the task of optimising these conditions to achieve the best 

efficiency has been a difficult one and some problems still remain. 

Although each of the different components in this complex 

multilayer structure must be chemically, electrically and optically 

compatible with their neighbours the components which have been shown to 

play a particularly important role are the copper sulphide layer and cds- 

CUXS heterojunction. The structure of this heterojunction is critically 

dependent on both the initial fabrication process andl in particular, the 

post fabrication annealing treatment which also has a strong influence on 

the copper sulphide phase. The heterojunction itself and the CdS layer 

adjacent to it play important roles in determining the overall photo- 

electrical properties of the device, while the stoichiometry of the copper 

sulphide layer and its thickness are the major factors determining the 

number of photogenerated carriers available for collection and the long 

term stability of the cells. These are the major points to be discussed 

in the following sections. 

6.2. Dependence of cell characteristics on material properties 

In earlier work on evaporated CdS solar cells there had been some 

controversy concerning the quality of the CdS required as an evaporation 

source. Clearly, as an important first step in this project, it was 

necessary to investigate this problem and to establish the best evaporation 
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conditions required to achieve the appropriate stoichiometry and associated 

electrical properties of the resultant CdS films. The results in section 

(5.1.1b) show that, providing high purity CdS powder is usedl the required 

electrical properties of the CdS thin films can be obtained by adjusting 

both the substrate temperature and the deposition rate during the 

evaporation cycle. The optimum range of values of CdS electrical 

resistivity are a compromise between the need to make it as low as 

possible, to reduce the series resistance of the device, and to make it as 

high as possible in order both to improve the stoichiometry and the 

stability of the copper sulphide (as discussed in section 5.4) and also to 

ensure that the major portion of the diffusion voltage at the junction 

occurs in the CdS. 

The results in section (5.1.1a) indicate that the CdS-substrate 

interface can introduce resistance and can, to some extent, affect the 

short-circuit current. of course, any resistance at this interface adds 

to the series resistance of the device and this consequently reduces the 

fill-factor. Clearly, a low resistance, ohmic contact is required. 

A satisfactory CdS-substrate contact has been shown to be 

accomplished by using zinc coated copper, confirming the earlier findings 

of Bragagnolo (202). The added advantage of this substrate is the 

improvement in the short-circuit current achieved due to the high 

reflectivity surface of the copper-zinc alloy which is formed, This 

allows light which is not initially absorbed in the copper sulphide layer 

to be reflected back to the front surfacer thereby increasing the photon 

absorption factor. This makes it possible to keep the absorbing layer 

(copper sulphide) thinner than would otherwise be necessary to provide the 

same photon absorption rate and to achieve a good carrier collection in 

spite of the short diffusion length. 

F 
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The CdS film microstructure and surface topography are clearly 

influenced by the topography of the underlying substrate. However,, when 

the OdS tnickness is increased, the CdS surface becomes less dependent on 

the substrate topography and the CdS columnar structure and the grain size 

improve. While radiation channelling within the grains increases the 

absorption probability for the incident radiation, the results described in 

section (5.2.1) clearly show that the pyramidal texturing of the upper 

surface, achieved by etching the CdS film in HC1 acid, is also very 

important. This texturing reduces the effective reflectance of the solar 

cell,, by means of multiple reflections and secondary absorption of the 

scattered incident radiation. This makes the use of an antireflection 

coating for this device much less necessary. 

The other main component of the CdS-CuxS device is the copper 

sulphide layer,, in which the x value has been shown to have a critical 

influence on both the electrical and optical properties of the layer. 

Since copper sulphide is a defect semiconductor with Cu vacancies acting as 

acceptors, the carrier density decreases as x approaches 2. Work reported 

here and by other authors 
(5,6,42,44,49,52,109) has shown, as expected, 

that the x parameter is very dependent on the copper sulphide formation 

conditions and on the post- fabr icat ion annealing treatment. In addition, 

the work reported here has provided evidence that the stoichiometry of the 

CuxS layer is influenced by the stoichiometry of the CdS layer on which it 

is formed. Further investigations into the structure of the CuXS layer 

has revealed that under certain annealing conditions? there is a 

particularly high concentration of cadmium in the Cuxs layer, especially at 

the copper sulphide surface. Since cadmium is a donor dopant in the 

copper sulphide layer, the cadmium concentration would be expected to 

affect the net carrier concentration as well as influencing the minority 
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carrier life time and transport properties. It is reasonable to conclude 

that changes in the surface recombination velocity and improvements of 

minority carrier diffusion length which were already indicated by Pfisterer 

et al. (220) as a result of improvements of the copper sulphide 

stoichiometry may in fact be partly due to the absence of cadmium from the 

copper sulphide layer. The copper sulphide layers studied by Pfisterer et 

al. (220) had copper overlayers and had been annealed in air. It has been 

shown here (section 5.3.5) that this treatment leads to a much reduced 

concentration of Cd throughout the copper sulphide layer, as well as to an 

improvement of copper sulphide stoichiometry. 

It must be noted that other impurities such as 0, C and Cl were 

not detected within the bulk of the copper sulphider but it is possible 

that such impurities are present at concentration levels below the 

resolution of the Auger measurements. 

Another inference that can be drawn from these studies is that 

the junction is generally a fairly diffuse one. This can be understood in 

view of the nature of the ion-exchange reaction taking place during the 

formation of the copper sulphide layer in which interdiffusion of Cu and Cd 

occurs, it is of course necessary to bear in mind that CdS is in the form 

of a polycrystalline layer with columnar grains and grain boundaries 

perpendicular to the substrate surface. Therefore the existence of Cu 

deep down into the CdS region is due largely to deep grain 'boundary 

penetration of the copper sulphide. Hence two types of junction interface 

are expected in the grain structure model which was shown in figure (5-34). 

one is at the top of the grains and the other is down between the grains 

(at the grain boundaries). These interfaces cannot be separated and the 

Auger depth profiler such as that in figure (5.33), is the resultant of 

these two interfaces. The structure of the interface is therefore a 
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complex one which clearly depends on the initial fabrication process and on 

the post- fabrication annealing conditions. 

The final component for cells made in this laboratory is the gold 

grid contact. This contact affects the cell in two ways. First, in its 

main role as a contact to the external circuit,, it must be designed to 

minimize the series resistance of the cell and hence maximise the fill- 

factor as shown in section (5.1.3. ). Secondly, the presence of the 

contact produces some shading of the active region of the cell. This 

shading must be minimised so that the grid has to have a fine, open 

structure. Clearly these two design requirements conflict with each 

other, but in this work no detailed consideration has been given to 

optimizing the grid design for maximum overall efficiency. 

6.3. Junction model 

From a fundamental point of view the Cd S-Cu2S cell is a P-n 

heterojunction diode. Figure (6-1) illustrates the band diagram of such a 

heterojunction in the dark. This model is similar in many respects to 

that suggested by other groups (5,, 47,52,157) and is consistent with data 

obtained from I-V, C-V, spectral response and DLTS measurements made 

during this study. The copper sulphide is almost degenerate with hole 

concentration equal to the copper vacancy density (p-1022 -3 (157)) 
an Cm id 

much higher than the electron concentration in the CJS,, so that the space 

charge region occurs almost entirely in the CdS region where traps have 

been observed to exist, as shown in section (5.2.9). Consideration of the 

value for the electron af f inity difference between the CdS and the Cu2S 

(calculated here to be 0.25 eV) and the values of the band gaps yields a 

valence band discontinuity of 1.45 eV. With the Fermi energy at about 
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0.15 eV below the conduction band edge in the CdS, the diffusion voltage is 

about 0.8 volts. 

As a result of the lattice mismatch between the CuxS and the CdS 

layers, interface states exist at the heterojunction. Rothwarf (157) has 

calculated the theoretical interface states density at the junction and 

found it to be in the order of 1013 cm-2 for a lattice mismatch of about 

AO 
2$. 

The various dark current paths for charge carriers in a 

heterojunction are summarized in section (3.3),, figure (3-6). In general 

all these paths may contribute to the total current crossing the junction. 

In fact the experimental observations may be explained in terms of a 

multiple diode structure in which the cell is assumed to consist of many 

different diodes with different dominant current transport mechanisms. 

The band-diagram in figure (6-1) shows deep level traps in the 

CdS side of the junction. According to the results shown in figure 

(5-31), the density and the electrical parameters of these traps may vary 

from device to device. This depends on the growth conditions of the CdS 

film and the later fabrication processes, in particular the annealing 

treatments. Although a detailed study of these traps has not been 

attempted in this work, it is clear from the DLTS results for Schottky 

barriers of AU-CdS made in this laboratory that deep levels exist in th, e 

CdS prior to cell formation. This indicates that the defects which cause 

these traps are due to native point defects or to complex states involving 

native defects and impurities (98). During fabrication of the Cd S -Cu2S 

solar cell, the diffusion of copper into the WS changes the traps position 

as well as their electrical properties as clearly shown in table (5-16). 

+ Trapping states in CdS associated with Cuo,, Cu Cu++ have already been 

reported by Suda and Kurita (222), 
while Haines and Bube (223) have shown 

138 



P-cu 2s n-CdS 

AX=AEý' 0.25eV 

DI-11 T TT 
E, = 1.2eV ý= 0.95eV Light eg- 0.8eV 

91 

=0 
62 - 0-15eV 

AE 1.45e Ilk V 
Ilk E 

g2 u 2.4eV 

Figure (6-1) Band diagram of the CdS-CU 2S heterojunction 



evidence that acceptor states are generated by the diffusion of copper 

during annealing treatment. However, the identity of, particular levels in 

the CdS layer and the effect of the annealing treatment on the trap 

parameters are still not fully known and further research is needed to 

clarify these matters. 

6.4. Junction Structure 

As shown in section (5.3.2) the copper sulphide layer grown onto 

polycrystalline CdS yields a very complicated structure in which the grain 

boundaries are an important feature. The model described in section (6.3) 

has not taken into account the effect of grain boundaries and other 

structural defects which inhibit the achievement of the open-circuit 

voltage and the short-circuit current expected for the ideal CdS -Cu2S 

heterojunction. 

Recombination at grain boundaries is expected to be a potential 

source of carrier losses with corresponding reductions in short-circuit 

current. junction area effects related to grain boundaries may also 

reduce the achievable value of the open-circuit voltagep as discussed in 

section (5.2.1). As shown in section (5.3),, grain boundaries can result in 

enhanced diffusion of copper and in extreme cases penetration right through 

the base can completely short circuit the device. 

Due to the non-planar structure of the interface, it is expected 

that some regions will have better diode characteristics than others. 

When forward bias is applied to the junction, the voltage is distributed 

unequally among the various grain and grain boundary regions of the 

interface with the charge carriers preferentially flowing through the poor 

junction region (probably the grain boundary regions). In fact the dark 

I-V characteristics in figure (5-21) have shown three distinguishable 
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regions. Following the ohmic region at low bias voltages (region I) 

diodic behaviour starts to appear in region II but the high value of the 

diode ideality factor indicates that tunnelling is the dominant transport 

mechanism here. Also the barrier height (calculated from the reverse 

saturation current) is poor even after annealing (see table 5-14). This 

conductivity region may be associated with the junction at the grain 

boundaries. In region III the effective barrier height suddenly increases 

to a value close to that obtained from the plot of Voc versus kT in f igure 

(5-25). Furthermore the diode ideality factor and the reverse saturation 

current in this region as shown in table (5-14) are much lower than the 

values in region II. It is assumed that conductivity in region III is 

associated with the mid-grain areas of the cell. In fact in some cells, a 

value of diode ideality factor lower than 2 is obtained together with low 

values of the reverse saturation current giving effective barrier heights 

up to 0.9 eV. However,, the measured reverse saturation currentst diode 

ideality factors and the barrier heights for region II and III have showed 

a large variation. This can be explained in terms of differences in the ,ýi 

contributions of the mid-grain and grain boundary regions to the total 

effective area of the cells. It must be noted that, the existence of 

three distinct regions are only seen for cells fabricated using cds layers 

with carrier concentration in the range of 1016 _ 1017 c3n-3 or after short 

annealing treatment for cells fabricated using slightly higher conductivity 

CdS layers. 

6.5. Effect of illumination on barrier 

Differences between dark ln J versus V characteristics in figure 

(5-23) and a ln JSC versus Voc plot, obtained by varying the light 
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intensity as is shown in f igure (5-20), reveal a dependence of the reverse 

saturation current and the diode ideality factor on illumination. This is 

due to the deep trapping centres at or near the junction which are not in 

good thermal communication with the conduction or valence bands and can 

have their occupancy,, and hence charge, changed by illumination. 

The existence of the traps in the space charge region is very 

important in relation to the operation of the cell. As argued by 

Vassilevskii et al. (224) the barrier may shrink as a result of a positive 

charge transfer within the space charge region. Such a charge transfer is 

produced by photo-hole trapping at the deep levels in the CdS. The 

resultant increase in the effective value of the ionized donor density in 

the space charge layer causes a narrowing of the space charge layer width 

and thus affects the charge transport process across it. 

This photo-induced change in the space charge distribution leads 

to the frequently observed cross-over between the dark and light 

characteristics in CdS-Cu2S cells. The extent of the cross-over has been 

shown to be closely associated with the density of acceptor centres 

introduced into the space charge region as a result of the diffusion of 

copper during annealing. The width of the compensated region in the CdS 

near the interface increases as the annealing time is prolonged as is 

clearly seen from the C-2 versus V plots in figure (5-29). The high 

voltage forward bias region of the dark I-V characteristic shown in 

figure (5-26) confirms the existence of the resistive region in annealed 

cells. Similar effects have also been observed using copper ion implanted 

CdS where the results in table (5-18) show that, the capacitance of Au-CdS 

diodes decreases as the copper ion fluence increases. 

It can be noted that the cross-over behaviour is not a necessary 

feature of the CdS-Cu2S solar cells since no sign of this behaviour is seen 
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when the copper sulphide layer is formed on a high conductivity CdS 

(p <1 n cm) provided there has been no annealing treatment. 

6.6. Annealing and diffusion processes 

one of the major factors which influence the rate of inter- 

diffusion at the Cý3S-%S interface during post- f abr ication annealing is 

the nature of the annealing atmosphere. 

The results in section (5.3.4) have shown that the Cd S-Cu2S 

junction is broadened following very mild annealing treatment in air (10 

mins. at 1000C),, with a significant concentration of cadmium being 

distributed throughout the copper sulphide layer. This was very different 

to the situation following annealing in vacuum or hydrogen. In both these 

cases, the integrity of the CýdS-4: u2S junction was well maintained after 10 

mins. annealing treatment at temperatures up to 4000CO and significant 

concentrations of cad-nium were found throughout the copper sulphide layer 

only after raising the temperature to 6000C. 

In seeking an explanation for the out-diffusion of cadmium in air 

annealed cells, it is natural to consider oxidation at the front surface of 

the cell as a possible driving force. Certainly oxide formation is to be 

expected in air but, although this process had previously been considered 

to involve copper ions, the observation reported here Of cadmium 

penetration through the copper sulphide layer indicates the probability 

that the oxidation products are a complex mixture of species including 

cadmium possibly in the form of Cdo. The primary source of cadmium in the 

copper sulphide layer is the underlying CdS layer and the residual cadmium 

in the copper sulphide layer due to incomplete exchange during the dipping 

process or the incompletely removed CdC12* These findings are in good 
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agreement with the work reported by Florio et al., (221) 
who have shown 

that the predominant oxidation reaction involves cadmium rather than 

copper. 

Although figure (5-14) shows a close similarity between the 

vacuum and hydrogen annealing for annealing times up to 20 mins.,, this 

similarity was less evident as the annealing time was continued, This is 

clearly seen in figure (5-17) for cells B and C. It must be noted that 

the annealing in vacuum was done in this laboratory at 10-5 torr so that, 

for long annealing times (several hours),, some oxidation of the copper 

sulphide layer could be expected to take place. 

of particular concern in relation to efficiency enhancement and 

degradation processes is the relationship between the grain boundary and 

mid-grain diffusion rates. Figure (6-2) shows how the ratio Dgb/Dg varies 

as a function of annealing temperature for the three atmospheric ambients 

studied here. it is quite clear that at temperatures frequently used in 

post-annealing treatments (150OC-2500C), hydrogen annealing provides a 

significantly lower Dgb/Dg ratio than the other two cases and suggests that 

hydrogen is beneficial in inhibiting the detrimental grain boundary 

diffusion in thin film CdS cells. It should be noted thatp although the 

experimental data on which figure (6-2) is based (see table 5-17 in section 

5.3.6) indicates very clearly the different diffusion behaviour under the 

different ambient atmospheres, some reservations must be expressed 

concerning the analysis used to obtain the diffusion coefficients and the 

activation energies. In Le Claire's (192) analysis the grain boundary 

diffusion problem was evaluated for a planar surface with the grain 

boundary sandwiched between two flat grains. Furthermore the grain 

boundary was represented as a uniform slab of material of width S within 

which diffusion occurred. This situation does not relate closely to the 
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CdS-Cu2S system, where the copper exists in the grain boundary regions of 

non-uniform. width, even before any annealing treatment. In fact the 

results obtained from previous quantitative investigations of copper 

diffusion into CdS involved single crystal samples and showed widespread 

disparity. For example, Clark (140)', Szeto et al. (141) and Sullivan 

(142) measured the activation energy to be 0.77 eV,, 0.58 eV and 0.96 eV 

respectively, although it should be noted that these investigations 

employed different copper detection techniques and, whereas the radioactive 

tracer method of Clark (140) measured the total copper concentration,, the 

capacitance method of Sullivan (142) measured only the electrically active 

contribution. However, as Sullivan has shown that dislocations can have a 

dominant influence on the copper diffusion process, the lack of agreement 

between the results for different workers could be due, in part, to the use 

of samples containing different dislocation densities. In view of this 

observed sensitivity of the diffusion process in single crystals to the 

structur . al properties of the crystalsp it would not be surprising to find 

some disagreement between data for single crystals and that for thin films. 

in fact, the values for the activation energy in table (5-17) are 

significantly smaller than those cited above for single crystals but,, in 

addition to the different nature of the material involved,, it should be 

noted that, in the previously cited investigations the copper was diffused 

into the CdS from a metallic layer deposited on the surface rather than a 

copper sulphide layer as in this study. Diffusion of copper into single 

crystal OdS from a thick copper sulphide layer has in fact been studied by 

Purohit et al. (143) who, in spite of observing diffusion coefficients 

significantly larger than those shown in table (5-17),, obtained an 

activation energy of 0.09 eV, a value of similar magnitude to that found in 

this study for mid-grain regions. 
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6.7. operational stability of cells 

When left exposed to the atmosphere freshly prepared CdS-Cu2S 

solar cells are known to degrade with time. This degradation can be 

attributed partly to surface environmental contamination effects and partly 

to inherent problems associated with changes in the structure of the cells. 

The environmental effects can be overcome to a great extent by suitably 

encapsulating the cell so that most of the problems associated with the 

stability of the cells are concerned with structural effects within the 

cells. For example, the electrochemical decomposition of the copper 

sulphide can occur during cell operation when electric fields are set up 

across portions of the copper sulphide layer between grid lines and 

particularly adjacent to any macroscopic defects. This may cause changes 

in the stoichiometry of the copper sulphide by field-aided diffusion and in 

the extreme cases create free copper which may short out the cell 

especially in the presence of pinholes (225-226). Zwicker et al. (225) 

showed that the lateral migration of copper toward the grid lines could 

occur under load,, resulting in changes of the copper sulphide stoichiometry 

and hence lower values of the short-circuit current. 

The effect of different fabrication procedures on the stability 

of cell characteristics is demonstrated in figures (5-45) and (5-46), which 

show respectively the variations in x parameters and short-circuit current 

as a function of time for three unencapsulated cells exposed to the 

atmosphere at room temperature. Cell (a) indicates very clearly that the 

copper treatment discussed in section (5.2.4) leads to cells with very 

stable electrical properties in comparison with cells which have no copper 

overlayer but are otherwise similar (cell b). The main reason for this 

stability is due to the fact that the copper sulphide is well protected 
from the atmosphere, by the copper oxide layerp leading to the maintenance 
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of a high value of x in the copper sulphide layer. Furthermore, in the 

presence of a copper overlayer the interdiffusion process at the CdS-Cu2S 

junction is significantly inhibited as clearly shown in figure (5-40). 

In view of the fact that the diffusion of cadmium across the CdS- 

Cu2S interface has been shown to be associated with the degradation 

processes in this device, one of the several factors influencing the rate 

of degradation would be the stoichiometry of the CdS in the base layer and 

in the course of these studiest this has been found to be the case. Cell 

(c) in figure (5 46) shows the behaviour of a cell which was fabricated 

with a graded CdS layer. This cell was clearly more stable than the 

conventional device, although the lifetime was poor in comparison with the 

copper-treated cell. However, even in the absence of any interdiffusion 

processes occurring at the CdS-Cu2S interface, the cell efficiency would be 

expected to diminish as a result of oxidation at the front surface and the 

consequent loss of copper from the copper sulphide layer. If this was the 

main degradation process, then annealing in a reducing atmosphere would be 

expected to reverse the process and restore the initial electrical 

characteristics. In factr as can be seen in figure (4-46), annealing in 

hydrogen did indeed restore the short-circuit current for cell (c) to a 

value close to its initial level. The major effect of this is in fact due 

to improvement of the copper sulphide stoichiometry either by the reduction 

of any copper oxide as: 

CuXS + 1--x CU20 + 2--x H2 Cu2S + 2-x H20 
222 

or,, by direct chemical reacton of the non-stoichiometry copper sulphide 

with the hydrogen as: 

2 CuXS + H2--4'x CU2S + H2S 

However, for cell (b) which had suffered serious degradation in air, it was 
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found that hydrogen annealing,, at best, leads to only a partial recovery of 

the initial characteristics. This result is due partly to the deformation 

suffered by the CdS-Cu2S interface and partly to the nature of the oxide at 

the front surface which, as discussed earlier in this chapter, is for these 

cells primarily cadmium oxide rather than copper oxide. Annealing 

these cells in a reducing atmosphere has the effect of leaving cadmium on 

the surface of the cell. This is seriously detrimental to the performance 

of the device, as has been corroborated directly by depositing a thin layer 

of cadmium on the surface of a freshly prepared cell. 
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Chapter 7 

Conclusion 

The work undertaken during this research project has confirmed 

that thin film CdS-Cu2S solar cells can be fabricated, with a high 

efficiency of energy conversion provided that each stage of the fabrication 

process is carefully optimized. First, it is necessary to choose a 

substrate material which provides a highly adhesive contact, of low 

electrical resistance,, to the CdS layer. Best results were obtained with 

zinc coated copper substrates having a zinc layer thickness in the range of 

0.2-0.5 P m. 

The cds layer itself obviously plays a very important role in 

determining the efficiency and the stability of these cells. The required 

properties of this layer for high efficiency cells can be summarised as: 

1. A resistivity of 10 <p< 100 nan,, with carrier 

concentration of - 1017 ct-3 

2. A layer thickness > 20 um with C axis perpendicular 

to the substrate 

3. Crystallite grain size > ljjm# with high packing 

density 

4. An absence of defects (e. g. pinholes, particles 

of CdS powder,, cracks or deep pits) 

5. A textured surface (as provided by etching in HC1 

acid for 5-10 sec) 

Although there had previously been some controversy concerning 

the CdS source material and evaporation conditions required to provide the 

above properties, the study which formed part of the work described here,, 

has shown that a variety of CdS source powders can be used provided that 

the evaporation conditions are suitably adjusted. There is no universally 
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appropriate set of evaporation conditions. 

The CdS electrical and structural properties have also been found 

to influence the rate of chemical reaction during the dipping process in 

CuCl solution. Clearly, mwh care is required in controlling this process 

but this alone is insufficient to obtain the desired copper sulphide 

properties. The results have shown that the required chalcocite phase of 

CuxS with x value as close as possible to 2 can only be obtained either by 

post- fabr icat ion treatment in hydrogen (for up to 8 hr at 2000C) or by 

deposition of a copper overlayer (-100 1 thick) followed by air annealing 

for go mins. at 2000C. The optimum real layer thickness of the copper 

sulphide layer was found to be in the range 0.1-0.2 11m. 

During the course of this project,, a great deal of consideration 

was given to the diffusion processes which occur during post- fabr icat ion 

annealing of the completed CdS-Cu2S thin film solar cells. Using Auger 

electron spectroscopy and argon ion etching,, the copper concentration - 

depth profiles indicated that, for samples annealed in a flowing hydrogen 

atmosphere, the grain boundary penetration of copper at temperatures up to 

6000C is significantly smaller than for samples annealed in vacuum or in 

air. Although annealing in hydrogen was known to have a beneficial effect 

on the quality of the CuxS layer, the fact that it inhibits grain boundary 

diffusion of copper has not been reported previously. An equally 

important finding has been that heating in air, even at slightly elevated 

temperature (approximately 1000C for 10 mins. ), causes marked compositional 

changes at the CdS-Cu2S interface and the distribution of considerable 

quantities of cadmium throughout the copper sulphide layer. Under vacuum 

and in flowing hydrogen, the CdS-Cu2S junction remains stable at 

temperatures up to 4000C and only after heating to 6000C was a significant 

concentration of cadmium found to penetrate through the copper sulphide 
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layer. These results are consistent with the observation that prolonged 

heating in hydrogen at moderate temperatures (-2000C) gives rise to a 

steady improvement in efficiency (due to improved stoichiometry of the 

CuxS) with no accompanied degradation due to excessive interdiffusion at 

the junction. In contrast, as is well known, there is a rapid 

deterioration in electrical characteristics of cells which are heated in 

air and for much shorter times. It has been confirmed that this 

deterioration is associated with a significant change in the stoichiometry 

of the copper sulphide layer as well as the interdiffusion across the 

interface. 

The stabilisation of cell characteristics by the technique of 

deposition of an overlayer of copper followed by annealing in air has been 

shown to be associated not only with the formation of a "Protective" copper 

oxide layer over the surface but also with the maintenance of a relatively 

abrupt CdS-Cu2S junction interface. In contrast to the normal behaviour 

for air-annealed cells, the presence of a copper overlayer appears to 

inhibit the diffusion of cadmium across the CdS-Cu2S interface. Another 

important feature concerning cell stability was illustrated by the 

observation that the rate of interdiffusion across the junction is 

influenced by the stoichiometry of the CdS at the interface. This 

discovery suggests that further improvements in operational stability of 

these devices might be developed by suitable control of the physical and 

chemical structure of the CdS-CuxS interface region. For this purpose it 

is necessary to modify the structure of a very thin layer at the surface of 

the CdS film. This might be achieved by changing the vapour growth 

parameters towards the end of the film deposition process (as reported 

here) or alternatively, by ion implantation. During the course of this 

project it was shown that this technique could be used successfully to 
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introdwe copper and, thereby to satisfy the electrical requirements of the 

interface region. A brief study employing different ion fluences and 

different ion energies indicated that the best conditions were 5x 1014 

ions crn-2 at an energy of 50 keV. It is clear that the ion implantation 

technique provides interesting possibilities and there is clearly room for 

further investigation. 

In chapter 6 of this thesis a band model for a CdS-Cu 2S cell was 

formulated, based on the observed electrical properties of these devices. 

In the course of this work, cells with efficiencies of nearly 81 have been 

fabricated, but it is clear, from the proposed model, that higher 

efficiencies are possible. Some improvements could be obtained relatively 

easily. For example,, a higher short-circuit current and a better f ill- 

factor could be obtained using a better grid design and an antireflection 

coating. Less easily achieved improvements include the use of a planar 

junction (to increase the open-circuit voltage). This would necessitate 

the suppression of grain boundary diffusion or grain boundary passivation. 

An increase in the grain size is also expected to provide improved cell 

performance. This might be achieved using either the quasi-rheotaxy 

technique or applying a suitable annealing treatment such as laser 

annealing. With these improvements, ()dS-Cu 2S solar cells with efficiency 

up to 12% seem to be possible. 

pilot investigations on cells in which the CdS layer has been 

replaced by Zncds have revealed the expected increase in open-circuit 

voltage (as discussed in section 2.4.3. ). Hence if the short-circuit 

current and the fill-factor can be maintained at values similar to those 

for CdS-Cu2S solar cells, then the efficiency of ZnCdS-Cu2S cells might 

reach 15-16%. Although the development of ZnCdS-Cu2S cells will 

undoubtedly raise some new problems, it is expected that this development 
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work would be aided significantly by the experience gained through the work 

with CJS-Cu2S cells. 

Finally, it can be said that the work done during the course of 

this project has encouraged the view that, with continued development, thin 

film solar cells could be prod=ed as relatively low cost,, large area units 

and could,, therefore,, provide a significant source of energy, particularly 

in those developing nations which are blessed with high levels of solar 

radiation. 
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