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• ABSTRACT

Using polycrystaIline thin films of CulnSe, (thickness 1.5 J.UII) prepared by an

eleetrodeposition method, photovoltaic cells of the form ZnO/CdS/CuInSe, have been fabricated

and studied. Before the cell fabrication, properties of the electrodeposited CuInSe, were first

studied. Conditions for the preparation of high resistivity CdS thin films (thickness 360 Â) by

a chemical bath deposition method were then established This was achieved by varying the

deposition temperature and amount of NH,OH in the solution. It was observed that the quality

of CdS films deposited at a temperature of 60·C and an NH,OH concentration of 0.48 M was the

best. Thermal stability oflow resistivity, In- or Ar-doped, rf-sputtered ZnO thin films (thickness

l J.UII) was also studied. This was done by heat treating the ZnO films in air, Oz and Nz at

• temperature in a range from 200 to 350·C. It "vas observed that the amount of increase of

resistivity at a given temperature decreased as the doping concentration was increased from 0.5

to 5.3 wt.%. For the films containing 2 wl.% In or Al, the resistivity increased as the treating

temperature was increased from 200 to 350·C. For the samples treated at 200·C, the increase in

resistivity was about 1 order of magnitude.

The high resistivity CdS and low resistivity ZnO thin films were then deposited on

electrodeposited CuInSe, to fabricate cells of the form ZnO/CdS(high p)/CuInSll:!. For

comparison, cells of CdS(low p)/CdS(high p)/CuInSe, were also fabricated by evaporation of

low resistivity CdS. The CuInSe, films used were treated either in vacuum or Ar. For those

treated in vacuum, very poor properties were observed The properties improved after a post

fabrication heat treatment in air, however, the efficiency of these cells was below 2%. The low
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• conversion efficiency was due to the low open circuit voltage. From capacitance-voltage

measurements, this was found to be due to a high acceptor concentration on the surface of the

vacuum treated CulnSe, films (1017 cm-'). For the cells fabricated on the CulnSe, films treated

in Ar, photovoltaic effects were present before the air heat treatrnent. An efficiency of 6.8% was

obtained for one of the best cells, sample J8-4 (with low resistivity CdS window). For cells with

ZnO window, a conversion efficiency of 6.3% was obtained (cell 051). For these cells. the

acceptor concentration in CulnSe, was 10'6 cm". which was one order of magnitude lower than

that of CulnSe, films treated in vacuum.

The diffusion length of minority carriers (electrons) in the electrodeposited. p-type

CulnSe, was first measured using the photocurrent and capacitance methods. For the vacuum

treated CulnSe, films, the electron diffusion length was small (less than 0.1 J.I.11l). For those treated

• in Ar, values of the electron diffusion length were about 0.5 J.I.11l. These values are close to those

reported for evaporated CulnSe, thin films.

Some of the fabricated cells were also studied using an electron beam induced current

(EBIC) method. From the EBIC experiments, the effective diffusion lengths of electrons with

values greater than 1 J.I.11l were obtained. Considering the surface recombination effect, the

e1ectron diffusion length of the electrodeposited CulnSe, was finally found to be 2.4 J.I.11l. This

large electron diffusion length was consistent with the high short circuit current density observed

in 1-V measurements of the electrodeposited CulnS~ cells.
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D
RÉSUMÉ

Des couches minces polycristallines de CulnSe, (épaisseur de i.S )lm) ont été préparées par

électrodéposition. À partir de ces couches minces, des cellules photovoltaïques de la forme--
ZnO/CdS/CuInSe, ont été fabriquées et étudiées. Avant la fabrication des celluIes, les propriétés

des couches éleetrodéposées de CulnSe, ont été étudiées. Les conditions gérant la préparation

de couches minces de CdS (épaisseur de 360 Â) à haute résistivité par déposition chimique en

bain ont ensuite été établies. Ceci a été obtenu en variant la température de déposition et la

quantité de NH.OH dans la solution. Il a été observé que la qualité des filtns de CdS déposés

en utilisant une température de 60 oC et une concentration de NH.OH de 0.48 M était la

meilleure. La stabilité thermique des couches minces de ZnO à basse résistivité, déposées par

pulvérisation cathodique (rf) et dopées à l'indium ou à l'argon, a également été étudiée. Ceci a

été fait par traitement thermique des films de ZnO dans l'air, l'oxygène et l'azote à des

températures variant entre 200 et 350 oC. Il a été observé que la valeur de l'augmentation de la

résistivité à une température donnée décroitlorsque la concentration des dopants augmente de 0.5

à 5.3 % molaire. Pour les films contenant 2 % molaire d'indium ou d'aluminium, la résistivité

augmente lorsque la température du traitement thermique passe de 200 à 350 oC. Dans le cas des

échantillons traités à 200 oC, l'augmentation de la résistivité était d'environ un ordre de grandeur.

Les couches minces de CdS à haute résistivit-: et de ZOO à basse résistivité ont ensuite été

déposées sur une couche éIeetrodéposée de CufnSe, afin de fabriquer des celluIes de la forme

•
ZnO/CdS(haute p)/CulnS~ À titre comparatif, des cellules de CdS(basse p)/CdS(haute

III
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p)/CuInSe;, ont également été fabriquées par évaporation de CdS à basse résistivité. Certains

films de CuInSe;, utilisés ont été traités sous vide, les autres à l'argon. Dans le cas des films

traités sous vide, les propriétés se sont avérées largement inférieures. Les propriétés ont été

améliorées par un traitement thermique dans l'air. Toutefois, l'efficacité de ces cellules était de

moins de 2 %. La faible efficacité de conversion etait causée par une basse tension en circuit

ouvert. Des mesures de capacité-tension ont permi~ de découvrir que cette basse tension était

causée par une concentration élevée d'accepteurs (1017 cm') à la surface des films de CuInSe;,

traités sous vide. Dans le cas des cellules fabriquées sur des films de CuInSe;, traités à l'argon,

les effets photovoltaïques étaient présents avant le traitement thermique dans l'air. Du," efficacité

de 6.8 % a été obtenue de l'une des meilleures cellules, soit l'échantillon J8-4 (avec une fenêtre

de CdS à basse résistivité). Dans le cas des cellules avec fenêtre de ZnO, une efficacité de

conversion de 6.3 % a été obtenue pour l'échantillon 051. Pour ces cellules, la concentration des

accepteurs dans le film de CuInSe;, était de 1016 cm'J, soit un ordre de grandeur plus bas que la

concentration dans les films de CuInSe;, traités sous vide.

La longueur de diffusion des transporteurs minoritaires (électrons) dans le film éleetrodéposé de

CuInS!:: de type P a premièrement été mesurée en utilisant les méthodes de photocourant et de

capacité. Dans le cas des films de CulnSe;, traités sous vide, la longueur de diffusion des

électrons était courte (moins de 0.1 j1m). Dans le cas des film~ traités à l'argon, la longueur de

diffusion était d'environ 0.5 )lm. Ces valeurs sont prés de celles publiées pour les couches

minces de CuInSe;, déposées par évaporation.
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Quelques unes des ceIlules fabriquées ont aussi été étudiées en utilisant la méthode du courant

induit par faisceau d'électron (elecrron beam ind/lced c/lrrenr ou EBlC). Par cette méthode, des

longueurs de diffusion des électrons de plus de 1 ~m ont été obtenues. Considérant l'effet de

recombinaison en surface, la longueur de diffusion des électrons des films de CuInSe,

électrodéposés était finalement de 2.4 ~m. Cette valeur élevée de longueur de c:iffusion des

électrons corrobore les hautes densités de courants de courts-circuits observées lors des mesures

des caractéristiques de courant-tension des ceIlules électrodéposées de CuInSe,.
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• CHAPTER 1 INTRODUCTION

•

The total amount ofconventional non-renewable energy sources on earth, such as coal and

petroleum is limited. 5ince MOst of these conventional sources are non-renewable, the steady

supply of energy to meet long term world need is one of the MOst important and challenging

issues in our society. That stocks of readily available non-renewable energy resources are being

exhausted has be~me apparent with the energy crisis of the 1970's. The energy -::risis ended

global complacency towards earth's unlimited energy supplies and was the impetus for research

on novel sources. In order to avoià the impact of depleting non-renewable energy sources on c'ur

future living conditions, developing alternative renewable energy sources is imperative.

Renewable energy sources include falling water, wind, sunlight, ocean current and wave.

Of these, sunlight or solar energy is the most attractive because a1though not evenly distributed

around the earth at any given time, solar energy reaches evel)'Where of the earth's surface. The

amount ofsolar energy falling on the surface of the earth is approximately 7.45xl017 kWh

annually. This amount is four orders of magnitude higher than the world energy consumption.

50lar energy may be utilized in phototherma1, photochemica1, photoeleetrochemical,

photobiochemica1 and photovoltaic forms. The c1eanest, most direct and efficient mode is the

conversion ofsunlight into the eleetrica1 power through photovoltaic processes. In such processes,

Photovoltaic devices or solar cells are used to convert sunlight direct1y into e1eetricity. Compared

with other energy technologies, the photovoltaic technology has severa! distinct advantages. A

photovoltaic system does not require moving parts, does not require extensive maintenance and

ean be physica1ly located near the 10ad.
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At the present. the main applications of solar cells are limited te space vehicles. remote

area residential and small electronic componenlS. Most of the cells used in these applications are

fabricated on single crystalline Si and GaAs substrates.

The cells fabricated on monocrystalline Si and GaAs are too expensive for large scale

terrestrial photovoltaic applications due to the amounlS of energy and materials required for the

fabrication. One of the logical ways to reduce the cost is to develop thin film solar cells.

Compared with monocrystalline cells, thin film cells have the following advantages. Thin films

can be fabricated on large substrates. hence. the packaging density can be maximized. In addition,

low cost processes such as spray pyrolysis, chemical deposition and eleetrodeposition can be

used.

Theoretically, it is possible to fabricate thin film solar cells with a high energy conversion

efficiency with various combinations of materials. However. considering the basic material

properries such as optical absorption coefficient and energy band gap, the choice of materials is

limited. At the present, the most important semiconductors useful for photovoltaic solar cells are

amorphous Si, CelTe and CuInSe:.

Among these three materiaIs, the semiconductor c.uInSe: has received the most attention

in recent years. CuInSe: is a direct gap material with a band gap of 1.04 [1.1]. The band gap of

1.04 eV is near the optimum value for high efficiency solar cell applications. More importantly,

the optical absorption coefficient of CuInSe: is the highest ever repC:i1éd among any known

semiconductors (6xIOs cm-I
) _ With the high absorption coefficient, most of the light in the solar

speetrum can be absorbed by a film with a thickness less than 1 J.lIII. Thus, the amount ofmaterial

required to fabrieate CuInSe:-based cells is smalt. In addition to the above properries, the lattice

2
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mismatch between CuInSe, and large band gap window materials CdS or CdZnS is smalI.

Therefore. the density of interfacial states in a cell based on CuInSe, can be minimized [1.2).

Finally. no interfacial spike is expeeted in the condu(.-tion band since the eleetron affinities of

CuInSe,. CdS and CdZnS are similar [1.3][1.4).

Table 1.1 lists sorne of the properties of the three semiconduetors ZnO. CdS. and CuInSe,.

A unit cell of CuInSe, is shown in Figure 1.1 and unit cells of CdS and ZnO are shown in Figure

1.2. For the formation ofthin film solar cells. the preferred lattice plane is (112) for CuInSe,. and

(002) for CdS and ZnO (see Figure 1.3). The lattice mismatch between (112) CuInSe, and (002)

CdS is about 0.6%.

Because of the above-described advantages. the semiconduetor CuInSe.. has been the main

absorber material of photovoltaic research projects in our laboratory. In addition to the research

work on monocrystalline CuInSe,. an one-step eleetrodeposition method has been developed in

our laboratory for the deposition of CuInSe, films [1.5-l.8]. This method is not only simple but

the material utilization rate is high. Furthermore, the energy consumption is low and the

deposition system can be easily scaled up. Hence, witll further improvement, the process

developed is ideal for future large scale production of CuInSe, thin film solar cel1s.

Research work to be described in this thesis thus will concentrate on CuInSe, films with

the following objectives: (1) to study properties of the electrodeposited CuInSe, films before and

after a heat treatment, (2) to determine if the eleetrodeposited CuInSe, thin films are suitable for

fabrication of photovoltaic cells with ZnO as the window, and (3) ta determine the diffusion

length of minority carriers in CuInSe,.
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The arrangement of the thesis is as follows. A brief survey of the de'lelopment of CuInSe, thin

film solar cells is first given in Chapter 2. Chapter 3 describes the principles of operation of a

solar cell. Chapter 4 describes sorne of thc characterization techniques used to study the

semiconduetor materials and solar cells. In Chapter 5, a chemical bath deposition process for CdS

thin films and sorne of the charaeteristics of n-CdS/p-Si junctions are described. Chapter 6

presents fre properties of the doped ZnO films deposited on glass substrates. In Chapter 7, the

detailed processes of fabricating ZnO/CdS/CuInSe, solar cells are presented. In Chapter 8. results

on cell charaeterization are presented. In Chapter 9 experiments on the minority carrier diffusion

lengths by the capacitance methods are described. Chapter 10 presents the results on the study

of CuInSe,-based solar cells by an electron beam induced current method. Finally, in Chapter Il

conclusions for the present CuInSe, work are given.

Table 1.1 Properties of three semiconduetor materials for photovoltaic cells.

Material Es (eV) X (eV) Type Structure Lattice er Melting J.l. J.lt.
constant(Â) point cm1N-s

("C)

ZnO 3.3 4.2 n Wurtzite a=3.25 9 1975 20,
c=5.21

CdS 2.4 4.5 n Wurtzite a=3.82 8 1750 400, 15
c=6.26

CuInSe, 1.04 4.15 n, p Chalcopyrite a=5.78 10 990 320, 10
c=I1.62
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Figure 1.3 (a) Atomic structure on the (112)-plane of chalcopyrite CuInSe:t, (b) the (002)-plane
of hexagonal CdS, (c) the (002)-plane of hexagonal ZnO. The lanice mismatch
between the (112)-plane CuInSe:t and (002):plane CdS is the smallest (0.6%). The
lanice mismatch between the (112)-plane-CiiIilse:t and the (002)-plane Zno is
large (11.4%).
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CHAPTER 2 LITERATURE SURVEY

In this chapter, a brief survey of research work done in the area related to this thesis is

given. It consists of a survey on the past work on CuInSe,,-based solar cens first with CdS :md

then with ZnO as the window. A brief survey of work on the development of low coS! methods

for CuInSe" films is also given.

Demonstration photovoltaic solar cens of CuInSe" were first reponed on monocrystalline

substrates [2.1][2.2][2.3]. These cens were fabricated by depositing an n-CdS window on p

CuInSe" single crystals. A cel1 with Voc of 0.5 V, Ise of38 mA/cm:, F.F. of 0.6 and :m efficiency

of 12% has been obtained by Shay et. al in 1975 [2.2]. The early work on single cryS!alline cens

gave a strong motivation for further development of CuInSe" thin film solar cens.

AImoS! al the same tir.te when high efficiency monocrystalline solar cell was reponed,

experiments on polycrystalline thin films of CuInSe" were starled. The initial work on CuInSe"

thin films had been reponed by E1Iiot! [2.4] and Kazmerski [2.5]. The tirst generation thin film

cel1s of the form n-CdS/p-CuInSe" were fabricated by evaporating CdS onto polycrystalline

CuInSe" films prepared by vacuum evaporation [2.6]. The highest solar to electrica1 energy

conversion efficiency ofthese cel1s was 5.7"10. AIthourj. the efficiency of the first generation thin

film cells was low compared with those fabricated on monocrystalline CuInSe", it did demonstrate

that the thin film cell concept was feasible for the second generation cell development (with

efficiency more than 10%).

Within 1S years after the repon of successful deposition of CuInSe" thin films, CuInSe"

cel1s with high conversion efficiencies were reponed by several workers. These cel1s used
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vacuum evaporated CdS or CdZnS thin films as the window layers. In these studies, different

deposition methocls have bee:l used to deposit polycrysta1line CuInSe: thin films. The methocls

include thermal evaporation, selenization ofmetaI layers (CulIn), sputtering and eleettodeposition

[2.7-2.12]. The devices were formed with either single- or double-layer of CuInSe: thin films.

The purpose of the double-layer CuInSe: is to control the concentrational depth profile in order

to increase the open circuit voltage. The energy conversion efficiency for the best second

generation thin film cells on CuInSe: with CdS or CdZnS as the window was 12.4% [2.7].

The efficiency of the second gener2tion CdS/CuInSe: cells is limited by the relatively

small energy gap value of the CdS window. The window semiconduetor CdS, with an energy gap

of 2.4 eV, absorbs those photons in the solar speetrum with energies higher than this value.

Hence, the high energy photons will not reach the absorbe: layer (CuInSe,) and contribute to

carrier generation. The replacement of CdS with higher energy band gap CdZnS has been limited

by the lack of effective dopants for CdZnS. In fact, it is very difficult to deposit low resistivity

and transparent CdZnS film with Zn content higher than 20%. Since the energy gap of Cc!o.aZno.:S

is about 2.48 eV, only a small increase in transmission over that of CdS is expeeted for this

material.

The semiconduetor Zno (E,=3.3 eV), is a very attractive window material for solar cell

applications because ofits excellent optical and eleetrical properties [2.13][2.14]. In earlier worle,

low resistivity Zno thin films were obtained by controlling ratio of Zn/O. However, thermal

stability of low resistivity ZnO films obtained by controIling the Zn/O ratio was very poor. Ifthe

thermal stability can be improved, Zno would be an ideal window material for many

optoeleetronic devices. Figure 2.1 shows the $Olar speetrum under AM1.5 condition. The
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absorption edges of the semiconductors CdS. Cc!o,zno,S. ZnO and CuInSe, are labelled on the

diagram.

It is seen that by replacing the traditional small band gap window CdS by the large band

gap ZnO. the total solar light which can reach the cell will increase by 10%. This will cause an

increase not only in the short circuit current density but also the efficiency. In a more recent

work, ZnO was used to replace the traditional CdS and CdZnS windows in thin film cell

fabrication [2.15]. Unfortunately, the interface properties ofthe ZnO/CuInSe, cells were very poor

due to the large lattice mismatch between ZnO and CuInSe, (the lattice mismatch is Il.4%).

When the lattice mismatch is large, the density of interface states in the junction will be large.

In a cell with a large interface density, recombination dominates the current transport mechanism

and the conversion efficiency is low.

In order to reduce the interfacial state density of the ZnO/CuInSe, cells, a thin layer of

CdS or CdZnS can be deposited on CuInSe, prior to the deposition of ZnO to form the third

generation cells. The third generation solar cells ofthe form ZnO/CdS(CdZnS)/CuInS~have been

fabricated by vacuum deposition with a relatively good performance [2.16]. However, the

thickness of the CdS or CdZnS layer has to be small in order to minimize the absorption.

Extensive research work on cells with the ZnO/CdS/CuInS~structure has been carried

out in recent years by the vacuum methods. Solar cells with an efficiency as high as 15.4% were

reported [2.16-2.19]. The efficiency of 15.4% is the highest value reported so far for CuInS~ thin

film cells prepared by the vacuum methods. For the best cell, the short circuit current density was

41.2 mAlcm', open circuit voltage was 0.515 V and fill factor was 0.726 [2.19].

To increase further the energy conversion efficiency of the CuInS~ thin film cells, it is
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required to improve the properties of the absorber layer. One of the methods is to increase the

energy gap. This caIl be achieved by adding a small amount of Ga to the temary compound,

CuInSe", to form a quatemary compound, CuInGaSe". The quatemary compound, CuInGaSe", has

an energy gap which is greater than that of CuInSe". Cells fabricated with this quatemary

compound have been shown to have a higher open circuit voltage [2.20-2.22]. Although the short

circuit current density was reduced some what, a ZnO/CdS/CuInGaSe" cell with a conversion

efficiency of 16.9% has been successfully fabricated [2.18}. For this cell, Voc was 0.641 V, Ise

was 35.8 mAlcm2 and FF was 0.735.

From the above brief literarure survey, it is clear that high efficiency thin film solar cells

can be fabricated on vacuum deposited CuInSe" or CuInGaSe". Since the fabrication cost of ceUs

by the vacuum methods is too high for large scale terrestrial photovoltaÏc applications, it is

required to develop altemate low cost methods for the thin film deposition and cell fabrication.

Useful altemate methods for thin film solar cell fabrication should satisfy ail oÏ the

following conditions. These conditions include: (1) low energy consumption, (2) high material

utilization rate, (3) short processing time and (4) good reproducibility. Severa! non-vacuum

methods, such as spray pyrolysis and electrodeposition, have been studied in the past decade for

the fabrication of CuInSe,,-based photovoltaÏc solar cells.

Spray pyrolysis is a low cost process which has been used for the deposition of severa!

semiconductor thin films including rro. This method has also been used for the deposition of

CuInSe" thin films [2.23]. However, the electronic properties of CuInSe" prepared by spray

pyrolysis were poor and the conversion efficiency of cells fabricated was less than 2%.

Electrodeposition is another low cast method which has been used extensively in industty
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for the deposition of metal films. Using a sequential electrodeposition method. Kapur and

coworkers [2.24] have deposited metallic In and Cu layers onto Mo substrates. Thin films of

CuInSe: were formed by a post-deposition selenization for cell fabrication. The post-deposition

selenization process used by Kapur and coworkers involved the toxic H:Se gas. Furthermore. the

selenization was carried out at a relatively high temperature.

In our laboratory. a novel one-step electrodeposition method has been successfully

developed for the deposition of CuInSe: thin films [1.4][1.5]. In this method. polycrystalline thin

films of CuInSe: are deposited on conduction substrates such as Mo or Mo-coated glass

substrates, without the need of the selenization step. The deposition rate is high and does not

require expensive equipment. Hence. this method can meet ail of the requirements for future

terrestrial photovoltaic solar cel1 fabrication. In the present work. special efforts wil1 be made to

study devices fabricated on CuInSe: films and to identify the possible limitations associated with

this electrodeposition method.

12
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CHAPTER 3 THEORY OF SOLAR CELLS

3.1 INTRODUCTION

A solar cell is a device mat converts sunlight direetly to electricity wimout moving parts.

A solar cell consists of mree functional elements, namely an absorber, a junction and a collector.

The purpose of me junction is to separate minority carriers generated in me absorber and sweep

them to me collector. Once me minority carriers generated in me absorber cross mejunction, mey

become majority carriers. The collector distributes me majcrity carriers to external loads in me

forro of current.

. Different types of junctions can be used for solar cells, such as (1) a p-n homojunction,

(2) a p-n heterojunction, (3) a Schottky junction, and (4) a metal-insulator-semiconductor

junction. Among mem, me homojunction is me simplest and me meory developed for it can be

used to und..rstand operation of omer devices such as heterojunctions and Schottky junctions.

Hence, me characteristics of a homojunction solar cell are presented first in mis chapter. Because

me solar cells to be studied in mis work have a heterojunction structure, me characteristics of a

heterojunction cell are also presentee!. The meory of p-n junction solar cells is very weil

developee!. Detailed treatments can be found in various references [3.1-3.3].

3.2 ENERGY BAND DIAGRAM AND STAnc CHARACTERISnCS

In this section. me energy band diagram of a homojunction is first presentee!.

Characteristics of the homojunction in open circuit condition are then discussee!. The l':operties

of a heterojunction are finally describee!.
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3.2.1 Homojunction

A homojunction is fonned in a semiconductor piece with two regions having different

conductivity types, namely, n- and p-types. For simplicity, it is assumed that the acceptor

impurity concentration in one region, NM is constant At the interface, the concentration changes

abruptly to another value, No, for donors. This type of junction is called an abrupt anisotropic

homojunction.

Figure 3.1a shows a schematic diagram of an abrupt p-n junction. The device is divided

into three regions, the neutral p region, the neutral n region and the depletion region. The space

charge distribution of the p-n junction in thermal equilibrium is shown in Figure 3.lb. The

electric field in the junction is plotted against distance, le, in Figure 3.Ic. The maximum eleetric

field occurs at the rnetallurgical junction, x--o. The potential variation with distance in the

junction is shown in Figure 3.Id. Rere, the potential Vd is called the built-in potential of the

junction and is related to the device parameters by the following expression:

(3.1)

Where N" and No are acceptor and donor concentration in p and n region of the junction,

respectively. The band diagram of the p-n junction is shown in Figure 3.Ie.

The maximum eleetric field (E,.) and built-in potential CVJ cao be expressed as:

(3.2)

(3.3)

•
Here E. is the dieleetric constant of the semiconduetor. The depletion width, w, cao be expressed
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• as:

(3.4)

For a one-sided abrupt junction, the above expression is simplified to:

(3.5)

When ajunction is biased to a voltage, V, the total eleetrostatic potentia! difference across

the junction is Vd-V. The band diagram of a homojunction under forward and reverse bias is

shown in Figure 3.2. For the one-sidedjunction with the bias voltage applied, the depletion width

is:

(3.6)

The depletion-layer capat"Ïtance, C, of the junction varies with the depletion width, w (or

bias voltage, V). Therefore, the capacitance per unit area, C, can be expressed as a function of

bias voltage:

and

C - dQc
- ëW

= E..
W =~ (3.7)

dC-Z
=ClV

(3.8)

•
From Equation (3.8), it is expected that a plot of <;2 versus V would yield a straight line.
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• The slope of the line would give the doping concentration, NB.

3.2.2 Helerojunction

A junction formed be!Ween !Wo differenl semiconduetors (1 and 2) is called a

helerojunction. Figure 3.3 shows the energy band diagram for a helerojunction. The built-in

pOlential, Vd' is:

(3.9)

Here, ~p and ~n are the work functions of the semiconduetors p and n, and Vdp and Vdo are the

built-in polentials in the !Wo semiconduetors. In and Xp are the eleetron affinity in the IWO

semiconduetors. The difference in the energy of the conduction edges in the !Wo semiconduetor

is denoled by âEc and thal of the valence band edges by âEv. When one side of a heterojunction

• is much more heavily doped than the other side, the junction is an one-sided helerojunction. For

solar cell applications. a structure consisting of a window layer and an absorber layer is often

employed. Normally, the window layer is a highly transparent and heavily doped semiconduetor

with a large band gap. and the absorber is a lightly dOPed layer with a small band gap. The ideal

I-V charaeteristics that describes an one-sided homojunction cao be used to describe an one-sided

heterojunction.

To form a good quality heterojunction, the foUowing conditions must be satisfied. (1) The

difference of lattice constants of the window and the absorber materiais should be small in order

to minimize the density of interface states, (2) the difference of eleetron affinities of the IWO

materials should be small to minimize energy band discontinuities, and (3) the thermal expansion

coefficients of the IWO materiais should be close. The last requirement is needed in order to

• 17



•

•

•

minimize defects which can fonn during fabrication and post fabrication heat treatment. The

model of an ideal heterojunction also assumes an abrupt junction that is free of dipoles and

10ca1ized interface states.

In practica1 junctions, because of a finite lattice mismatch and an elementai inter diffusion

effect, 10ca1ized band-gap states can fonn at the interface (ca1led interface states). Such states can

store eleetrica1 charges and produce an interfacial unipole. Interface states are very important in

solar ceUs because they aet as recombination centers or trapping sites for generated electrons and

holes. There are two types of 10ca1ized states, acceptor state and donor state. The acceptor state

is neutral when it is vacant and is negative when occupied by an electron (ionized). The donor

state is neutral when occupied by an eiectron and positive when it is vacant.

3.3 CURRENT TRANSPORT MECHANlSMS OF A JUNCTION

In this section, the current transport mechanisms of ideal homojunctions and

heterojunctions are presented first. Deviations of practica1 junctions from an ideal one are then

discussed.

3.3.1 Ideal Junction

Severai assumptions are made to derive the current-voltage characteristics of an ideal p-n

junction: (1) the jWlction is abrupt, (2) Boltzman relations are valid, (3) low-injection conditions

are valid, and (4) no generation and recombination of carriers in the depletion region.

When a junction is biased, the band bending and carrier distribution are changee!. For the

ideal junction, the current is determined by diffusion of minority carriers. The total current
,
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• density for a biased p-n junction is:

(3.10)

•

•

where q, k, and T are the eleetron charge, Boltzmann constant and absolute temperature

respectively. Jo = qDpPncILp+ qDnn,JLn is the reverse saturation current density, Dp and Dn are

the diffusion coefficients for electrons and holes, PnO and n.o are the equilibrium minority carrier

concentrations, and Lp and Ln are the minority carrier diffusion lengths.

Figure 3.4 shows an 1-V curve of an ideal p-n junction under dark condition. When a

forward voltage, V, (V»kT/q) is applied to the junction, the current density varies exponentially

with the applied voltage. The reverse current density will reach J. when a reverse voltage, V «

-kT/q is applied to the junction.

3.3.2 Deviations From the Ideal Diode

For a practica\ junction under reverse bias, the magnitude of the current will be greater

than I. because of the generation of carriers in the depletion region. When the magnitude of the

reverse bias voltage continues to inerease, junction breakdown eventually occurs.

The deviations of the practica\ junction from the ideal one under forward bias are due to

the following factors: (a) recombination in the depletion region, (b) high level injection and (c)

resistance associated with the bulk region and metal semiconductor contact. Figure 3.5 shows

deviations of a practica\ junction from an ideal one under bias.

When a practica\ junction is forward biased, the CUITent-voltage relation can be simp1ified
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• as:

(3.11)

•

•

where n is the ideality factor and is a measure of the deviations from an ideal junction. The

ideality factor n is equal to 1 when diffusion current dominates and equal to 2 when

recombination cUITent dominates. When both the mechanisms are comparable, n lies between 1

and 2.

3.4 EFFECTS OF ILLUMINATION ON JUNCTIONS

When an incident light reaches the absorber semiconductor, electron and hole pairs are

generated. The generated minority carriers in the neutral regions (electrons in p-semiconductor

or holes in the n-semiconductor) will diffuse towards the depletion layer. The carriers generated

inside the depletion region and the carriers diffused into the depletion region will be separated

by the strong electric field. The holes will be swept into the p-side and the electrons will be

swept into the n-side. Figure 3.6 shows the generation, diffusion and separation processes in a

homojunction under illumination. Here, the electrons and holes generated by the incident photons

inside the depletion region (1 and 2) are separated. The electrons are swept towards the right

hand side and the holes are swept towards the left-hand side. It is noted that the minority carriers

generated in the neutral regions (3 and 4) within diffusion lengths, can diffuse into the depletion

region and be separated by the electric field in the depletion region. It is thus clear that the

performance of a solar cell is determined by the diffusion of charge carriers generated in the

absorber. In the present worle, special efforts will be made to determine the value of e1ectron
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• diffusion length in CuInSe, and see how this parameter is related to the ceII performance.

The effect of illumination can be seen from the current voltage (I-V) characteristics of the

junction. Figure 3.7a shows an equiva!ent circuit for a solar ceII under illumination and Figure

3.7b shows the I-V characteristics ofthis ceII.

The I-V relationship for the ceII under illumination can be written as:

V-IR;,
1- ~ = I.{exp [q (V-.lR;,) /nkT] -J.!-IL (3.12)

•

There are severa! important solar ceII parameters which need to be explained.

(1) The short circuit current of the ceII (Ise> is defined as the current that flows tbrough

the junction under illumination at zero bias. In the ideai case, R. = 0 and R.J. = 00, and Ise = IL'

(2) The open circuit voltage (VOC> is the voltage across the junction under illumination

with no current flowing through the device. Under the open circuit condition, the cell would have

to bias itself to the open circuit voltage, VOC' The relation between Voc and Ise is given below,

in Equation (3.13).

The power output of the ceII at a given voltage, V, is given by:

P = IV = IsV[exp (qV/nkT] -1] -IscV

(3.13)

(3.14)

•

The maximum power point (I,.,VID) on the curve of Figure 3.7(b) can be obtained by setting

ôPIôV = O.

(3) The fiIl factor (FF) of a cell is the ratio of the maximum output power to the product

of the short circuit current and the open circuit voltage.
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• (3.15)

(4) The energy conversion efficiency (,,) of a cell is defined as the ratio of the ma.ximum

output power to the incident photon power.

(3.16)

(5) The spectral response (SR(À.» of a cell is defined as the photocurrent collected at each

wavelength divided by the number of incident photons per unit time. The internai spectral

response is the ratio of the number of electron-hole pairs collected by the cell under short circuit

condition to the number of photons that have entered the cell surface.

here, F(À.) is the number of photons incident on the device at wavelength À. per square centimeter•
JscSR (À) = -",.,......,.......;:::.~"""""'"

qF(l) [l-R(À) l
(3.17)

per second per unit bandwidth, R(À.) is the reflectance of photons at wavelength 1...

The external speetral response is the ratio of the number of electron-hole pairs collected

to the number of photons reaching the surface of the device.

SR(À).E=. = SR(À) [l-R(À) l

3.5 ADVANTAGES OF HEIEROJUNCTION CEL! S

(3.18)

•

Since CuInSe:-based, heterojunction $Olar cells are studied in this worle, it is specially

interesting to compare performance of a heterojunction cell with that of a homojunction cell. The

performance of a heterojunction cell may be affected by severai factors such as compatibility of
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the thennal expansion coefficient and the lattice constant of the two materials, interdiffusion at

the metallurgical junetion and discontinuity of the energy band diagram. However, the

heterojunction cells have several advantages over homojunetion cells. Firstly, a heterojunetion

allows the use of semiconductors that can only be doped either n- or p-type, (such as ZnO or CdS

for windows). Secondly. low cost processes can be developed for the heterojunetions.

3.6 CURRENT TRANSPORT MECHANISMS OF A PRACnCAL HETEROJUNCnON

SOLARCELL

In addition to interfacial states, deep energy states also exist in the buik region of the

semiconductors. The density of the deep energy states can be large in a polycrystalline

semiconductor such as CuInSe:. Therefore, some carriers generated in the neutral region will

recombine before reaching the depletion region.

Figure 3.8 shows a one-sided heterojunction with a window-layer. The absorber is lightly

doped compared with the window. Therefore. the build-in potential is mainly due ta the band

bending of the p-type absorber. The net current density. J. at x = W is:

J = - [J. (W) +~.. (W)) (3.19)

•

The minus sign indicates that the current is in the fourth quadrant when the junction is under

illumination (in an J-V plot). The current component, J.(W). is the minority carrier current flow

in the quasi-neutral region. WSxSW+L. It can be expressed as [3.1]:
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• (3.20)

where EFn is the electron quasi-Fenni level at x =W and JLe is the photocurrent generated in the

neutral region (W~+L). JLe can be expressed as:

and

•
(3.22)

•

The second tenn ofEquation (3.20) is the bucking recombination and diffusion current developed

in this quasi-neutral region. It is thus c1ear that, in order to coUect ail of the carriers generated

in the absorber, the diffusion length Ln must be large.

The dimensionless (3 numbers appearing in Equations (3.21) and (3.22) are given by (31

= Lex, f3: = LIL,. and l3J=LnSjD•. Here, a is the absorption coefficient, L. is the diffusion length

of electrons, D. is the diffusivity of the electrons in the absorber, and S. is the recombination

velocity of the electrons at the back surface.

Jp(W) in Equation (3.20) is not a minority carrier current Consequently, it cannot be

treated as easily as J.(W). Using the continuity equation for the depletion region, Jp(W) can be

expressed as:
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• w w
JpOr') = eJGdx-JRdx-J,

o 0

(3.23)

The first and second tenns are photogeneration and recombination in the depletion region,

respectively and J, is the interface recombination current density. In Equation (3.23), it is assumed

that the recombination takes place in the absorber. It is also assumed that the current arising from

holes injected over the valance band barrier at x=O is negligible due to the large discontinuity,

tN.

The generation current can be expressed as:

Here, <1>., is the photonflux and a. is the absorption coefficient of the absorber. The recombination•
current is expressed as:

w

JGdx = ecPo(l-e -"Il)
o

w
JRdx = JsaJexp(~-l]
o

(3.24)

(3.25)

•

The quantity, JSCR, is a prefactor characterizing the depletion region recombination current

Assuming that the interface recombination current, J" is controlled by the electron and hole

concentrations at x=O" then it can be expressed as:
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• (3.26)

Here, JIR is a prefactor. For Equation (3.26), the hole quasi-Fermi level is assumed to be flat

across t1ie depletion region. This same assumption is not made for electrons. The quantity,

~n(O·), is larger then the bias voltage, V.

It is further assumed that the capture cross section area, cr, of the recombination is the

same for electrons and holes. The prefactor in Equation (2.26) can be express as [3.1]:

Here, Vil> is the thermal velocity of the eleetrons, NI is the number of loca\ized states per unit•

eaV",NrNcexp[- ;73
JIR = ----------------------

exp[_E_8 __V~ __V_Bi+ ~1+2+exp[_E_8 __Vp __V_B/+!.lexp[EF.(OJ]
2kT kT kT kT 2kT kT kT kT kT

(3.27)

•

area, Nc is the effective density of the states in conduction band of the absorber, Vp is the Fermi

level with respect to the valence band edge at thermodynamic equilibrium in the absorber. The

quantity J1R depeods on bias voltage and E. through EP.-v.-VBi' The energy, E/2-V.-VDi' locates

the Fermi level in thermodynamic equilibrium, al, x=0.

Substituting Equations (3.24)-(3.26) ioto (3.23) and substituting Equations (3.20) and

(3.23) into (3.19), Equation (3.28) is obtained.

The last term of Equation (3.28), JLSc> is the generation current in the depletion region from

26



•

•

Equation (3.24). Equation (3.28) demonstrates that the photocurrent, JLB+JLSC, generated in an

one-sided heterojunction is opposed by three bucking current mechanisms. They are

recombination at the interface, recombination in the depletion region, and recombination-diffusion

in the absorber.

As can be seen from Equation (3.28), the recombination current at the interface is driven

by the eleetron quasi-Fermi level at x=0. The recombination-diffusion current in the absorber is

driven bY the eleetron quasi-Fermi level at x=W. If the eleetron quasi-Fermi level is fiat or in

other words, if across the depletion region, ~n(O)=~n(W)=V, the eleetrons face no difficulty in

crossing from x=W to x=o. However, if the eleetrons do face difficulties crossing the depletion

region, the eleetron quasi-Fermi level will rise as shown in Figure 3.8. A transport factor, Fa' can

be defined to characterize the eleetron transport across W~>O. It quantificatifies the tendency

of an eleetron to back-diffuse away from the junction because of the difficulty the electrons face

in crossingW~. The transport factor can be expressed as:

J
F = -

G J +Jdl,{ _

The sweep current density can be expressed as:

"
J_ = e1IpOJ1.k1'!exp<-V/k7)d:t

o

(3.29)

(3.30)

.-
Berc, 'Ids the conduction band edge as a function of position.

Similarly, a transport factor, FI' can be defined to characterize the electron emission from
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• the absorber to the window material at x=0.

F = J m exp(-Vjk1)

1 J/R+FGJdJf+Jmexp(-VjkT)

The thermionic emission current density is given by:

(3.31 )

(3.32)

•

•

Here, A· is the effective Richardson's constant. If FI=O, the electrons will not face difficu1ties

crossing the metallurgicaljunction. The pbotogenerated carriers from the absorber will be injected

into the window material by thermionic emission.

The values of the electron quasi-Fermi level at x=0 and x=W depend on the transport

factors FI and F•. IfFI=I, then ~n(O}=V. If FI =F.=I, then ~n(O}=~n(W)=V,

After the introduction of the transport factors, the current density of the heterojunction

solar cell in Equation (3.28) cao be expressed as:

Equation (3.33) is a mathematic model for electron transport in a one-sided heterojunction

solar cell.

To see the effect of interface states in the window side on the recombination current

component, it is assumed that F.=FI=l. Using the continuity equation for an electron near the

interface:
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• (3.34)

G
n

and R,. are the generation and the recombination rates, respectively. If Equation (3.34) is

applied in the vicinity of the interface under the steady state condition ônlôt=O then,

•

o·
J.(Oj-J.(Ol = ejR.dx = etlpr

o'

and

(3.35)

(3.36)

Here, JLO is the generated current density that reacbes the junction from the absorber, JL is the

current density that leaves the junction on the window side, and SI is the interface recombination

velocity. The quantity enlSI is the recombination current density, nI is the density of electrons on

the window side and SI is the effective recombination velocity. The current density component,

JL, can be expressed as:

(3.37)

•
Where, Il is the electron mobility and ç is the electric field at the interface on the window side.

Substituting Equation (3.37) into (3.36):
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• (3.38)

and

(3.39)

•

•

FO is a transport factor and FO :5 1. The quantity /.lÇ/(/.lÇ+SI) is the ratio of .Ile drift velocity at

x=O' to the sum of the drift velocity and the recombination velocity. In Equation (3.39), it is seen

that the collection of photogenerated current is sensitive to the electric field value at interface.

3.7 CONCLUSIONS

From the above discussion, it is apparent that the most important layer of a heterojunction

solar cell is the absorber in which light-induced transitions produce mobile charge carriers. The

window material is a large energy gap semiconductor which does not absorb significant arnounts

of sunlight. Genera1ly, a semiconductor with large optical absorption coefficients and long

minority diffusion lengths is desirable for absorber applications. An absorber layer with a low

surface carrier concentration can resu1t in a wide depletion region. Therefore, the carrier

generation takes place mainly inside the depletion region and in the bulk region near the junction.

The window layer is a large band gap semiconductor with high conductivity. Hence. the

resistivity loss can be minimizec!. The lattice constants of the absorber layer and window layer

should be similar to ensure a low density of interface states. Finally, the metal contacts should

coyer oo1y a small portion of the cell surface to maximize the photocurrent.
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CHAPTER 4 CHARACTERIZATION OF THE MATERIALS AND DEVICES

4.1 INTRODUCTION

Before fabrication of a solar cell, it is essential to have a basic understanding ofproperties

of the semiconductor materials involved. These include cIYstalline structure, morphology,

composition, eleetronic and optical properties. A detailed study of these properties is particularly

important for high efficiency cell fabrication. The eleetronic properties to. be studied include

conduction type, resistivity, and concentration of the carriers. The optical properties include

optical transmission and refractive index.

After fabrication, the complete solar cells will be characterized by carrying out current

voltage (I-V), capacitance-voltage (C-V) and speetral response measurements. These

measurements will be done in order to obtain essential parameters such as reverse saturation

current 1., ideality factor n, diffusion voltage VD' depletion width x, series resistance Rs and other

relevant parameters.

ln this chapter, the measurement techniques for both the semiconductor thin films and the

fabricated devices will be discussed. The principles and the equipments used for the

measurements will also be described.

4.2 SCANNING ELECTRON MICROSCOPY

The Scanning Electron Microscopy (S~ ;s extensively used for charaeterization of

various semiconductor materials[4.1)[4.2]. In a secondary electron mode, the SEM can be used

to reveal microscopic morphological structure. In back seattering electron mode, the
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crystaIlographic structure, in addition to the morphological structure, can be studied. The

resolution of the SEM operating in secondary eleclron mode is beller than 100 A. An energy

dispersive X-ray attachment (EDX) can be added to characterize X-rays generated in the sarnple

by the incident eleclrons. This will allow us to obtain quantitative compositional characteristics

of the material being examined.

Figure 4.1 shows a schematic diagram of a scanning eleclron microscope. The electron

gun consists of a tungsten filament which emilS eleetrons. The eleclrons are accelerated by the

strong eleetrical field applied between the eleclron gun and the specimen to form a beam. The

scanning coils incorporated in the vicinity of the final lens cause the beam to scan the sarnple.

The colleClor colleclS the output signal from the sarnple as back scallered eleclrons. secondary

eleetrons or X-rays. The output signal is amplified and displayed in the cathode ray tube (CRT).

In the present work, a JOEL model JSM-6100 scanning eleclron microscope is used for studying

the semiconduClor materials and devices prepared. In the sarne SEM system, an attachment can

be added for eleetron beam induced current measuremenlS (EBIC). lt will be shown in a later

chapter that this allachment can be used to obtain the diffusion length of minorily carriers in a

semiconduClor.

4.3 MEASUREMENT OF THICKNESS OF Fll.MS

The thickness of each layer of materials of a $Olar cell must be known because it plays

a critical role in the optimization of the cell. Knowledge of the thickness of a film deposited

using one particular deposition methocl, enables one to design a standard procedure for the film

deposition.
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One of the techniques for the determination of film thickness is by examining the

semiconduetor sample in SEM. Another technique commonly used is an optical measurement

method. The optical method is par.i.:ularly useful for largo: band gap semiconduetors, such as CdS

and ZnO. In this section, the optical method used for the thickness determination will be

described. This method is based on light interference within the film. When a monochromatic

light in the visible region is incident on the surface of a film, the interaction of the rays causes

the inlensity of the light to increase or decrease in a specific direction [4.3].

As shown in Figure 4.2, when the incident light (AO) reaches the top surface of a thin

film, it will be partially refleeted (OR) and partially refra;;ted (OC). As the refraeted light (OC)

reaches the bottom surface of the film. it will b-:: partially refleeted (CO1) and refraeted (CT)

again. For a transparent film, the intensity of refleeted light is much lower than that of refraeted

light. Therefore, it is sufficient to conside; only the interference between the first IWO refleeted

rays. The intensity of subsequently refleeted rays does not interfere appreciably with the first two

refleeted rays.

The difference in the optical path of the first two refleeted rays is:

t.l = (OC+01C)n-OF = 2nt -2ttan!!sin"
cos!!

(4.1 )

where n is the refractive index of the material and t is the film thickness. Since n = sinalsin13.

one can show that:

(4.2)

•
When a light is refleeted from a material with a high refractive index into a material with

a low refractive ind~ the light defraeted. When a light is ref1eeteè from a material with a high
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• refraetive index back to a material with a low index, a phase change of 180' occurs (for instance.

the refraetive index of CdS or ZnO is greater than that of the glass substrate). The effective

difference in the optical path is then given by the following equation:

.6.1-.tf. = .6.1-')../2 (4.3)

When 61,rr. = kÀ or 61 = (2k+1)1J2, the maximum interference occurs. By knowing k, 1... a. and

n, the thickness t of a deposited film cao be oblained from the following equalion.

t =
(2k+l)')..

4"'nL sin2
(t

(4.4)

here k is the maximum number of interference fringes.

The thicknesses of the ZnO and CdS films deposited in the present work for photovoltaic

$Olar cells have been delermined from the optical measurements. During the measurements, t.'le

• sarnple was placed under an optical microscope and the number of interference fringes in the

edge region of the sarnple was counted. Filtered light with a wavelength of 6300 Â was used

because the fringes cao clearly be seen under the microscope. At 6300 Â wavelength, the

refraetive index of ZnO is about 3 and is 2.29 for CdS. Thus from equation (4.4), each

interference fringe in Zno corresponds to an incremental thickness of 0.21 J.1III and is 0.28 J.1III

for CdS.

The method described above is simple and nondestruetive. Hence, il cao be used to

determine the film thickness after each step of the Ïabrication. For a film with a very small

thickness, such as chemical bath deposited CdS, the present method is not accurate enough. Other

•
methods will have to be used to determine the thickness.
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• 4.4 X-RAY DIFFRACTION

X-ray diffraction (XRD) is an effective method for the delermination of the crystalline

struclure of a malerial. Il is a nondestructive method which gives information on the crystalline

phases and grain sizes in the sample [4.4][4.5]. A schematic diagram of an X-ray diffractomeler

is shown in Figure 4.3. The X-ray diffraclomeler consists of three main parts, an X-ray tube te

generale radiation, a delector to delect the diffracled radiation and a goniomeler 10 rotale the

sample and the deleclor simultaneously (al differenl angular speeds).

The radiation spectrum delecled by the delector is first translaled into a pulse spectrum.

The pulse spectrum is then amplified and converted into a graphic record of inlensity versus

diffraction angle. The relation between the angle for maximum diffraction of X-ray by a material

and the wavelength of the X-ray is given by the Bragg's law,

2dsin6 = 111 (4.5)

•

where n is an inleger, i.. is the wavelength of the incident X-ray, d is the spacing between the

crystal planes and e is the incident angle of the X-ray. Because scatlered waves interfere with

each other, maximum intensity is obtained only when the above Bragg condition is satisfied.

From the recorded data, the incident angles e at the peak positions and the height of the peaks

can be obtained. The d spacing value can then be calculated from Bragg's equation. The

crystalline structure of a film can be determined from ASTM data. By comparing the height and

the width of the peaks, the crystalline quaiity can be determined. In general, the higher and

narrower the peaks, the better is the crystalline quality of the sample.

In the present wode, an Siemens X-ray diffractometer is usee!. This diffractometer bas a

Cukal source with a Ni filter (wavelength =1.54 A).
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• 4.5 ELECTRICAL RESISTIVITY

The electrical resistivity of a film can be measured using a conventional four·point probe

technique [4.3]. A schematic diagram of the four-point probe is shown in Figure 4.4. The four

probes are equally spaced and adjusted to the same height. A small dc current is supplied by a

battery through the two outer probes and the voltage developed between the two inner probes is

measured. The resistivity of the film, p, is then calculated using the follow equation:

p = Y tCF
1

(4.6)

•

•

here t is the thickness of the film and CF is the correction factor. When the probe spacing is

much larger than the thickness of the film (which is typically, 1 llffi), the value of CF is 4.54.

This method has been used in this work to deterrnine the resistivity of the ZnO and CdS films

deposited on glass substrates.

4.6 OPTICAL TRANSMISSION

Optical transmission of the window material in heterojunction solar cells deterrnined the

amount of light reaching the absorber for eleetron generation. Therefore, it is important to know

how the transmission characteristic will vary with processing conditions of semiconductors. In

the present work, the optical transmission values of the two semiconductor window materials ZnO

and CdS (deposited on glass substrates) have been measured by the set-up shown in Figure 5.5.

The setup includes a Bechman Model 2400 monochromator with a wavelength range from

0.4 to 2.0 llffi. The wave1ength of the output is selected by adjusting the orientation of a prism.

During the measurements, the slit width of the monochromator is kept at 0.5 mm. A Si detector
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(United Detector, Model No. 6-PIN) is used for the intensity measurements in the 0.4 to 1.1 lJ.II1

wavelength range. In the 1. 0 to 2.0 lJ.II1 wavelength range, an InSb photovoltaic detector (Jadson

Infrared Inc.) is used. The short circuit current of the detectors under illumination is measured

using an HP semiconductor parameter anaIyz<.:r (Model No. 414SA).

4.7 CURRENT-VOLTAGE CHARACTERISnCS

The experimentaI setup for the determination of current-voltage characteristics of a

junction is shown in Figure 4.6. The DC voltage is supplied by the HP semiconductor parameter

analyzer which is controlled by an mM persor.aI computer. Current output at each bias voltage

is measured more than 10 times and the average vaIue is obtained

For routine photovoltaic measurements, a Bausch & 10mb tungsten light source is used

to illuminate the samples. The light source is adjusted to near AMI intensity. From the dark and

illuminated 1-V characteristics, the idea1ity factor n, reverse saturation current Io. open circuit

voltage Voc> short circuit current Isc, fill factor FF, and the energy conversion efficiency of the

cells are obtained

4.8 CAPACITANCE-VOLTAGE CHARACTERISnCS

Information on capacitance-voltage characteristics of a junction is important for the

deterrnination of basic parameters [4.6). The basic parameters include carrier concentration of the

base material (CuInSeJ, depletion width and diffusion potential.

In a semiconductor junction, the depletion width varies with the bias voltage applied

When the magnitude of the reverse voltage across t1iejunction in· Figure 4.7 (a) is increased by
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• tJ.V, the depletion width increases. The increase of the depletion width causes an increase in the

total charge in the depletion region by tJ.Q. As shown in Chapter 3, the depletion (differential)

capacitance per unit area is defined as:

C = dQ/dY (4.7)

here, dQ is the incremental charge per unit area due to a change of the applied voltage, dV. For

an one-side abruptjunction (Figure 4.7(b», the capacitance per unit area is given by:

C = dQy = ~-::d7-(q:.,.N.,::.B,-:Wl-=:::- - E3 _ [2 (Yb/+Y-2kT/q) 1-\',
dV [ (qNB/2~) W2l - w - qEfiB

(4. B)

•
here Ne is the impurity concentration of the substrate, Vbi is the built-in potential of the junction,

T is temperature, W is the depletion width and &. is the permittivity of the substrate

semiconductor. From Equation (4.8), expression of lIC: and d(lIC:)/dV can be obtained:

l
C2

(4.9)

(4.10)

•

It is clear from Equations (4.9) and (4.10) that, by plotting lIC: versus V. a straight line

should resu1t for the one-sided abrupt junction. The slope of the straight \ine gives the impurity

concentration of the substrate (Ne>. and the intercept (at 1fC~O) gives Vbi-2kT/q. Since,

Vbi»2kT/q, the intercept is approximately equal to the build-in potential. Figure 4.8 shows a

typica1 lIC: versus V plot. The depletion width of ajunction can be obtained from equation (4.8):
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W(Y) = E~

cm (4.11)

•

In the present work, the differential capacitance of a cell was mf'.asured using an HP

muItifrequency LeR meter (l'A:odel 4274A). A block diagram of the experimental setup for this

measurement is shown in Figur~ 4.9. The reverse bias voltage to the cell was supplied by the

LeR meter. The aetual dc bias of the cell was measured by an HP 3478A multimeter. During:he

capacitance measurements, a small ac signal was superimposed on the reverse bias voltage. The

amplitude and the frequency of this ac signal were set to 0.02 V and 100 kHz. The depletion

capacitance of the cell under illumination with the reverse biased voltage applied was recorded.

4.9 SPECTRAL RESPONSE

Spectral response (SR(I..» is another important pararneter for a solar cell. The spectral

response is directly related to the device configuration and properties of the materials involved.

The materials and devices may be improved by the information obtained from the spectral

response measurements.

The experimentai setup for photoresponse measurements is shown in Figure 4.10. A

till1gsten filament lamp (Oriel, Model No. 6325) is used as a light source. The incident light

passes through a monochromator (Beckman, Model No. 2400) to generate monochromatic light

During the measurements, the output setting ofthe power supply (Oriel, Model No. 6329) for the

tungsten lamp is kept constant The slit width of the monochromator is set al 0.5 mm and the

waveler.gth of the monochromatic light is varied from 0.45 to 1.3 J.I.III. The current output of the

cell is measured directly using an HP semiconductor pararneter analyzer. The photon flux or
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• power density of the incident light that reached the cell at each wavelength was determined using

calibrated photodetectors.

The speetral response of the cell is finally calculated:

SR(l)
Jcril R hv

= ~--:
JJot. e

(4.12 )

•

•

where I",u and Ide!. are the current densities in the cell and the detectors. respectively. R is the

responsivity (in V/W) of the detector at a specific wavelength and hu is the photon energy (in

eV) at this wavelength.

4.10 CONCLUSIONS

In this chapter. facilities and set-up used in the present work for routine characterization

of semiconductor thin films and devices have been briefly described. These facilities allowed one

to determine both optical and electrical properties required for··the improvement of fabrication

processes for thin film CuInS~ CdS and ZnO.
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• CHAPTER 5 PREPARATION OF CdS FILMS BY CHEMICAL BATH

DEPOSITION AND CdS/Si DEVICES

5.1 INTRODUCTION

One of the low cost methods for the preparation of large area thin films of CdS is the

chemical bath deposition method (CBD) [5.1 ](5.2]. In this methoci, thin films of CdS are

deposited on substrates in a solution containing thiourea (source of sulphur) and a Cd salt

Growth of CdS films on the substrates takes place by nucleation. When the produet of the sulphur

ion concentration and that of the cadmium complexes in tlte solution is larger than the produet

of solubilities. nucleation begins. The nucleation rate is controlled by adjusting the pH value, the

temperature and the relative concentrations of the ions and complexes in the solution. Since the

• reaction takes place at a low temperature (below 60°C), the deposition cao be carried out on

various substrate materials. This method has also been successfully used to deposit CdZnS films

[5.3][5.4].

•

A1though results of the CBD deposition cf CdS films have been described in literature,

detailed conditions for high quality films were not reported. To produce good quality, hi6h

resistivity CdS thin films for CdS(1ow p)/CdS(high p)/CuInS~ and ZnO(1ow p)/CdS(high

p)/CuInS~ solar cells, the deposition conditions must be established in our laboratory. However,

the preparation of CuInS~ thin films involving several steps such as deposition and heat

treatment. In addition, the quality of the CuInS~ films may vary from run to fUn, making the

comparison of CdS to be difficu1t in the development stage of the CBD method. Henee, it is not

appropriate to use CuInS~ as the substrate in development stage of CBD CdS. In stead of
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CuIr.Se" monocrystalline Si substrates are used in the work to be described in this chapter.

CdS/Si devices are fabricated under different conditions and the results obtained have been used

to determine the optimum conditions for CdS.

5.2 CHEMICAL BATH DEPOSmON OF CdS

Severa! authors have reported that cadmium llcetate is preferred over cadmium chloride

as a Cd source in CdS deposition solutions. This is because heterogeneous growth of CdS occurs

more readily with Clidmium acetate. without the need of an ammonia salt buffer [5.5][5.6]. If the

ammonia salt buffer is usee!, then there is no significant difference between cadmium acetate and

cadmium ch1oride, since the surface morphology of the resulting CdS thin films wilI be similar.

Hence, the advantage of using the ammonia salt buffer in the bath is that either cadmium acetate

or c:ldmium ch10ride may be used for the deposition.

5.2.1 Principles of the Chemica1 Bath Reaction

The constituents of the deposition solution are Cdel." thiourea, NH.Cl and NH.OH. The

CdCl, supplies the cadmium ions, the thiou.:-ea provides the sulphur ions and the NH.CI serves

as the deposition buffer. The NH.OH provides OH" for decomposition of the thiourea The

deposition reaction is as follows:

CdCl, + 4NH) = Cd(Nl;).Cl, (5.1)

Cd~).Cl" OH" and thiourea diffuse towards the surface of the substrates. Thiourea

dissociates in the ammonia on the surface of the substrates:

•
(NH,),CS + OH" =CH,N, + H,O + HS'
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• Bivalent sulphide ions are then formed:

HS· + OH· = S~· + ~O

Film of CdS finally form on the substrate:

Cd(NH,)/+ + sz. = CdS + 4NH,

(5.3)

(5.4)

•

•

The formation of CdS films on the substrate can take place either heterogeneously or

homogeneously. In the latter case, CdS precipitates in the solution. The homogeneous process is

highly undesirable, since CdS precipitates could be absorbed by the substrate producing powdery

and non-adherent CdS films.

5.2.2 Preparation of a Deposition Solution

Materials of CdCI~, (NH.,)~CSand NB.CI are carefu1ly weighed using an eleetron balance

(Mettler, Model No. AEJOO). A solution containing CdC\:l> ~~CS and NH.Cl (solution A)

is then prepared. To prepare the deposition bath, 25 ml of the above solution and 55 ml of

deionized water are mixed in a beaker and 0.483 M of NH.OH is added to the beaker.

5.2.3 Experimental Technique

The experimental setup for the deposition is shown in Figure 5.1. Water bath temperature

is regulated by maintaining a constant flow of hot water. A thermal meter is placed in the water

bath to monitor the temperature. When the temperature is at 60·C, the solution is placed in the

water bath. After 10 minutes, substrates are immersed to the solution. After the CdS deposition

is completed, the samples are thoroughly rinsed with deionized water and spun-dry.
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5.3 FABRICATIONS OF CdS/Si HETEROJUNCTIONS

5.3.1 Si Substrate Preparation

The substrates used in this experiment were p-type, (100) orientee!. monocrystalline Si

wafers with a resistivity from 1.5 to 5 n-cm. Before the CBD deposition, the substrates were

cleaned using the following process. The wafers were first immersed in trichloroethylene (TCE)

and introduced in an ultrasonic bath for 10 minutes. After this, they were immersed in acetone

(ACE). The wafers were finaIly etched in buffered HF for 1 minute, then rinsed and finaIly dried.

5.3.2. Contact Formation

After the deposition, th _CdS on the back surface of the Si wafers was removed by

applying diluted HCl (5%). The back surface was then etched using buffered HF to remove a thin

layer of SiO: formed daring the CBD process. Al or In was thermaIly evaporated onto the back

of the Si substrates to form ohmic contacts. Either In or Al was then evaporated onto the CdS

surface through a metaI mask (containing severa! circular regions with an area 0.078 cm~ to form

ohmic contacts. A schematic cross-sectionaI diagram of the completed device is shown in Figure

5.2.

5.4 RESULTS OF THE CdS FILM DEPOSmON

Before aetual deposition of CdS films on Si substrates, severa! experimentaI runs were

made to observe the effect of solution temperature on the reaction rate. It was found duit the

reaction rate was very slow and the films were not uniform when deposited at a temperature
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below 55·C. At temperature above 70·C, the reaction rate was very fast, making the control of

deposition to be difficult. Furthermore, t.'Je films were rough and did not adhere weIl to the

substrates. Films with the best quality were obtained l1t a solution temperature of 60·C. Hence,

in subsequent experiments to determine the effect of NH.OH concentration, the temperature of

solutions was kept at 60·C.

To observe the effeet ofNH.OH concentration on the CdS quality, severa! runs have been

made. About 5 minutes after the solution was placed in the water bath, the solution reached a

temperature of 60·C. In the first 10 minutes after being placed into the water bath, the solutions

that contained less than 0.77 M of NH.OH changed to a very light, yellow colour. The colour

indicated the initiation ofCdS formation in the solutions. The solutions that contained 0.77, 0.97,

and 1.16 M of NH.OH changed to a very light, white colour. This colour suggested that of

Cd(OH)~ had precipitated in the solutions. The solution containing 0.72 M of NH.OH started to

tum yellow 10 minutes after the samples were placed in the solution bath. The solutions

containing 0.97 and 1.12 M of NH.OH began to tum yellow only 30 minutes after the substrates

were placed in the solutions. In order to obtain CdS films of a reasonable thickness, the- \

deposition process was extended to 1 hour. After the above investigation, CdS filtns were

deposited on both the glass and Si substrates from solutions with different amounts of NH.OH.

The deposited films were found to be adherent and reflecting. The films on the glass substrates

showed a light yellow colour. Most of the films on the Si substrates showed a green colour.

The thickness of CdS deposited on the Si substrates was measured using a DEKTAK

surface profile measuring system (Model No. 3030) ta determine the deposition rate. The

deposition rate is plotted against the concentration of NH.OH in the solution as shown in Figure
,
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5.3. One can see that t.lte deposition rates of the films from solutions containing 1ess than 0.48

M and more than 0.77 M of NH,OH are very low. The deposition rates of CdS films from the

solutions containing 0.48 to 0.68 M of NH,OH are high. Here it is noted that the deposition time

for films from solutions containing 0.19, 0.39, 0.97 and 1.16 M ofNH,OH was 60 minutes. For

the other films, the deposition rime was 30 minutes. The thickness of the CdS. which was

dependent on the deposition time, varied from 460 to 800 A.

5.5 RESULTS FOR THE CdS/Si JUNCTIONS

Contacts were deposited on the sampies fabricated in section 5.4 to obtain devices for

eleetrical measurements. The current-voltage (I-V) measurements were carried out using an HP

semiconductor parameter analyzer. A tungsten lamp was used as a light source. Because the front

contact of each junction was opaque, carriers was only generated in the areas outside of the

contact. The carriers then diffused to the junction and were then collected. Although the diffusion

length of minority carriers in monocrysta1line Si was large, the effective area that contributed to

the photocurrent was smaii. Therefore, the photocurrent generated from these junction was very

small comparing with solar cells with fine grid front metal contacts. Never-the-less, the open

circuit voltage (V.J, short circuit CUITent (1,.), fill factor (F.F.) and idea1ity factor (n) obtained

from the I-V measurements were used to detennine the quality of these junctions.

5.5.1 I-V Characteristics of the CdS/Si Cells

Both dark and illuminated 1-V characteristics of one of the samples, CdS22-1 are shown

in Figure 5.4(a). The CdS film for this sample was deposited from a solution containing 0.48 M
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of NH.OH. The as·deposited CdS film had a high resistivity and was photoconductive. From

four.point probe measurements, the resistivity for this film was found to be 5x10' !lem. Under

simulated AMI illumination, the resistivity of the CdS film decreased by a factor of more than

100. Results similar to the present work have been reported in [5.7]. In Figure 5.4(a), it is noted

that there is a cross-over between the dark and illuminated I-V curves, indicating a decrease in

series resistance under illumination. The dark current-voltage characteristics of the sample are

shown in a semilogarithmic-linear scale in Figure 5.4(b). There are two linear regions in the

forward direction. In the voltage range of 0.05 to 0.35 volt, the ideality factor is 1.93. For bias

voltages greater than 0.35 volt, the current is limited by the series resistance. In reverse direction,

there is no clear sign of saturation as the bias voltage increases. Jn addition to ideality factor and

reverse current, open circuit voltage and short circuit current were measured to determine the

quality of the junctions.

Table 5.1 summarizes parameters obtained from the 8 samples deposited from solutions

containing different concentrations ofNH,.OH. As mentioned before, the CdS deposition rates of

the four samples deposited for 1 hour were lower than those deposited for 30 minutes. It is seen

in Table 1 that the open circuit voltages ofthe samples deposited in solutions containing 0.19 and

0.39 M of NH,.OH are smaii. The deposition rate of CdS using a solution containing 0.39 M or

less of NH,.OH is low and the Voc vaIue of the resulted junction is smaii. Hence, the solution

with 0.39 M or less of NH,.OH is not recommended for the CdS deposition. The samples

deposited in solutions containing 0.97 and 1.16 M ofNH,.OH had large open circuit voltages and

short circuit currents. However, the deposition rate is low and the lime required ta deposit the

CdS for solar cell fabrication would be tao long.
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For the samples deposited from solutions containing 0.48 to 0.77 M of NH.OH, the open

circuit voltage varies from 0.17 to 0.25 volt and the short circuit current varies from 105 to 163

IJA. The one with the best performance is sample 22-1, which was deposited from a solution

containing 0.48 M of NH.OH. In addition to the performance, the deposition rate is high. Hence,

this solution is considered to be more appropriate for photovoltaic cell fabrication. In solar cell

fabrication to be described in subsequent chapters, the high resistivity thin CdS films were alw::ys

deposited from the solution containing 0.48 M of NH.oH.

5.5.2. Electrica1 Contacts to High Resistivity CdS

Since Al was used to make ohmic contact on the thermally evaporated low resistivity

CdS, Al was selected as the material for ohmic contact with the CBD CdS. In ref. [5.8], In was

used as an ohmic contact for the CdS. In this work, one sample (CdS21) was cut into two pieces,

one for Al evaporation (CdS21-1) and the other for In evaporation (CdS21-3). The purpose of

the experiments is to compare the IWO metals for the CBD CdS prepared in this work. The dark

and illuminated I-V characteristics of the two samples are shown in Fig. 5.5. Table 5.2 lists the

parameters obtained from the two devices.

It is clearly seen that the quality of the sample with Al front contact (CdS21-1) is betler

than that with In front contact (CdS21-3). The dark forward current of the sample with Al front

contact is greater than that of the sample withIn front contact Under simulated AMI

illumination, the forward CUITent of the sample \\ith In front contact shows a saturation effect,

suggesting that there is a secondjunction between In and CdS (which is in series with the CdS/Si

junction). Henee, for mos! of the experiments, Al was employed as the ohmic contact for the
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CBD deposited hig!: resistivity CdS.

5.5.3 Effeets of Heat Treatment on the CdS/Si Junctions

The ultimate objective of work on CBD CdS is to establish a proeess for the fabrication

of ZnO/CdS/CuInSe: solar eells. In the fabrication of these eells, the samples may be heated 10

a temperature of about 200·C. Henee, it is specially interesting to study the effect of heat

treatment on the CBD CdS films.

After the deposition, samples of CdS/Si were plaeed in a glass tube with valves at both

ends. The tube was then plaeed in a fumaee initially at room temperature. The glass tube was

evaeuated using a Varian rotary pump (Model No. SD-300). After this, the pump was switched

off and Ar was allowed to pass through the treatment tube. This pumpinglfilling proeess was

repeated three times to ensure that the oxygen in the tube was a minimum. The power to the

fumace was then tumed on and the temperature of the fumace was allowed 10 rise to 200·C (in

about 10 minutes). The heat treatment was prolonged for twenty minutes after the temperature

of the fumace had reached 200·C. Following this, the fumace power was turned off and Ar flow

was continued until the fumace cooled to room temperature. The samples were removed from the

glass tube, and the contacts were deposited.

Dark and illuminated r-V characteristics of two samples (one with heat-treated CdS and

the other with as-deposited CdS) are shown in Figure 5.6. The parameters of the two cells are

listed in Table S.3. It is seen that the performance has been improved with the heat treatment

The heat treatment quadrupled the short circuit current and increased the open circuit voltage. It

is believed that the density of interface states has been reduced after the heat treatment, which
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causes a decrease in recombination and an increase ir. the short circuit current. In a separate

experiment, a heat treated CdS/Si sarnple and an as-deposited sarnple were immersed in diluted

HCl solution. It was found that the etching rate of CdS for the treated sarnple is lower than the

as-deposited one.

5.5.4 Optical Transmission of CdS Films and Spectral Response of CdS/Si Junctions

Optical transmission measurements were made on thin CdS films deposited on glass

substrates and the results for one of the sarnples (A2) are shown in Figure 5.7. The thickness of

sarnple A2 was 0.16 1lID. which was much larger than that required for ZnO/CdS/CulnSe, solar

cell fabrication. It is seen that the optical transmission value of the CdS film increases with the

increase of the wavelength of the incident light At 0.5 llID (bandgap of CdS is 2.4 eV). the

transmission is 80%. In the wavelength range of 0.5 to 1.2 1lID. the transmission value increases

from 80 to 98%.

The spectral responses of the !Wo cells CdS2l-1 (with as-deposited CdS) and CdS21-2

(with heat treated CdS) were measured and the results obtained are shown in Figure 5.8. At short

wavelengths, the spectral response values of the two devices are large comparing with spectral

response values at long wavelengths. This fact confirms that absorption of light near the

absorption edge of CdS is very small because of the small thickness of the CdS layers (about 700

À). The decrease in the response value with the increase of wavelength is due to the decrease of

absorption coefficient in Si. It is also clear that the spectral response values of the cell with the

heat-treated CdS (CdS2l-2) are larger than that of the cell with the as-deposited CdS (CdS21-l).
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5.6 CONCLUSIONS

From the experiments described in this chapter, the deposition rate and quality of CdS

films on Si substrates prepared by the CBO method were observed to be affeeted by the

deposition conditions. An optimum temperature of 60·C was obtained in the work to prepare

uniform CdS films with good adhesion. From results of cleetrical measurements on CdS/Si

heterojunctions, it was conc1uded that the solution containing 0.48 M onŒ.OH was the best one

to prepare high quality CdS films. The electrical resistivity of the CBD CdS films with a

thickness of 700 A was about 5xl0' il-cm. The CBO conditions established in the present work

have been used for photovoltaic thin film cell fabric:ltion, which will be described in subsequent

chapters.

In addition to the fabrication of thin film $Olar cells, the CBO conditions described in this

.:h<:pter has been used in a separate experiment to develop photovoltaic cells based on Bridgman

grown monocrystalline CuInSe:. Recently, high quality cells with an efficiency exceeding 10%

have been successfully developed in our laboratory [5.9).
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Table 5.1 Parameters of CdS/Si devices with CdS deposited from solutions with different NH.OH
concentrations.

Sample No. NH.OH lx (J,LA) Voc (V) n F.F. 1 (J,LA) at
(M) V=-lV

26-( 0.19 107 0.15 1.95 0.39 14.2

27-1" 0.39 156 0.16 2.14 0.36 48.8

22-1- 0.48 145 0.25 1.93 0.36 50.5

23-1- 0.58 144 0.20 2.10 0.38 44.0

24-1- 0.68 105 0.19 1.81 0.39 28.0

16-1- 0.77 163 0.17 2.03 0.37 33.2

28-1" 0.97 163 0.21 1.90 0.38 45.6

29-1" 1.16 175 0.23 2.09 0.40 51.3

·Deposition time 1 hour.
+Deposition time 30 minutes.

Table 5.2 Parameters of two CdS/Si junctions with AI or In front contact.

Sample No. Front IsC<J,LA) Voc(V) n F.F. 1(J,LA)at

Contact V=-lV

21-1 AI 73.1 0.23 1,69 0.434 7.2

21-3 In 46.6 0.19 1.83 0.347 13.0
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Table 5.3 Parameters of two CdS/Si junctions, one with heat-treated CdS and the other with as

deposited CdS.

CdS Ise ().LA) Voc(V) n F.F. 1sc().LA) at
Sample No.

Treatment V=-1 (V)

CdS21-1 no 73.1 0.23 1.69 0.437 7.2

CdS21-2 yes 279.6 0.25 3.91 0.377 170.9
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CHAPTER 6 LOW RESISTIVITY AND TR.A.NSPERENT ZnO THIN FILMS

6.1lNTRODUCnON

The semiconductor ZnO is one of ideal materials for the fabrication ofheterojunction solar

cells, particularly those involving CuInSe: thin films. Comparing with the most popular window

material CdS, the semiconduetor ZnO has several advantages. The energy gap of ZnO is about

3.3 eV, therefore, photons with an energy greater than the energy gap of CdS (2.4 eV) but

smaller than that for ZnO will be allowed to reach the absorber (CulnSe:) to generate electron

hole pairs. In addition, ZnO is less expensive and is not toxie.

Thin films of ZnO have been deposited by various methods such as reactive evaporation

[6.1], reactive sputtering [6.2], spray pyrolysis [6.3], and rf sputtering [6.4][6.5]. For high quality

heterojunction cell fabrication, the resistivity of ZnO must be low and the optical transmission

must be high. In addition, the films must be thermally stable. It is weil known that conventional

low resistivity ZnO films are not stable. For these films, the resistivity is controlled by

control1ing ratio of Zn/O [6.6]. The resistivity of ZnO increases when heated in an environment

containing O2, During the fabrication of photovoltaic cells on CuInSe:, it is cften required to heat

treat the sarnple in air in order to improve the junctions properties. Hence, the conventional low

resistivity ZnO obtained by controIling the stoichiometry is not appropriate for such cell

fabrication.

The main objective of research work to be described in this chapter is to :mprove the

conditions of the rfdeposition method in order to obtain low resistivity, transparent and thermally

stable ZnO thin Elrns for photovoltaic cell fabrication. In stead of control1ing the stoichiometry•
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the resistivity of ZnO will be controlled by dopmg using elements from Group ID of the periodic

table (ln and Al). The electrical properties, optical properties and thermal stability of the

deposited ZnO thin films will be specifically studied.

6.2 ZnO FILM DEPOSITION

In the present work, an rf magnetron sputtering method has been used to deposit the ZnO

thin films [6.6-6.12]. Impurities such as In, Al were introduced into the ZnO during the

deposition to reduce the resistivity. The deposition system and the deposition procedure used are

described in this section.

6.2.1 Principlr:s of Sputtering

Sputtering is one of the effective methods for the deposition of good quality thin films

[6.13]. There are two sputtering methods, namely, the cathode sputtering method and the rf

sputtering method. The principle of sputtering is as follows. The material to be sputtered is used

as target and a glow discharge is formed in an inert gas (e.g. Ar) at low pressure. Positive ions

(Ar) created from the discharge are accelerated by the potential difference between the target and

substrate (ground) to bombard the target. The material is removed on target surface by the

bombardment and deposits on the substrate to form a film. The cathode sputtering method can

not be used effectively to deposit nonconductive materials because of a surface charging effect

For the rf sputtering method, the target is not necessary to be electrically conductive. During the

deposition,s~n~ electrons are created when the inert gas is ionized. The secondary e\ectrons

can obtain a sufficiently high energy in the glow space to cause ionization collisions. Therefore,
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they will help to maintain the glow discharge. However. the electrons will impinge the substrate

with a high energy and cause an increase of substrate temperature.

In order to minimize the rise of substrate temperature due to secondary electron

bombardment and to increase the ionization efficiency, an axial magnetic field is often introduced

to form an rf magnetron spunering system. This magnetic field, which is par:ùlel to the target

surface, is formed in the space between the target and the substrate. It will force the secondary

eleetrons to follow a helical path, which is longer than the distance between the substrate and the

target. Hence, the probability of ionization collisions with Ar atomslions before these electrons

reach the target will increase. Because the probability of collisions between the electrons and the

Ar atomslions increases. the impinging speed of the electrons on the substrate is reduced.

Furthermore, the direction of the velocity of the electrons near the substrate is not normal to the

surface. Therefore, the rise of substrate temperature is decreased by the usage of the magnetic

field.

6.2.2 Spunering System

The rf magnetron sputtering system used in this work i!1cludes a Varian vacuum unit

(Model No. Turbo-V4S0) and an rf power supply unit. The vacuum unit consists of a 12-inch

glass chamber, a Varian turbo pump (Model No. 969-904:2) and a rotary pump (Model No. SD

300). A chamber pressure of 10.7 torr can be achieved in less than 1 hour. A 4·inch diameter rf

spunering gun (US Inc.) is connected to an rf power supply (Advance Energy, Model No.

ATX600) and an rf tuner (Advance Energy, Model No. RFX600). A schematic diagram of the

rf spunering chamber is shown in Figure 6.1.
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6.2.3 Target and Substrate Preparation

High purity ZnO powder (99.999%) and high punty In:O, a.,d Al:O, powder (99.999%)

were weighed using an electronic balance and mixed thoroughly in a clean beaker. The mixed

powder was then pressed into an aluminum holder by using a hydraulic compressor. The target

was mounted on top of the rf gun for the deposition.

Pre-cleaned microscope glass slides from Fisher Scientific with an area of75x25 mm: were

used as substrates. These were mounted on an Al sample holder inside the chamber. In order to

study effects of substrate position on the properties of ZnO films, substrates were placed either

perpendicular or parallel to the target surface (as shown in Figure 7.1). The distance belWeen the

target and the substrate holder was about 4 cm.

6.2.4 Deposition Procedure

Once the substrates and target have been mounted in the vacuum chamber. the vacuum

system was turned on and set at a full speed. The pressure of the chamber reached 10'" torr in

about 45 minutes and the pumping speed was reduced to 70% of the full value. Righ purity Ar

gas was then introduced into the chamber. The pressure of the chamber was first increased to

about 10 mtorr by adjusting the incoming f10w rate of the Ar gas. The rf power supply and the

rf generator were turned on to initiate the plasma. The pressure was then reduced to 5 mtorr by

decreasing the fiow rate of the Ar gas. During the sputtering, the incident rf power was

maintained at 60 W. After the deposition. the rf power was tumed off and the samples were

finally removed from the substrate holder.
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6.3 PROPERTIES OF AS-DEPOSITED ZnO Fll.MS

Severa! measurements were made to determine !hickness, crystalline qua!ity, optical and

electrical properties of the deposited ZnO thin films. The results obtained are presented in this

section.

6.3.I Morphology and Thickness of ZnO Films

The deposited ZnO films on glass substrates were examined under SEM. Figure 6.2 shows

a pholograph of a ZnO film. The ZnO films were observed to have a columnar microstructure

with the long-axis of the grains perpendicular to the surface of the substrates. The films were

smooth and unifonn. Thickness of the films was about 1 1J.II1.

The variation of thickness with distance from projection of target center was aise

measured to delermine the thickness uniformity. The thickness measurements were carried out

using the optical method described in Chapter 4. The results obtained for IWO In-doped samples

are shown in Figure 6.3, where it is clearly seen that the films are not unifonn along the substrate

surface. The thickness decreased steadily from the central region toward the outer region. The

IWO samples were deposited on substrates mounted parallel to the target surface. For the sample

deposited on vertical substrates, the variation of thickness with distance was smaller.

6.3.2 Crystalline Structure of ZnO Films

In order to determine the crysta1line quality of the deposited Zno films, severa! sampies

were exarnined by X-ray diffraction. The results for two samples doped with 2 wt"10 In are shown

in Figure 6.4. Curve (a) was obtained for a film deposited on a substrate mounted para11el to the
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target surface and curve (b) on a substrate perpendicular to the target surface. The thickness of

regions exarnined was about 1 Ilm. It is seen that there are two diffraction peaks for each sarnple.

By comparing with ASTM data, it was conc1uded that the ZnO films were polycrystalline with

a wurtzite structure. From the magnitude of peak at 34°. it is evident that these films have a (002)

preferred orientation. Furthermore. it is noted that peak magnitude for sarnple deposited on the

perpendicular substrate (b) is twice of that for the parallel substrate (a). Hence. the crystallin~

quality of the ZnO film deposited on the perpendicular substrate is better than the one on the

para1lel substrate.

6.3.3 Optica1 Transmission

Figure 6.5 shows variation of optica1 transmission coefficient with wavelength for two

ZnO films with different ln contents. The transmission coeffcient increases as the wavelength is

increased from 0.38 J.lIIl and reaches 90% at 0.45 J.lIIl for the film with 2wt"110 In. The u-..nsmission

value is essentially constant when the wavelength is increased further from 0.45 to 0.8 J.lIIl. For

the Zno films with 5.3% ln, the transmission coefficient at a given wavelength is smaller than

that for the one with 2% ln. The difference in transmission coefficient between the two sarnples

could be due to a difference in free carrier concentrations. The optica1 transmission charaeteristics

of Al-doped (2 wt"1o) ZnO films were also determined and results are similar to those for the ln

doped films (2 wt"1o).

6.3.4 Electrica1 Resistivity

ln addition to thickness, the electrica1 resistivity of the horizontal sarnples was found to
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vary with the position. This effecl is shown in Figure 6.6, where the resistivity of three samples

doped with 2wt"10 In is ploned versus distance from the projeciion oftargel centre. Il is noled that

the resistivity values of the three samples are high in the central region (from 0 10 2 cm) and are

low in the ouler region (from 3 10 6 cm). In the cenlral region, the impinging Zn/O partic1es have

a large momentum componenl perpendicular 10 the substrale. In the ouler region, the substrale

is outside the main projection area of the largel. Hence, the perpendicular momentu..n componenl

in the ouler region is smaller than thal in the central region. As a result, the microscopic quality

of the ZnO films varies with the distance.

The resistivity ofZnO films with 2 wt"10 AI was also measured and the results are shown

in Figure 6.7. Il is seen thal the variation of resistivity with distance is similar to that shown in

Figure 6.6. The resistivities ofvertical ZnO films (deposited on substrates mounted perpendicular

to the target surface) were also studied. showing a smaller variation with the distance. The

resistivity values of the vertical samples were generally lower than those of the horizontal

samples. The lowest resistivity value on vertical Zno films was 3xIO'" ohm-cm.

6.4 EFFECTS OF HEAîTREATMENT ON ZnO FILMS

Thermal stability of ZnO films is very important for device applications. This is because

the material ZnO wiIl be subjected ta a heat treatment during the device processing (up to

200°C). For undoped low resistivity ZnO films, it has been reported that the resistivity increased

significantly mer a high temperature treatment [6.7]. It is thus specially important ta know

whether the doped ZnO thin films prepared in present work are stable when treated at a high

temperature in air. In the foIlowing section, resuJts on effect of heat treatment on Zno thin films
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with different In contents will be reported.

6.4.1 Air Heat Treatment

In order to study the effect of In doping on the thermal stability of ZnO. several films

with different In concentrations were prepared ::nd then heat treated in atmosphere. The heat

treatment was carried out in an oven. The oven was first pre-heated to 250·C and the samples

contained in a dish were inserted into the oven. After a period of time (e.g. 10 Ir.inutes). the

samples were removed and cooled down slowly (20 minutes). The resistivity of the ZnO films

ar room temperature was then measured. After the measurements. the heat treatments and

resistivity measurement were repeated.

The results obtained from the above experiments for six samples are shown in Figure 6.8.

The resistivities of all these sampies increased with the increase of heat treatment time. For the

ZnO film without In, the resistivity increased by four orders of magnitude after the first heat

treatment (10 minutes) and the value continued to increase with further heat treatmenl For the

ZnO film with 0.5 wt"10 ln, the resistivity increased only by about 1 order of magnitude. The

arnount of increase in resistivity decreased with the increase of In concentration. For the film

containing 5.3 wt"10 In, the eleetrica1 resistivity remained roughly constant after the tirst heat

treatment step.

For undoped ZnO films, the donor levels are created by oxygen vacancies. During the air

heat treatment, oxygen atoms can easily diffuse into the films and compensate these donor states.

For the doped films. most of donor levels are created by impurity atoms. It is believed that these

levels can not be easily compensated by oxygen atoms at the treatment temperature (for instance.
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250·C). The resistivity of the heavily doped ZnO (5.3 wt"10 In) in the above experiments remained

constant during the main treatment process. From the present results. it is thus evident that the

In doped ZnO films are much more stable than the undoped ones when heat treated in air.

Ta obtain further information on the thermal stability, severa! ZnO films with 2 wt"10 In

were treated at diffen:nt temperatures. The experimen:s were carried out in a temperature range

from 200 ta 350·C in a step of SO·C. For the high temperature heat treatrnents, the selected

sarnples were placed in a pyrex tube. The tube with the sarnples were inserted into the fumace

and kept in the fumace for a fixed period of rime.

The result obtained for six sarnples are shown in Figure 6.9. At 200·C, the sheet resistance

was roughly constant throughout the treatment process. For the !WO sarnples treated at 300·C, the

sheet resistance increased by larder of magnitude after the 2 hour treatrnent. An even larger

increase (2-3 orders of magnitude) was observed for the IWo sampies treated at 3S0·C. From the

results desc.';bed above, it is clear that the air heat treatment of devices containing a doped low

resistivity ZnO film window must be carried out al temperatures below 250·C in arder ta avoid

the large increase of resistivity.

6.4.2 Treatment in Different Gases

In arder ta clarify the cause for the increase of resistivity of the ZOO films after the air

heat treatment at high temperatures. severa! ZnO thin films containing 2 wt"/o Al were heat

treated in air, O~ and N~ respectively. The results are shown in Figure 6.10. The resistivity

remained essentially constant for the IWo samples treated in N~. For the IWo samples treated in

air, the resistivity increased by about 2 orders of magnitude. For the IWo samples treated in
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oxygen, the resistivity increased drastica1ly even after the first 10 minutes. The resistivity

continued to increase for one of the samples to more than three Clrders of magnitude of the

original values during the subsequent heat treatrnent process.

At the same treatrnent temperature, more o"..ygen atoms could diffuse into the ZnO when

treated in pure 0: to result in the large resistivity increase. From the above results. it can be

conc1uded that t.'le resistivity increases in ZOO films at high temperatures is mainly due to the

diffusion of oxygen.

6.5 CONCLUSIONS

High quality ZOO films have been deposited on glass substrates by using the rf magnetron

spunering technique from ZnO targets containing In and Al. From the X-ray diffraction, it was

confirmed that ail of th·: ZnO films were single phase with a preferred (002) orientation. The

optica1 transmission values of the low resistivity ZnO films were determined. The cut-off

wavelength was about 0.38 l.lII1 and transmission values in the wavelength range from 0.5 to 0.8

l.lII1 were about 90% for ZnO films doped with 2 wt"10 ln or AI. The values were slightly lower

(80%) for these with 5.3 wt% In. In addition to doping concentration, the resistivity of ZnO films

was affected by the orietation of the substrates. For the samples deposited -on horizontal

substrates, the resistivity was further affeeted by the distance from the projection of target centre.

The resistivity values were found to decrease by 2 orders of magnitude at a distance 2 cm away

from the projection of the target center.

The doped ZnO films were found to be more stable thermally and the stability improved

as the doping concentration was inereased The reason of the drastic inerease of resistivity for
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undoped sarnples in the initia! air treatment was due to the diffusion of oxygen atoms. which

compensated the donor levels created by oxygen vacancies. For the heavily doped sampIes. mos!

of the donor levels were created by the impurity atoms which can not be coIr.pensated easily at

low lemperatures. At 350·C. the resistivity of the horizontal ZnO films with 2 wr"1o In increased

more than three orders of magnitude after a period of 2 hours. Therefore. during the fabrication

of semiconductor devices involving the doped low resistivity ZnO. the processing temperatures

muS! be limited to below 250·C.
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Figure 6.1 A schematic diagram of the rf sputtering system for Zno films.
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Figure 6.2 A SEM photograph of a Zno film deposited on a glass substrate.
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of target center, showing a continuous decrease of thic:kness.
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Figu.e 6.4 X-ray diffraction scans oftwo Zno films deposited (a) on a horizontal substrate and,

(b) on a vertical substrate, showing the higher peak for the vertical sample.
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Figure 6.6 Resistivity of three In-doped Zno films plotted versus distance from the projection

of target center, showing the positionai effect.
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Figure 6.7 Resistivity of two Al-doped Zno films plotted versus distance from the projection

of target center, showing the positional effect

97



•

5.3

o

ln Content (wt.%)

-E
u

0.51

E 10-1
.r:::.
0-1?:' 2
>:;::;
C1J

·ëii
(1) ,

c::::
10-2

10-3 l..--"--...l---'-.......L.-J._L---"--...l---'-.......L.-J.----I

a ~ ~ 60 80 100 1~

Heat Treatment Time (min.)

•
Figure 6.8 Resistivity ofZno films plotted heat treatment time, showing effect of In content on

the thermal stability of the films.
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Figure 6.10 Resistivity versus heat treatment time for six 2 wtO/o Al-doped Zno sampIes in

oxygen. air and nitrogen.
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CHAPTER 7 FABRICATION OF THE SOLAR CELLS

7.1 INTRODUCTION

In this chapter, detailed procedures for the fabrication of CuInSe:-based Schottky-like

junction and heterojunction solar cells will be presented. The procedure for a Schottky-like

junction. in the form of Al/CdS(high p)/CuInSe:, is first described. The purpose of the Schottky

like junction is for studying the properties of the eIeetrodeposited CuInSe: films. The Schottky

like junction also heIps to the optimize heat-treatment conditions for the CuInSe: films.

Procedures for solar cells of two different configurations are then developed. One is for solar

ceIls employing In-doped CdS as the window material. The other is for ceIls using Al-doped Zno

as the window.

7.2 DEPOSmON OF CuInSe:

CuInSe: thin films are eIeetrodeposited onto Mo or Mo-coated glass. This is a one step

deposition process deveIoped in our laboratory [7.1-7.4). In this section, the deposition process

is presented.

7.2.1 Substrate Preparation

Mo sheets are first cut into strips with an area of 1.1x25 cm2
• The strips of Mo are then

thoroughly cleaned in solvents (TCE and ACE) to remove any surface grease and immersed in

50% aqua regia for 30 seconds. The aqua regia removes superfluous material as weIl as the

grease from the surface of the strips. The Mo strips are then removed from the acid and rinsed
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with deionized water. This procedure often leaves thin layers of oxidized Mo (black residue) on

some areas of the Mo sheet. These black regions may be removed from the sheet by etching the

sheet in diluted sulphuric acid for one minute. The sheet is rinsed with deionized water again and

it is ready for the deposition.

Mo coated glass plates are also used for the deposition of CuInSe" thin films. The glass

plate are cut into 1.2x6 cmzarea strips. The Mo-coated glass strips are rinsed with deionized

water to prevent sullying of the surface.

7.2.2 Deposition Procedure

The deposition setup is shown in Figure 7.1. There is an e1ectrical heater immersed in a

bath of deionized water. A solution bath sits on a few Teflon blocks in the water bath. The

temperature of the water bath is monitored by a type-J thermocouple and is maintained via a

temperature controller. During the deposition, the solution bath is agitated using a motor driven

Teflon rod. A platinum mesh serves as the anode and the Mo or Mo-coated glass substrate is the

cathode. Before the deposition, the water bath is preheated to 9S·C. The substrate is then inserted

into the solution bath. A typical deposition time for a sample is about 10-20 minutes. After the

deposition, the sample is removed from the solution bath and rinsed with deionized water. The

sample is then dried under an infrared light bulb for about 30 seconds.

7.3 Heat Treatment of the CuInSe"

After the CuInSe" is electrodeposited onto the substrate, heat treatment of the CuInSe"

films in vacuum or in an inen gas is carried· out to improve the aystalline quality. The
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experiments are carried out in !Wo resistive furnaces.

7.3.1 Treatment in Vacuum

The experimenta! setup for the vacuum heat treatment of the CuInSe;, films is shown in

Figure 7.2. The substrates are placed in a glass tube (one end sea1ed) and the glass tube is

conneeted to a rotaIy pump via a rubber hose. The fumace used in this experiment is a

LindbergIHevi-Duty furnace. The temperature of the furnace is set at a predetermined value. The

glass tube is pumped for at least five minutes before placing in the center of the fumace. The

glass tube is typically kept in the furnace for 20 minutes. After 20 minutes, the tube is withdrawn

from the furnace in one step. The glass tube is allowed to cool while the rotaIy pump continues

to pump residual gas from the tube.

7.3.2 Treatrnent in Inert Gas

The heat treatrnent of CuInSe, films in inert gas (Ar) is carried out in another resistive

fumace. A schematic diagram of the heat treatrnent system is shown in Figure 7.3. The films are

placed in a small glass tube which is in tum placed in a second tube that is part of the furnace

assembly. Around the second tube are coiled elements that generate heat. The temperature of the

fumace is monitored by a type-J thermocouple. One valve, Valve l, contraIs the supply of inert

gas to the fumace. Two other valves, Valve 2 and Valve 3 control the path of the exiting gas

flow, respectively. The samples are placed in the fumace while the fumace is at room

temperature. The rotaIy pump starts ta pump when Valves 1 and 3 are c10sed and Valve 2 is

open. After a few minutes, Valve 2 is c10sed and Valve 1 is opened. Ar gas is allowed ta flow
C,
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inta the tube. Once the pressure of the tube reaches attnospheric pressure, Valve 3 is opened and

Ar is allowed to f10w through the tube conrinuously for a few minutes. Valves 1 and 3 are c10sed

again, and Valve 2 is opened. The rotary pump pumps away the gas from the tube. This process

is repeated three rimes to make sure that the residual oxygen inside the tube is a minimum. When

the tube is filled with Ar the third rime, the Ar gas is again allowed to f10w continuously. The

fumace is then tumed on and the temperature of the fumace is allowed to rise to a value in the

range of 200 to 400·C. Once the temperature of the fumace reaches the setting point, heat

treattnent is prolonged for twenty minutes. After the heat treattnent, the fumace is tumed off and

Ar f10w is continued until the fumace cools to room temperature. The samples are removed from

the glass tube.

7.4 CHEMICAL BATH DEPOSmON OF CdS

A thin layer of CdS film is then deposited on the heat treated CuInSe: by the CBD

method. Details of the CBD method for CdS have been described in Chapter S. For device

applications, the thickness of the CBD CdS required is about 500 Â. During the deposition, the

CuInSe: substrates are held vertically in the solution.

7.5 EVAPORAll0N OF In-DOPED CdS

Low resistivity In-doped CdS films are deposited using a thermal evaporation process

[7.5]. Once a thin layer of high resistivity CdS is deposited onto the CuInSe: substrates, n-type

low resistivity CdS is evaporated. This low resistivity CdS serves as the window for the cells.

A vacuum coating system (Edwards Model No. E306A) is used for the evaporation of the
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CdS window. Figure 7.4 is a schematic diagram of the evaporation system. High purity

(99.999%) CdS powder is thoroughly mixed with high purity (99.999%) In:S, powder (2 w.t.%).

This powder mixture is loaded into a three-compartment tantalum boat. A tantalum coyer is

placee!. on top of the boat. There is a hole in the center of the boat coyer which acts as a path for

evaporation. During the deposition, this evaporation path is covered with tungsten wool to

prevent spattering of the powder.

The substrates are mounted on the substrate holder which is attached to a circular heater.

A cooling water tube is anached to the substrate holder to cool the substrate after the deposition.

A metal shutter is placed between the evaporation boat and the substrate holder to control the

evaporation process. Aluminum masks with either circular or square openings are positioned on

top of the substrate for CdS defined area evaporation. A piece of glass slide is also mounted on

the substrate holder for the determination of CdS thickness. A type-J thermocouple is anached

to the substrate holder. The temperature of the substrate is maintained via a temperature

controller.

After the substrate holder and the evaporation boat are loaded into the chamber of the

coating system, the chamber is evacuated. The pressure in the chamber reaches 2x10" mbar after

about 1 hour ofpumping. The substrate holder is then heated to 180·C in about 20 minutes. Ten

minutes after the substrate holder reaches the desired temperature, electrical cunent is applied to

the boat. How much cunent is applied to the boat depends on the characteristics of the particu1ar

boat. With the shutter is c1osed, a cunent of about 75% of the full output is applied to the boat.

After 3 minutes, the shutter is opened. Cunent is kept constant for 10 minutes. The eurrent is

then increased to 85% of the full power supply output, and the contents in the boat are
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evaporated for 5 minutes. The current supplied to the boat is subsequently increased to 95% of

the full power supply output, and the contents of the boat are evaporated for a final 5 minutes.

The power to the substrate heater and the power to the boat are tumed off. Cold water is allowed

to circulate through the substrate holder for about 45 minutes to cool it to room temperature.

7.6 SPUTTERING OF AI-DOPED ZnO FILMS

An AI-doped ZnO film is deposited on the CBD CdS coated CuInSc: using the conditions

described in Chapter 6. During the sputtering process, the sputtered particles approach the

substrate at a very high velocity. If the substrate is held parallel to the target sUIface, the

probability that these sputtered particles will bombard the substrate at right angles is high.

Bombardment of the substrate at right angles is not desirable, since this type of bombardment

reduces film crystalline quality. In Chapter 6, it has been shown that the crystalline quality of the

ZnO films is affected by the orientation of the substrate. Hence, for heterojunction $Olar cells,

the deposition of ZnO is carried out with the sample holder held at a 45° angle from the target

surface (Figure 7.5). As such, the probably of high energy particles hitting the substrate at right

angles is substantially Iess. Cooling water is fed to the substrate holder to cool the substrate

during the sputtering process. The CuInSc:, with dip-coated CdS substrates, is fixed onto the

substrate holder. 200 films with a thickness of about 1f.1III cao be obtained after sputtering for

a period of 5 hours at a sputtering power of 80 W.

7.7 AI CONTACT EVAPORATION

A1uminum contact areas are evaporated onto the substrate ta complete the $Olar cells. An
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Edwards Coater (the same system used for the low resistivity CdS deposition) is used for the Al

evaporation. Aluminum wires are hung on a tungsten filament. An aluminum mask eontaining

windows is positioned on the substrate over the area where deposition is desired. There is also

a metal shutter plaeed between the filament and the substrate. After the aluminum wires and the

substrate are loaded into the vacuum ehamber, the chamber is evaeuated to 2xI0·' torr in about

l hour. When the power supply to the filame:lt is turned on, the Al wires start to melt into a few

small balls with sorne surface partieulate matter. After the matter on the surface of the metal balls

evaporates, the shutter is opened. When the aluminum is completely evaporated, the power supply

to the filament is tur:led off. Samples are removed from the ehamber 10 minutes after the

deposition.

7.8 PATrERNING OF THE DEVICES

7.8.1 Patterning of the ZnO Window

When the opening of the metal mask used to establish the ZnO film deposition boundaries

on the substrate is small, the resistivity of the ZnO films is high. This high resistanee leads ta

a higher ohmie loss than is desired. In this work, no mask is employed during deposition of the

ZnO films. The films are deposited over the entire substrates. After this, a photolithographie

proeess is carried out to define the area of the ZnO films and therefore, the area of the eells.

Details of the photolithographie proeess will be diseussed in Appendix 1. A positive

photoresist (Shipley AZ1350) is employed in this work. The photomask used is depicted in Figure

7.6. After the photolithographie proeess, the ZnO film under the opaque regions ofthe photomask
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remain on the substrate. The areas under the transparent region are removed by etching the

sarnples in diluted HCI acid.

7.8.2 Patteming of the Al Contact Areas Using a Lift-off Method

In this instance, the photolithographie process is carried out before the Al deposition.

After the developing process, some fine lines of photoresist are removed and Al is deposited on

the photoresist film. The remaining photoresist is then removed from the substrate along with the

Al on top of the photoresist. Figure 7.7 shows a top view of a completely pattemed

AllZnO/CdS/CuInSe, cell. Fine lines of Al are deposited direct1y on the remaining ZnO. Areas

of the cell formerly covered by the Al contact areas are now available for photon penetration and

hence, carrier generation.
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CHAPTER 8 RESULTS OF PHOTOVOLTAIe CELLS
ON CuInSe2 THIN FILMS

8.1 INTRODUCTION

As described before, the ternary compound semiconductor CuInSe, is one of the most

imponant materials for future terrestrial photovoltaic applications (the other two materials are a-

Si and CdTe). The energy gap of CuInSe, is direct and the optical absorption coefficients in the

main solar spectrum are the highest among any known semiconductors. Hence, only a 'lhin layer

of CuInSe, (less than 1 J.1lll) is sufficient to absorb most of photons with energies above the band

gap (1.04 eV).

For terrestrial photovoltaic applications, it is required to prepare thin films of CuInSe, in

an efficient way. In our laboratory, a novel electrodeposition method has been developed for the

preparation of CuInSe, thin films [8.1]. The processing of CuInSe, by this novel method tan be

carried out at a low temperature with a rather short deposition time. Since the energy

consumption in such deposition is very small and the required equipment is simple, compared

to that for vacuum deposition methods such as evaporation and sputtering, the electrodeposition

method developed in this laboratory is specially important and has potential for photovoltaic cell

fabrication in the future.

In the previous work, photovoltaic cells of the form CdS/CuInSe, have been demonstrated

using electrodeposited CuInSe, thin films [8.1]. In that work, the CdS films used were deposited

by vacuum evaporation (thickness about 3 J.1lll). Since the energy gap of CdS is only 2.4 eV, this

material tan absorb high energy photons in the solar spectrum. For future large scale photovoltaic

applications, it is required to use a large band gap window serniconductor (such as ZOO, E
I
=3.3
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eV) to replace the CdS.

The research work to be described in this chapter thus will concentrate on the

development of a cell with ZnO as the window and the electrodeposited CuInSe, as the absorber.

To minimize the effect of interface states on the cell performance. a thin layer of CdS (less then

500 Â) will be introduced. This thin CdS layer will be deposited by the CBD method described

in Chapter 5.

In this chapter, sorne of properties of the electrodeposited CuInSe~ films will first be

described. Results on cells fabricated on the electrodeposited CuInSe, will then be presented.

8.2 SOME PROPERTIES OF ELECTRODEPOSITED CuInSe, FILMS

In this section, sorne of the properties of the electrodeposited CuInSe, films will be given.

These properties include morphology, crysta1linity, refractive index and absorption coefficient.

8.2.1 Morphologica1 Characteristics of the CuInSe,

The as-deposited CuInSe, films on Mo substrates or Mo-coated glass substrates were

examined under an optica1 microscope. It was found that while the films on the Mo substrates

had the texture of substrates, the films on the Mo-coated glass substrates were very smooth. The

morphology of the CuInSe, films was observed to be affected by the metal ratio of the films.

Films with CulIn ratios larger than unity (Cu-rich) were bluish with very fine grains. Films with

CulIn ratios less than unity (In-rich) were light grey with larger grains.

Under SEM, the CuInSe, films were observed to have a columnar microstructure with the

long-axis of the grains perpendicular to the surface of the substrates. The films had a very
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unifonn thickness and a smooth surface. Figure 8.1 shows an SEM picture for the cross section

of a CuInSe, deposited on a Mo-coated glass substrate. The thickness of this films was about 1.5

:.un .

8.2.2 Crystalline Orientation and Conducting Type

From X-ray diffraction experiments, all of the eleetrodeposited CuInSe, films were found

to have a chalcopyrite structure with a (112) preferred orientation [1.7). Figure 8.2 shows results

of X-ray diffraction for one of the CuInSe,.

To determine the conducting type, hot probe measurements were carried out on films

deposited under different conditions. It was found that all of the samples tested were p-type even

for the ones with a very small CulIn ratio. This resuit is different from that obtained of vacuum

deposited CuInSe, films. For the vacuum deposited CuInSe, films, n-type conduction was found.

Those with CulIn ratio in a range of 0.67 to 0.75 were n-type [8.2]. The difference is believed

to be due to higher oxygen content in the eleetrodeposited CuInSe, films, which were prepared

in a water solution.

8.2.3 Refractive Index of CuInSe, Films

The refractive index is an important optical parameter for eategorising semiconduClor

materials because it influences the optical refleetance of materials. If the refractive index of a

material is known, the refleetance of the material at different wave1engths can be estimated.

Refractive index can be determined from optical interference the material [8.3].

The CuInSe, films used for refractive index measurements were deposited on Mo-coated
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• glass substrates. The thickness of the Mo layers was about O.S J.1lll. When a monochromatic light

is incident on the surface of the CuInSe,. the light will be partially reflected and partially

refracted. When the refracted portion reaches the interfaces between the bottoms of the CuInSe,

films and the Mo surfaces, the majority of the light will be reflected back by the shiny Mo

surfaces. The light reflected from the CuInSe, surface and from the Mo surface hava an optical

path difference of 2nt. Here, n, is the refractive index of CuInSe, and t is the thicknesses of the

CuInSe, films. When reflectance of the CuInSe!Mo structure is plotted against wavelength of

incident light, there are maxima and minima due to interference. The minima occurres when the

following condition is satisfied:

•
2nt = (1+.!)l,

2

The maxima occurrs when:

2nt = Il,

1=0,1,2,3,'"

1=1,2,3,'"

(S.I)

(S.2)

•

The CuInS~ films used were p-type with carrier concentration greater than 1016 cm·l •

Reflectance from the films was measured using a Perkin-Elmer spectrophotometer (Model 13U)

with the monochromatic light chopped at 86 Hz. The experimentai setup for the measurements

is shown in Figure 8.3.

The incident light intensity was measured by replacing a sample with a gold coated glass

substrate. The reflectance of the gold film was assumed to be 99%. The reflectance of the

CuInSe!Mo was then obtained from the ratio of the intensities of the light reflected from the

CuInSe!Mo and the gold mirror. During the measurements. an InSb photovoltaic detector
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operated at 77 K was used to determine intensity of both the incident and refleeted light in the

2 to 5 J.1Ill wavelength range. For the 5 to 10 J.1Ill wavelength range, a HgCdTe photoconductive

detector was used.

Positions of the CuInSe:JMo sample and the deteetor were adjusted so that the angle

between the incident beam and the reflection bearn was about 15°. Sampies used were CuInSe,

films with thicknesses ranging from 1.5 to 2 J.1Ill and with an area about 1xl cm~. The reflection

measurements were carried out on both as-deposited and heat-treated CuInS~ films.

After the deposition, a sample, No. R-3, was cut into four 1xl cm~ pieces. The four

pieces were heat-treated in vacuum for 15 minutes at 200, 250, 300 and 350°C, respectively.

After the heat-treatment, reflection measurements were carried out There were IWO maxima peaks

and IWO minima in each reflectance curve in the 5 to 10 lJ.IIl wavelength range. From the maxima

and minima on each curve, the refractive index was calculated using Equations (S.I) and (S.2).

It is noted that the post-deposition vacuum heat treatment does not have a strong effeet

on the refractive index values. From the above results, an average refractive index value of 4.7

was obtained for the CuInSe, in the wavelength range studied.

S.2.4 Absorption Coefficient of CuInSe,

Absorption coefficient is a rather important physical parameter of a semiconduetor

material, especially for solar absorber applications. This is because the absorption coefficient of

an absorber in a heterojunction solar cell directly affects the absorption length. Therefore, the

absorption coefficient determines the minimum thickness of the thin film needed for the effective

absorption of the incident solar radiation. The absorption coefficient of the electrodeposited
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CuInSe" prepared In this work was determined from the reflectance and transmir.ance

measurements.

8.2.2.1 Preparation for Absorption Measurements

In order to perform reflectance and transmittance measurements simultaneously on

CuInSe" films, semi-transparent substrates are needed. In this experiment, the substrate used for

deposition of the CuInSe" films consisted of a semi-transparent Mo/Cr multi-Iayer deposited on

a glass substrate. The thin Cr film (thickness<100 A) was first deposited on a pre-c1eaned glass

slide by eleetton bearn evaporation. A layer of thin Mo film was then deposited on top of the Cr

using the sarne system. Because sheet resistance of the semi-transparent CrlMo films was too

high to be used as the electrode in the deposition of CuInSe" films, an additional thick metal

layer was deposited (Figure 8.4). The thick metal layer was deposited onto most of the glass

substrate, except for a thin strip with a width of about 2 mm which was covered with a1uminum

foil. The purpose of the thick metal layer is to reduce the effective resistance of the substrate.

Using the above described substrate, a thin layer of CuInS~ film (0.3 J.lIII) was then

deposited. After the deposition, a brief heat treatment of the films was carried out. Because the

substrate was opaque except for the thin strip, the CuInS~ deposited on the thin strip was used

for transmittance and reflectance measurements.

8.2.2.2 Experimental results

The transmittance and reflectance of the films at wavelength in the range from 0.9 to 1.7

J.lIII wavelength range were determined. For transmittance measurements, a Mo/Cr/glass substrate
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• without CuInSe, was used as reference. A gold film was used as reference for the reflectance

measurements. The results of one of the samples measured (sample A-2) are shown in Figure 8.5.

It was found that both the refleetance and the transmit".ance of this sample varied with the

wavelength ofthe incident light. From the measured refleetance and transmittance, the absorbance

A(Î..) of the film can be obtained from the foIIowing equation.

A(l) = l-R(l)-T(l) (8.3)

Here R(Î..) and T(Î..) are the refleetance and transmittance of the film. The absorbance, A(Î..), can

aIso be expressed as a function of absorption coefficient, a(Î..), and thickness of the film, x:

A(l) = exp[ -0:(1).%] (8.4)

•
The variation of the absorption coefficient with the variation of energy of incident photons was

determined and the results are shown in Figure 8.6(a). The absorption coefficients of the films

above the energy band gap (1 eV) were as high as 5x10' cm·l
. The value decreased as the photon

energy was decreased. The transition region for the absorption coefficient in the electroplated

CuInSe, films was not as sharp as that obtained by other researchers on vacuum deposited

CuInSe,.

For a direct band gap transition, the absorption coefficient (a) is re1ated to the photon

energy (bu) by the foIIowing equation [3.3]:

(8.5)

•
Here A is a constant and E. is the energy gap. Therefore, for a direct band gap semiconductor,

a plot of (ahU)2 versus photon energy, hu, should yie1d a straight line. The intercept with the

photon energy axis gives the value of the band gap. The values of (ahU)2, plotted against photon
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energy hu, are shown in Figure 8.6(b) for Sarnple A-2. The energy gap obtained from the

intercept on the photon energy axis is 1 eV. This value is approximately the sarne as that reported

for vacuum deposited CuInSe: (1.04 eV).

Figure 8.7 shows plots of (ahu): versus photon energy. for !Wo other sarnples. The energy

gap values obtained from this plot varied from 0.94 to 1 eV.

8.3 EFFECT OF HEAT TREATMENT OF CuInSe: ON THE CELLS [1.8][7.3]

A heat treatment of CuInSe: in vacuum and Ar can improve the crystalline quality of the

films as evident from X-ray diffraction. In addition to the crystalline quality, the composition may

be affected by the heat treatment. In the present work, it was found that there was alse a loss of

Se during the treatment. This was observed from the deposition of Se on the glass tube used for

heat treatment experiment. For the films treated in inert gas (Ar), the loss of Se was less than that

from the films treated in vacuum. It is thus specially interesting to determine the effect of heat

treatment on the performance of photovoltaic ceUs fabricated using ZnO and CBD CdS. In this

section, results on studies of eeUs fabricated on CuInSe: films after different treatments wiU be

presented

8.3.1 Al/CdS/CuInSe: Schottky Junction [7.3]

Schottky-like junctions with an Al/CdS/CuInSe: structure have been fabricated for

studying the properties of junctions formed with the electrodeposited CuInSe:. After the heat

treatment, a layer of high resistivity CdS was dip-coated by the CBD. method Al contact areas

were finally deposited to complete the fabrication.
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I-V characteristics of one of the Schottky-likejunetion (07) are shown in Figure 8.8. The

CuInSe, film used in Junetion D7 was deposited on Mo sheet and heat treated in Ar. The reverse

leakage current of this junction was smaii. The series resistance of this junetion, obtained from

Figure 8.10, was about 36 ncm. Figure 8.9 shows the C-V characteristics of the junetion D7.

From the slop of the curve, an average acceptor concentration of 2.3xl0'6 cm" was obtained.

Figure 8.10 shows dark and ilIuminated 1-V characteristics of another Schottky-junetion

(E19). A1though the thickness of AI contact was too large for light to pass, sorne excess carriers

still were generated in areas outside the contact. The carriers generated near the contact were able

to diffuse towards the depletion region and got collected by the junetion. However, the

photocurrent of this type of junction was very smail compared with a heterojunction with

transparent window layer. A typica1 short circuit current obtained from this junction was about

0.12 mA. Figure 8.11 shows C-V characteristics ofSample EI9 taken under dark and illuminated

conditions. It is noted that there are two main sections in the plots, indicating the difference in

the acceptor concentrations.

8.3.2 CdS/CulnSe, Cells Fabrieated on CulnSe, Treated in Vacuum

All of the cells fabrieated using vacuum treated CulnSe, on Mo substrates were either

shoned or very leaky, with a smaii photovoltaic effect. The leakage current cao be reduced by

an air treatment for 10 minutes at about 180·C. An additionai treatment beyond 10 minutes was

found to improve furtber the 1-V characteristics of the cells. For the cells fabrieated on Mo-coated

glass substrates with a vacuum treatment, both rectification and photovoltaic effect were readily

obtained although a heat treatment in air generally improves the conversion efficiency.
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Figure 8.12 shows I-V characteristics of one of the sarnples, 14-5-3, which was fabricated

on a Mo substrate. The total area of the sarnple (covered by low resistivity CdS) is 0.16 cm' and

active area is 0.11 cm'. The photovoltaic effect in the as-fabricated cell was usually small. After

a heat treatment for 10 minutes in air at 180·C, the sarnple showed an increase in the

photovoltaic effect although the conversion effeciency was only about 0.95% and reverse dark

CUITent was large. After another air heat treatment for a period of 20 minutes. all of the

pararneters for the cell improved. The measured Jsco Voc' FF and Tl were 35.4 mA/cm', 0.177 V,

0.41, and 2.1% respectively. The relatively low conversion efficiency of cell on the vacuum

treated CuInSe, is due to the small open circuit voltage (Iess than 0.2 volt). If the open circuit

voltage can be improved by improving the fabrication condition, cells with a high conversion may

be obtained.

In addition to I-V measurements, C-V characteristics were measured for 14-5-3 after

treatment in air of 30, 50 and 70 minutes. The results are shown in Figure 6.13. From the slope

of the C-V curves, the average acceptor concentration in the CuInSe, was determined The

concentration was 1.04xl0·7 cm'3 after the 30 minute treatment and was 7.7xl0'6 cm'3 after 50

minute treatment. The one obtained after a total the 70 minute treatment had two sections with

distingue slopes. This indicated that the acceptor concentration profile is not uniform across the

junction. The concentration near the junction (5.8xl0'6 cm-3
) was lower than that in the bulk

region (1.08xl0·7 cm-3). From intercepts of the C-V curves with the axis, the diffusion potentials

of the cells after different heat treatment stages were 0.38, 0.58, and 0.53 V respectively.

During the vacuum treatment, bath the Se and O2 content near the surface of CuInSe,

were reduced Hence, the stoichiometty deviated from the as-deposited films. In the air heat
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treatment of the completed cell. oxygen atoms diffused into the CuInSe;,. The diffused oxygen

atoms occupied the vacant Se sites and inproved the junction fabricated on vacuum treated

CuInSe;, films.

8.3.3 CdS/CuInSe;, Cells Fabricated on CuInSe;, Treated in Ar

More man 200 CdS/CuInSe;, cells were fabricateu on CuInSe;, films treated in Ar and

these were studied. The cells showed strong rectification and photovoltaic effect. However, the

I-V characteristic ofthese cells were not improved by a post-fabrication heat treatment Various

heat treatment were carried out

Figure 8.14(b) shows the dark and illuminated 1-V curve for a cell 15-6 (intensity of light

was 125 mW/cm2
). The open circuit voltage of this cell, 0.33 V, was larger than the cells

fabricated on vacuum treated CuInSe;,. The Jse> FF and Tl were 44.2 mAlcm2
, 0.533, and 6.2%

respective1y. Fig 8.14(a) shows dark I-V curves plotted in a semi-1og sca1e. From the forward

current curve, the n factor was found to be 1.63.

Figure 8.15 shows C-V characteristics measured for the same samp1e, showing two main

sections with different slopes. Near the junction, the acceptor concentration was 9.3xl014 cm.J

and was 2.7xl01s cm.J in region away from the junction. Comparing with the cell 14-5-3, the

capacitance value of 15-6 was much smaller. This difference suggested that the dep1etion width

in the cell 15·6 was 1arger than in 14-5-3.

Figure 8.16 shows 1-V characteristics for another samp1e, 120-1 which was fabricated on

a CuInSe;, treated in Ar. The Jsc> Voc> FF and Tl were 33.7 mAlcm2
, 0.28 V, 0.533, and 6.0%

respective1y. The idea1ity factor was found to be 1.64. Figure 8.17 shows C-V characteristics of
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the sample J20-1. The acceptor concentration of the CulnSe;, in this cell obtained from the slop

of the C-V characteristics was about 6.68xl0's cm·3•

8.4 AI/CdS/CdS/CulnSe;, HETEROJUNCnON [1.7]

After the study of CdS(high p)/CulnSe;, devices fabricated by depositing CBO CdS on the

CulnSe;, films, photovoltaic cells of the form CdS(low p)/CdS(high p)/CulnSe;, were fabricated.

Hence, the low resistivity CdS was deposited by vacuum evaporation. Current-voltage

characteristic measurements have been carried out and the results for one of the solar cells

(Sample J8-4) are given in Figure 8.18. The thicknesses of the CulnSe;" high p CdS, the low p

CdS and were 1.5, 0.05 and 3 jllll, respectively. The area of the cell (the low resistivity CdS

covered area) was 0.176 cm:. The active area of the cell was 0.11 cm:. The power density of the

simulated illumination was 125 mW/cm:.

Under the illumination, the open circuit voltage, short circuit current density and fill factor

for the œil J8-4 were 0.35 V, 43.6 mA/cm:, and 0.56, respectively. The corresponding active area

energy conversion efficiency was about 6.8%.

It was also found that conversion efficiency of Cell J8-4 improvOO after being exposed

to illumination for a period of time. After the illumination, the fill factor of the cell increased

From 0.56 to 0.57, a 2% increase. This improvement in fill factor 100 to a 2.3% "increase in

conversion efficiency. This effeet has been reported by Willet and Kuriyagawa [8.6] and was

attributed to populating long-live trap state defects or to the phsical breaking and rearrangement

of bonds.

The capacitance-voltage measurements were carriOO out under dark conditions. Figure 8.19
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shows C: versus bias voltage for the cell. 1t can be seen that the C·: value decreased as the

reverse bias voltage was decreased. From the slopes of the C·: versus !lias voltage characteristics,

an average acceptor concentration, of 1.23x10'· cm·J was obtained for Sample J8-4.

From the C-V characteristics, the carrier concentration in the vicinity of the depletion

region was also ca1culated and plotted versus the depletion width in Figure 6.20. Although the

average acceptor concentration was about 10'· cm·J
, the concentration near the surface of the

CuInSe: (w<0.1 J.1III) was higher than the average concentration. 1t would be interesting to

determine the carrier concentration in region very close to the interface. However, if the depletion

region were reduced by alliying a large forward bias, diffusion capacitance would contribute to

the measured capacitance. Therefore, the acceptor concentration of the CuInSe: near the interface

could not be determined accurately by this method.

The spectral response of Sample J8-4 was also determined for the 0.4 to 1.4 J.1III

wavelength range. The results are shown in Figure 8.22. In the short wavelength region, the

response was limited by the low transmittance of the low resistivity CdS layer.

For a Schottky-like ceU, the spectral response can also be used for estimation of the

barrier height of the junction. The spectral response (SoR) may be given by [3.3]:

or,

(SA)"" = B(hv-hvo)

(8.6(a»

(8.6(b»

•
Here, A and B are constants and hv. is the barrier height. A plot of the square root of the

spectral response as a function of photon energy is a straight line. The intercept on the energy
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axis is the barrier height of the junction. Figure 8.22 shows a plot of (S.R)" of sample J8-4

versus energy of incident photons. From the intercept of the straight line with the energy axis,

the barrier height of the junction was estimated to be about 0.7 eV.

8.5 AllZnO/CdS/CuInSe, HETEROJUNCnON [8.4][8.5]

After the above-described studies, photovoltaic cells ofthe form AllZnO/CdS/CuInSe,/Mo

were finally fabricated. A layer of high resistivity CdS (thickness about 360 A) was first

deposited by the CBD method on a heat-treated CuInSe,. After the CdS deposition, the sample

was loaded into the rf sputtering system to deposit a layer of low resistivity ZnO.

Figure 8.23 shows a SEM photograph of the cross section of a ZnO/CdS/CuInSe2 cell.

The thickness of the CuInSe, film was about 1.2 lJ.IIl and that for the ZnO layer was about 1.4

1J.IIl. lt is seen that both the electrodeposited CuInSe, and rf sputtered ZnO films have a columnar

structure.

Numerous cells of the form ZnO/CdS/CuInSe, have been fabricated and the results for the

best one are described below. Figure 8.24 shows the I-V characteristics for the sample 051. The

thicknesses of CuInSe" high resistivity CdS, Zno and Al used were 1.5, 0.05, 1 and 1 1J.IIl,

respectively. The area of the cell (ZnO covered area) was 0.104 cm2
• The active area (ZnO not

covered by Al) of the cell was 0.078 cm2
• The power density of the simulated illumination was

125 mW/cm2
• For this best cell, the open circuit voltage, short circuit current density and fill

factor were 0.328 V, 42.4 mAlcm2 and 0.566, respeetively. The corresponding active area energy

conversion efficiency was about 6.3%..

Capacitance-voltage characteristic measurements were also performed and the c;2 versus
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bias voltage results for the Sample 051 are shown in Figure 8.25. From the slope of C·, versus

V curve. the average acceptor concentration in the CuInSe, was found to be about 1.17xl016

cm·3•

From the C-V charaeteristics. the carrier concentration in the neutra1 region near the

depletion edge was also calculated and plotted against the depletion width. The results are shown

in Figure 8.26. Although the average acceptor concentration was near the optium value of about

1016 cm·3 for a high performance heterojunction cell. the concentration is not uniform across the

depletion region. Since the concentration values near the CuInSe, surface are not obtainable. it

is not known whether the surface concentration is higher than the average bulk value.

The spectral response of Cell 051 was also determined and the results obtained are shown

in Figure 8.27(a). It was found that the spectral response of the cell in short wavelength range

was enhenced as compared 10 that for a CdSfCuInSe, cell (see Figure 8.21). At a wavelength of

0.5 IUD. the quantum efficiency was close to 80%. ln the long wavelength region, it decreased

gradually as wavelength was increased. Compared to the cell with the a thick CdS window layer,

the cell with the Zno window layer had high quantum efficiency in the short wavelength region.

The overall smaller quantum efficiency for this ZnOfCdSfCuInSe, cell might be due to different

treatment conditions for the CuInSe, films.

The square root of the spectral response (S.R.)" was also plotted against energy of

incident photons and the resu1ts :lTe shown in Figure 8.27(b). It was found that the cell barrier

height which was determined from the energy axis intercept in the plot of Figure 8.27(b), was

about 0.83 volt
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8.6 CONCLUSIONS

Solar cells of the forms CdS(low p)/CdS(high P)/CuInSe, and ZnO/CdS(high p)/CuInSe,

with an efficiency over 6% have been fabricated. This is the highest efficiency ever obtained on

the cell fabricated on the electrodeposited CuInSe, films. It was confirmed that the CuInSe,

treated in Ar yielded the best cell. This is partly due to the decrease of the accptor concentration

in the surface region after the Ar treatrnent.

131



•
-

CulnS~

Mo

•
Figure S.l A SEM photograph showing a cross section of a CuJnSe: thin film deposited on a

Mo-coated glass SIlbsllate.
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Figure 8.3 A schematic diagram of the system for retlectance measurements.
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Figure 8.4 A schematic diagram of a cross section of a CuInSe: sample used for optical

absorption coefficient measurement.
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CHAPTER 9 DIFFUSION LENGTH OF ELECTRONS IN CufuSe:

9.1 INTRODUCTION

Photons with an energy larger than the bandgap of the absorber (CuInSe.) create electron

hole pairs in the solar cell. Minority carriers (electrons in p-type CuInSe.) diffuse toward the

depletion region and are separated from majority carriers (holes) to produce a photocurrent The

minority carriers created at a distance greater than the diffusion length from depletion region edge

tan not contribute to the photocurrent. Hence. the operation and energy conversion efficiency of

a solar cell are determined by the value of minority carrier diffusion length. The operation of

other optoeleetronic devices. is also affected by the diffusion length. For instance, the injection

efficiency of a solid state laser is a function of the minority carrier diffusion length value.

Various methods tan be used to determine minority carrier diffusion length in a

semiconductor. These methods include the surface voltage method [9.1-9.3]. photoluminescence

method [9.4-9.6]. photoresponse method [9.7-9.9] and the electron beam induced·current method

(EBIC) [9.10][9.11]. The first three methods require knowledge of precise optical absorption

coefficients of the semiconduetor material being examined.

To understand the characteristics of the solar cells fabrieated on e1ectrodeposited CuInS~

thin films, it is necessary to carry out the minority carrier diffusion length measurements. The

measurements must be carried out before one tan determine if the e1ectronic properties of the

CuInSe: thin films prepared by the novel electrodeposition are good enough for future large scale

photovoltaic applications.

In the present work. diffusion length measurements have been carried out on CdS/CuInS~
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and ZnO/CdS/CuInSe. heterojunction solar cells fabricated on eleetrodeposited CuInSe.. Two- -
non-destructive methods have been employed for the diffusion length measurements. One is the

photocurrent-capacitance (PC) method [9.14-9.17) and the other is the differential photocurrent

(DPC) method [9.18). The diffusion length of the semiconductor CuInSe:, was measured without

the prior data of absorption coefficient. The results obtained from the above IWO methods will

be presented in this chapter [8.4][8.5]. Another method involving an electron beam (EBIC) has

also been used and the results will be given in the next chapter.

9.2 MEASUREMENT METHODS

In this section, the principles of the PC and DPC methods are discussed. Each method

requires a heterojunction solar cell fabricated on the absorber with appropriate contacts. In the

solar cell for the diffusion length measurements, the window layer should be a large band gap

se~iconductor so that absorption of incident light in the window layer can be neglected.

9.2.1 Photocurrent-Capacitance (PC) Method

When a monochromatic light beam is incident on a heterojunction cell, a photocurrent

develops in the cell. The photocurrent may be represented by:

Ip/t = eloTA[1 - exp(-œ.:t)+ cd/(1+œL)exp(-œ.:t)]

•

where 10 is the intensity of incident light, T is the transmission of the window layer including

reflection losses, A is the area of the device and a, L and x are the absorption coefficient, the

minority carrier diffusion length and the depletion width of the absorber, respectively.

If the wavelength of the incident light is chosen so that cxx«1, the absorption of the
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• incident light in the depletion layer is negligible, Equation (9.1) cab be simplified to:

lplo = eloTcxA(L+x)/(1+cxL)

The depletion capacitance, C, of the junction is given by:

C = EoE,Â/X

(9.2)

(9.3)

where eo is the permittivity of vacuum and e, is the relative dielectric constant of the absorber

(CuInSeJ. From Equation (9.3), the depletion width of the absorber can be obtained from

capacitance measurements:

•

x = EoE,A/C

Substituting Equation (9.4) into Equation (9.2), the following relation is obtained:

lplo = k(1/C+L/EoE,Â)

(9.4)

(9.5)

•

Here k = eIJ.aA'eoe,l(I+aL). It is assumed that, at a given wavelength, the absorption

coefficient and the diffusion length of the absorber are independent of the bias voltage.

Therefore, when the cell is illuminated by light of a fixed wavelength, k is a constant.

Since the capacitance, C, is a function of the reverse bias voltage, the photocurrent under

constant monochromatic illumination, ~, will change when the reverse bias varied.

In Equation (9.S), it is noted that a plot of~ versus lIC will yield a straight line with the

intercept on the lIC axis at -L(eoe,A). Hence the diffusion length of the minority carriers can be

obtained from the follow equation.
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• (9.6)

•

Several assumptions have been made in the above derivation for the PC method.

(1) The absorption of the incident light in the window layer can be neglected. Therefore, carriers

generated in the window layer can be neglected.

(2) The thickness of the absorber layer is larger than the diffusion length, L. Incident photons

passing the absorber without being collected can be negleeted.

(3) The electron-hole recombination in the depletion region and at interface can be negleeted.

(4) The junction is an'-p junction, so the depletion layer is located only on the absorber side.

9.2.2 Differentiai Photocurrent (OPC) Method

When an one-sided heterojunction under monochromatic light is reverse biased at a

voltage V, the photocurrent is given by Equation (9.5). When the applied reverse voltage is

changed by ~V, the changes in depletion width and photocurrent are tix. and ~, respectively.

The change in the depletion layer width can be expressed as:

(9.7)

•

where e is the electron charge, x is the depletion width, &0 is the perrnittivity of vacuum, e, is

the relative dielectric constant of the absorber and N(x) is the carrier concentration at the

depletion layer edge. The depletion width x can be obtained from capacitance-voltage

measurements.

At the reverse bias voltage, VI = V+~V, the photocurrent can then be expressed as:
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• Ip/I = eIoTA(1 +exL-exp[-ex~+Ax)D1(1 +ctL)

When Equation (9.8) is differentiated, the following equations are obtained:

eIoTAex ( )
= exp -exx

1+exL

and

AI el TAex
In(.::.::e!) = -(XX+ln[ a ]

Ax 1+c:L

(9.8)

(9.9)

(9.10)

•

From the last equation, a plot of ln(t!J../ôx) versus the depletion width, x, of the junction

will be a straight line with a slope of -CI. at the wavelength of the incident light. Therefore, the

optical absorption coefficient of the absorber of the junction, Cl, cao be determined by this

method. Using the absorption coefficient value obtained, exp(-cxx) values at different depletion

widths, x of different reverse bias voltages cao then be calculated. A plot of photocurrent, I.h,

against exp(-cLX) can be made. From Equation (9.1), it is clear that this plot is linear.

Extrapolation of the photocurrent at exp(-cLX) = l, where x = 0, gives:

eIoTAexL
[I-l - = --=-~

phJ:P(l 1+ex L

At x = 0, Equation (9.9) becomes:

[AIpltJ..o = eloTAo:
Ax 1+exL

(9.11)

(9.12)

•
Combining Equations (9.11) and (9.12), the diffusion length of the minority carriers can be

obtained:
,
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• (9.13)

•

•

The assumptions made for the photocurrent-capacitance method a1so apply for the differential

photocurrent method. Since the recombination of carriers at the interface has been ignored in the

above treatment, the diffusion lengths obtained by the present methods may be small than their

true value.

9.3 EXPERIMENTAL SETUP FOR nIE MEASUREMENTS

The equipment used for the photocurrent measurements and capacitance measurements

to determine the minority carrier diffusion length is briefly described in this section.

9.3. I. Set-up for Photocurrent Measurements

A schematic diagram c.f the setup for photocurrent measurements is shown in Figure 9.1.

A tungsten filament lamp {Oriel, Model No. 6325) was used as a Iight source. The incident white

light passed through a monochromator (Beckman, Model No. 2400) which converted the white

light to monochromatic light During the measurements, setting of the power supply (Oriel, Model

No. 6329) to the tungsten lamp was fixed at 7 A. The slit width of the monochromator was set

at 0.5 mm and the wavelength of the monochromatic light was adjusted at a value from 1.1 to

1.3 J.lIIl.

A reverse bias voltage was applied to the junction through an HP semiconductor

parameter analyzer (Model No. 4145A) and the current output was measured. The current at each

bias voltage was measured 256 times and the average value was then taken. The reverse bias
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• applied to the cell varied from -0.1 to -2 volts in steps of 0.1 V. The dark current (lD) of the cell

was first measured at different reverse biases. The current (lill) of the cell under illumination was

then measured at the same reverse biases. The photocurrent of the cell is given by:

(9.14 )

9.3.2. Set-up for Capacitance Measurements

The depletion capacitance of the cells under monochromatic illumination was measured

using an HP LCR meter (Model No. 4274A) controlled by an mM personal computer. The

reverse bias to the cell, which was supplied by the LCR meler, was varied from 0.1 10 2 volts

in steps of 0.1 volts. The actual dc bias of the cell was measured by an HP multimeler (Model

No. 3478A). During the measurements, a small ac signal ',vas superimposed on the reverse bias

voltage. The amplitude and the frequency of this ac signal were set to 0.02 V and 100 kHz. The

• depletion capacitance of the cell under illumination and the reverse bias voltage were recorded.

A schematic block diagram of the experimental setup for the measurements is shown in Figure

9.2. During the measurements, the setting of the monochrcmator was the same as that described

in Section 9.3.1.

9.4 DETERMINATION OF DIFFUSION LENGTH OF CulnS~

•

Severa! photovoltaic cells ofthe forro CdS/CulnS~ fabricated in the laboratory have been

studied. Detailed experimental results for one of the cells, sample 120-1, will be specially

described in this section. The CulnS~ film used was treated in Ar.. The wavelengths of the

incident monochromatic light selected were 1.1, 1.15, 1.2 and 1.25 J.lIII. The total area of the 120

l was 0.178 cm: with an active area of 0.11 cm:. The dielectric constant of CulnS~ used was
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chosen to be 10.

9.4.1 Photocurrent-Capacitance Method [PC)

Differentiai capacitance of sample J20-1, under reverse bias voltages ranging from 0 to

2 vol ts was measured at 100 kHz. During the measurements, monochromatic light was allowed

to incident on the sample. Figure 9.3 shows a plct of lIC versus the reverse bias voltage. The

photocurrent of the sample was also measured under the same biases and illumination. Figure 9.4

shows the variation of photocurrent (IpJ with reverse bias for Sample J20-1.

From the results of Figure 9.3 and Figure 9.4, a plot of the sample photocurrent versus

Ile was obtained (Figure 9.5). From intercepts of the straight lines with the l/C axis, the

diffusion lengths of the electrons in p-type CuInSe, were obtained from Equation (9.6). The

diffusion lengtl:s obtained under incident monochromatic light ofwavelengths, LI, 1.15,1.2 and

1.25 ).lm were 0.54, 0.52, 0.45 and 0.39 ).lID.

9.4.2 Differentiai Photocurrent Method [OPC)

To determille the minority carrier diffusion length by the DPC method, t.ie depletion layer

width must be known. The depletion width of the sample was calculated by Equation (9.15) from

the l/C versus reverse bias plo, shown in Figure 9.3.

~(v) = eae,AIc(v) (9.15)

•
A plot of depletion width versu!' reverse bias under illumination, for the sample 120-1, is

shown in Figure 9.6. From the plot, the increment of the depletion width, ÂX;, at a reverse bias
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• of Vi can be obtained.

(9.16)

The differential current of the sample at a reverse bias of V, can be obtained from Figure

9.4.

(9.17)

•

•

From the values calculated using Equations (9.16) and (9.17), values ofln(M/ÔX) for the sample

J20-1 at different reverse biases could be calculated. The results are plotted againSl depletion

width in Figure 9.7. From the slope of the straightlines, the optical absorption coefficients of the

CuInSe" could be calculat~d. The optical coefficients were 1.06, 1.19, 1.09 and 1.01 J.UIl'\ at 1.1.

US, 1.2 and 1.25 J.UIl respectively. From the intercepts of the strllight lines with the In(M/ÔX)

axis, the [MlÔX]... values, at incident wavelengths of 1.1, US, 1.2 and 1.25 J.UIl, were then

obtained. The [MlÔXl.-o values were 74.5, 79.5, 69.7 and 49.5 A/m, respectively.

Using the optical absorption coefficients obtained in the above measurements, value of

e-=at different depletion widths and different reverse bias voltages were computed. The variation

of photocurrent ~h versus e-= was plotted. The results are displayed in Figllre 9.8. The

extrapolated photocurrent at e-= =1, where x =0, was obtained. The values ofIph' al x =0, of

sample 120-1, were 18.4, 17.7, 13.9 and 9.1 IJA at wavelengths of 1.1, US, 1.2 and 1.25 J.UIl.

The diffusion length ofthe absorber CuInSe" in the sample J20-1 was finally obtained from

the ratio of~... to [Mlôx].... The diffusion length values of the sample 120-1 obtained using

the differential photocurrent method, were 0.25, 0.23, 0.20 and 0.18 J.UIl at incident wavelengths

of 1.1, 1.15, 1.2 and 1.25 J.UIl respectively.
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Oetailed measurements using the PC and OPC methods described above have been carried

out on several other samples and the results obtained are reported below.

9.S RESULTS AND DISCUSSION

Table 9.1 shows the parameters of the six CdS/CulnSe" jeterojunction cells used for the

diffusion length experiments. The accepto; concentration in the CulnSe" ofthese cells varied from

6.2x10I> to L9xlO'6 cm·). The open circuit voltages of these cells under simulated AMI

illumination v~ed from 0.2710 0.32 Volt The short circuit current varied from 3.2 to 4.86 mA.

Ali the cells listed in this table are CdS/CulnSe" junctions.

Table 9.2 shows results ofdiffusion length measurements obtained using the photocurrent

capacitance and the differential photocurrent methods on the same six samples. The diffusion

lengths measured using the differential photocurrent method were shoner than those measured

using the photocurrent-capacitance method. The difference in diffusion lengths between the two

method was large especiaily for the two samples. Jl7-4 and Jl9-1. Similar to that from th~ PC

method. the diffusion lengths obtained with OPC method varied with the incident photon energy.

The diffusion lengths of the cells measured using the two methods showed no significant

concentration dependence when samples had acceptor concentration less than 2.0><10'· cm-3.

The optical absorption coefficients of the CulnSe" obtained from the above experiments

are also listed in Table 9.2. The Ct values did not vary as expected. With the exception of Sample

Jl6-1. there were no sharp decreases in the Ct values near the energy gap (1 eV). In sample Jl6-1.

a sharp decrease in the Ct values occurred at a wavelength of 1.3 J.lII1. This wavelength, 1.3 J.lII1.

corresponded to a photon energy of 0.954 eV which is close to the energy gap reported for
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V"olcuurn-C:eposi,ed thin films of CuInSe,. The energy gap of eleetrodeposited CuInSe, films

prepared in this experiment could be smailer than that reported for thennally evaporated films.

One of the assumptions for the two methods used for diffusion length measurements is

that the current transport mechanism in the cells is dominated by diffusion. However. if the

diffusion component of the current is less than eloToA, the intercept of la with the l/C axis will

be less than the diffusion lengt!"., .... Hence, the real diffusion Jength of the CuInSe, should be

greater than the lengths obtained from the PC method. The diffusi~'n length values oftwo samples

K16-3 and J8-4 were 0.52 and 0.53 J.lIIl, respectively, at 1! wave!:mgth of 1.2 J.lIIl. These values

are very close to the reported value of 0.6 J.lIIl for vacuum evaporated CuInSe, films[9.12].

Diffusion length measurements were al,;o carried out on cells with a ZnO/CdS/CuInSe,

structure. In these measurements the plot of In(~/6x)versus x for these samples did not yield

a straight line. Therefore, the diffusion length was detennined only from the PC method. Table

9.3 shows the resu1ts of these measurements. lt is noted th..t the only difference between these

cells and the CdS/CuInSe, cells is the window material used. The L values obtained from the PC

method for the three cells were very close to the values of CdS/CuInSe, cells described in this

section.

9.6 CONCLUSIONS

Minority carrier diffusion length of CuInSe, was measured using the PC and the DPC

methods. These two methods are simple and are non-destructive. Values of the minority carrier

diffusion length of the CuInSe, films prepared by the novel eleetrodeposition method were close

to the values reported by other researchers for evaporated CuInSe, films [9.12]. Diffusion lengths
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values delermined using the OPC method were smalJer than those from the PC method. Il was

'::so found :hat, the diffusion lengths in the CdS/CuInSe" cells were close to that in

ZnO/CdS/CuInSe" cells. Hence, the electronic quality of the CuInSe" films were not affected

strongly by the CBO process for deposition of high resistivity CdS and the rf deposition process

for ZnO. Furthennore, it was found that the diffusion length in CuInSe" with acceptor

concentration Jess than 2xl0'6 cm") was not dependent on the concentration. However, for the

samples with higher acceptor concentrations, the diffusion length decreased with the increase in

carrier concentration. Although, the optical absorption coefficient of the CuInSe" measured using

the OPC method did not show a rapid decrease near the reported band gap. The values obtained

were approximately equal to thase from the direct measurements presented in Chapter 8.
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Table 9.1. Parameters of the samples used for the diffusion length measurement.

Sample No Jo< (mA) Voc (V) NB" (cm'])

J8-4 4.86 0.32 1.80xl016

Jl6-1 3.73 0.28 1.40xl016

Jl7-4 3.20 0.27 6.l7xl0u

Jl9-1 4.48 0.32 1.92xl016

120-1 4.64 0.28 6.63xl015

KI6-3 4.80 0.28 8.73xIOu

• Average acceptor concentration calculated from C-V characteristics taken at 100 kHz under
monochromatic illumination of wavelength, 1.2 1UIl.
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Table 9.2. Results of the diffusion length measurements for the six samples listed in Table 9.2.

Sample ;.=1.1 J.1III ;.=1.15J.1III ;'=1.1 J.1III ;'=1.25J.1III ;.=1.3J.UIl
No

a(J.1III.' ) 2.48 2.85 2.90 3.02 2.35
J8-4 L(J.1III)(P-C) 0.56 0.56 0.53 0.49 0.45

L(J.1III)(DPC) 0.19 0.16 0.15 0.13 0.21

a(J.1III.') 1.51 1.78 1.60 2.0 0.08
116-1 L(J.1III)(P-C) 0.37 0.31 0.28 0.18 0.15

L(J.1III)(DPC) 0.12 0.095 0.078 0.028 0.14

a(J.1III.') 1.21 1.13 0.83 0.96
J17-4 L(J.1III)(P-C) 0.32 0.26 0.20 0.17

L(J.1III)(DPC) 0.056 0.035 0.041 0.014

a(J.1III·') 3.31 3.55 3.16 3.01
119-1 L(J.1III)(P-C) 0.34 0.33 0.29 0.27

L(J.1III)(DPC) 0.068 0.061 0.063 0.059

a(J.1III.') 1.06 1.19 1.09 1.01
120-1 L(J.1III)(P-C) 0.54 0.52 0.45 0.39

L(J.1III)(DPC) 0.25 0.22 0.20 0.18

a(J.1III.I) 1.44 1.63 1.40 1.66
K16-3 L(J.1III)(P-C) 0.63 0.51 C.52 0.289

L(J.1III)(DPC) 0.18 0.11 0.14 0.25

Table 9.3. Results of diffusion lengths measured using the PC method on three samples with tb.::
ZnO/CdS/CuInSe: structure.

Sample No.
L (J.1III) L (J.1III) L (J.1III) L (J1m) L (J1m)

;.=1.1 J.1III ;.=1.15 J.1III ;'=1.2 J.1III ;'=1.25 J.1III ;'=1.3 J.1III

051 0.65 0.61 0.54 0.37 0.37

X31-4 0.22 0.20 0.15 0.11 0.092

x41-7 0.19 0.14 0.14 0.13 0.094

172



•

...
.....
w

Tungsten
Lamp

White light M

\ UR

-~..~ Monochromator

[mochromatic
Printer

lit 1
Paramter

~ n p Analyzer·
HP4145A -

n.- Solar cell n,

•

Figure 9.1 A schematic block diagram of the pholocurrent measuremenl selup.

,1 /



Monochromatic
Iight

•

...

.....

""

Tungsten
Lamp

White Iight ,

Monochromate

Sol

~n p
HP 4274A

LCRMeter r-
•

HIm
r

HP 3478A ...
IBM PCi

Multimeter 1 -

1

Printer

•

Figure 9.2 A schematic black di~gram of the capacitance measurement setup.



t

0.5 .-----------------,

1.1 um 1.15 um 1.2 um 1.25 um
- -+- -0- *

0.45

0.4

--~ 0.35.e"-'
S:2_ 0.3

0.25

0.2

120-1

100 kHz

21.60.8 1.2

VR(V)
0.4

0.15 L...-_--L__.....L__-.L..__...L-_----'

o

•
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Figure 9.4 Photocurrent versus reverse bias wltage of sample 120-1 under monochromatic

illumination at different wavelengths.
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CHAPTER 10 STUDY Of CulnSez-BASED CELLS BY ELECTRON

BEAM INDUCED CURRENT MEASUREMENTS

10.1 INTRODUCTION

In Chapter 9, results ofminority carrier diffusion length on eleetrodeposited CuInSez films

by optical methods were presented. In those o::xperiments, the values of eleetron diffusion lengths

were deduced from depletion capacitance and photocurrent rneasurements. As described in

Chapter 9, the diffusion length values thus obtained might be smaller than the aetual values due

to the recombination process in the junctions. Therefore, in this chapter, research work will be

carried outto determine diffusion lengths by an electron beam induced current method (EBle).

This method has been extensively used to determine diffusion length and lifetime of

minority carriers in various semiconductors. The EBIC method is a more direct and independent

method for the determination of minority carrier diffusion lengths. It is thus necessary to obtain

values by the EBIC method on the eleetrodeposited CuInSe:z films and compare them with those

obtained by the PC and DPC methods.

Sorne of work reported in the literature on diffusion length determination by the EBIC

method is briefly reviewed below. Hackett used the EBIC method to determine the minority

carrier diffusion length of an JIlgle lapped GaP p-n junction [10.1][10.2]. Jastrzebski and

coworkers measured the eleetron beam induced diffusion current across a cleaved GaAs p-n

junction [10.3][10.4}. In another paper by Ryan. measurements were carrïed out by scanning an

eleetron beam along the surface of a planner junction [10.5]. Diffusion length was also

determined by measuring the luminescent response of bulk serniconductors and p-n junctions to
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incident eleclTons, as a function of excitation energy [10.6][10.7].

From the above brief description, it :s clear that EBIC measurements can be carried out

either on a cleaved or lapped p-n junction or on a planar junction. For the $Olar ceUs fabricated

in this work on the eleetrodeposited CuInSe: thin films, it is difficult to obtain a high quality

cleaved surface by fraeturing. Hence, the EBIC measurements to be described were performed

on the planar surface. In this chapter, the principle of the EBIC method usea for the

determination of minority carriers diffu,;on length is first described. Details of the experimental

procedure are then presented. The results obtained on severa! solar ceUs are finally described.

10.2 PRINr.IPLE OF THE EBIC METHOD

When a beam of electrons is incident on a photovoltaic solar cell, a significant fraction

of eleetrons may be backscattered when they collide with nuclei or eleetrons of the target

material. These eleetrons will not contribute to the carrier generation process. The rest of the

eleetrons are ab$Orbed by the target AlI of the energy of the ab$Orbed eleetrons dissipates within

a given distance from the surface of the target As a resuil, excess electron-hole pairs are

generated. Only the excess carriers that diffuse into the depletion region and are separated by the

electric field of the depletion region (before the recombination) will be able to contribute to the

short circuit current Therefore, it is very important to understand how eleetrons in the beam

interaet with the target material.

The interaction of high energy eleetrons with $Olid material has been studied extensive1y

[10.8-10.13]. In such study, the primary eleetrons were assumed to travel straight into the targe!

material to a certain depth [10.10]. At this depth, the eleetrons diffuse randomly in a11 directions,
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•
transferring energy to the target materiaI. The incident electrons thus can be considered as a point

source. The distance that the primary electrons travel straight into the target is defined as the

depth of camp/ete diffusion. Xo (10.10]. The complete path of the electrons that diffuse evenly

in ail directions is caIled the Bethe range, RB'

10.2.1 Backscattering of Incident Electrons

When the primary electrons enter the target, some of them are scatlered back, away from

the targe!. These eleetrons will not contribute to electron-hole pair generation. The energy

associated with these electrons can be expressed as:

(10.ll

•

where I-l is the absorption coefficient of the target materiaI, RB is the Bethe range, xo, which is

a constant, is only dependent on the average atomic number of the target materiaI, Z and Xo '"

4/(Z+4) over the whole range of nonrelativistic energy. The value of the parameter J1Rs shows

little dependence on energy and atomic number. In this work, a value of Il was taken for J1Rs

[10.10]. The energy associated with the scattered electrons is then only dependent on the average

atomic number of the target materiaI. This energy was caIcuiated using Equation (10.1) and is

plotted against atomic number of the target in Figure 10.2. For CuInSe:, the average atomic

number is 36.5. Hence, from Figure 10.2, about 25% of the energy is associated with scatlered

eleetrons.
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• 10.2.2 Energy Dissipation

In order to understand the profile of excess carrier distribution when a target is

bombarded with a beam of high energy electrons. it is necessary to determine the differentiai

energy loss. dEldX. of the electrons. The differentiai energy loss of the electrons for a given

materiai may be expressed as:

(10.2)

•

Here. x is the integrated path length. x =X/Re (X is the distance from the target surface). The

(J,J.R.e/4)(1+J,J.R.e 1x-xc 1)exp(-J,J.R.e 1x-xc 1) is an universai depth-dose function. which determines the

shape of the dissipation energy aiong the direction of penetration of the incident eleen-ons. This

function is independent of incident energy but dependent on the atomic number of the target

material.

The Bethe range Re is an energy dependent value. The mass-range (pRe). for a target

material with atomic number greater than 30 at different incident energy values can be found

from the Bethe Law. The values of pRe were 0.8, 1.15, and 1.75 mglcm2 for incident energies

of 12, 15, and 20 KeV [10.10). Since the density of CuInS~was 5.65 glcm·3, values of Re were

1.42,2.04, and 3.10 1= for incident energy of 12, 15, and 20 keV respectively.

The differential energy loss of the incident electrons was then caIcuiated and plotted

against depth from the target surface for three incident energies. The results are shown in Figure

10.3. The area under each curve represents the total energy 10ss of electron at that energy. For

ail three curves, most of the energy of the incident eleetrons will be absorbed by the target in a

distance less than 1 1= from the surface. The effective depth for the energy loss increases as the
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electron energy is increased. Hence, it is preferred to use an e!ectron beam with a low energy for

the study of thin film devices. In this work, beams with electron energies of 12 and 15 KeV will

be used.

10.3.3 Generation of Electron-Hole Pairs

The energy loss of the incident electrons is transferred to the electrons in the target to

generate free electron-hole pairs. Assume EA is the mean energy required for the generation of

one electron-hole pair in CuInSe,. Further assume the electron beam of current density lB suffers

a mean energy loss of dE in penetrating a layer of material ax.. The number of electron-hole pairs

created per unit lime per unit volume within ax. of CuInSe" g(x), is

g(X) (10.3)

•

The rate of excess carrier generation is proportional to the rate of energy loss by the

incident electrons. From the differenlial energy loss of the electrons versus depth results (Figure

10.3), for incident energies of 12 and 15 KeV, it is expeeted that mos! of the excess carrier

generation will occur within 0.5 J.U11 of the surface. Therefore, the excess carriers have a bell-

shaped distribution with distance below the surface. The volume occupied by the excess carriers

is very small compared to the total volume in the Bethe range because the diameter of the

electron beam can be adjusted to about 100 A. A schematic diagram showing the volume

containing the excess carriers is iIIustrated in Figure 8.4. More than 90% of the excess carrier

generalion occurred before the differenlial energy loss reached Ile of the peak value. For an

electron beam with an ir.cident energy of 15 KeV, the depth below the surface of Ile generation
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• volume is about 0.66 Ilm which is about 30% of the Bethe range.

10.2.4 Determination of Diffusion Length From EBIC Measurements

When an electron beam is incident on a p-n junction. the excess carriers crt'3ted in the

neutral region of the p-n junction diffuse toward the junction. Sorne of these carriers reach the

depletion region before recombining. These excess carriers will be separated by the electric field

and produce a short circuit current. Detailed treatment of diffusion length measurements with the

EBIC method has been reported in literature (10.14][10.15]. The current induced IS an

exponential function of distance between the electron beam and the depletion edge. x:

1= Isc(O) exp (-x/L) (10.4)

where L is the diffusion length and Isc(O) is the short circuit current created when the electron

• beam strikes the junction plane at x=0. A plot of induced current (logarithmic scale) versus

distance (x) should yield a straight \ine. From the slope ofthis straight line (-IlL), the diffusion

length, L, can be determinecl. The excess carrier life-time "t in tum can be calculated from the

diffusion length:

(10.5)

•

Here, D is the diffusion coefficient and 1.1. is the mobility of minority carrier (electrons in p-type

CuInSe..j.

The validity of the Equation (10A) has to be examined because the excess carriers are

subject not only to bulk recombination but also to surface recombination. As stated before, the

electron beam used can be approximated by a steady state point source loeated at a depth, 1;,
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• below the surface. The carrier generation rate of the point source is equalto Gô(x,y,z.ç), where

G is constant and ô(x,y,z.ç) is a distribution function. The steady stale c:mcentration of excess

carriers, IIp(x,y,z), can be obtained from the continuity equation:

Dndiv [gradllp(x,y,z)] - ilp(x,y,z)I1:n+Gô(x,y,z.ç)= 0 (10.6)

Here Dn, and 'n are the diffusion coefficient and life-time of minority carriers, respectively. The

boundary condition at surface (z=0) is:

(10.7)

S is the surface recombination velocity of eleetrons at the plane Z = O. Assuming that the depth,

ç, of the point source from the surface is much smaller than the thickness of the CuInSe:, t, then

the total steady state excess eleetron concentration can be expressed as:

... ... ...
âp (ç) =Jdx JdyJdzâp (X,y,Z)

-CD -00 0

From Hachetl's treatment [10.2], IIp(ç) can be eJq:ressed as:

Ap(~) = (GL 2) [l-(2....)exp(-5.)]
D s+l L

(10.8)

(10.9)

where L is the bulk diffusion length of the electrons and s is the reduced surface recombination

velocity given by the relation:

s=~
L",

(la .10)

•
Here 'ca and Lca are the effective lifetime and diffusion lenglh, respectively, of eleetrons in the

CuInSe:.
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• Under steady state conditions. Dop(ç) can be related to the effective lifetime. t,fT> as

follows (t,rr cao further be related to the measured effective diffusion length. L,rr):

(10.1' )

The effective diffusion length is related to t,rr through the following equation:

(10.12)

Combining Equations (10.10), (10.11) and (10.12), the effective diffusion length can be obtained.

Là- = 12 [1-(....!...) exp (-.5.) 1
$+1 L

(10.13)

•

lt is evident that if çS L, the effective diffusion length, L,fT> will be much smaller than

the bulk diffusion length due to surface recombination. Hence, speci.;l precautions should be

taken when the EBIC method is used to determine the diffusion length of minority carriers in a

semiconduetor.

10.3 DETAn.s OF THE MEASUREMENTS

Severa! $Olar cells with an AlJZnO/CuInSe,/Mo structure were seleeted for the

determination of eleetron diffusion length by the EBIC method. The EBIC measurements were

carried out in the JOEL model JSM-6100 scannÏng electron microscope. A schematic diagram

of the exp.,ri:aen~l setup used for the experiments is shown in Figure 10.1. The sample was

mounted on a brass holder by tightening a screw. The brass holder was direetly attached to a

stage located in the vacuum chamber of the SEM. The electrical contact to the n-type ZnO was

made by $Oldering a copper wire and connecting it to a GW specimen current amplifier (Model
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No. Type E 103B). From the sample stage, the common ground was connected to the p-type

CuInSe". In this experiment, the sample to be exarnined was mounted with the surface

perpendicular to the electron beam.

After a fine adjustment of the sample position, the edge of the ZnO window was loeated

and the SEM was switched to a line scan mode. The electron beam was swept across the edge

separating the ZnO and CuInSe". The incident electron beam induced a current in the cell which

was collected and amplified by the current amplifier. The amplitude of the current was

superimposed on the scanning image of the cell. A picture was taken and variation of the induced

current amplitude with the electron beam position was then obtained. The variation of current

with position was finally used to determine the diffusion length of minority carriers.

10.4 RESULTS AND DISCUSSION

Figure 10.s shows a SEM photograph taken from a cell (sample Y12) with an electron

energy of 15 KeV at 5000x. The curve superimposed on it is the EBIC scan showing a current

peak. The material on the left-hand side of the current peak is Zno on CuInSe". The material on

the right-hand side of the peak is bare CuInSe". In the left-hand region, the carrier generation

took place mostly in the ZnO (thickness was 1 11I11). The diffusion length of the holes in the Zno

is very short due to the high concentration (1020 cm-3) and low mobility. Therefore, only the

EBlC current generated in the bare CuInSe" side is usefuI for determination the diffusion length

of electrons.

From the SEM picture with the EBIC scan, the 10garithm of the current on the CuInSe"

side of the junction was plotted as a function of the location of the electron beam. The results
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are shown in Figure 10.6. From the slope of the plot, the effective minority c:llTier diffusion

length of the CuInSe, was found to he 1.07 1lIn.

Figure 10.7 shows two SEM photographs with EBIC scans magnified at 4000x for sample

X33. The measurements were taken at two incident eleetron energies of 12 and 15 KeY. From

the EBIC scans, the current on the CuInSe, side ofthejunction was taken and plotted against the

distance between the eleetron beam and the metaIlurgical jUi,ction in a semi-Iogarithmic scale in

Figure 10.8. The eleetron diffusion lengths of sample X33 were 1.55 and 1.60 llIn at incident

energies of 12 and 15 KeY, respectively. Without considering the effeets of surface

recombination, the diffusion length of eleetrons in the CuInSe, of this sample was at least 1.5 llIn

for the sample X33.

It should be noted that the diffusion length of eleetrons obtained was the effective value,

which depended strongly on the surface recombination of the electrons. From experiments carried

out by Everhart and Hoff [10.12], it was found that the effective diffusion length of electrons in

CuInSe, increased wit:J. the increase of energy of incident eleetrons. In Section 10.3, it was shown

that the penetration depth of the eleetron beam into the substrate increased with the increase of

the electron energy. Therefore, the carriers generated by eleetrons of higher energy were at a

larger distance from the surface. The influence ofsurface recombination on these carriers was less

significant than that on carriers generated by electrons with a lower energy.

In this warle, the thickness of the CuInSe,films used was small (about 1 J.1IIl), and incident

electron beam was perpendicular to the CuInSe, surface. It was thus very important to ensure that

the location of the point source was not tao close to the back surface of the CuInSe,. This was

achieved by keeping the value ç to be smaller than Ile of the thickness. Hence, for CuInS~ the
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energy of eleetrons in the incident beam used was smaller than 25 KeV. In the present work, the

energies were kept at 12 KeV and 15 KeV and the corresponding values of ç were 0.14 and 0.2

)lm, respectively. Therefore, the condition ç « t was weil met for ail of the EBle measurements

carried out in this work.

After the effective diffusion lengths at different incident eleetron energies was calculated

from Equation (10.13), the bulk diffusion lengths could be obtained. In addition to the bulk

diffusion length (L), there was another unknown, name1y the reduced surface recombination

velocity (s). The two unknowns were obtained from resuJts taken using at least two primary

eleetron beam energies. The calculated bulk diffusion length of sample X33 was 3.36 )lm and the

reduced surface recombination velocity, s, was 2.98.

In order to estimate the surface recombination velocity and the effective carrier lifetime,

it is necessary to know the e1eetron mobility of the eleetrodeposited euInS~. Because the

euInS~ films used were eleetrodeposited on conducting substrates, it was difficult ta determine

the mobility of the eleetrons by Hall effect measurements. In this worle, a value of 250 cm2Nsec

was taken for the mobility of the eleetrons [9.12]. The effective carrier lifetime, "toll, and the

surface recombination ve1ocity, S, were obtained from Equations (10.10) and (10.12) at room

temperature. The effective carrier lifetime,"tell> was 0.17xI0·9 sec and the surface recombination

ve1ocity, was 5.75x10s cm/sec for sample X33.

The bulk e1eetron diffusion length of 3.36 )lm obtained in this work cn eleetrodeposited

euInS~ films was very close to the value obtained by Piekozewski and coworkers [9.12] from

monocrysta1line euInS~. This diffusion length value was larger than the values obtained by

Piekozewski from euInS~ thin films [9.13]. However, the surlàce recombination ve10city of
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5.75xl0S cm/sec was very close to that reported for a vacuum deposited CuInSe, cell .

10.5 CONCLUSIONS

Minority carrier diffusion length in an electrodeposited CuInSe, thin film was measured

using tl:e EBIC method. During !l'1e measurements, the eleetron beam was scanned along the

surface of the cells and the induced current recorded. Using this planar configuration, the distance

between the eleetron beam and the depleticn edge was large. than if the eleetron beam was

directed onto c1eaved junction (thickness of CuInSe, was 1.5 J.lIll). In the present work, it was

assumed that the excess carriers generated by a point source located at a depth, ç, below the

surface. The çvalues at the two different energies of incident eleetrons used in the CuInSe, were

estimated as 0.14 and 0.2 J.lIll. These values were smaller than the thickness of the CuInSe..

substrates usee!. Rence, surface recombination in the back surface of the CuInSe, can be

neglectee!.

From the present experiments, it was found that the eleetron diffusion length was at lcast

1.4 J.lIll for the sample X33 and 1 J.lIll for the sample Y12. Considering surface recombination. the

eleetron diffusion length of the CuInSe, was found to be 2.42 J.lIll. This large eleetron diffusion

length was consistent with the large short circuit current density found in most of photovoltaic

ceUs fabricated on the e1eetrodeposited CuInSe, thin films. This was because the eleetrodeposition

used was a slow process which did not involve bombardment of the substrate by high energy

partic1es as in evaporation and sputtering. Therefore, a lower density of trap coroters in the

e1eetrodeposited films was resultee!. This was believed ta be the main reason for the larger

e1ectron diffusion length observed in e1eetrodeposited CuInSe,.
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The ~urface recombination velocity and Iifetime of eleetrons in CuInSe, were estimated.

It was found that the surface recombination velocity of the CuInSe, in the order of 10' cm/sec.

ln the future, more research is needed to develop process for the fabrication of CuInSe, thin films

with a low surface recombination velocity.
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Figure 10.1 A schematic diagram of the experimental setup for the EBIC measurements.
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Figure 10.5 An SEM photograph with the superimposed EBle scan of eell Y-12.
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Figure 10.6 Electron beam induced current plotted versus the distance between the eleetron beam

and the junetion in semi-Iogarithmic scale.
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Figure 10.7 An SEM photograph with the EBle scans of cell X33 at two different electron

voltages, (a) 12 KeV and (b) IS KeV.
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In the final chapter of the thesis, the mam conclusions of the research work are

summmzed. This is done first1y on the CBD CdS thin films and then on the rf sputtered ZnO.

Main results on the fabrication of solar cells and EBIC measurements are also summarized. Sorne

suggestions for future work to improve the ZnO/CdS/CuInSe, cells are finally given.

lU CdS THIN FILMS PREPARED BY THE CBD METHOD [8.4][8.5]

From the present work, conditions for the preparation of high quality, high resistivity CdS

thin films by the CBD method have been established (thickness about 500 A). From the work

carried out on monocrystalline Si substrates, it was observed that the growth rate and quaiity of

the CdS films were affected by the solution temperature and concentration of NH.OH. An

optimum temperature of 60·C was found to prepare uniform CdS films with good adhesion to the

Si substrates. From results of eleetrical measurements obtained on CdS/Si heterojunctions, it was

concluded that the solution containing 0.48 M of NH.OH was the best to prepare high quality

CdS films. The room temperature electrical resistivity of the CBD CdS films deposited under the

optimum conditions on glass substrates was about 5xIO' n-cm. In addition to the thin films cells

described in this thesis, the conditions developed for the CBD CdS thin films have been

successfully used in research work on monocrystalline CuInSe:. Recently, photovoltaic cells of

the form ZnO/CdS/CuInSe: with an efficiency greater than 10% have been obtained in our

laboratory [5.9].
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11.2 LOW RESISTIVITY ZnO TIIIN FILMS BY RF SPUTIERING [6.7-6.9]

Using the rf sputtering method, conditions for the deposition of low resistivity and highly

transparent ZnO films with a thickness of 1 J.Ul1 have been established. Good quality films have

been deposited on glass substrates from ZnO targets containing In and Al. The deposited films

were single phase with a preferred (002) orientation. Both electrical and optical transmission

measurements were carried out. From these measurements. the optimum In (or Al) concentration

for the deposition of low resistivity and transparent ZnO films, was found to be 2%. The

resistivity of the best films was 9x10" fi-cm. The cut-off wavelength was about 0.38 J.Ul1 and

transmission values in the wavelength range from 0.5 to 0.8 J.Ul1 were about 90% for ZnO films

doped with 2 wt% In or Al. In addition to doping concentration, the resistivity of ZnO films was

affected by the position of the substrates. For sarnples deposited on horizontal substrates, the

resistivity was further affected by the distance from the projection of the target centre. The

resistivity values were found to decrease by 2 orders of magnitude at a distance 2 cm away from

the projection of the target center.

The doped low resistivity ZnO films were observed to be more stable thermally than

undoped low resistivity ZnO films (which were obtained by controlling the stoichiometrY). The

thermal stability improved as the doping concentration was increased. For the undoped ZnO, a

drastic increase of resistivity was observed after the tirst treatment step at 200·C. This was

consistent with what had been reported in the literature. The increase in resistivity is due to the

diffusion of oxygen atoms. The diffused oxygen atoms compensated the donor level created by

oxygen vacancies in ZnO. For ZnO film with 2 wt.% In, on horizontal substrate, only a slight

increase was observed after heat treatment for 2 hours in air al a temperature of200·C. However,
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at a temperature of 350°C, the resistivity of the increased more than three orders of magnitude

after a period of 2 hours. Therefore, during the fabrication of semiconductor devices involving

the doped low resistivity ZnO, the processing temperatures must be limited to below 250°C.

1I.3 ZnO/CdS/CuInSe, PHOTOVOLTAIC CELLS [8.4-8.5]

Using the conditions developed in this work for high resistivity CdS and low resistivity

ZnO, photovoltaic cells of the forro ZnO/CdS/CuInSe, have been fabricated on CuInSe, thin films

prepared by the eleetrodeposition method. The properties of the ZnO/CdS/CuInSe, heterojunction

cells with an active area of 0.078 cm: were studied. For those cells fabricated on vacuum treated

CuInSe, films, the junctions were usually poor and an air heat treatment at 180°C was need to

improve their properties. After the air heat treatment, however, the open circuit voltage and

conversion efficiency of the cell fabricated on vacuum treated CuInSe, were still low (the

efficiency was 2%). The low open circuit voltage and conversion efficiency were found from

capacitance-voltage measurements to be due to a high acceptor concentration on the surface of

the vacuum trealed CuInSe, films (1017 cm·3).

For the cells fabricated with both In-doped CdS and Al-doped ZnO on the CuInSe, films

treated in Ar, strong photovoltaic effects were present even before the air heat treatment. For the

best cell with the ZnO/CS/CuInSe, structure, (sample 051), an open circuit voltage of 0.35 V and

a conversion efficiency of 6.3% have been obtained. From one of the best cells with In-doped

CdS window, sample 18-4 an open circuit voltage of 0.35 V and an efficiency of 6.84% have

been observed under simuIated solar radiation. The acceptor concentration of the best cells was

about 10.6 cm·3, which was one order of magnitude lower than that of CuInSe, films treated in

204



•

•

vacuum.

From the results obtained il' this work, it is clear that conditions developed for high

resiSlivity CdS and Iow resiSlivity ZnO are useful for the fabrication of good quality photovoltaic

cells on the electrodeposited CuInSe, thin films. Anempts have been made to find the reason why

the efficiency of the best cells in the present work is still less than that for the ali-vacuum

deposited ZnO/CdS/CuInSe, cells. The results obtained will be summarized in the next section.

11.4 MINORITY CARRIER DIFFUSION LENGTH IN CuInSe, [7.3][8.4][8.5]

The diffusion Iength of minority carrier (electrons) in polype of CuInSe, was first

measured using the PC and the OPC methods. For the vacuum treated CuInSe, films, the eleetron

diffusion length was less than 0.1 !!III. The short diffusion length has resulted in a small short

circuit current density and low energy conversion efficient in the final ceUs. for the films treated

in Ar, the eleetron diffusion length values were about 0.5 !!III. The values are close ta those

reported by other researchers on vacuum evaporated CuInSe, thin films. In addition, the diffusion

lengths obtained using the OPC method were smaller than those from the PC method, due to th~

difference in the assumption used.

In the present work, it was also found that the diffusion lengths measured from the

CdS/CuInSe, ceUs were close to that from ZnO/CdS/CuInSe, ceUs. Rence, the electronic quality

of the CuInSe, films were not affeeted strongly by the CBO process used for high resistivity CdS

and the rf deposition process for ZnO. Furthermore, it was found that the diffusion lenglhs of the

CuInSe, with acceptor concentrations less than 2x1016 cm-3 was not dependent on the

concentration. However, for the ceUs with acceptor concentrations greater than 2x1016 cm-3, the
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diffusion lengths were smaller.

In order to obtain more reliable diffusion length results on the electrodeposited CuInSe:.

measurements were also made using the EBlC method. During the measurements. an electron

beam was scanned along the surface of the cells. To obtain the diffusion length from the EBlC

measurements. it was assumed that excess carriers were generated by a point source laya depth.

ç, below the surface. The ç values at !WO incident beams with different electron energies in the

CuInSe: were estimated as 0.14 and 0.21lm (at 12 and 15 keV). These values were much smaller

than the thickness of the CuInSe: films used (1.5 Ilm). Thus, surface recombination of carriers

in the back surface of the CuInSe: films can be neglected. From the above experiments, the

effective diffusion length was obtained. The values was 1.51 llID for Sample X33 and 1.07 Ilm

for Sample Y12. The electron diffusion length were calculated by excluding surface

recombination at the junction (on the front surface of CuInSe:). The true electron diffusion length

of the CuInSe: was found to be 2.4 1lID. This large electron diffusion length was consistent with

the high short circuit current densities found in the electrodeposited CuInSe: cells.

From the above analysis, the surface recombination velocity and electron lifetime were

also estimated. A surface recombination velocity as high as 5.75x106 cm/sec was found for the

present ZnO/CdS/CuInSe: cells. The large surface recombination velocity value, which is about

10 times greater !han that from a high efficiency ZnO/CdS/CuInSe, cells, is the main cause for

the low open circuit voltage observed. When the surface recombination velocity in a solar cell

is high, the resulting leakage current will be large and the open circuit voltage under a constant

illumination wiII be smalI. The electron life rime obtained in this work was 17.4 psec.

From the resu\ts obtained in the present work, it is clear that polyctystalline CuInSe, thin
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films prepared by the novel e!eetrodeposition method developed in our laboratory are suitable for

the fabrication of ZnO/CdS/CuInSe;, thin film cells. The deposition of the CulnSe;, thin films is

carried out at a low temperalUre with a relative high deposition rate. In addition, the material

utilization rate is high and the equipment required is simple. Hence, the method developed in our

laboratory is specially important and has potential for photovoltaic cell production in the future.

Several suggestion to improve the performance of the CulnSe;,-based cens are given

bellow. (1) Carry out CBD deposition of CdS from source with different purity and determine

the dark eleetrical resistivity. (2) SlUdy heterojunction cens with the CBD CdS and examine

effects of impurities on the density of interface states. (3) Design and construct a rotating jig for

low resistivity Zno in order to improve the thickness and resistivity uniformities. (4) Carry out

detailed EBIC measurements on CulnSe;, films treated under different conditions in order te

establish a procedure for high efficiency thin film solar cens.
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Appendix 1 Photolithographie Proeess for Patterning of Znû

1. Place the sampie on the spinner.

2. Apply 2 to 3 drops of Shipley onto the samples.

3. Spin the sample at 5000 rpm for 20 seconds.

4. Place the sample in a Pyrex glass dish and pre-bake at 90·C for 15 minutes.

5. Place the sample under a photomask in a mask aligner.

6. Expose the sample under UV light for 90 seconds.

7. Develop with Shipley developer (1:1 diluted) for 50 seconds.

8. Rinse with D.I. water.

9. Dry sample in air

10. Examine the sample under microscope to ensure that developing process is completed.

Il. Post-bake the sample at 120·C for 20 minuets.

12. Immerse the sample in diluted HCI for 10 seconds.

13. Examine the sample under microscope to ensure that etching process is completed.

14. Immerse the sample in ACE for 1 minute to remove the Shipley.

15. Examine the sample under microscope to ensure that the Shipley is removed completely.

16 Dry the sample in air.
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