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ABSTRACT

Photovoltaic devicesihave gained considerable»importance in recent
years as a possible alternative solution to the energy‘problem; The main
' criterion for these devices for power generation on a large scale is that
they must make a positive contribution to the energy'balance. With the
present level of research and development, CdSvand anCdl_xS based thin
'film solar cells havetemerged as the main contenders-in the near future
for large scale terrestrial solar energy conversionl?"ﬁoweVer, the many
3 problems with these thin film photovoltaic cellS'are'not yet well under-
stood,-although a great deal of effort has been put into their research and
| development since‘l9604 In order to avoid the complications associated with
lipolycrystallinity, grain boundaries and other thin film defects, the work’
: reported in this the51s has been carried out on oriented single crystal sub-
. strates.

_ The.first part of the thesis describes an investigation into CdS/CuZS
devices.‘ This inc¢ludes the major processes involved in the fabrication»of
these cells and the‘determination of the effects variations in these
_lprocesses have on-the electronic and optoelectronic properties.of the
‘completed devices;' By using the'techniques of scanning electron microscopy
and reflection electron diffraction in conjunction with conventional electrical
and photoelectrical measurement techniques, it has been established that there
is a direct. correlation between the overall surface topography and resultant
_device characteristics. Further specific surface features such as ledges
' £ local |

and kink sites on etch hillocks are directly associated with the loss o

' photovoltaic sensitivity. The chemiplating process by which the surface

.,layer of Cds is converted into c0pper sulphide has been improved by introducing

three modifications, which enable the chalcoc1te phase of - the- copper” sulphide to

. be produced in a much more controlled manner. The effect of a post barrier
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-air-bake has also been investigated. It is shown that'this treatment is
only beneficial for cells which have poor operational parameters in their
as—prepared condition. However, for cells with good characteristics at
this stage, there is no advantage to be gained from.the air-bake In fact
this process has unde51rable features cauSLng degradation in the performance
of these cells. The investigation of minority carrier difquion 1engths
revealed ‘that they are independent of surface preparation and post barrier
air—baking in Cu s whilst in CdS they are strongly affected by variations at
. these two fabrication:stages. Dark current conduction processes in CdS/CuZS
..heterojunctions have also been analysed, and are shown to be governed by
thernally activated tunnelling and recombination. A multi-diode model is
.suggested together with a potential energy diagram;of the heterojunction
.barriers. | | |

The second part of this thesis is concerned with Zn Cd | S single
.crystals and devices prepared on them. Similar studies to those on CdS/Cu

'heterojunctionS»were made. It has been demonstrated that both the lattice
parameters (a_, c, )iof:Zn Cd S mixed single crystals decrease sublinearly

‘ with increasing zinc comp051tion. The. properties of the photovoltaic cells

: prepared on Zn Cd S single crystals are closely related to those of devices
fabricated on CdsS substrates. The open circuit voltage obtained under

-loo nW cm -2 (AMl) {1lumination increased with 21nc content to 0.72 V with a
Zn d S based cell but simultaneously there was a considerable decrease

0. 4 .6
in the short c1rcuit current. One difficulty'is that proportions of copper

deficient phases in the copper sulphide layer increased with rising zinc

content in the substrate.
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CHAPTER 1

INTRODUCTION TO PHOTOVOLTAIC CELLS-

1.1 - INTRODUCTION

The direct conversion of sunlight into usefulgelectricity, in the
form of a'bgé. voltage and current,'by a photovoltaic'device (or solar cell)
has the potential of oroviding significant usable energy from the sun's in-
exhaustlble supply. The photovoltaic effect, discovered over a hundred |
years ago, is the creatlon of an electromotlve force (EMF) by -the absorptlon

of light in an inhomogeneous solid or device,and is different from the

- production of an EMF by the thermo—electric-effect (i.e. localized heating),

(1)

or by the Dember effect' ' which results from non-uniform illumination in
homogeneous' samples.
"In order to produce a photovoltaic effect in a system, the radiation

must generate'charge carriers, both electrons and holesl which must be

‘separated by an internal electric field created by'some electronic inhomo-
'.geneity in the‘device (i.e. p-n junction, metal-semiconductor, or metal-

'1nsulator semlconductor junctlon) In addition the carriers generated must

be able to- travel in their separated state up to the boundary of the lnternal
electriC»field.‘ The processes of creation and diffusxon of charge carriers

are ‘associated with the current generation aspects, while the internal field

' is the determining faCtor for the voltage and current;

The hlstory of the photovoltalc effect orlglnated w1th Becquerel

‘(1839)(.), who studled metal electrodes immersed in a llquld electrolyte and
observed that the current between two electrodes changed considerably when
~ one electrode was illuminated. Adam and Day( ) observed a similar effect

.u51ng platlnum contacts on selenium, in 1877. Thereafter up to the early;

1950's a variety‘of materials and dev1ces had been 1nvest1gated in order to

" convert sunllght into electr1c1ty, but the best efficiency was less than. 4%,

SORAAW UNIVERGTF)
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(4 - h
In 1954 Reynolds et al(~) reported the observation of the photovoltaic

effect in cadmlum sulphlde single crystals. This workAled to the'develop-
ment of the CdS/Cu S thln film photovoltalc cell durlng the early 1960's (5'6).
Also, in 1954)-Chapin( Fuller and Pearson(7) reported 6% efficiency for p—n.
junction devlces on srngle crystal silicon. The flrst analytical,treatment.
.of solar’cell efficiency was publlshed in 1955 by Prince(B), and Loferski(g)
.suggested that the optimum energy gap for a p-n-junction'solar.cell should
.be 1.5 ev. 'Hln recent years many groups have fabricated solar cells using

" a . large variety_ofAmaterial and techniques and the higheSt efficiency

‘ (10)

reported to date is 24,7% which was achieved with GaAs“based cells

1.2 "MATERIALS FOR‘PHOTOVOLTAIC APPLICATIONS

Critical issues in the selection of materials.for solar applications
are the performance,'cost, life and availability. Alsolar cell can be con-
sidered to consist.ofltwo parts,namely an absorber and a collector. The
factorsvaffecting the;choice of absorber materialstare'; the energy gap,
"rthe absorption coefficient and minority carrier dlffnsion length. In.order
to achieve éo% of the maximum possible output from the diode, the energy

gap of the absorber should be between 1.0 and 1.7 eV;“and the diffusion’
_length two times that ‘thickness required to absorb 90 percent of the 1nc1dent
'photons(ll)r- The other important parameters requlred for the absorber .are
Athe optimal resistivity to minimise the power losses'and the stabllity to
 perform within specifrcations during lts lifetime. The second important part
of a solar cell is the collector, which collects the generated minority
_carrlers and converts them into majority carrlers at the maximum voltage,

limited by the excitation energy of the generated minority carriers. Wlth

hetero:unctlon photovoltalc devices, the des1rable characterlstlcs are ; a
reasonable electron afflnlty and good lattice matching’ between the absorber -

and the collector, together with a high moblllty in the collector for con- y

verted,carriers. If the electron affinity of the collector is greater than -




that of the absorber atnegative»discontinuity in the conduction bands
appears.withya ‘consequent reduction in the achievable open circuit voltage.
In contrast} if the absorber has a higher electron affinity than that of

the converter, a spihe'(a positive discontinuity) occurs in the'conduction
band at the 1nterface and thls.glves rlse to a reduction in the short
circuitfcurrent. any mismatch between the lattices of the absorber and

: the collector'leads to a high density of interface states which causes the
.'ugenerated carriers to recombine at the interface before they can be cOllected.
Mf Thus the lattlce match between materials is one of the important requlrements

1in the choice of photovoltaic materials. More detalled discussion on the

' properties.of materials'for solar cells can be found in Ref (12).

1.3~ ACLASSIFICATION OF PHOTOVOLTAIC CELLS

Photovoltaic devices may be categorized into seyeral systems but
.most‘commonly'they are classified according to their mlcro and macro-structure,
the degree of perfectlon of the material used, and the: type of electronic |
. junction formed.- In the flrst classification there are’ : (i) single crystal

1

Vcells ; although these have the highest eff1c1ency,as a consequence of their

'crystal perfectlon, -they are the most expens1ve, (il) polycrystalllne cells ;

:thls type of cell 1ncludes photovoltalc devices fabricated on evaporated,
':sputtered, ion beam dep051ted, sprayed and electrophoretlc layers or on bulk
-fmaterlal made by castlng, 51nter1ng, dlrectlonally SOlldlleng, silk screen
: prlntlng and grown by 51mple melting. Although such cells are not usually
expen51ve to produce, the eff1c1ency and the stablllty of polycrystalllne
cells produced to date are still not at the de51red level as a consequence
of complex dlfflcultles assoc1ated with the effects of graln boundarles and

defects, (111) amorphous cells ; amorphous materlals are relatlvely nev in

photovoltalc appllcatlons, but their low cost and promlslng characterlstics

‘make them strong candldates for large scale terrestr1a1 appllcatlons.




;
In the‘second;schene a photovoltaic dévice can‘be designated as.
(i) a homojunction.cell, which consists of.regions'ofhthe same sehiconductor
doped n and'pétyP?r (ii) a heterojunction cell, which is composed of two
different semioonductors, (iii) a Schottky barrier diode which is a metal-
semiconductor junotion and (iv).a metal—insulator-semiconductor ({MIS) cell.-
-Althoughhthere is no problem of matching lattrces and eleotron
. affrnities with homojunctions, they are obviously linited tO‘materials which
;can be made both‘n-vand p-type. In contrast heterojunction photovoltaic cells
can be rabricated fron a large variety of pairs of semioonductors. The dis-
' advantages withvheterojunctions are that there are rneVitable interface
' complexities and band discontinuities associated»with'the.mismatch of‘two
materials. Indeed;vit{is often easier and cheaper tozproduce Schottky barrier
“photovoltaic devices,,but the resultant efficiency is usually limited to low
ualues. This 1imitatdon can be overcome by using an‘insulating layer between

'thetmetal‘and,the‘semiconductor.

1{4 DEVELOPMENT OF PHOTOVOLTAIC CONVERSION AND ECONOMIC ASPECTS
| Aithough photovoltaic devices have gained considerable importance in
’ recent &ears as a poss1ble alternative solution to the energy problem, 51ngle
o crystal srllcon solar cells are Stlll the only ones w1dely used ‘and commercially
;‘availablew However,isuch cells are expensrve to make both in terms of money.
h‘and energy consumptlon,‘and they are limited in area. Of the possible'alterna-
'_tlve thln fllm cells whlch would be cheap and large area, CdS/Cu s, Zn Cd S/Cu S .
and amorphous s111con have emerged as the maln contenders As research and
‘.development on amorphous silicon is falrly recent, cells based on CdS and
Zn Cdl— S_are-at the‘moment the more serious candldates for large scale _
terrestrial photovoltalc solar energy conversion.

Although a great deal of effort has been put 1nto the research and

‘ developmenthof'Cdé/CuZS-thin film-solar cells since 1960, progress has been

slow and only a limited number of inﬁestigators have .reported efficiencies




' hlgher than 7%'f‘ More recently the Institute of Energy Conver51on (IEC)

has achleved an‘efflelency of 9. 15%(13). With the present technology, the
'tefficiency ofaCdS/CuZS thin film photovoltaic cells is estimated to be
limited to‘about lo%‘%l) mainly because of differences in the electron
"affinities and the lattice mismatch of.the two'semlconductors from which

the heterojunctlon is formed. ‘A dramatic improvementvin efficiency is
expected ‘if the'lattice match and the match in the‘electron affinities can

- be improved. One way-of accomplishing this is to incbrporate some. zinc into
 the cds ‘to forrn a soli"dﬁ_solution of 'anCd]:_xS( as fi_rst suggested by Palz

| et al(l4). ‘Indeed, thin film cells based on anCdl—xs have recently been

produced w1th an eff1c1ency of up to 10. 2%(15). This is far from the limit

for these dev1ces which is estimated to be about 15%(11). However, since
the deVeloping countries'represent one of the largest narkets for solar cells
where the limitations of available land area arelfar'less stringent, reliabllity
v:and cost can be more'imﬁortant considerations than efficlency. Thus conpanies
are already marketlng cells based on CdS which have a.guaranteed eff1c1ency
',;of only 3% (Photon Power Inc). During the 3rd E.C.’ Photovoltalc Energy Solar
Energy Conference a group from the Unlver51ty of Stuttgart (W Germany)(hs)
reported the.achievement of an average efficiency ofi7;3% in 2000X 42 cm-
,evaporated front wall cas/cuzs cells, At the sanelconference, Photon Power
:Inc (U.S.A.jlannounced the semi-automated pilot production line which had
~ been dnstalled.at El-Paso,Texas to manufacture up.to 185000 m2 per year of
‘CdS/Cu S cells at a cost of $2/Wp.
In a field which is developlng very fast, lt 1s extremely dlfflcult

" to be orecise about the manufacturlng cost of dlfferent cells, indeed there

is very llttle publlshed data on the comparlson of the economlc aspects of
differentvsolar cells. The main criterion for solar cells for power generatlon

on-a large scale is that they must make a positive contribution to the -energy

" balance (1 e. they should produce more energy durlng thelr lifetime than is




consumed‘during their;production); Recently Hay et al(i7) compared the_‘
energy consumption in fabricating four different types'of'cellvencapsulated
.'in'to panels (see'fig d.l). They haveAalso listed'the'commodityprequire-
ments for the different cells to produce El. worth of electricity (see Table l.l);
. By comparing FingrlAand Table 1.1, it is apparent thatlthe CdS/Cu S’ cell
consumes less energy during its preparatlon ‘than any of the others. Barhet
and Rothwarf( 1) predicted that IEC s research and development programme w1ll
be leading to Cd4S and'anCd _XS cells with a manufactured cost of less than

1
3 0.2/Wp as early.as 1986 and less than $0.15/Wp as early as 1990.

" 1.5 SCOPE OF THE PRESENT STUDY .
-The work reported in this thesis is primarily concerned with the

'effects changes,in the processes involved in the preparation of CdS/CuZS and

Zn Cd S/Cuzs cells have -on the electronic and optoelectronic properties of

a completed device. The work has been carried out on s1ngle crystal sub-
strates'in order to avoid the complications associatéd-w;thvpolycrystallinity,
. grain boundaries,:and other defects characteristicjof thin film substrates.
Thus the»processes of interest, which include surface preparation, orientation
and re515t1v1ty of the substrates, surface topography, the formation of copper
sulphlde layer, heat treatment, etc. have been investigated usrng the tech-
niques of scannlng electron microscopy (SEM) and reflection electron dlffractlon
(RED) in conjunction with conventional electrical and photoelectrical measure—
ments. Chapter 2 provides a general review‘of the material properties of
| 1Cd$,.Zn;Cd S and Cuzs, and Chapter 3 contains the theory of heterOJunctlons,
and‘the conduction mechanisms and models proposed forgthe CdS/Cu2S cell. - The
technlques and apparatus used ‘are described briefly in Chapter 4.

The results obtained can be divided into two parts : ‘The first part
consists ofichapters 5, 6, and 7 and describes the work on CdS/CuZS devices. -
The results presented are concerned with surface preparation prior to the

formation of the copper sulphide, the chemlplating process and its optlmlzatiqn,

the study of the strust,uzcal z_ihase.s and thickness of the goppe,r_s_ulph;de a}.nd




Figure 1.1'=v8nergy‘cuntent of four different types of;éolar celi (Ref.17).
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TABLE 1.1 :° Cam‘:bdiﬁy réquirenents. (iﬁ pence Sterlinéj)' to be bought
in by the solar cell industry to produce £1 worth of solar
cell generated electricity (commodities ‘worth less than
' 0.1 pence not shown) (Ref.l7). '

'U.K.Department Type of Cell

. gfa:::‘;:::{i on'v ,crystalline Amorphous Sputtei'ed and 8p£ayed
: Silicon Silicon Thermally deposited |CdS : Cuzs '
(Cz.process) ' cds : Cuzs_

‘Chemicals - - 0.6 —

Other Iron : : o
and Steel 12 | 2.2 1.3 1.9

Aluninium and ' . - . .
Aluminium 116 B PR - 1.6 1.6
Scrap ‘ : - ‘ S

Othex non- ' , : : } _
| fexrous - 1.7 6.8 4449 6.1
netals ‘ ’ : '

Building - __ o N

I furniture -] 01 f o= ofo s

fibres .. . 02 . 0.6 - 0.8 -~ 0.9

- Other : , .
¥ Manufacturing 0 Y -3 " 0.6 .. 0.3 0.6




the effect that changes.in these parameters have on the device character-
istics. The effects of baking devices in air at 200 C were also investi-
‘oated By usrng the electron beam induced current mode ln the SEM, locallzed
lvarlatlons in the efficiency have been correlated w1th topographlcal features.
- The mlnority carrier drffus1on lengths in CdS and Cués have also been deter-
mined. Flnally, the mechanlsm of dark current conductlon has been studied
and the capac1tance voltage characteristics of the junctlons are also reported.
:A band structure model is proposed to explain the resultS.

The second part of the work is descrlbed in Chapter 8, where the
results on Zn cd, S srngle crystals and the heterogunctloﬁsprepared on them

1-x

.are reported.< These studies are similar to those made on CdS/CuZS devices.

They include an investigation into the growth and characterlzatlon of anCdl_xS
t,single crystals,surface preparatlon before chemlplatlng, the properties of

the converted copper sulphlde layer and the characterlstlcs of hetero;unctlon

"deVices formed'onvthese substrates.
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CHAPTER 2

MATERIALS ASPECTS OF CdS, (Cd Zn)S AND CuxS FOR

SOLAR CELL APPLICATIONS

2.1 INTRODUCTION

It is the intention in this chapter to focue on the materials
aspects of cadmium sulphide, cadmium sulphide-zinc sulphide solid
solutions and copper sulphide for solar cell applications. The optical
and eleetronic properties and structural aspects of .these materials will be
discussed.

A general review of the well established properties of Cds is
given in sectien 2.2.; The comparison of CdS with ZnS is followed by a
survey of the (CdZn)S.alloys in section 2.3. The copper sulphide layer
.plays a very important role in this type of photovoltaic cell. The
relatively complicated properties exhibited in numereus copper sulphide

phases are summarised and discussed in section 2.4.

2.2 FUNDAMENTAL PROPERTIES OF CADMIUM SULPHIDE

The .compounds formed between elements from group II and VI of the
periodic table are called II-VI compounds. CdS is one of these. It is a
semi-insulating compound which crystallizes in two ailotropic forms with
the wurtzite and zincblende structures. The wurtzite structure consists
of two interpenetrating hexagonal lattices displaced with respect to each
other by a distance of 3c/8 along the c-axis, (Fig 2.1la). The nearest
neighbour distance in the wurtzite structure with ideal tetrahedral sites

is 3¢/8 or (3/8)%a which gives a(c/a)ratio of (8/3?; 1.632 with

a = 4.613 % and ¢ = 6.716 9 (l). The zincblende stiueture, which is in

the cubic crystal elass, is composed of two interpenetrating face-centred
cubic lattices, illustrated in Fig 2.2a, translated with respect to each
other by one quarter of the body diagonal. The nearest neighbour separation
in this instance is‘a/§/4 with lattice parameter a = 5.832 2 (l).

The wurtzite and zincblende structures are both characterised by

tetrahedral lattice sites (Fig 2.la and Fig 2.2a) and as a consequence




(b)

(a)

~ FIG. 21 (a) WURTZITE STRUCTURE

ILLUSTRATING

~ TETRAHEDRAL SITE
~ (b) DOUBLE BRILLOUIN ZONE FOR WURTZITE

STRUCTURE

v

(b)

~ FIG.2-2 (a) ZINC BLENDE STRUCTURE

(b)-BRILLOUIN ZONE FOR ZINC BLENDE
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their neafest—neighboui environment is identical, but positional and
directional differences exist beyond the next nearesﬁ neighbours. The
crystal field effect which results from such diffeiences is sufficiently
small to permit general comparison of energy bands in wurtzite and zinc-
blende structures(z). The changes in band structure cén be simply
discussed in terms of two Brillouin zones, i.e. the . first Brillouin zone
of zincblende structure is the same as that of elemental diamond ( a
truncated octahedron), whereas the double zone scﬁeme must be used for the
wurtzite structure as twice as many atoms exist in a unit cell. For a
detailed discussion see references 1 and 3.

The band structure of CdS has been studied thoroughly,(4'5'6'7),
and it is concluded that the maximum of the valence band and the minimum
of the conduction band are situated at the centre of the Brillouin zone,
ak = 0. The lowest conduction band is associated with the cadmium 5s levels
and the highest valence band with the sulphur 3p lgvels(s). The conduction
and valence band structure for wurtzite crystals arognd k = O is shown in
Fig 2.3. Cds is a direct-gap semiconductor, which means that the optical
absorption coefficient changes as the square of the iﬁcident photon energy
and has a very large magnitude for photon energies just greater than the

bandgap. The temperature bandgap relation obtained from optical reflection

and transmission measurements is

Eg = 2.58 - (5.2 x 1074 T (R (W A (1)

From this equation, the bandgap turns out to be 2.42 eV at room temperature.

'Some other parameters of CAS are listed in Table 1.

As-grown CdS contains cadmium vacancies, sulphur vacancies, cadmium

“interstitials and associated complexes of these defects. It has a low
density of intrinsic carriers, and its cohductivity_ié totally controlled

by the presence of native defects and impurities. Cadmium sulphide begins




E(k)

.

(0,0,0)

FIG. 23 THE CONDUCTION AND VALENCE BAND
STRUCTURE FOR WURTZITE CRYSTALS

AROUND k=0




TABLE 2:1 : Summary of parameters for CdS after-Ray 3).

Parameters :CBS (Wurtzite)
Relative density 4.92 gr/ém3
Molecular weight _ 144f46
Lattice parameters a-= 4.136'2 A
b=6.7138
Direct band gap 2.43 ev (30§_K)
Effective mass of | 0.153 - 6{131

electrons m*/me

Effective mass of 0.7 light holes
- M | ) o
holes - /m
P 5.0 heavy holes
-1 -
Thermal conductibility 0.20 WK ~ cm
' (| |c-axis)
ﬁDiélectric’constant ellc =8.64
o ' elc =8.28
Refractive index 2.3 (A=.2 um)

2.26 (A= 14 1im)
. . ' : 2 -1 -1
Electron mobility n400 cm VS

'Hole mobility 15 cm2 v-l s-l
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L ’ ' o o_ -
to sublimé at about 790 C and melts at about 1750 C, but only under many
atmospheric pressures. It is possible to grow single crystals of Cds in
a variety of ways, for example such as from the melt under high

8,9) (10)

pressures( , by iodine vapour transport or by-&irect sublimation
from the vapour phase(ll). In fact, the direct vapour phase technique
has been developed and used extensively in this laborétory. Only n-type
CdS can be produced ; any attempt to incorporate acceptor impurities such
as copper or silver results in self compensation by non-metal vacancies.
During cooling to rooﬁ temperature, some of the high temperature vacancy
concenfration-is frozén in. Thus n-type CdS is readily formed by growth
under non-stoichiometric conditions in an excess pressure of cadmium vapour
(cd-rich) ; such crystals may be regarded as self-dopéd. In fact,of course,
the non-stoichiometry can be changed by heating in Cd-or S-vapour, although
heating in S-vapour does not produce p-type conductiQity; The ratio of the
cation radius (rc) to‘anion radius (ra) describes the limitations on the
type of conductivity which can be achieved. If rc/ra > 1, as in most
II-VI compounds,.then n-type conductivity is possible but not p-type. In
contrast, if;rc/ra'<: 1 p-type conductivity arises, as in 2nTe. For a
compound in which;a:/ra ~ 1, amphoteric conduction ogcurs (p~-type or n-type)
as in CdTe. Fof detéils see reference (9).

In Cds, substituting chlorine, bromine, or'iqdine for sulphur, and

aluminium, gallium or indium for cadmium creates shallow donor levels 0.03 eV

from the conduction band edge. On the other hand, copper and silver produce

12 .
acceptor levels 0.6 eV and 1.0 eV above the valence band( ). The alkali

metals,sodium potassium and lithium are also acceptor type impurities and

produce shallow levels.
. (13,14) . S cas and he
Brillson . has studied the surface properties of an

has concluded that no filled or empty intrinsic surface states can be

observed on clean stoichiometric surfaces to an estimated detectability

limit of 10O H cm—2: He has suggested that the states which do exist on
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cds surfaces are extrinsic in origin. studies concerning copper diffusion
in cds have special importance for CdS/CuxS devices but publishéd diffusion
coefficients show considerable spread. A detailed study and discussion

can be found in reference (15).

The charaéterisation of the localised levels introduced into the
forbidden gap of pure or intentionally doped Cds samples and their identifi-
cation with crystal imperfections has been the.subject of considerable

(1,12,16) . oo - ‘
research , using more or less indirect methods, such as thermally
stimulated conductivity, (TSC), photo-decay, space charge limited current
(Sc1c) , spectral photoresponse luminescence, etc (see references 17,18,19).

, (20,21) . .
Recently methods such as admittance spectroscopy , transient capaci-

| (22) (23) .

. tance measurements , and, after Lang , deep level transient spectroscopy
- (24,25) . . : o .
(DLTS) have been used extensively in the study of carrier trapping
properties in C4S. Most recent and detailed data can be found in the paper

by Hussein et al(26).

Thé remarkable photoconductivity, piezoeiéctric and luminescence

properties of CdS and its application as a collector in Cds/CuZS solar

cells make it one of the most thoroughly investigéted II-VI semiconductors.

2.3 PHYSICAL PROPERTIES OF THE CADMIUM SULPHIDE -ZINC SULPHIDE SYSTEM

CdS and ZnS in the wurtzite modlflcatlon have unit cells with

| + (1)
volumes in the ratio % 1.26/1 and cation radii with a ratlo Cd /Zn nv1.3 .

The band gaps of the two compounds differ by © 1.2 ev (v 2.4 eV for Cds and
.3;6 ev for ZnsS) and With crystals growth by similar meghpds their extr1951cv
conductivities are nérmally many deéades apart. However, the band structures
cdS and ZnS are not expected to be grossly differént(7). In fact there are
a considérablé numbe# of qualitative similaritieé ;n their photoelectronic
properties. For exahple, they are both n—type photocondﬁctors, they both

exhibit analogous edge emission and their reflectivity spectra show simila;

structufes. In addition, native or intrinsic defects play Crltlcal roles



in determining the electrical and luminescent properties of both

materials. Detailed discussions are given in references 1,3,12. Davis
, 2

and Llnd( 7) showed that the growth of (CdZn)sS 51ngle crystals by lodlne

vapour transport ylelds a highly uniform and relatively strain free single
, crystal
crystal of anCdlexS with a hexagonal structure. Similar mixedAof (cdzn) s

have been grown from the vapour phase in this laboratory using a modification

of the method described by Clark and WOOdS(ll). Lattice parameters of

(cdZn)S alloys have been studied by Ballentyne and Ray(28)and they showed

L

that the c-axis dimension of the wurtzite structure of alloys decreases sub-

(27

linearly with zinc content. Davis and Lind ) studied the photoelectronic

properties of their mixed crystals as a function of composition and concluded.

'. that : (1) the dark conductivity of as grown Cds is about 0.1 Q—l cm -,
.incorporatjngabout 15% ZnS into the Cds lattice, decreases this dark con-
ductivity by a little over one order of magnitude.: However , with 15 25%

zinc the dark resistivity increases by about 7-8 orders of magnitude. From
éS%»to 60% ZnsS, the dark resistivity is about lOlo Q - cm and between

60-100 % 2ZnS a further increese of about 3 orders of magnitude occurs.

The photoconductive'sensitivity decreases almost lineerly by about 5-6 orxders
of magnitude from CdS to ZnS, (2) the opticel band gap of the CdS—ZnS system
exhibits a monotonic¢ but non-linear increase with increasing zinc composi-

tion, this sublinear variation over the range ~ 2.4-3.6 eV has been confirmed

consistently by several workers(28'29'3o). (3) a photoconductivity sensitizing

level which is alnost composition invariant exists throughout the range with'

an energy of 1 ev above valence band.
There has been great interest in Zn Cdl S alloys, since Palz

et al(3l) reported that Zn Cdl S/Cu S photovoltaic cells offer a SLgnlflcantly

hlgher open-circuit voltage than CdS/Cu S junctions. Reported results on

(32)

devices prepared on polycrystalline, thin-film (CdZn)s alloys agree with

, ' (33)
those reported in single crystal (CdZn)S. Recently, R.B.Hall et al

claimed to have.preéared Zn Cdl xS/Cuxs solar cells with 10% efficiency.
X - .
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This indicates that (CdZn)S based cells are serious. candidates for large
scale terrestrial'phdtovoltAic solar ehergy conversion in the near

feature.’

2.4 -~ PROPERTIES OF COPPER SULPHIDE
In the past few decades, there has been renewed intergst in

copper sulphide because of its importance in Cds and (Cd2n)S solar cells.

‘The primary role of copper sulphide in the heterojunétion cell is to act as

the photon absorber, thus its properties determine the light generated
current. Othér considerations are the resistivity of coéper sulphidé and
the lattice'match between the copper sulphide andstheCdS:ar(CdZnS}. In what.
follows, bulk'propgrties of copper sulphide such as oétical absorption ;A
eiectiical resistivity and minority carrier density.; minority carrier life-
time and diffusion length and the lattice structﬁre and spacing, will be

reviewed. However, the'experimental determination of these properties is

- relatively complicated by numerous copper-sulphur phases that can exist.

2.4.1 Stdichioﬁetry of the Copper-Sulphur System and Structural

pProperties of the Various Phases

A phase diagram of the Cu-S system, shown in Figure 2.4, contains
the‘copper sulphidé phases between cupric sulphide,‘CuS (covellite, CV)
and cuprous sulphide, Cuzs (chalcocite, CH). It bis éommon to denote the
coppér sulphide as Cuxs and then use the value of x to(label the phases.
At room temperature, there are three more stable -phases between CuS and

Cu,.S which are ; djurleite (DJ), x = 1.96-194 ; the digenite (DG)

2
’ (35)

1.765 <x<1.790 ; and anilite (&N) x = 1.75 after Ref . However, the

compositional region of interest in solar cells extends from digenite to

chalcocite. The defect structure of Cuxs usually consists of a highly
. (36,37)
ordered sulphur sublattice with copper atoms in disordered site .

- The digenite phase has a pseudocubic structure at room temperature whilst

(35)

-high diéenite above 80°C is cubic . The djurleite phase is orthor-

v R N fe) .
hombic at room temperature, with a slow transformation at 93 C to a tetra-
(38) '

gonal form . The chalcocite is often considered to be orthorhombic,
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(39) '
Evans has shown that pure chalcocite is monoclinic. In detailed

experiments, Cook et 51(37)

observed a mixture of shalcoqite and
djurleite in the compositional range 1.998<x<1.960 which in the compositional
range l.96o<x<l.800ithe structure appears to be hexagonal. They also demon-
strated that the losal atomic arrangemsnt in djurleite is quite well matched
to that in chalcocite. Furthermore, they found thst'the c-axis of low
chalcocite and. CdS match to within %% but the a- and b-axes are mismatqhed
by about 5%. Te Velde(4o) gave a graphical illustration of the Crystal-
lbgraphic relationship between copper sulphide and cds. In fact the domzin
between djurleite and anilite is still under discussion and has been reviewed
recently by Potter(34) .

2.4.2 Optical Properties of Copper Sulphides

Stanley in 1975 (43), Hill in 1978 (42)

and savelli and Bougnot in
1979 (13) have reviewed much of the reported data on the optical properties
of various copper-sulphide phases. Although there is a large disparity

between published results, a brief survey of data Wlll be attempted.

15 s —
Shiozawa et al (A ) fitted their optical transmission measurments

to an expression including a direct pand to band transition at n1.8 ev and

. as : s (44 ,46,46)
an indirect transition at 1.2 eV. Mulder has measured the
optical constants of single crystal copper sulphide of.various compositions
along different crystallographic directions. He concluded that the absorption
of copper sulphidé is highly anisotropic, and chalcocite (Cuzs) is the only

material with a large absorption coefficient in the photon energy region

between 1.2 eV and 1.5 eV, and this occurs only when the direction of illumina-
| (47)

tion is paraliel to the c-axis (see Fig 2.5). Gustavino'et al demon-

strated that the absorption coefficient in the infrared region decreases from
. (46)

80% to 27% as the composition changes from chalcocite to djurdeite. . Mulder

. indirect at around

suggested 'a band‘model with two types of transitions
| (48)

1.2 eV and direct in the range of 2-2.5 evV. Ldferski and Schewchun

conSidered that the transition in Cu S is more likely to be direct and
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pointed out £hat the half-width of the cathodoluminescence peak in CuxS
is rather narfow fof an indirect semiconductor. Burtqn'and Windawi (49)
and Rothwarf and Windawi (50) éupported this conclusion and claimed that
their results were strongly indicative of direct gap béhaviour. A compre-
hensive list of thejvalues of the band gap of CuxS reported by various
investigators is given in.Table 2.2.

Mulde; (46) has proposed a Moss-Burstein shift to explain the
different band-gaps‘of the copper sulphide phases. Thus he suggests thatA

as the copper deficiency increases, the carrier concentration (hole)

increases and with high copper deficiency the Fermi level enters the

_ (46)
valence band giving rise to an effective direct energy band gap .
(51) ' .\
Kantariya et al - and more recently Rothwarf and Windun.(sc‘ have

| also explained their observations by using the Moss -Burstein effect.

The two questions of the nature of the band'gap as well as the
magnitude of the gép still remain unsettled, largely_because the absorp-
tion coefficient is not sufficiently large to sﬁggeét a direct band gap or
sufficiently low to indicate an indirect gap. However, in spite of various
conflicting reports the existence of one edge at 1.2 eV at 300 K is generally
accepted in Cuzs kchalcocite). |

2.4.3 Electrical Properties of Copper Sulphides

Copper sulphide is a p-type semiconductor in which the conductivity
is governed by copper vacancies regardless of its crystallographic structure.
The electrical properties of copper sulphide,namely the electrical conduct-
ivity, Hall mobility, carrier concentration and thermo-electric power, have
been measured by a number of workers. Published values of  these parameters

(41) ,
have been listed by Stanley in 1975 and more regently by Savelli and

(43) . ' s .

-Bougnot . There is general agreement that dramatic changes in the,

electrical properties result following the departure from stoichiometry of

chalcocite towards sulphur rich compositions. The most obvious features




TABLE 2.2 : A‘comprehensive survey of band gap values reported

for copper sulphide (DIR ; direct, IND ; ‘indirect).

Band Gap Value Nature Measuremenf
T n
(eV) { K) of Structure Techniques References
GAp _ :
1.21 300 | IND |Evap.Film |Abs.Reflection | Eisenman (52)
1.21 300 IND Cu doped Transmission Bube (53)
cds :
1.21 300 IND Transmission & | Marshal & Mitra
1.26 80 IND Reflection (54)
1.21 300 IND Evap.Film |Trans & Reflec.| Schiozawa et al
o of CAds and ' (15)
single
R v : cryst. Cds
1.83 - 300 DIR converted !
in wet tech
1.84 (300) - Evap Film |Absorption - Sorokin et al
Photo- (55)
1.93 300 - Conductivity '
1.22 306 - Evép Film |Absorption Selle and Maege
: and Refractive (56)
1.25 90 - Index
1.70 300 DIR Evap Film Absorption Ramoin et al
1.05 300 IND : - (57)
1.05 300 IND Evap Thin |Trans & Reflec ‘Nakayama (58)
: Film '
1.08 108 IND *
1.90 300 ° - Bulk Absorption Abdullaev et al !
(59)
l.l3(,” a-axis) | 300 | IND Cds single
1.08(|| b-axis) | 300 IND Crystal Transmission & | Mulder (46) j
1.40(]| c-axis) | 300 IND .|converted |Reflection :
2.50 300 IND by chemical :
conversion
1.28 77. DIR Thin Layers|Cathodo~ Loferski et al
Bulk. luminescence (48)
1.46 120 |DIR |Thin Layers|Trans & Abs. Miloslawski (60) i
~—
1.21 300 - Converted |Trans & Abs Gustavino et al i
lk S (61) !
1.15 300 IND Polycry. Trans,Reflec. Arjona et al (62)]
2.29 jo0 |prr |Thin Fim
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are an increase in the majority carrier density (copper vacancies) and the
conductivity, and a decrease in the Seebeck coeéfficient.

(63)

Bougnot et al demonstrated that the transition from semi-

conductor to semi-metal occurs at a composition of about Cul 958. Reported

 values of carrier concentration range from 4x1015 cm'-3 (58) to lO21 cm_3 (64).

Windayi (64) claimed that the value of lO21 cm_3'éorresponds to a degenerate
semiconductor with the Fermi level 0.2 eV inside- the valence band. The
variation of resistivity and thermoelectric power with the composition of
Cuxs have been studied by many workers (65'66'67)11- AIn summary, the hain
conclusions are ; the resistivity and thermoelectfic power of copper sulphides
decrease almost linearly, from 9xlo—2 -cm to 2x10_3 Q;cm and from 250 uv/oé
to 60 uV/OC respectivély in. the composition range 2<x€l.95. After then a
slow linear réduction in p occurs from 2xlo_3Q—cmitd m4x10-4 Q-cm and ih
thermoeleétric power from 60 uV/oC to 10 uV/QC as x ranges from 1.95 to
1.8. Abdullaev et alv(sg) and Bougnot et al (63) sthed that the hole
- mobility is leés dependent on stoichiometry, and repo?ted values listed in
Ref (41;43) which range frém 1-30 cmz/V—sec. More over the effective mass
of holes in the copper sulphides increases slightly as the copper deficiency
increases, going from about 1.5 m for chalcocite to 'about 2 m fbr digenite
The diffusion length of minority carriers (eléctrons) (Ln) in the
copper sulphides involved in practical CdS/Cuxs cells}has been studied by
several workers ; Gill and Bube ©8) measured the short circuit photocurrent
as a function of the distance of light spot from the junction, and estimated
Ln to be between 0.1 um and 0.4 um. Mulder (69) determined Ln in a thin
crystal sample of ngs converted from single érystéiicds, and found a value
of 300-350 % for a chalcocite-djurleite mixture, and of less than 50 X for
djurleite; The electron beam induced current (EBIC) cpllected at the junction
~ has aléé been measured in the SEM as a function of beam distance from the

junction by many investigators. This provides a means of determining the

minority carrier diffusion length on both sides of a CuxS/CdS heterojunction.

(63)
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Boer et al (70) found values of electron diffusion such that O.llu<Ln<O.76um

in copper sulphide. Oakes et al(7l) estimated that Ln lay between 0.11 um.

to 0.57 um. It has been reported consistently by:Shea'and Partain (72),
Partain(73) and Partain et al (74) that Ln should be between 0.20Aum and
0.26 um. Furthermore they concluded that heat treatment had no effect on
Ln. -In cdntrast Rothwarf (75) observed a change in Ln as the phaée of copper
sulphide changed . However studies of Ln following different heat treatments
have as yet shown no conclusive variation.

There is a very little work on the electroﬁ‘affinity Vof copper
sulphide. Schewchun et al (7€) suggested the value of 4.05 eV by comparing
cells based on Si-CdS and Si—CuxS. Pfiesterer et a1(7?)demonstrated that
it is about 4.2 eV and Dunchemin et al (78)proposed a value of 4.4 eV.

The variation of the electrical properties with temperature has
been analyzed by Gustavine et al (79)and found to 'be quite temperature
' depehdent. At low temperatures (77 K) the thermal variation of the cbnduct—
ivity and the ﬁall mobility of Cuzs are typical of a semiconductor. Further
details can be founq in Ref (40).

In an attempt to decrease the high value of carrier concentration

, (66)
in copper sulphides, Cd, Zn, and In have been used as dopants. Okomoto

demonstrated that indium plays the same role as Cu in_CuxS;

' (79)
Gustavino et al  have studied the effects of cd and Zn doping on the

stable phases of Cu-S system and they concluded that Cd and 2Zn compensate

copper vacancies and also displace copper atom to the surface. So that

reduction in the free carrier density and the impro&ement in stiochiometry

of copper sulphide ié assumed to be beneficial for Cds/Cuzs cells.
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CHAPTER 3

REVIEW OF RELEVANT THEORIES AND DISCUSSIONS

3.1 INTRODUCTION

This'chapter revigws the theoretical background required for
understandiﬁg various types of-heterojuncticnsand.their application
as photovoltaic enefgy convertors.

-The models proposed for CdS/CqZS andl(CdZn)S/ngs heterojunction -
cells are also surveyed. Although details are nd? given in great depth,
an attempt is made to emphasize the physics by pfesenting a qualitative'
picture of the concepts involved and mathematical expréssions are used
only when necessary.- In the main these are the expressions which will be
used in the interpretation of results in the following éhapters.

Heterojunétions are defined and classified in section 3.2 follow-
ing the basic model of Anderson which forms the stafting point for the
moié complex heterojunction theories. After this,,élsection on semi-
conductor-semiconductor interféces and related phenomena emphasises the
importance of the interfacial effects. The modificétibn of the Anderson
lmodel to iﬁclude the effects of interface states»and dipoles, and the
resulting carrier transport models, are presented iﬂ section 3.4. For
completeness, the concept of a graded heterojunction is discussed in
section 3.5 and theﬁ Schottky barriers are considered briefly in section
3.6. Concepts involved in the design of solar cells are discussed in
section 3.7. | .

' In the final section the various possible conduction mechanisms

in CdS/Cu28 and (CdZn)S/Cuzs photovoltaic cells are summarised.
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3.2 THE THEORY OF HETEROJUNCTIONS

A heterojunétiqn is defined as an electrical contact between two
different semiconducting materials'commonly taken to.be monocrystalline .
Heterojunctions may be classified in several ways.-_If there is non gradation
in propertiés in pa;sing from one material to another, the junction is
described aé "abrupt". If there is a éradual change iﬁ composition over
macroscopic dimensions, the junction is ‘“graded". Anotﬁer classification
involves the type of doping on eitﬁer side of the jﬁnction, with similar
dopings, i.e. nfn-or p-p an isotype heterojunction is formed. With an—>
isotype junctions the components have different types of conductivity, so
that n-p or p-n ﬁéterojunctions are formed (i.e. smali'band gap first).

The firstrisotype and anisotype heterojunctions wefe fabricated by
Anderson(l) in 1960. He also presented(z) a fairly detailed model for
the energy band profiles of the various heterojﬁnctions. Aithough, most
heterojunction phehoﬁena cannot be explained by thié simple modei, and
considerable discrepancy exists between theory and experiment, Andefson's
modellstill forms the basis from which more complex and .general modéls are
usually developed.

'The mogdel fo; anisotype heterojunctions is a straight forward exten-
_tion of the‘modei developed for homojunctioné. Anderspn(l' 2) neglected
the effeét of dipoles and interface states. A typical energy band profile
of two isolated pieces of p- and n-type semiconductor and theequilibrium
energy band profile of an abrupt p-n junction formed by bringing them into

intimate contact are shown in Fig.. 3.1(a) and 3.1(b). The energy band

profile in which a negative discontinuity step occurs in the conduction

and

band edges at the interface is for the case in which X1 < x2< Xy + Egl
| (3)

¢l > ¢2. This is one of the many cases discussed by Milnes and Feucht
Here the two semiconductors are assumed to have different encrgy gapt (Eqg),

different dielectric constants (g), different work functions (¢) and
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different electron affinities (x). The electron éffihity (x), and the
work function (¢) are defined as the respective energies required to
raise an electrqn from the conduction band edge (Eé), and from the Fermi
level (EF); to ‘the vacuum level. EV represents the top of the valence
band. The subscripts 1 and 2 refer to the p-type (theAnarrow band gap)
and n-type (the wide band gap) semiconducting materials respectively.
When two dissimilar semiconducting materials are brought into con-
tact the flow of elec£rons from n-type to p-type and of holes from
p-type to n-type, continues until equilibrium is estabiished between
p- and n-regions. When the Fermi levels on either'éide of the junction
attain the same ehergy, electrons moving from the n-region ﬁave left
behind an uncompeﬁsated positive space charge of ionized donors in the
layer of width X , while holes moving from the p—region have left behind
an’ uﬁcompensated space change of ionized acceptor atoms in the layer of
width Xp. As a result upward and downward bending of the respectlve
band edges occurs. The total built-in voltage (Vd) due to the
difference in work functions‘(qsl - ¢2) is equal to'the_sum of the built-
in voltages on.both sidés (Vd‘= le + de) of the junction. It is'
interesting té note that in the absence of dipole layefs the electro-
static potential difference (¢) between two points is- represented by the
vertical displacement of the vacuum level between thesé two points. The
discontinuity in the relative dielectric éonstants (er) is easily dealt
with by requiring that the electric displacement be coﬁtinuous across

the interface (si Fll = £, F2 ). Anderson's model predicts that
X X
o o
band-edge discontinuities, AEc and AEV will occur depending on the

electron affinities and band gaps of the two materials.) The relation

t

between these quantities is

AEc =X T X
(3.1)

BE, = X, "Xy tE - E
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The depletion widths and capacitance can be obtéined by solving
Poisson's eqﬁation for either side of the interface. An exact solution
of these equations requires nhumerical analysis whichlgenerally is not
necéssary. The most common approximations made are that, in the space
charge regions, all the donors and acceptors are onized and that for
space charge computations, the free carrier density can be neglected.
Hence the equations can be writﬁen

32V | oF

q
5 T P [p(x) - n(x) + pD(x) - nA(x)]
9xX oxX o

v % N (%) for x_ < X < % (3.2)

> 9 N. (x) for - xp <x < X

Where the origin has been taken as the junction plane (XO),~and the
variation of ND(x) and NA(x) with x is assumed to be a step function
(abrupt junction approximation). From the charge neutrality condition

(NA xp = ND xn) and egn. (3.2), one can determine the width of each of

the space charge regions, as a function of applied voltage V=(Vl +-V2).

V. and V. are the portions of the applied voltage dropped on either side

1 2

of the junction.
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2 -
) _ ND2 el 52 (vd V) EO L | 3.3
P | anNgy Ny, + & N )
2 N v V) s
X _ ' Al E152 d Eo
n aN__(¢ + e.N_.)

p2 (€1Na1 2°D2

The total width, (wd), of the transition region therefote is

Y

2
2 €1 €5 (NA + N_.) (Vd - V) eo
W= X +X = - (3.4)
d n p q ND2 N (e, N.. + €, N_,) A

Al 1 Al 2 A2

The relative voltages supported in each semiconductor are

Va2 " V2 1 Mm - R
Va1 ~ V1 €2 Np2 :

‘Since the junction has two conducting regions with a space charge barrier
in between, it has a capacitance. The capacitance pér unit area of such

a completely depleted junction is given by

I Ny Ny &g 85 8 ' ' '
(3.6)
2(52 N

+ e, .N )[Vdf V)

D2 1 A"

‘Usually the bias voltage is dropped asymmetrically across the junction so
that only one side is depleted. '

Then the capacitance can be used to determine the cofresponding aonor or
acceptor profile néér the junction from the voltage debendence.

Anderson derived an expression for the current flow across a
heterojunction in a manhner similar to that gsed to deriQe tﬁe-injection
" current in an ideal p-n homojunctioh. In the caée shown (Fig. 3.1(5))

the transport of electronswill dominate and hole transport to the left is
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neglected, with this assumption the current voltage relation for this

diode is

;2 ) .
5 .
J = g XN 1 exp | - - ex CE -1 (3.7)
D2 \ T P T Pl w7 .

=]

Where V is the'applied voltage, k4 Boltzmann's constént,fT, the absolute
temperature, Dn and Tn are the electron diffusion coefficient and lifetime
in the p-region and X thé transmission coefficient représents the function
of the carriers w1th sufficient energy to cross the barrier.

Although the Anderson model is widely used to predlct the conflguratlon
of the bands of heterojunctions, in many cases the experimental current-
voltage relations are very different both in qualityignd magnitude from
those predictédf Since an obvioué modification to thé Anderson model is
to take into .account the effects of interface states and dipoles,semi-
conductor- éemlconductor interfaces will be discussed 1ﬁ the next sectlon‘

to provide ‘a basis from which to discuss improved hetero;unctlon theory.

3.3 SEMICONDUCTOR-SEMICONDUCTOR INTERFACES

Research on heterojunction, metal—semiconduétor and metal-insulator-
semiconductorlstructures shows that electrical transport is almost
completely determinéd by the properties of very thin~régions in the
vicinity of the junction, including interface. The values of the electron
affinities and the band gaps of the components give only'a rough indication
of the energy band structure of a hetérojunction system. In the following -
sections an introduction to interface states, interface dipoles and oxide
1ayer§ is given together withva brief discussion of. interface related

phenomena in heterojunctions.
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3.3.1 Interface States

Interface states (or surface states) are defined as energy levels
within the forbidden gap in the vicinity of the junction} These electric-
ally active states would be expected to act either as charge tréps,.in
which case a ﬁodified band profile would result, or'ag recombination centres
affecting curient_transport and photoresponse, or both.

Interface states acting as charge traps, are considered to be dono;s
if they are elecgrically neutral when filled with electrons and positive
when' empty. They are acceptor-like if they are neutral when eméty, and
negative when filled with electrons. In addition,interface states are
classified into fést and slow states. The fast states exchange charge
rapidly with the eonduction or valence band and'are-assumed to lie very
closé to thevintérface between semiconductors. 1In cdntrast slow states
require a longer time for charge exchange and exist up to several atomic
distances from the interface. The electrical properties of interface
states are characterised by their density, their positién in the band gap
and their capture cross section.

A breakdown of periodicity in a crystallihe‘structure creates the
most formidable defect in the region where two dissimilar materials come
into intimate contact. Therefore a region with a drastic disruption of
bulklike properties exists at the interface(4). Thg parameters affecting
interface formation and behaviour are ﬁicroscopic, and specific features
such as: lattice mismatch and mismatch defects (dislocations), localized
éharge and dipoles, band edge discontinuities and discontinuities in the
electrostatic potential and its derivative, control the-barrier.

Oldham and Milnes(s) were the first to stress the importance of mis-

match dislocations on the ultimate behaviour of heterojunctions, and the

electronic behaviour of dislocations has been discussed thoroughly in the

book by Mataré(6). In fact, a thin layer of material can be grown on a
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substrate of a dissimilar crystollagraphic lattice to accommodate the
strain elastically. But after a critical thickness, which depends
inversely on miefit strain(4), it is energetically favcurable to accommo-
date the strain plastically, generating dislocations at the interface.

The density of dislocations is directly'related to lattice mismatch,
and theofetical calculations show that a density of about lOl3 states-cm
is expected for a lattice mismatch of 1%. The calcplations of Oldham
and Milnes(S) have been extended by Holt(7) to a discuesion for the thiee
dlmen51onal case .of mismatch dislocations in the dlamond and sphalerite
structures.

In principle, dangling bonds at the dislocation cores are to be
expected. However Tansley(e) stated that dangling bcnds in the densities.
predicted by Holt(7) would lead to an interface charge much larger than
that measured experimentally, if all the mismatch dislocations were
electronically active. Partial compensation must therefore take place,
and only uncompensated interface charges account for the experimental
observations. However, interface states are very effective, and even at
low den51t1es, when acting as recombination centres, they define the

(9)

transport mechanism of carriers across the junctlon, "Kressel analysed

(10)

the role of defects in optoelectronic heterojunction devices and B8er
has extended the calculation for CdS/Cuzs and (CdZn)S/Cuzs cells. A simple

theoretical model(3) can be used to estimate the interface recombination

velocity SI for a given heterojunction from the lattice mismatch. The

expression is

*
(3.8)
I 1 Vtn% e

' * - . .
Where N is the density of interface states effective in the recombination

process, ¢ _1is the mean capture cross section of the interface states and
c

Vih the thermal velocity of the carriers.
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Furthermore the interface and ité vicinity are characterized by a
very distinctive electrochemistry, especially in the ini£ial stage of
formation, this encompasses alloying, intermediate c&ﬁpound formation,
locaiized diffﬁsion of defects and impurities, and pfecipitation in the
defective region.” The effect of mismatch defects on the optoelectronie
behaviour ofheterpjunctions is a field of research in which most of the

questions are still open and most of the models proposed are purely

speculative.

3.3.2 Interfacial Dipoles
1y, . o .

Van Ruvyen introduced the concept of the interfacial dipole in an
attempt to understand heterojucntion interfaces. In this model it ‘is
assumed that the existence of a large number of surface states on the
surface of the semiconductor is equivalent to a metallic layer which pins
the Fermi Level. When these pseudo-metallic layers on each side of the
junction are brought into intimate contact, dipoles of atomic dimensions

are formed which are of the kind occurring at the interface between two bulk

metals with different work functions.

The presence of a thin insulating layer also has a great influence on
the structural properties of the interface as well as on the electronic
behaviour of device. For example dipoles can form from the charge
stored on the opposite side of a thin insulating layer at the interface,
or from the spatial distribution of oppositely charged defects on either

. . ' . . (12)
side of the interface in the bulk of the semiconductors .
(13) - . ' ,
Kroemer analyzed bulk and surface properties separately assuming

that electron affinities have two parts: the electron affinity of a

' hypothetiéally perfect crystal (bulk) and the electron affinity at the

interface (corresponding to work done against surface dipoles). He

criticizedthe approach in which the conduction and profile are determined by
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the electron affinit#nsof two semiconductors, énd poinfed out that for

this situation to.occuf, the surface dipole layers of the two semiconductors
must superimpose linearly without changing their strengéh, which is an
unfeasonable assumption because any dipole at the interface is different
from such dipole at the free surface and consequentlyiﬁhe.band profile

at the junétion will be modified.

3.3.3 oOxide Layers'

Native oxide layeré are the mqst frequently occurring non-ideal
features in semiconductor deviEes. The presence and thickness of the
'oxide, but most importantly, its structural and chemical characterists
strongly affect the electronic behaviour of a device. There is a vast
literature on the oxygen-semiconductor interaction particulaily'in silicon
becéuse of its technological importance. Thin oxide léyers are extremely

important in MIS solar cells and inexpensive, practical heterojunction

devices (see ref (12) for further information)

3.4 MODIFICATION OF ANDERSON'S MODEL

The following sections sh&w how Anderson's model has beeen extended
go include interface states and dipoles in an attempt to resolve the dis-
crépancy between the theory of heterojunctioné and the experimental
évidence,

Unfortunately, it is a very difficult problem to cér;elate the inter-
facé parameters in a heterojunction with its optoelectronic behaviour and
'the carrier transport. Bécause suitableexperimental techniques are not
available the electronic properties associated witﬁ intgffacial defects
cannot be measured directly, and are therefore estimated from indirect

measurements using the proposed theoretical models which are purely

speculative.
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3.4.1 Junction Capacitance

A detailed theoretical analysis of junction capacitance with

inclusion of interface states and dipoles has been given by Donelly and
. (14) L . .
Milnes . The results however have limited application because of the
' uncertainties associated with any model. Donelly and Miles showed, how-
ever, that in the limit where the interface charge is independent of
applied voltage, the capacitance voltage relation takes the form
2

¢ = [2 (e)Nyy + €y Npo)/age €y Ny o ]( Vaig ~V )

(3.9)

Here V the diffusion voltage is modified by the charge stored at the

ai’

interface,QSS, and the dipole voltage,¢d, and is given by

2

S Q
v,, = V_+ +¢
di d 2q (gl NA]. + 52 ND2) "

d

A plot of C_2 versus V then yields a straight line but the intercept

on the C_z = O axis is no longer a simple measure of the diffusion

voltage (V4). However the slope can be taken as a quantitative indication

of the doping levels in the two components. The slope can be approximated

' €. / N, <<g_ N
by 2/q €2 ND2 for € NAl >>€2 ND2 and 2/q N NAl for e, Ny > Npa.

The capacitance of CdS/Cuzs heterojunctions with various space charge

(15)

profiles has been investigated by Rothwarf

3.4.2 Transport Mechanisms

The carrier transport mechanisms in heterojunctions which determine

the current-voltage characteristics have been reviewed by several

wofkers(s' 3, 12, 16, 1?,'25). when interface states and dipoles are

included recombination through interface states seems to dominate the

carrier transport mechanism in many heterojunctions.

S8 ' (3.10)
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The model proposed by Dolega(ls) considers the junction as the inter-
face betWeen two surfaces, each having its own density distribution of
surface states. The trapped charges ,normally associated with surfaces,
can recombine because of the ove;lap of the surface state distribution.
‘Thus fast reeombination occure at the interface of those electrons and
holes which reach‘the recombination centres by thermal emission over their

respective barriers. Because of the fast recombination in the thin inter-

facial layer, no rectification is predicted unless the space charge region
_is wider than this layer. This model simply describes the heterojunction

as two Schottky diodes back-to-back with the boundary concentrations of

carriers dependent upon the applied voltage.
In order to reVeal the general features of the forward current-

e 1 . : .
voltage characteristic, Van Opdorp( ?) has rewritten Dolega's expression

in the form

q vy qv

J = Bexp| - Tw" exp | w7 -1 ' (3.11)

kT

Where A 1is the diode quality factor (it is cdﬁventional to use the

symbol A for the guality factor for heterojunction and n for that of

MS and MIS structures) with a value between 1 and 2,‘depending on the

ratio of the density of imperfections in the two materials. B is a

weakly temperature dependent coefficient. In this model the reverse

current increases exponentially when the reverse voltage is 1ncreased

However, since this model implies thermal excitation over barriers, it

cannot explain the temperature independent slopes of the Log J vs V.

curves observed for many heterojunctions. This temperature independence

suggests that.quanthm mechanical tunnelling processes are more important.

A tunnelling mechanism to describe ‘the current-volta
{20)

of an abrupt'heterejunction was first introduced by Rcdiker ct al .

ge characteristics’
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Thislwas-based on electrons tunnelling through the conduction band spike
(2L)

to the p-type material. 1In the meantime Newman foﬁnd that an

empirical expression for carrier transport in heterojuhctions of the

form

T .
J = J exp | — exp eL . (3.12)
' o

Where Jso' TO and Vo are constant, describes the current'voltage'
gharacteriStics of some heterojunctions very well. So that for many
heterojunctions the mecﬁanism seems to be the mixture of tunnelling and
recombination. A model based on band to band tunnelling combined with
recombination processés was first proposed by Riben énd Feucht(22).

FigB.2 summarizes various possible current paths for aﬁ:anisotype heté;o—
juncfion. The electron and hole processes e1 and hi rebresent thé
diffusion model with the barriers modified by the band_edge discontinuities.
As already stated, such a process is not found to dominate experimentally
although there is no reason to suppose that it cannot occur to a limited
.extend. The electron and hole paths e, and h2 représgﬁt an emission and
recombination situation in which the carriers are thgrmally excited into
opposite-ends of a laader of interface states with a subsequent recombina-
tion; this mechanism is expected to show a temperature dependence. The
'third possibility illustrated by ey h3 is a tunnellipé process in which
-either £he electrons tunnel from the conduction pand of the wide band gap
material into empty interface states located in the narrow band gap
_ material (then recombine with holes) or holes tunnel'from the narrow band

gap (p-type) material into occupied states located in the n-type material

(then recombine with electrons).

The spatial distribution of interface states has to be known within

a resolution of 20-50 % in order to establish whether the probability of

tunnelling is involved in the various recombination pathways. But this
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is one of the features which has not been unambiguously revealed in any
'heterojunction structure.
: (22) . . L . .
Riben and Feucht derived an equation using a triangular barrier
and assuming that tunnelling originates from an energy level located at

a certain distance above the bottom of the conduction band (Eb), and

assumed the following relation to be appropriate in describing the current

3
2

* .. A
J « Ni exp [— 4(2m ) Eb /3 q 1) F] - ’ (3.13)

where Ni is the density of interface states, F the transitioh field with
the remaining symbols have their usual meaning.
. | (23) L (24)

Riben and Feucht and Donelly and Milnes extended the theory
to the multistep tunnelling-recombination model, and showed Eg. (3.13)
would also be valid for tunnelling between spatially'éeparated centres.
Anderson(25) surveyed the existing transpdrt models and proposed that if
tunnelling originates at the bottom of the conduction band or the top of

the valence band the dark foxward current would be of the form

J = B exp [ - aT (Y"— V) ]
(3.14)
where L . L
an 4 ‘M€,
3h Np2

This expression for o assumes a single step process and a linear
parrier. Agreement with experiment is generally poor. Using this model

with an assumption of a linear barrier the reverse current has been

written in the form (25)
, _ y
J = C  exp [ - A (Vd - V) ]
where : n * . L
2f2
A = i : ___.___—n 2 E /2
31 N El
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Here again, as with forward bias,a multi-step prooese'must be
postulated; and indeed the multi-step tunnelling recombination model(23)

agrees more satisfactorily with experimental‘data. A simplified form

of the appropriate equation is of the form

Jtr = Cf exp (BT) exp (V) {3.15)

where _Cf is constant and the coefficient { and .B are practically
independentlof the applied voltage and the tempereture respectively.

A current voltage relation of the equation (3.15) predicts that the siope
of the 1n Jtr versys V curves is almost temperature independent with
the small remeining temperature dependence arising from the variation in
the widths of the band gaps with the temperature.

Many'heterojuncﬁions exhibit a combination of two mechanisms:
tﬁnnelling—recombination,as discussed above, and rhermal activation of
carriers to higher energies where the barrier is thin enough for direct
tunneiling to occur, or where direct access to the-interface recombioa—
tion centres obtains. Owen and Tansley(26) have aoalysed thermally
assisted tunoelling in heterojucntion and concluded that the current
voltege characteristics of abruptanisotypen.—p+ semioonductor hetero-
junctions are similar to those n-type Schottky barrier diodes, provided
the n-type regions are heavily doped (N = lO17 - lO18 cm-3), In this

case charge carrier transport across the 1nterface 1s governed by

thermally assisted tunnelling through the depletion region of the n- type

material.



3.5 GRADED HETEROJUNCTIONS
Semiconductor heterojunctions with gradual changes in composition

over microscopic dimensions are called-graded hete%ojﬁnctions{ Very
little theoretical work has been done to describe the energy band profile
of such junctions and the possible current transport mechanisms.

Because the abrupt heterojunction appears to be a good approximation for
‘many heterojunctions which have been investigated,.g;aded heterojunctions
have not as yet been given much consideration. Recently however,

Marfaing et al(27) and Buazzi et al(zs)

showed thatldevices with graded
gap structures could considerably exceed their p-n heterojunction-counter—
parts in solér efficiency. Hence the graded gap de;ign has come to have
greater interest in recent yéars. Reasons for grading the composition of
a heterojunction are summarized by Fahrenbruch and Aranqvich(lz) as
follows :
kl)‘ to enhance the efficiency of conversion of photons over a distri-
bution of wavelengths.
(2) -to introduce an effective electric field in order to increase the
diffusion length of minority carrier
(3) to spread the distribution of lattice mismatch states over a
larger volume in order to decrease tunnelling beﬁween them, and

thus reduce tunnelling recombination diode current.

(4) to eliminate the effects of conduction or valence band discontinuities.

3.6 SCHOTTKY BARRIERS

In order to avoid the complexity associated wiﬁhuheterojunctions
complementary experimental work has been conducted-bn a Schottky barrier
diodes. Thus in a preliminary study metal—semiconduétbr structures have
been fabficated-on Cds and then various aspects of these structures have been

investigated to reveal key parameters relevant to the investigation of
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heterojunctions based on CdS. It is necessary therefore to summarize
Schottky barrier theory very briefly.

In Schottky barrier dioﬂ?} the most important forﬁard transport
mechanisms are (considering n-type semiconductors only) :(I) thermionic
emission of eléctrons from the semiconductor over the top of the barrier
into the.metal. (II) recombination in the depletion region. (III)
quantum mechanical tunnelling through the barrier. -(IV) minority carrier
(hole) injection. The transport of carriers might béliimited by diffusion
' | (29)

or thermionic emission according to the width of space charge region

If the space charge region is thinner than the ‘diffusion length, the

thermionic emission limited forward current will be of the form 30)
* 2 0 «
J = A T 'exp -— exp| — } -1 , (3.16)
kT kT '

The Schottky barrier height ¢B is approximatélyaequal to the
difference between the metal work function and the electron affinity (XS)
. *
of the semiconductor, while A is the modified Richardson constant,

*
corresponding to the effect mass {m ).
m 2 2
A = 4n gm k°/. 3 =120 o amp/cm K : : (3.17)

when the'space charge region is thicker than the diffusion length the

dark forward current is limited by diffusion and the J-V relationship

becomes .
-9 ¢, qv
exp — ] -1 (3.18)

kT kT

= N ex
J ! C “e Fmax P

Here Fmak is the maximum electric field at the junction, u the electron
; . e
mobility and NC the effective density of states in the conduction band
* 3/2
2 mm kT /

N = 2
2

(3.19)
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In many barriers, of course, these mechanisms are combined when. the

space charge region is comparable in thickness to diffusion length(3o)’
~ then
g N, v -q.¢ qVv
C B
J = 5 R exp exp|{ — -1 (3.20)

1+ BR/v KT kT '

* 2 . o '
where Vp T A T°/gn is the effective recombination velocity and Vi

3 c

the effective diffusion velocity.

In fact, the experimental forward characteristic is usually written

3 = g | exp| — -1 o (3.21)

‘The Schottky diode quaiity factor, ﬁ, shows a de?iation from unity even
in the ideal case because of the small lowering of the-acthal barrier
heiéht by the image.force effect which is field depéﬁdent. Non-ideal
diode mechaniéms éuch aé recombination in the depletion region and
tunneliing will not be discussed. A detailed treétment can be found in
the book by Rhoderick 1),

The utilization of metal-semiconductor deviqes'fo? solar cell
applications is véry aétractive because of the si@plicity of the structure

and its inexpensive technology, but the low value of Voc is a difficult

problem to overcome.

3.7 HETEROJUNCTIONS AS PHOTOVOLTAIC ENERGY CONVERTORS

‘A precise description of the operation of heterojunctions as photo-
yoltaic energy convertors is quite complex. The normal précedure is to
conéider the ideal solar cell case in order to establish the relations
bétween the observable electrical parameters of a héterojunction and the

conversion efficiency of a heterojunction solar cell. " The usual approach
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to the problem is to treat it by making a linear superposition of the
light generated current and the dark diode current assuming thermal
equilibrium. In the later part of this section, the light generated
current will be calculated using the simplified form of the diffusion
equations. Then an equation will be derived to describe how the current-
voltage characteristics of a heterojunction solar céll can be related

to its quivaleﬁt circuit. Finally the definition of the efficiency

and the solar spectrum will be given.

3.7.1 Light Generated Current (JLO)

For simplicity, it is assumed that all useful generation in the
CdS/Cuzs.cell occurs in the p-type (narrow band gap) material, of
thickness x énd optical absorbtion coefficient a(A)., with radiation
of‘intensity %3 and energy hv incident normally on its free face. The
number of photons absorbed per unit time per unit volume is thenIoa(A)/hv
The relation between the number of electron-hole pairs produced andlthe
number of photons absorbed is defined as the quantum efficiency, Q.

In the steady state, the bulk generation and réébmbinétion rétes
for eleqtrons and holes are equal. Thermo-dynamic eqﬁilibrium holds

m* o~ o, -13
within the bands and the carrier relaxation time (rr’= Hm /g =~ lQ s )

is much smaller than the effective minority carrier life time TI; The
recombination rate can be represented by a linear function such as

-_‘An/T " in the p-type and AP/T in the n-type material. For an ideal
A p

. heterojunction the total current flowing across the junction is

qVv
o : kT

(3.22)
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Where the pre-exponential reverse saturation current is (Ref.30).

9D p .9D n S
JO = P + _.n p (3.23)
o) n
Here, L. = (D 1 )12 , D = u kT/g are the diffusion length and
n n n n n ' :
the diffusion constant for electrons in p-region, and Lp = (Dp Tp)%,
Dp = up kT/q are the corresponding quantities for hbles in n-region.

np, P, represent the electron and hole concentration irn the p- and the

n-regions réespectively.

The carrier densities increase under illumination fron np to np + Anp

and from pn to P, + Apn due to the absorbtion of photons. Hence the

saturation current density under illumination becomes:

) qkL q Ln
Js = “B'r (p, +op ) + p (n_ + Anp)
P n .
(3.24)
or
K] qlL AP qL An
J = J_+ P__ 2 4 n__p
o o T T
P n
so the photogenerated current is given by
. L L :
= P _n ’ : 3.25
JLo E Apn T + Anp T . ( )
p n '
If equation (3.25) is rearranged taking into account that
I o)) Q1 I o) Q¢
An = ° Q and Ap = ° P
p hv n - hw
it becomes
L Io alr) Q ( |
L B q (L. + L) .
© o . PR T (3.26)
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The magnitude of the light generated current, and hence the perfor-
mance of the solar cell is determined by a'multitude.Of factors, these
include:.(l) the intensity and spectral distributioh'ef the incident
light, (2)the reflection from the cell layers, (3) ;he specific absorb-
tion of the active layers, (4) the bulk and surface recombination
processes, (5) the mobility of the carriers, (7) gross defects such as
grain boundaries and cracks in the active materials, .In fact JL
(essentially the short circuit current v Jsc) is important in determining
the power output'of the cell, and the relation between the light generated
current JLo and JSC is controlled by the interface;cellection facto;,
since JLo = Jsc + JLr where JLr is the return current path to the p-type
materlal via the interface states. At the junction,we'can write
J = g SI n' where nI is density of electrons at the junctlon, SI the

Lxr

effective interface recombination velocity and J = g n, Hoy F2 where
sc 4

F2 is the field at the junction (n-region) in the light and Moy is the

electron mobility in n-type material. Thus the relationship between

J_ and J becomes
Lo s¢

u, F
I A (3,27)
. . SI'+ “2 F2
.2V
"As may be seen in equation 3.27 the field F, (F, = ;;—f-) at the
-d

junctlon and the 1nterface recombination velocity are the key parameters

in determining the fraction of light generated current which forms the

measured short circuit current.

3.7.2 Equivalent Circuit and Diode Equation

In the previous section the discussion has béen concentrated on

unilluminated p-n junctions, neglecting a series, Rs and parallel shuni.

resistance, R In fact, considerable series resistance may -arise from

sh”
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the bulk n- and p—layer and from contacts. Losses occurs from the
junction leakagé and change the current paths via pa?allel or shunt
resistance across the diode. The sclax cell is usually presented as a
lightdependent,current'generator iﬁ pérailel with_a diode and the
additional series and parallel resistance, so that-the.resulting
equivalent circuit is as shown in Fig. 3.3. where RL represents a load
resistance. When a junction is illuminated, the light generated current
is usually_assumed to be added linearly to the dark diode current, so
that the characteristic shifts downwards, and the infersections of the
curve with the current and voltage axes are called fhe shorf circuit
current,dsc and open ;ircuit Nqﬁqge;:voc reSpectivel?. The effects

of RS and Rsh

are displayed in Fig3.3(a). Thus taking these effects into account it

on the light current-voltage characteristics of the cell

is common practice to write the current voltage relationship under

illumination as

(3.28)

Here J is the current density, Joi and Ai are the -current and diode
factors for ith mechanism, V is the voltage across the device, and

other parameters have their usual meanings.

3.7.3 Efficiency of Solar Cells and Fill Factor

Fig. 3.4 shows typical dark and light J.V. characteristics for a

solar cell defining the open circuit voltage (Voc) short circuit current.

(Jsc). The maximum of the current voltage product on the light J-V

curve gives the maximum power point, Jm, Vm' Thus the maximum powex

output of the cell can be represented by the shaded ;ectangle, and

defined as P = J V , and the efficiency, n, of a solar cell is
: max m m
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- FIG 33 (a) SIMPLIFIED EQUIVALENT CIRCUIT FOR SOLAR
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then the ratio between the electric power which can be extracted at

the maximum power point and the input poWer density (usually expressed

. =2 pmax : . o
inmWoem ), n =" /pin' The maximum power output can be written in

terms of J and V as p =J_V_ x (Fill Factor)} here the fill
sc oc max "SC oc ,

factor is given FF = (vam/J V ). 1In practice d , V and FF are not
s oc sc’ oc

totally independent of one another., For an ideal situation with neglécting -

resistance
seriesAand shuntqbndUdvniﬁzand one dominant mechanism equation (3.28)

becomes
av
J = Jo expl — -1 - Jsc (3.29)
AkT C
so that Vv
oc
' J
v = BT oagn 14 =€ = (3.30)
oc q 3
o}
The condition for maximum power output is
L @ V)l = 0 (3.31)
av v=v
m
d ' aVv . .
i — ' - - =0 3.32
i.e. Jg v {exp - 1 ‘ Iee v 1. ( )
dV’ AkT Vo=V
m
since Jsc/Jd >> 1 the solution of Eq. (3.32) can be written as
gV qV o ,
1 0+ 2 ) exp 2 = —%E ' (3.33)
AkT jAkT (o]

Similarly the current density Jm for the maximum power can be found

by differentiating the maximum output condition for cufrent.
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The current at thg maximum power point is,
. . | q Vm
g, = .- 3J | exp (KFF_ )-1‘ | (3.34)

So that the fill factor can be written

gV v 3 qv ' :
FF = TV = 3 -1 - 5 exp — - =1 (3.35)
sc oc oc sc AkT
but .

| 4 Voc |

JSc =J_| exp -1 (3.36)
AkT
" Thus Eq. 3;35 becomes
v |- ' (exp (@ V_/BkT) - 1) _ :

FF = V—_' 1 - - . (3.37)

oc (exp (g VOC/AkT - 1) :

Once Jscis known all parameters gf the ideal solaf cell can readily
be determiﬁed from the J-V characteristics. As is clear from the treat-
ment above, the diode factor A and the current factor, JO are the most
~effective indicaéors linking the solar efficiency and the electrical

properties of the junction.

3.7.4 Solar Radiation

The spectrum of sunlight extends from the ultraviolet through the
visible to the far infrared as shown in Fig 3.5(Ref (32)). Solar light just-
outside the earth's atmosphere is described as having anAinﬁensity of air
mass O (AMO) corresponding to 138 mw/cmz. The air mass 1 (AMl) spectrum
represents_the sunlight at the earth's surface for optimum weather conditions

" with the sun at the zenith, leading to radiation with an intensity 6f.about

100 mw/cmz. The air mass 2 (AM2) spectrum in Fig 3.5 represents the sunlight
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received at the earth's surface when the sun is at an:angle of 600, leading

" a total incident power of 72-75 mw/cmz. The major differences between sunlight
in space and at the earth's surface are that uitravioie; light is filtered out
by ozone in the upper layer of the atmosphere and iﬁfraréd removed from spectrum

by water vapour and C02.

3.8 MECHANISMS IN CdS/Cu,S AND (CdZn)S/Cu28 PHOTOVOLTAIC CELLS

S photovoltaic cell has been under continuous study since

The CdS/Cu2
. . (33) . ;
its discovery three decades ago , and following the report by Palz
et al(34); the anCdl—xs alloy is also being investigated intensively as

a better collector material for the Cuzs absorber since this combination
offers the potential of higher open circuit voltages. Some of the many

models put forward to explain the conduction mechanism in the CdS/Cuzs'

junction are summarised below.
The concept of the CdS/CuZS heterojunction was first proposed by

' " . (37)
Cusano(3s) and supported by Keating(36). Before that Woods and Champlon( )

and Grimmeis and Meming(se) had suggested that the CdS/CuZS cell operated

as a p-n homojunction i.e. there p-type layer of Cds was formed by heavy

. : ’ 39
copper diffusion into an n-type substrate. Williansand'Bube( ) also

suggested that the phenomenon was associated with some kind of metal

. (40
semiconductor junction. Then evidence from the Philips Labs. ) and from

the Clevite Corp.(4l) confirmed that the device was indeed a p-n hetero-
 junction of CdS/Cu S. Since then the various models proposed to describe

the conduction mechanlsm in CdS/Cuzs structures have’ been summarised by

' (41)
several workers : Crossley et al. (1968)(42), van Aeorschodt et al (1971) '

. ' (45)
Stanley et al (1975)(44) , R. Hill (1978)(17), Savelli et al (1979) .

At the conclusion of the Clevite research programme for NASA on the

mechanism of the photovoltaic effect in CdS/Cuzs devices the level of under-
(46)
standing was summarlsed by the so-called@ Clevite model of Shiozawa et al. .
In the

Many of the basic ideas incorporated into this model remaln valld

Clevite model the cells were essentially considered to be p-i-n junctions,
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with a nearl& degenerate p-type layer of cuprous sulphide with a thickness
of about O.3vpm, an approximately intrinsic layer éf cadmium'sulphide

(&1 um) compensated by copper produced during a sensitising_bake at 200°¢c
and an n-type layer of cadmium sulphide Fig.3.6. Sﬁiozawa et al(46)
proposed that the major photocurrent was generated in'the cdprous sulphide
layer-and that the cell was basically an anisotype heférojunction. In
order to explain most of the experimental observations, the'Clevite model
relied heavilonn the idea of an intrinsic i-layer in ﬁhe cadmium sulphide
because the measurement of the fate of copper diffusion in Cd4s suggested 
that the CdS close to the junctioﬁ would be quite strongly compensated

by copper acceptor centres. Thus this layer would ‘be photoconductive and
intréduce an illumination dependent.series resistance and a junction bqrrier
height which changed under illumination. In addition, the i-layer would
afféct the spectral response and response time of thg cell. A similar

(47) (48)

model was proposed by Mytton . Gill and Bube and Van Aershodt

et al(43) criticised the Clevite model in connectién'with the non-observation
of ﬁhe'series resistance of the i-layer in high forward current in the

dark. Moreover, the increase in the short circuit currents at very low
levels of illumipation and the long persistence of photocurrent enhancement
effects by secondary light cast doubt on the Clevite model; As a result

Van Aershodt et alf43) suggested a model in thch the barrier height and

the occupancy of interface states changed under illumination.

In an early model proposed by the Stanford group’ (Bube and his co-

(48, 49, 50)

workers form the Stanford group) , it was considered that the

heterojunction had a conduction band spike and that tunnelling through

this spike and recombination via interface states played the major role in

determining the mode of current transport. It was assumed that after heat

treatment, the tunnelling probability was controlled by the occupancy of

deep levels in the CdS depletion region at 0.3 eV and 1.1 eV above the
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'valence band. In the dark, acceptor impurities widen the depletion layer
reducing the dark current. Illumination decreases the aepletion width
and restoresthe forward current, Figh.7(a). Later ﬁéhrenbrueh and Bube(Sl)
emphasised the dominance of tunnelling—recombinatioﬁ current through inter-
face states and deep levels, which were caused by lattice mismatch andvﬁhe
diffusion.of copper into CdS, respectively. However a.more recent major

modification is the assumption of a negative conduction band discontinuity

(52)

instead of a spike. The recent model described by Bube is shown in

(53) have investigated the parameters controll-

Fig. 5.7(b). Haines and Bube
ing the photovoltaic properties of CdS/Cuzs heterojuhétions and concluded
that the behaviour-of JSC and Voc is des;ribable in terms of a deep donor
" like level (with an ionization energy of about 0.45 eV)in the CdS region
adjacent to the me£allurgical interface. The effects of these céntres
were sumﬁarized aé: (I) Deep levels can greatly increase tunnelling
cgrrents by prodﬁcihg the large,elecéric field ﬁear'tﬁe_interface and

by shortening the required tunnelling distance. (I1) They may also act
"as interface recombinafion centres. (iII) AThey change the interface
collection eﬁficiency.

Massicot(54) proposed a model with.an interlayer mgtérial with a
band gap of 1.8 eV (probably Cu1_958’ djurleite) whiéh can be created and
d%ésipated at the intérface by a thermal and photoéhemical processes
respectively. This model was also used to discuss thelhigh voltage cells

reported by Chamberlin et al(ss).

Te Velde(56'-57) has investigated the CdS/Cuzs structures and discussed
the effects expected if the conduction band discontinuity changed from a
notch to a spike. He assumed that during the sensiﬁizihg heat treatment

while copper diffuses into CdS, oxygen penetrates to the junction inter-

face where it forms electron traps. As this takes place the barrier between

CdS/CuxS increases. For the case of a notch in the conduction band,
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te Velde foﬁnd that the electron current injected inté the CdS is small
compared to the recombination current a£ the junction. Thus the.relation--
ship between the interface recombihation velocity andrfhe velocity of
electrons at the top. of the barrier defines the amount .of photogenerated
éurrent grossing‘the junction into C4S. He also coﬁcludédAthat the open
circuit volt&ge should increase as thénotch in the conduction band
decreased FigB.é; When a spike in the conduction band appears at the
junction, te Velde sﬁowed that the photocurrent collection efficiency
should decrease as the spike height increaseS; whilst the open circuit
voltage should femain independent of spike height. The“optimum éase

should be reached when the conduction bands are lined up (Fig.3.5)i.Deb et a1 "8

56)

with interface states caused by oxygen

-trapping at the interface, to explain the improvement of the performance

of the cell with different heat treatments.

Martinuzzi et a1559, 60) have adopted the model of multi-step tunnell-

: ' _ 22 :
ing through interface states proposed by Riben and Feucht( ), to explain

the tranqu;t mechanisms in CdS/CuZS cells ip single crystal and thin
film fo;ms.- Since the tunnelling mechanism seemed t§ be'reduced when CdS
single crystals were used they concluded that localized levels related to
crystallogréphic defects, assisted in the multi-tunnelling. With the

' (60)

CdS/CuéS single crystal photovoltaic cell (Fig3.9), Martinuzzi et al

have'pfoposed that the diffusion potential is 0.82 eV and that the junction

A’has a notch in the conduction bands with a depth 0.14 eV, resulting in a

valence band diécontinuity‘of-l.34 ev. Tﬁey found that the Fermi level was
0.1%Z eV below the conduction band in the bulk CdS and b.ﬂ5 ev below the
conduction band;iﬁ the depletion region, suggesting that only slight com--
pensation occurred in these single érystal cells. They also showed that
at low‘forward bias and room temperatqre; the:mal activation was réquired,

with the activation energy'of 0.65 eV, in'yrderfullylto explain the forward

. current mechanism.
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BGer(lO,_Gl, 62, 63, 64, 65, 66)

has considered carrier transport

in CdS/Cuzs and (CdZn)S/Cuzs heterojunction structures in great detail

and has claimed-a self consistent physical theory qf the current-voltage
relationship without invoking the superposition principle. He has

analyzed the‘chemical and crystallographic nature df the junctions,

including a consideration of the space charge double layer caused by

charged dangling bonds along the dislocation network and its compensation via
cﬁarge defects(64’ 65). He has concluded that the agnsity of interface
dislocations decreases when the lattice mismatch beﬁwéen ﬁhe two‘componeﬁf
semiconductors.is reduced in which case the space Eharge, and consequently
the height of the potential spike are also decreased, with decreasing

lattice misﬁatch: (I) a decrease in current is expectéd at first because

of the widening of the potential spike then the cufrent increases again

as carfiers mer over the reduced barrier; (II) tﬁe daﬁgling kond
density and hence the intérface recombination, decreases, causing Voc
to increase, even the ﬁeight of the spike decreases.: Béer has estimated
the electron trap distribution from the slope and bias of non-ideal diode
cha;acteristics near the maximum power points using thg kinetic method he

has deveioped(66). In Boer's final model(lo)

the phqtévoltaic méchanism
was analysed paying special attention to the boundary conditions between
emitter (light absorbed region) and junction (space charge region). Bl8er
Alclaimed'that‘these boundary conditions connected thé current, determined
by emittér/junction boundary, with the potential drop in the junction,
determined by the same conditions, and defined the current-voltage
characteristic for cds/Cu,S and (CdZn)S/Cuzs cells.which would not
require the application of the superposition principle.

‘Partain et al(67) have suggested that a space'éharge limited current
théory with reasonable parameters could provide a quantitative model for
S heterojunctions left unexplained

the gross electrical properties of CdS/Cu2

by the standard model.
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Since 1976, the Institute of Energy Conversion in Delaware (USA)

has consistently applied the interface recombinatioh model to explain

the behaviour .of the cds/cuzs cell ¢ )(see Fig 3.10). In this model Rothwarf(ss)

concluded tha; the simple thermal excitation model gives far too low
current density and that the most probable mechanism:ét room temperature{
near the maximum power point, is thermally activatéd tunnelling éf electrons
from the conduction band of CdS into interface states ‘with sﬁbséquent.
recombination taking place close to the interface. NopFactivated tunpelling
of eleéﬁrons and ﬁunnelling of holes from the valeﬁce 5and of the copper
sulphide were regarded as important only at low voltages. The model of the
‘Delaware groﬁp has almost taken into account all the.well documented
phenomena such as : the large photocapacitance (69'70), the cross-over
between dark énd'light J;V curves, infra-red quenchingl and enhancement
effects, and time dependent phenomena all stem fromzéhanges in the space
charge:region of éds rélated to deep hole traps ; the-feversible effects
onV and JSC with exposure to various ambients are associated with

(71,72)

changes in the stoichiometry of the thin copper sulphide layer.

(15 o ' . .
Recently, Rothwarf( ) has summarised the main features of the model as:

(1) In the dark the diffusion voltage in optimiéed cells appears

exclusively in the Cd4s.

{(2) The dominarit current mechanism in the dark is via interface

(68)

states at the CuZS/CdS junction . The cross-over between J-V curves
measured in the light and in the dark is due primarily to the long time it

takes to establish steady state conditions in the dark. This long time

constant results from the direct participation of deep levels in the CdS.

(3) Current generation in the light takes place almost exclusively

in the Cuzs layer. The magnitude of the current dehsity JLO depends on the

'following.parameters of the CuQS: the thickness 4 ; the absorption co-

efficient a(}) ; the electron diffusion lengfh Lrl ; the surface recombination
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velocity S ; the drift field Fl in the CuZS ; the radius of the grains ;

the refractive index n ; the surface topology. Other factors which

determine J are'thé’mode of operation of the cell (front—wali, or back-

10
(73)

wall or reflection modes) and the nature of the’incident radiation.

(4) The short-circuit current density,Jscié related to the light

Lb through the interface collection factor

which determines the fraction of the current crossing from the Cuzs to

generated current density J

the cdS that reaches the contacts. The'expressionAfor,the relationship
is given in (3.27).

(5) F, is determined by the diffusion voltage'va, the densities

2

of shallow donors, the density and distribution of deep levels and the .

intensity and wavelength of the light reaching the Cds space charge

. (69,74)
region .

(6) The capacitance of the cell as a function of voltage, light
 intensity and heat treatment can more'eaSily be explaihed in terms of the

ionization of deep levels in the CdS than on the basis of a compensated

, 75 .
region of finite extent( 5'76).

(7) The general expression for the J-V relationship includes other

current paths (see Fig 3.2). However the dominant interface recéombination
. . . (68)
path determines the open circuit voltage .

(77)

S heterojunction solar cells ; Das et al.

with 2Zn C4, _S/Cu,

(78)

propdsed that the transport mechanism was interface recombination. Burton

has shown that the junction model is basically the same as that for CdS/CuZS

but modified to allow for the change in the anCdl-xs band parameters.

He concluded that the difference between CdS and anCdl_xS cells could be

attributed to processes occurring in one or more of ‘three cell regions :

the Cuzs, the interfacial region and the compensated region of anCdl;xS-

Oktik et al}79) have shown that thermally activated tunnelling via interface

states is the dominant carrier transport mechanism in anCdl_xS/Cuzs

single crystal cells.
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CHAPTER 4

EXPERIMENTAL TECHNIQUES

4.1 INTRODUCTION

This chapter is devoted to a description of the major experimental
techniques and the equipmgnt used in the present work; In the first section
a brief summary of the crystal growth techniques uéed and the method of
determining lattice parameters is given. In the following sections the
fundamentals of scanning electron microscopy (SEM)'andA;eflection electron
diffraction (RED) are described. In section 4.5 ana seétion 4.6 the equip-
ment and experimental arrangements employed for current-voltage and spectral
response measurements are summarised. Finally, a system to measure the
capacitance voltage characteristics and photo-capacitance is touched on
briefly in section 4.7.

4.2  CRYSTAL GROWTH

One of the typlcal features of II-VI compounds is that although
>lall the elemental components have relatively low meltlng points, high
temperatures are needed to melt the compounds. For instance, while Cd melts
at 321°C and S melts at ll9oc, the cds compound has a melting point (under
a high external gas pressure) of 1475%. At reduced pressures the compound
sublimes and because of this II-VI compounds are’f;eéuently grown from

the vapour phase. With this technique there are three éopular methods of
’-grqwing large crystals. They are :

(1) Sublimation of the actual compound.

(2) Reaction of the constituents in the vaéour phase.

(3) Chemical transport using a carrier gas.

The technique, which has peen used in this laboratory, is based on

(1)

the sublimation method developed by Reynolds and Czyzack Piper and

2 ' .
Polisé 2mproved the technique and established a temperature gradient along

the growth ampoule. Thus the material was transported from the hot to the
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cooler end of‘the tube. The growth ampéule was then moved relative to the
furnace as the crystal grew. Clark and Woods(3) -modified fﬁe system by
placing fhe unsealed growth‘ampoule inside an argon fiiled furnace tube
and allowing the two tubes to communicate via a nariow.opening. This method
employed horizontal furnaces, which resulted. in the p?éctical difficulty of
aligning the ampoule along the central axis of the growth tube. This in
turn gave rise to a non-uniform radial temperature gpaéient which led to
uncontrolled. growth. To solve this problem, Clark and Woods (1968)(4)
introduced a vertical system using sealed growth tubes. The experimental
arrangement of this system is illustrated in Fig 4.1.

All singie crystals used in this research were‘grown by this same
technique of which the main stages are as follows :

(1) Purification of stafting material : Impurities in theAstarting
material can be very important in controlling the préberties of CdS and
" {Cd2n)S crystals. Therefore high purity commercial CdS powder (BDH Optran
grade) was purified by sublimation in a continuous-stieam of argonF3) . The
Cds powdef was placed in a boat in a silica tube and maintained at GOOOC |
for four hoﬁrs while a stream of high purity argon passed over it and
removed volatile impurities. The temperature was then raised to llSOOC
to sublime the éds which was transported to the lower teﬁperature region of.
the tube leaQing non-volatile impurities behind. Thé outcome of this process
was the production of Cds platelets and rods. This process was not used
with 2ZnS, because the temperature required was too high. Instead, ZnS
starting powder (BﬁA Optran) was outgassed and subliﬁed in a coﬁtinuously
pumped tube.

(2) The charge (platelets for CdS and CdS platelets mixed with
vacuum sublimed ZnS fqr (cdZn)S was loaded in the growth ampoule which

was evacuated and sealed. The charge was held at 1lSo°c in the growth

ampoule which was connected via a narrow orifice to a long tail containing
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a reservoir of cadmium or sulphur. The temperéturé of the tail was
adjusted to provide an appropriate vapour pressure over the evaporating .
éharge. Higher reservoir temperatures were required as the zinc content
increased. In fact with mixed crystals the charge Wésvfirst converted to
a solid solution of (CdZn)S in a reverse temperature gradient, then as the
capsule was pulled and the growfh gradient was devgldped the various
vapour species diffused to the cooler regions where super-saturation occurred
and crystals grew.. |

As is well known, the crystallites of evaporated films of Cd4S are
columnar with their +c axes approximately perpendiculaf to and pointing up
from the substiate (5). ‘Thus in order to comparevceils_érepared on single
crystals with those prepared on thin films, deviceé were generally formed on
the (oooI) planes of the single crystals. Since the growth axis of a single
crystal boule did not usually coincide with the c-axis, x-ray back reflection
was used to orient the boules.

4.2.1 X-ray Powder Photography

In order to determine the lattice parameters and the composition of

mixed crystals, X-ray powder photographé of crushed anCdi_xS' (0g x¢ 0.5)

crystals were taken using 2 to 3 hours exposures. The'patterns were
_ (7 '
indexed using a graphical method '). Since hexagonal crystals are

characterised by two variable parameters a,,and c¢,,the plane spacing equation

7
“is (7
1l 4 h2 + hk + k2 12
— = — +
2 3 2 c2
dhk]_ a, o
. o

This equation is combined with Bragg's law A=2 dhkl sin® where A has a

' o . s
weighted mean value of 1.5418 A for Cu Kal and Cu Ka2rad1;tlon,_to calculate

the lattice parameters a and c. .
' ) o
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4.3 SCANNING ELECTRON "MICROSCOPY

In an attempt to analyse the surface topography and examine the
electrical'properties of CdS/CuZS and (CdZn)S/CuZS heterojunctions on a
_microscopic scale, the devices were studied in a Camoridge Stereoscan 600
scanning electron microscope (SEM) . The basic componente of the SEM are
shown in Fig 4.2 schematically which-are the lens syStems, an electron gun,
electron collectors, visual and recoraing cathode ray-tﬁbes (CRT's) and the
associated electronics. The SEM may be used in several different modes
where the signals derived from the different~lnteractions between the.electron
beam and a speclmen are collected and used to form an image. The various
interactions are summarised in fig 4.3 and details canxbe found in Refs (8)
and (9).

Most of our work was done in the secondary emission (SE) mode in
which the secondary electrons emitted from the specimen surface were
collected by an Everhart-Thornley (ET) detector copsisting»of a scintillator
and photomultiplier. Tﬂe low energy secondary electrone are not sufficiently
energetic to excite the scintillator. 1In order to accelerate these electrons;
therefore, the scintillator was held at a potential of about +14 kv, and to
protect the 1nc1dent beam from the influence of the high scrntlllator
surface potential, the scintillator was surrounded by a'Faraday cage which
could be biased_either<250v positive to collect the primary back reflected
and secondary electrons, or 250V negative to collect the primary electrons
only. In our work, the Faraday cage was held at +250 Vv in tﬁe investigation
of topographic contrast. The scintillations produced by accelerated secondaries

are transported via light pipe to the cathode of the photomultiplier to

. initiate a cascade of electrons. In this way a very large gain with very

little noise is obtained.

Secondary electrons can only escape from a'depth of less than 100 -9

for most materials. In such a thickness most of the electrons may be assumed

direction, so that as

to be travelling nearly parallel to the incident beam
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the specimen is tilted away from normal incidence, the length of the beam
path which iies within 100 X of the surface increasés.“ Consequently, the
sécondary electron coefficient increases markedly as_a:function of increasing
angle of tilt. Thus 5 sample with facetted featufes will provide a good

SE image because the facets are tilted at various aggles to the incident
beam.- One of the most interesting aspects of SE imagés of rough samples

is their direct resemblance to the same sample illuminated b? light and
viewed optically. A detailed discussion of image formation in the SEM may

: (8)
be found in several texts (see for instance the books by Holt et al and

. (9)
Goldstein et al - ).

"one of the SEM modes heavily used in this study was the Electron
Beam Induced Current (EBIC) mode, salient features of which are described

in Chapter 6.

4.4 REFLECTION ELECTRON DIFFRACTION (RED)

The reflection electron diffraction studies we#g carried out in a
JEM 120 transmission electrdn microscope (TEM). The RED technique provides
informatién about surface films, surface perfection; crystal structure,
the degree of preferred orientation of crystallites at the surface etc.,
The technique is easy to apply and observations are straightforward. to
interpret.

In RED an electron beam with energy in the range of 10 to 100 kev
produces diffraction effects from atomic planes at the sﬁrface of crystalline

specimens. If the Bragg diffraction requirement is fulfilled

= i 4.1
A 2dhkl sin® ( )

where the wavelength,) , depends on the accelerating voltage and varies
from 0.12 to 0.04 £ in the energy range from 10 to 100 keV, dhkl is the
interplanar spacing and © is the angle between the beam and the atomic

planes (the Bragg angle). A typical interplanar spacing is of the order
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of Angstroms (X), so that to obtain a diffraction pattéfn the Bragg angle
varies between 1.5o and 0.50. Consequently, in the RED technique only
those crystal planes that are inclined at less than a few degrees to the
surface of a'spécimen will diffract an electron beaﬁ; ‘The conditions
necessary to produce an electron diffraction pattern are illustrated in
Fig 4.4. Each plane (hkl) in real space produces a.;eCiprOCal lattice
point (the reciprocal lattice point lies on a line perpendicular to the
~ real space planes) if the incident beém is incident ;t the Bragg angle (0)

then a diffraction spot is formed on the fluorescent screen placed at a
distance, L, from the sample. In three dimensions thélBragg reflection
condition may be determined using a geometrical modél known as the Ewald
sphere construction (Fig 4.5). 1In this graphical rééreSentation of Bragg's
law of diffraction, constructive interference arises only if the reflection
sphere intersects a éoint in the reciprocal lattice (point B). As the
radius of this sphere is 1/) , it is very large compared with the reciprocal
lattice distances of 1/d1.1kl for the diffraction of_é beam of high energy
electrons, and the sphere may be approximated to aAplane_section through
the reciprocal lattice. Therefore the RED pattern obseryed corresponds to
the plane section of the reciprocal lattice which lies éerpendicular to the
' direction of the incident beam.

The usefulness and advantages of RED compared withAx—ray techniques

. . (10)
are as follows (Russell ).

(i) In forming a diffraction pattern, the beam penetrates a much

smaller volume of material (the depth of penetration of .an electron beam

at glancing incidence is only of the order of 100 R for very smooth surfaces,

(although it is deeper for rough surfaces).
(ii) Changes in the complete diffraction pattern may be clearly

observed on a fluorescent screen as the crystal orientation and diffraction

condition are varied.
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(111) For the photographic recording of RED patterns the exposure
time is typlcally of the order of seconds, for X-rays 1t can be several
tens of minutes.

(iv) As the Bragg angle for RED is so smallj(ﬁ lo) a pattern
coveriﬁg a large number of reflections in reciprocai space can be recorded
on a flat photographicvfilm (with X-rays a large angular spread of patterns
has to be covered) .

{v) Becausé the planes in real space lie abproximately parallel
to the incident beam it is easier to visualise the ttansformation from
real to reciprocal space.

Examination of diffraction patterns from reai_épace planes enables

lattice parameters to be calculated using the camera equation for the

(10) .
). However, certain crystal orientations -

microscope (A L = thldhkl
give rise to stgndard, easily recognisable patternt which provide clear
information about the structure at the surface. In the present work the
RED technique was heavily used to identify both the}trystél structure of
polished and etched cdS and (Cdzn)S surfaces prior to the chemlplatlng
process, and the phase of the copper sulphide layers formed on these

surfaces after chemiplating.

4.5 ~ MEASUREMENT OF CURRENT-VOLTAGE CHARACTERISTICS

Current—voltage characteristics were recorded in the dark at

different temperatures, and under AM1 illumination at room temperature.

Simulation of AM1l illumination was accomplished using 1.5 kW quartz-halogen

strip lamp with a parabolic reflector housing, and a 2.cm deep tray of

flowing water as a filter which reduced the infrared content. The source

was callbrated using a standard silicon PIN diode (type 10 DF, United

Detector Technology) and adjusting the distance between source and sample.

Measurement of the current-voltage characteristics were carried out point

by point using a high impedance Bradley voltmeter (type 173B)
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for voltage readings,and a low impedance Hewlett Packard amperemeter
(type 3465B) for current readings. In addition to this an automatic
current—vbitage tracer was also used to monitor theAEhanges in the device
characteristics. During the measurements the cell ﬁas maintained in a

- yacuum. Tempéréture dependence of current-voltage characteristics was
studied using a cryostat, the main parts of which are shown in Fig 4.6.
The unit wasﬂdesignedAaround a 2 cm i.d. gas exchange vessel. This is
connected to a Copper specimen block fitted with a heater at one end and
to the liquidvnitrogen container about 1 litre capacitf at the other.

The pressure in the cryostat wés maintained weil belc?wAlO_3 torr by an
.Edwards 1lcc oil -diffusion pump. . Thermal conduction between the copper
heat exchanger block and the liquid nitrogen container was adjusted by
varying the pressure'of the gas in the exchange'vessel. Variable tempera-
tures were obtained by balancing the low temperatures:p?ovided by liquid
nitrogen and the heat provided by the heater on thg héaf exchange block.
The tempefatufe of the specimen was monitored using,a copper-constantan
thermocouple placed in close proximity to the sample. All qecessary
electrical contacts for measurements were made through 8 way glass-metal
seals at the top of the cryostat.

4.6 MEASUREMENT OF SPECTRAL RESPONSE

'The response of cells was recorded over a wavelength range from
0.4 to 2.0 um using a l.'Batrr and Stroud" double prism monochromator,type
VL2, fitted with a Spectrosil {A' silica prism. A 250 watt 24 volt
'quarchalogen lamp driven by a d.c. stabilised powerlsupply was used as
the light source. The energy distribution of the source at the exit slit,
which includes the varying dispersion of the prism monochromator was
; measured using a thermopile with a combination of light‘chopper and lock-in
amplifier. The light was chopped at a frequency of ib Hz. 1In addition an

éccuxate recording of the spectral distribution of energy at the exit slit

over the wavelengths 0.45 <A<0.95 um was made using the silicon PIN diode
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(type 10 DF). = The distributions measured with both detectors were
almost idéntioal, Fig 4.7. In order to-avoid the‘effeots of wavelength
drift in the monochromator, the calibration procedure oas repeated using
a sodium source. Throughout the work the width of the entrance and exit
slits was adjusted to 0.5 um. The devico under test was mounted in a
cryostat which had the facility of a second window forvsecondary illumina-
tion. The cell was alwafs illuminated from the fropt.(front-wall mode) ,
and the temperature was monitored. The photovoltaic ourrent and voltage
were measured using a Keithley Elecé&ometer Model 602 which has an input
impedance ofllol4ohms for voltage measurements and veiy low input impedance
for current meosurements. Thus ,recorded VOC aod I;C soecéra are adequato
approximations to the open circuitﬁooltage and shoft circuit.current
conditioné. The output of the electrometer was traoed by a Honeywell
Electronic:(Model-l96) high impedance chartirecordef; A block diagram

of measurement system is shown" schematically in Fig 4.8.

4.7 MEASUREMENT OF JUNCTION CAPACITANCE

The junction capacitance of the CdS/Cuzs and (édZn)S/CuZS devices
was measured as a function of bias voltage and the Qavelength of the
incident light using a phase-sensitive detection techﬁique.' A Brookdeal
"ortholoc" model 9502 wéo used for all these measurements. A block diagram
of the circuit arrangement is shown in Fig 4.9. The reference signal with
a frequency of 100 KHz and a poak—to—peak voltage of 20 mV was provided
by a Brookdeal 5012F oscillaoor. The circuit shown‘in Fig 4.9 was designed
to measure the capacitance and conductance at high frequencies. To be able

to measure the correct value of capacitance and conductance with this

arrangement the conditions given below have to be fulfilled

R << 1/G_ and wazcx << G

L X X
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then the voltage across gk\is given by

\Y =V R G +jw
T s L ( X J Cx)

~

This can be represented by two voltages, one in phase with the signal
voltage,'Vs, nameiy Vs RL/Gx,and the other in quedreedre with Vs' namely’

Vs RL@ Cx. Thus both voltages can be measured simg}taneously using a

two channel phase sensitive detector to provide information about the
conductance and capacitance. These measurements were made.in both

forward and reverse bias using an inteérated circuic voltage ramp with a
scan rate adjustable from 1 sec/volt to 1000 sec/volt. The ramp voltage
was fed directly to the x-input of a Hewlett Packard X-Y-T recorder model
7041 A, and either the in-phase or quadrature outéut was fed to the Y-input
to display_C-V and G-V characteristics.

Before every ﬁeasurement, the system was celibrated using standard
silver-mica cepacitors and the following procedure;ithe capacitance of the
device was roughly estimated and the nearest available standard capacitor
was connected across the test points. Next,the ortholoc phase control was

adjusted until the in-phase component (conductance) read zero, and then

the device capac1tance and conductance values were compared with thls.

4.7.1 Infrared Quenching of Photocapacitance

A technique in which photocapacitance spectra}are recorded with
the dev1ce under continuous bias illumination, allows the rapid characteri-
sation of deep-traps in a semiconductor. A comprehenf;ve discussion of the
technique can be found in the report by Sah et al

In our work the steady level of bias light coriesponding to the
fundemental absorption edge of CdS was obtained by fiitering'tbe light

. from the guartz-halogen source with an Oriel 5200 band pass and infrared

absorption filter. This excitation served to create a steady population

of holes in levels below the Fermi level of the CA4S and electrons in
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- trapping centres above it. Thus as the monochromatic probe illumination

was scanned from a wavelength of 2 um to 0.4 um, the probe light upset

this population by the excitation of electrons from the valence band into

hole traps, or of electrons from the levels above the Fermi level into the

conduction band. As a result, the space charge distribution was altered,

ower

" and the capacitance changed to a new value which was greater or 1

according to the nature of the transition involved.. The superiority of

the photocapacitance technique when compared with that of photoconductivity

is that it can be applied to low resistivity samples and also determines

whether electron or hole traps are involved.
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CHAPTER 5

'ANALYSIS OF CdS/Cuzs SINGLE CRYSTAL PHOTOVOLTAIC

CELLS

5.1 INTRODUCTION

The results to be described in this chapter ;how that’CdS/CuZS
photovoltaic cells on single crystal substrates can be:prepared with optimum
efficiency in their és—plated state provided that they afe produced under
suitable conditions in which the surface preparatioh, tﬂe bulk resistivity
of CdS and the stoichiometry of CuxS are properly contrélled. In an attempt
to optimize the parameters involved, the various stageé in the preparation
of cellshave beén extensively investigated and ultimate behaviour of the
devices has been corrélated with different aspects ofzthe preparative
procedurés. "In section 5.2 studies of the surface ﬁreatment prior to the
~ formation of the copper sulphide have been maae, usiﬁg‘the techniques of
reflection electron diffraction (RED) and scanning giéctron microscopy (SEM),
and the surfaces are classified according to the treaﬁment given. The
following section is concerned with the work on the.,quificafion of the
chemipléting technique and the formation of CuxS, aé'itAcontrols the phase
and the_thicknéss<of the layer. Once again the SEM and.TEM were the main
tools employed. Sectiors 5.4 and 5.5 are devoted to the evaluation of devices
fabricated under different conditions in their as-made state. Current-
voltage characteristics were measured in the dark and~undér air-mass one (AML)
illumination and the spectral distribution of-voc and Isc>were also
determined. Further, the operational parameters of the cell have been
analyzed'and related to the preparative parameters. Finally, in section 5.6
the effects of a post barrier air-bake on differently classified devices

are described in some detail.
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5.2 STRUCTURE OF POLISHED AND ETCHED (000l) CdS SURFACES

The devices used were fabricated on dice with dimensions of

3 .
4x4x2 mm~ cut from large single crystals of CdS grown.in this laboratory

using the techniqﬁe described in chapter 4, section 4.2. The single crystal

boules were first oriented using X-ray back reflection  techniques and then

cut into slices 2 mm thick with the c-axis perpendicular to the large area

- faces. Sawing with the diamond wheel leaves the slice with severely work

damaged surfaces. Chemical etching of these surfaces to remove the work

damaged layer resulted in very rough surfaces with numerous large hillocks,

steps and kink sites.

In order to remove saw marks and produce physically

smooth surfaces before the chemical etch was administéréd, some of the slices

were polished, by hand on a polishing pad, or on a iapping wheel using

alumina powder of different particle sizes. They ﬁere then cut into dice.

Other slices were cut into dice first before being polished. The CdS

single crystals. were entirely hexagonal as grown (RED_examination).

However

the mechanical pollshlng of surfaces obv1ously disturbs the hexagonal

structure of CdS single crystal, Fig 5.1 shows the reflectlon electron

diffraction (RED) pattern from a Cd4S surface after mechanlcally polishing

it with 1 um alumina powder. The diffraction rings in this pattern indicate

the existence of a polycrystalline layer of CdS on the surface.

Inspection

of the relative radii of the first three rings shows they increase in the

sequence‘/g, /5, /11 and are indexed as the (11ll), (226) and (3ll)reflections

(1)

of the cubic sphalerite phase of CdS A similar cubic pplycrystalline surface

layer is produced on single crystals of CdSe and ZnS by mechanical p

When the surfaces of single crystal CdS were polishea'with alu

olishiné

mina of particle

size greater than 5 um the same phase transformation to sphalerite cubic

was observed, but additional diffraction rings were pr

pattern obtaeined from these samples and these w

a-alumina, Fig 5.2.

esent in the RED
ere indexed as arising from

In fact this observed phase transformation £from wurtzite

to sphalerite is a well known effect of grinding or ball-milling hexagonal
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" phosphor powders and was first reported in 1948(2),

In generél, during the fabrication of Cds cells the ads is usually
etched prior to_iunction formation. Although a number of etchants have
been examined in this work (such as H2804, solutions of Cr203 in H2504,HF),
the use of a concentrated HCl etch was found to belthe best for producing

high performance cells.

The etching of CdS single crystal dice in Hél-enabled the two poiar
surfaces to be distinguished(3). thhing,therefore, wés a very important
stage of cell fabrication, not only for the identificafion of polar surfaces
but also for the removal of the polycrystalline léyéf,on the surface. After
etching for a few seconds the RED pattern shown in Fig 5.3 was obtained.
| 1t shows features from both the polycrystalline layer and the underlyiﬂg
hexagonal single crystal. In addition, there are érqs of intensity passing
through many of the diffraction spots of the hexagonal structure. In fact,
the SEM examination (in the.SE mode) of the surfaces'of'samples etdhed'for
less than 5s.indicated that they still exhibited evidence of daﬁaged surface
regions (see Fig 5.7). However, by extending the etéhing period (v 20s) a
‘hexagonal single érystél pattern of CdS could be ob;aiﬁed, Fig 5.4.

SEM examination showed thatletching of the ﬁgchénically polished
sulphur‘face (OOOi) of cds always produced etch hillocks on ;his plane.

However, topoéraphic features of these hillocks were féund to be related to

the type of surface treatment which had been given prior'to etching. Here-
after the samples, cut from slices which were mechanically polished by hand
will be called type A dice, and those first cut into dice from unpolished
slices then hand polished will be called type B dice. Comparison of Figs 5.5
and 5.6 demonstrates the differences in the surface topography of hillocks

- on ﬁype~A and typé B surfaces which have been'mechanically polished with 1l ym

alumina powder and then etched for 30 s in concentrated‘HCl. Other samples

' polished on a lapping machine as a group of slices or dice using alumina of
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1 um particle_size appeared to have a similar surface topography to that
shown in Fig 5.5.

In order to determine the relative effécts which the etching period
and particle size of the alumina had on the etch pattern, the samples were
polished with alumina of 1 and 5 um particle size (as in~type A preparation)
and then etched for 5 é, 15 s, 30 s, and 60 s in concenérated HCl at room,
temperature. In Fig 5.7 (a) and (b), the resulting SE micrographs show the.
relative development of etch hillocks. Extending the etching period on both.
samples polished with 1 and SIum alumina results in l&rger hillocks on the
surface. However, a similar etchiﬁg period gives rise to a 1argér hillock
size on the surféce polished with 5 um particles of alumina, Fig 5.7 (b).
when the hillocks increased in size, ledges and kink,sités developed
simultaneously 6n their sides, but the density of thesetfeatures on the

hillocks Qas cqnsiderably greater for samples polishéd with the coarser
particle size. |

An etching period of 30 s in concentrated Hcl‘af room temperature
was chosen for the'preparation of devices as a compromise on the basis that
shorter etching periods ﬁight not result in the removal of all of the poly-
crystalline work-damaged layer, whilst longer periods produce ledges and
kink sites on hillocks. In fact the etching period df'30 s was sélit into
two stages, the .sample was first etched for 20 s'affer>mechanica1 polishing.
Next an indium ohmic contact was applied to the cadmium basal'plane (usually)
simp;y by pressing on a pellet of indihm wire>(m 0.5 mm thick) and heating
'in an aigbn atﬁosphere at about 200°C for 10 minutes to melt the indium.
| fhe second stage of the

Tn this way an excellent ohmic contact was achieved.

etching process lasting 10 s was carried out j

ust before the heterojunction

was formed.
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5.3 THE COPPER SULPHIDE LAYER

The p?imary role of the copper sulphide in Cds And (CcdZn)S hetero-
junction cells is as a photon absorber. Thus its properties determine the
light-generated current qﬁo. Because of its importancé the parameters
involved in its preparation have been studied in detail. The first step
was the improvement of the chemiplating technique .by,three significant
modifications, which gave better-control of the stoichiometry of the CuxS
formed on the CdS. Following fhis, in an attempt to S§udy the conversion
process more closely, the rate of formation of Cu é using different techniques
.was examined. The phase of the Cu S produced under different preparatlve
conditions and the phase changes resulting from further treatment were
monitored using fhe RﬁD technique. Moreover, the diffusion'lengths of
| minority carrieré in Cuxs were measured (see Chapter.6) using the EBIC
technique.

5.3.1 Formation of CuxS on Cds

-

The aim of this part of the work was to improve the chemiplating

technique to gain control over the production of the chalcocite phase (CuZS)

of copper sulphide.‘ It is well established that chaicoéite, Cu2S is the

only Cu S phase yielding high photovoltaic conversion efficiency when combined

4
with Cds( ) The basic method was essentially similar to that described by

Caswell et al( )with three important modifications. For the sake of complete-

ness, the ‘recipe for the chemiplating technlque can be summarlsed as follows:
(L) 75 ml of deionized water was heated in a closed reactlon vessel and
then oxygen free nitrogen gas was bubbled through the liquid to remove any
dissolved oxygen.
- (2) i2 ml of concentrated HCl acid Qas added to the.water, heating
'commenced and the nitrogen gas flow was continged.

(3) 7ml of hydrazine hydrate solution was -added to the solution to

produce a pH of 2 to 3 as measured by narrow range pH paper.
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(4) .l g of CuCl was added and the pH checked.

(5) After heating the sqlution to 95°C the pH was checked again and

- 1f necessary cérrected by using a small amount of HClor hydrazine hydrate.
(6) Cﬁemiplating Qas carried out at about 95°C.l‘Tb limit the growth

of CuxS to the desired plane (usually the sulphur planéf all other faces

of the dice were maskéd with acid resistant lacquer. The dice were then
immersed in the solution for a time depending on the thickness of the

layer required. 4After chemiplating, samplés used initially to be washed

in methanol and dried in. the open laboratory. " However, it wa§ found

that methanol dissolved some of fhe copper from the‘Cu;s leaving a less
copper rich phase behind. In order to produce the.chalqocite phase of

Cu S reproduc1bly, a number of modlflcations were made. -

(i) Before the CuCl was added to the chemlplatlng bath, it was washed

in ‘a 10% solution of HC1l to remove any Cu2 (cupric) lons. It was then
rinsed in acetoﬁe and dried.in a vacuum. |

(ii) The dice were etched in concentrated HCl for 10 s and then pre-heated
in de-ionised watef at 95°c before being immersed inzthe chemiplating
solution. ' . : o | | .
(iii) After.immersion for a required time in this'sﬁlut;on, the dice wefe
washed in de-ionised water and dried in a stream of ary.nitrogen.

In fact when cells were made without these threé modifications, it
was very Qifficult to attain reproducibility of the phase of the Cuxs.
However, after these modifications were incorporated géod reproducibility
and uniformity of the chalcocite layer on the CdS &éé achieved.

The chemiplating process takes place in the solution by conversion

ofmemswC%&'%eﬁ@thMrwamn

Cds + 2 CuCl “— Cu?_s + Cdc12 (5.1)

occurs producing a layer of CuZS on the surface whilst cadmium chloride goes

into the solution. This kind of conversion in which l'Cd_atom is exchanged
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+ , :
for 2 Cu atoms leaving the sulphur sublattice intact is called topotaxy.

5.3.2 Thickness of the Cu S laver and Rate of Growth

Thermodynamic considerations of the reactiqn (Eq. 5.1) indicate
that it is highly favouredlin the forward direction (for the standard free
énergy values see Ref 6) ). In order to study thevfactors governing the
rate of conversion of single crystal Cds to Cuzs, the ﬁhicknesses of the
grown layers have been measured using two different methods.

(L The first method involved chemical dissolution of the Cuzs layer
in 1 ml of fuming HNO3.acid and dilution of this sélution with 4 ml of
de-ionised water followed by a spectrophometric analysis of this solution.

The accuracy of the assessment of the quantity of Cu in solution
~was quite high with this technique. Heﬂce thickneséés wefe calculated as
a function of plating time using the measured coppe;-coﬁtént and assuming
the copper éulpﬁide layer to be a slab (the nominal a&ea:used was 0.16 cm ).
The results are tabulated in Table 5.l1. |
TABLE 5.1: Thickness of Cu,§ layer on etched (0001) plane of the CdS as

a function of the chemiplating period determined by thé chemical dissolution

method.
Dipping Time ' Cu measured calculated
(seconds) } (ppm) Thickness (um)
1o° . 4.4 0.95
30 8.6 4.70
60 34.4 7.40
120 69.2 14.50
300 157.2 34.00

The major error in this method is associated with the ver

y complex
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topographical area of the Cuxs surface and the CdSeCués interface.
Indeed this error is very largg for short period platiqg and decreases
_as the immersion period is extended. For instance, the actual area of
Cuzs is thouéht to be four times larger than the nominal area in a 10 s
dipped cell. Thus the actual thickness of the CuZS~IAYer is probably

Aabout ~n 0.25 um.

(2) The second method used to determine the thickness of the.CuZS layer
was to examine a cleaved cross-section perpendicular to_the junction in the
SEM using the SE mode. Fig 5.8 illustrates some typica; cross-sections

for Cuzs layers grown on the sulphur plane of etched Cds for plating periods

up to 1 hour. The average thickness values measured are given in Table 5.2.

TABLE 5.2 : Thickness of Cu.S layers on the sulphur plane of etched Cds

2

as a function of the chemiplating period. Thickness. measured from cleaved

cross-section of junction using the SEM.

Chemiplating Average Thickness
Period of Cuxs layer um
20 seconds 0.98
30 " 1.97 .

40 " 3.1
60 " 45.42
80 " 7.00

120 " 9.98

180 " , 13.85

240 " _ 16.25

300 " ' 18.90

1 hour 85.00

The variation of thickness with plating time describes an approx-

imately parabolic shape as shown by the curve in Fig 5.9 with the open

. circles. In the same figure the triangles demonstrates that the thickness
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of the CuZS layé% is proportionai to the square rodt of the time for
periods from 20 s up to 300 s. Howevér, this straight line does not

go through the origin indicating that the initial conversion process cannot
be described by the same parabolic law.

Unfqrtunately, with the technique used it Waé not possible to
meaure the thickness of the converted layer for plaﬁing periods shorter
“than 20 s. |

With the CQZS layer grown on mechanically p&lisped surfaces and
on the faces at different crystal orientations, the rate of growth was
found to be strongly dependent on the surface prepérétién and crystal
orientation. This is demonstrated by the SE micrographé shown in Fig 5.10.
where the thlcknesses are 5.42 um, 2.67um, 2.20 um and 1.05 um on an
etched (0001) surface and (000l) surface on a pollshed surface and on a

randomly oriented etched surface.

5.3.3 The Phases of Copper Sulphides on cds.

The phases of CuxS layers grown on the Cds ‘single crystals have

been studied using reflection electron diffraction (RED). The fundamentals

of this technique are described in chapter 4. In fact RED has been employed

' ~ ~ 7,8,9
by several workers to investigate the phases of the'CuxS.systems(" ! ).

The composition region of interest for solar cells extends from

i | . hases with
chalcoc:.tg (CuzOS) to the hexagonal phase (Cul.B-l.%S) Thus pha

composition outside this range were not investigated. Furthermore, the layers

were usually formed on the sulphur faces (OOOI) of the cds, so that the

junction approximated to cells prepared on CdS thin films. As is well known

the crystallites of an evaporated CdS film are columnar, with the 4+C axes

approximately perpendicular to the substrate(lo). 'Ih.addition to this ,

diffraction patterns taken from the CuxS layers grown on the cadmium faces

(000l) of CdS were less sharp than those from CuxS on the sulphur faces,

‘pecause the smoother surface of the Cd plane gave

rise to streaks through
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the diffraction spots.
Throughout this work the phase of the CuxSAlayer on every cell

has been investigated at various stages : (1) immediately after chemi-
plating,'(2) after depoeition of the top gold contact, (3) after ;he
administration of apost barrier air-bake (4) at vafioue intervals while

the samples were left in the open atmosphere for periods of up to one year.

As electrons onlylpenetrate the-surface of a meterial to a depth

- of the order of tens of Angstroms, the information previded by the RED
technique is limited to thin layere. The observed REp.patterns were
associated with a particular phase or mixture of phasee'by comparing them
dlrectly with. those reported by Russell and WOOdS(g): | RED patterns
correspondlng to two low index directions which lay in the basal plane

of the cds substrates, and which were releted by a 30° -rotation about the
c-axis of CAS were iheestigated. When the electron beam is incident parallel
to a <lOIO>.direction (or a-axis), the orientation ie‘referred to as
" a "normal" orlentation, and when the beam is parallel to a <ll20>direction
the-orientation is described as a "30° position". The RED patterns obtalned
at the normal orientation and after a 30o rotation fof one of the devices
which was chemiplated u51ng a modified technique at 95 C for 10 s are shown
in Figs 5.11l(a) and 5. ll(b) respectlvely Follow1ng the paper by Russell

and Woods( ) these patterns are identified as the chalcoc1te phase of

copper sulphide corresponding to the [Loo ] and [010] zone axes respectively.
Because the ['1oo] and the [010] zone axes are orthogonal the pattern shown
in Fig 5.11(b) is expected after a 90° :otatioh of the ‘sample about the c-
axis from the position in which the pattern in Fig 5.11(a) was obtained.

In fact a 30°.rotation'around the c-axis resulted in the pattern in Fig 5.11(b).

Nevertheless a 9CP rotation gave rise to the same péttern. Thus, even though

the spot pattern indicates a single crystal structute,'there must be different

, A o ' e .
sets of grains which give rise to the "30 position" pattern. This conflict

may be explained by the crystallographic relation between the hexagonal cds
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and the‘orthorhombiC'Cuzs.. ‘It is well known that.the CdS c-axis and
chaicocite afaxis coincide(ll), and as shown in Chapter-2 (Fig 2.1(a)) the
:héxagonal cds lattice has three equivalent but geometriéally different a-axes.
Hence there are three'éossible orientations with the>common c-axis for the
orthorhombic chalcocite to come into existence on the sulphur sublattice of
the hexagonal CdS topotaxially. Fig 5.13(a) illustrétés‘these three possible
orientations of the unit cell of chalcocite relative to the CdS substrate
(labelled L, M, R). Sﬁch grains might be expected tovéive rise to more
compléx RED p$£terns. However, the reasons for the observed single crystal
spot patterns and the appearance of the [010] zone axis reflections after a
30o rotation can be understood in the light of thé:preceding discussion,
see Russell and WOOdS(g). when the beam is incident along the a-axis
[ldbj& of the unit cell M it is also incident along«<4§t§y directions in
each of the unit cells labelled L and R (i.e. the othef possible two grains
of chalcocite). Russell and Woods(g) have shown[thét_reflections from the
different orientétions are coincident within the liﬁits of experimental error.
In a similar way an eléctron beam incident along tﬁe b-axis, EOIb]»
directions of the unit cell M, is simultaneously incideﬁt along <4i¢f?
directionsvin the_unit.dells L and R. Again, it caﬁ bé’shéwn(g) that the
reflections from thé two different zone axes are coiﬁéident within the limits
of the technique. Thus even though the patterns in Figs 5.11(a) and 5.11(b)
o grovpsos |

arise from three differeﬁ;(grains of chalcocite, they appear ;s a single
crystal spot patterh. Further,the relétively more intense refleétioﬂs, which
" form thé sub—lé;tice 6f patterns in Fig 5.11(a) and 5.ll(b) can be attributed
to these éoincident diffracted beams from gréins in each of the possible
orientations. - |

Evidently fhen the appearance of é pattern expeéted from the [010]

o o
zone axis, as the sample is Jjust rotated through 30 , instead of 90 , can

'be attributed to the beam incident along the b-axis of the unit cell L or R
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4depending upon the directioﬁ of rotation about the c-axis. In fact,

a 90o rotation of the sample from the normal positrocvgave rise to |

'the same partern. Thus the positions reached by_a"Bco or a 90o rotation
from a normal position are identical.

By following the same method, the RED patterns given in Fig 5.12(a)
and 5.12(b) were found to correspond to reflections from the [100] and the
[010] zone axes of the djurleite phase of copper sulphide respectively.

These patterns were obtained from the sample chemiplated at a lower tempera-
ture (v 850) A similar analysis can be carried out fcr the crystallographic
relatlonshlp between orthorhombic djurleite and hexagonal CdS since the
principle involved is the same for each phase of copper sulphide. 1In additioh,
in comparing the unit cells of chalcocite and djurleite (Fig 5.13(b)), the
spots' at double distance apart in the RED patterns in Fig 5.12(a) and 5.12(b)
can easily be explained using reciprocal lattice vectors.

Although no eQidence of djurleite was detectedvin the RED patterns
- from the CuszIAYers obtained using the improved chemiplating technique
described earlier a small amount of djurleite was always present in these
layers. EQidence for this comes from measurement of the photoresponse
described in sectron. Evidently any small deviation in the plating
parameters results in a large change in the compsoticn:cf»che Cuxs layer.
Before the chemiplating technique was modified, the RED petterns quite often
indicated a mixture of the chalcocite and djurleite phases. .Figs 5.14(a)
and 5.14(b) show the RED patterns from a mixture of chalcocite and djurleite
‘at normal orientation and after 30 rotation.

The phase produced by chemiplating a CdS single crystal -Cds at
about 70°C in the modified plating bath yielded the RED patterns shown in
Figs 5.15(a) and 5.15(b). By analysing these in the same way as before it
has been established that they can be attributed to e pormal and 309 position

of hexagonal grains of Cuxs (1.96 <x 51.8)(11).' In fact a close analysis ofj

the djurleite RED patterns revealed that they  contained some hexagonal CuxS .
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Because the djurleiﬁe and the hexagonal phases have ehe same a-axis in

the same sulphur sublattice, it is difficult to deteet a small quantity
of the hexagohal-phase in the presence of the predominent djurleite phase
and‘viee versa. Because CAS and most of the eoppef~su1phide phases have a
virtually identical sulphur network(ll) and the cadﬁi@p or copper atoms
'take on various types of ordering within this frameeork one may easily be
converted to another.

5.4 PERFORMANCE OF AS~-MADE Cds/Cuzs HETEROJUNCTIONS AS SOIAR CELIS

After the identification of the phase of Cu%S:oe the single crystal
cds, electrical contact was made to the copper sulphide layer with an
evaporated gold electrode 1l mm in diameter. Current-voltage characteristics
were then recofdea for all devices both in the dark end under 100 mw/cmz(AMl)
incident illumination. These provided an insight into the basic electrical
behavicur of a cell and also into the relationship between the performance
of a cell and its preparation. | |

As-plated CdS/CuZS heterejunctions formed on the sulphur planes of
optimum resistivity (0.5 - 5.0 Q cm) undoped Cds crysfals can be divided
"into two groups as far as their dark diode charaeteristicsland photovoltaic
performance are concerned. A junction formea on a eulphur plane with etch
'features:similar to those shown in Fig 5.5 (type A surfaces with an array

of smooth facetted hilloeks) carrying a layer of chalcocite produced by the

optimised plating process exhibited .the following featﬁres : (1) excellent
rectification (ii) small leakage current and high breakdown voltage (25V)'in
reverse bias and (iii) high performance as a solar cell with efficiency

‘n(aML) of up to 5.3% and fill factor of 0.69. An additional important

property of these cells was that no significant deterioration occurred

during Storage.in the laboratory atmosphere for three months. Typical current-

under

voltage characteristics of such a type A cell measured in the dark and

AML illumination are illustrated in Fig 5.16.
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In contrast,vcurrent—voltage analysis of devices formed on type B
surfaces (Fig 5.6, with numerous kink sites and ledges,én the sides of the
hillocks) using the same plating procedure revealed the following features
(i) poor diode behaviour in the dark‘with very'highﬁleakage current,

(ii) poor phdtdvqltaic behaviour with an as-made efficiéncyr n(AML) of about

0.3%and fill factors of 0.25. Representative curreﬂt—vditage characteristics
for as—platedAtype B cells are shown iﬂ Fig 5.17. Thetrectification and
photovoltaic pérformance of type B devices was bettér.fpr cells formed on
faces with fewer ledges and kink sites.‘ Nevértheless a device made on a .
type B surface'cpuld never be made to achieve the e#cellent rectifying and
high photovoltaic pérformance of cells made on type A surfaces.

Another interesting feature is that the current;voltage character- -

istics of as-plated type A and B devices measured ih the dark and under AML
illumination converged towards each other at high forﬁérd-bias and did not

' cross over. With each type of cell the revefse voltage curve under illumina-
tion can approximately be described as the displacemént downwards of the dark
reversé curves by an émount deiermined by JSC'

In order to assess the importance of etching‘the surface of CdS before
preparing the Cu;S }ayer a number.of junctions were formed by growing the
Cuxs directly onto as polished surfaces. The resultayf cells exhibited
reasonable dark-diode characteristics (Fig 5.18), but under illumination
light3inducéd reéerse breakdown occurred at about -l.OV. Further, in forward

bias the light and dark characteristics crossed ove? éven in the as-made
condition. Both the light induced reverse bias breakdown and the forward

bias cross-over became less significant as the chemiplating period was extended.

faces were

The photovoltaic properties of the devices made on polished sur

far inferior to those of devices made on etched surfaces.
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5.5 SPECTRAL RESPONSE OF AS-MADE DEVICES

In an attempt to determine whether there wés a correlation between
the spectral iesponse anthhe overall performance of a device under AML
4illumination, the spectral dependence of Vbc and Iécvof almost every device
made was measured. ‘The second purpose of these measuiements was to provide
information about the fundamental device mechanismé ;nd to relate the RED
observation on the Cuxs layers to the spectral response. The response of
cells was recorded over a wavelength range from o.4ito 2.0 um.

The spectral distribution of V and ISC at room temperature (22°C)

oC
for a device prepared using the improved plating teqhnique, is shown in
Fig 5.19. The layer of copper sulphide was identified as predominantly
éhalcocite from RED examination. The important fea;ﬁrés-of these spectral
response curves are : (1) the shapes of the VbC aﬁd iSC responses are very
oC at the maximum point ip the specfral response

‘similar;(Z) the magnitude of V
was five timeé‘less than that ﬁeasured under AML (100 mW cm_z) illumination,
whereas the difference was two orders of magnitude for'ISC;(3) both Vbc
and Isccurves showed the maximum response at about 0.96 um with a broad
shoulder in the vicinity of a 0.70 um, while the peak at 0.52 um was only. .
just apparént at the same sensitivity. However, when the sensitivity was

increased fivefold the existence of the peak at 0.52 um was more evident.

The curves in Fig 5.19 were obtained from a device Whiéh had good rectifica-

tion .characteristics and high photovoltaic efficiency Xtype A device). The
spectral distribution of VOC and ISC for as-prepared type B cells with
for type

predominantly chalcocite layers were very similar to those observed
A cells with chalcocite layers. However, the magnitudes of the maximum

responses were nearly three times 1less than those for type A cells. In

Fig 5.19 the two major peaks at wavelengths of 0.96 um and 0.70um correspénd

respectively to the absorption of light across the indirect band gap of
chalcocite (1.2 eV)(lz) and across the direct band gap of djurleite

(1.8 eV)(l3) The small peak at 0.52 um represents the photovoltaic

C
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response accompanying light absorption in the CdS."

As indiéated earlier before the chemiplating and drying process
were 1mproved the reproducibility of the chalcocite phase was not high.
RED examination: has shown that the layers produced were quite often
mixtures of chalcocite and djurleite in various ratios.. The relative
spectral responsé of'V’oc for as-made cells on which CuxS layers have
been identified as (a) chalcocite (continuous line),_(b)'chalcocite
dominant (dashed liné) and (c) djurléite dominant (dashéd—dotted line)
mixtures of chalcocite and djurleite are shown in Fig 5.20. In this
diagram the chapge in the ratio between the two longer.Qavelength responses
givésAfurther eyidence for the association of the péa#s at 0.96 ym and
0.7 uym with absorption in the chalcocite and djurleite respectively.
Incidentally, the response at 0.52 increased as the éeak at 0.69 um
(djurléite) increased.

In order to demonstrate the correlation between.the phase éf CuxS
‘and the spectrél response of a cell_ more clearly, fhevspectral distri-
:bution of Vbc and ISZ for devices formed by chemiplating at 85°c and 70°¢C
are shown in Figs 5.21 and 5.22 respecitvely. As described earlier (5.33)
RED examination showedvthat the phase produced at 85°C was wholly djurleite
and that at 70° C was hexagonal Cu S (1.96<x<1.8). It is well established
that a lower platlng temperature leads to a thlnner layer of copper sulphide
: overall(l ). Thus, as the plating temperature was rgduced to 80 C_and 70 (o]
jts duration had to extend to 15 s and 20 s. respectiQely in order to ensure
that the thickness of the copper sulphide was.comparable to that produced
at the customary chemiplating temperature (95°c). wirh a cell formed by
chemiplating at 85°c(Fig 5.21) two large peaks were apparent at 0.69 and
0.52 um; There was a small shoulder near 0.96 um. The large response at
the band gap of CdS indicates that avconsiderable proportion of the light

passed through the CuxS layer to be absorbed in the underlying cds.
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The spé¢tral distribution of V_, and I, for a.cell formed at
7d°c (Fig 5.22) showed that the largest response occurred in the vicinity
of the band gap of CdS and there was a relatively-sméil, broad response
centred at about 0.66 ym (1.88 eV). However, there was still some
sensitivity at 0.96 um.

-6ne'further point to emphasize is that thereAwas no significant
change in the spectrél responses of the as-made celis Ghen they were |
additionally illuminated with green monochromatic (0.52 um) radiation.

5.6 ANALYSIS OF CdS/CuXS HETEROJUNCTIONS AFTER POST BARRIER AIR-BAKE

After the necessary measurements were completed oﬁ the as-plated
CdS/CuZS cells a "conventional” heat treatment in,éif was adﬁiﬁistered
at 200°C for different periods. Then the effects 6f this treatment on the
parameters.of the various devices were determined. .

5.6.1 Cell performance

The results shown in Figures 5.23 and 5.24 have been obtained from
. o o
type A and type B cells subjected topost barrier air-bakes at 200 C.

These figures demonstrate clearly that a "conventiohal 2 minsgost;barrier

air-bake" led to a very small increase in VOC' and:-a considerable reduction

in J.. ,in the type A cell (Fig 5.23). 1In contrast there was a significant
improvement in the diode characteristics and  the photovoltaic performance

of the type B cells, Fig 5.25.

Vbc and Jg, were monitored at intervals during 4 minute air bakes

o - , .
at 200 C on type A and type B devices. The results are shown in Fig 5.25

(a,b,c,d). With type A devices VOc under AML illumination remained virtually

unchanged after 2 mins heat treatment. Heating for longer than 2 minutes

tended to degrade the VOC values, Fig 5.25(a). Conversley, JSC values of

type A cells - decreased steadily during the heat treatment. Heating for

: 2
2 mins led to a fall in JsCfrom 14.6 to 10.8 mA/cm , thereafter slow

o 2 .
degradation continued and JSc was reduced to 9.2 mA/cm after 4 mins
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(see Fig 5.25(b). The f£ill factor on type A cells wés not much affected
by the air bake, however after 2 mins it increased from 0.69 to 0.71 and
then decreasea to 0.67 after a total of four minutesvheat treatment,

Fig 5.25(c). In summary, the overall efficiency of the type A cell shown
was reduced from 5.3% to 4.1% after 2 mins of the air-bake and to 3.0%
after 4 minutes, Fig 5.25(d). In contrast type B célls were improved
considefably by a 200°C air bake. Figs 5.25(a) and .(b) demonstrate that
an initial one minute ﬁeat-treatment improved the values of VOC and JSC
from 195 mv and 6.0 mA/cm2 tp 400 mV and 2.3 mA/cm2 respectively. However,
‘the gain in fill factor was not optimum for this perlod (from 0.25 to 0.48).
ZXPOStbarrler air-bake beyond one minute led first to a very small improve-
ment and then a degradation in voc, but a 51gn1f1cant reductlon in JSC

By administering post barrier air-bakes for longer periqu (up to 4 mins)
it was found_that the optimum performance for theiﬁype'B cell was obtained
after a 2 mins air-bake, i.e. the £ill factor increas;d from an as-made
value of 0.25‘to 0.71 and the cell efficiency n(AMi)ffrom 0.29% to 2.5%.
Thereafter although the reduction in the fill factor'was almosﬁ negligible

the efficiency of the cell dropped to 1.5% as a consequence of the degradation

inJd__.
sC

The family of dark current-voltage curves in Fig 5.26 demonstrates

' that apost barrier air-bake improves the dark diode characteristic of the
junctions formed on Qery low resistivity Cds (p £ 0.05.9 - cm) which
exhibited ohmic behaviour in the as-plated condition.: However, although
the - diode behaviour of these cells can be improved drastically they gave

a poor photovoltaic performance with an efficiency 6f46nly 0.7% after 2 mins

air-bake (see Fig 5.27). Because of the comparatively poor photovoltaic

sen51t1v1ty of these devices, they have not been 1nvestlgated further.

An important feature of air-baked cells was that the current—voltage

characteristics of type A and B and of devices fabricated on low resistivity

cds and on polsihed surfaces measured in the dark and under aMl illumination
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crossed over each other as shown in Figures . 5.23, 5;24, 5.26 and 5.27,
This effect became more pronounced as the period of heat treatment was

extended.'

5.6.2 Phase Study (RED) After Post Barrier Air- Bake

The RED examinatioﬂ of devicés following post:barrier air-bakes at
200°c indicated clearly that phase changes occurred:ieading to copper
‘deficient phases of éopper sulphide._'When a device.Qiﬁh a good chalcocite
layer in the as-made condition (see Fig 5.11 (a,b) was heated for .2 mins, -
the layer gave rise to an RED pattern similar to that shown in Fig 5.14(5)
Iand Fig 5.14 (b) which corresponds to a mixture of a qhalcocite and djurleite.
As the heat t;eatment was extended a Eomplete phase ;réﬁsformation from
chalcocite td djurleite occurred. On‘those samples which were subjected
to 4 minutes heat treatment, extra spots appeared around the more intense
sublattice spots (see Fig 5.28). These extra spots were attributed to an
oxidation of copper sulphide at the free‘surface. Fufther, with cells
carrying a pfedominantly djurleite phase the heat treétmént produced a
transformation towards a mixture of the djurleite and:hexagonal phase.

A longer period of air-baking produced a complete phase trans-

formation to a hexagonal phase of CuxS (1.96 <x <1.8).

5.6.3 Spectral Response

Fig 5.29 shows the spectral response of VOc for a type A cell
after vafious periods of air baking. Curve A is for an unbaked cell
carrying.a layer of chalcocite. Curve B is for the'same cell baked at
200°C for 30 s, showing an increase in the response at 0.7 um and a simult-
aneous reduction at 0.96 um. A marked increase in thé vicinity of the
Ccds band gap was also apparent. Curves C apd D illustrate the results of
heating for one and two minutés respectively. While the relative response
in the near.infrared (0.96 um) kept falling, that at 0.7 um shifted
This broad respon;é

towards shorter wavelengths and increased in magnitude.

in a band near 0.63 um had a small shoulder on the short wavelength side.
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Moreover, the relative response at the band gap ofACéS became comparable
in magnitude to a larger peak. When an air bake ofA4‘mins was administered
to a type A cell, the spectral response shown as curve ﬁAwas obtained.
Curve E demonstrates that there was no response beyond 0.8 um. At shorter
wavelengths the sensitivity was confined to two bands at 0.63 um and at
0.51 um, but the relative response at o.Sl'um was maChjlarger.

Similar changes in the spectral response of Voé_of a type A cell
carrying a lower phase of CuxS were also observed. However, the replace-
ment of the as-made spectral response curve with one'resembling curve E was
achieved after a shorter air-baking period. :

Aithough the changes in the spectral distribution of Isc followed
a similar pattern to those of Vbc, the maximum peak response decreased
subsﬁantially. Furthermore, the overall response Qf‘ISC»did not parallel

Heat treatment of type B cells led to. a rather similar change in
the spectral response pattern to that observed with rype A devices. However,
there was one notable difference namely that while tﬁe maximum response
band moved to shorter wavelengths fts amplitude increased relative to the
magnltude of as-made maximum response at least for an- air baking period of
up to 2 mins. one further point to emphasize is that the spectral responses
of baked cells were quite different when they were 1llum1nated with a
secondary bias light. The effect of the secondary illﬁmination will be
_diséussed in Chapter 7.

5.7 DISCﬁSSION OF RESULTS

The results described in this chapter show that Cds/Cuzs photo-

voltaic cells on single crystal substrates can be prepared with optimum

efficiency without air-baking provided they are fabricated on etched

sulphur faces (oooi) of the CdS with the microstructural features shown
in Fig 5.5 (type A surfaces), and with suitable bulk resistivity. In fact,

a "conventional" post barrier air-bake at 200o C for 2 mins far from having
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beneficial effects on these cells, reduces that efficieﬁcy from 5.3% to
4%, (see Fig 5.25(d) ). 1In coﬁtrast, cells withAnoh—op;iwnal surface
preparation (typé B) or bulk resistivity which were Qery poor in the as-plated
~ condition wéré imprpvgd dramatically after two minutes air bake; Figs 5.24.
and 5.25.

In an attempt to identify those parémetefs asséciated with the
considerable differences in the characteristics ofltype A-and type B cells
(see Figs 5.16 and 5.17), it is necessary to under#tand:the importance of
the followihg‘staggs of cell fabrication: (1) the surface preparation prior
to formation of the copper sulphide layer (2) the chem;plating process
(3) the phase 'éf the CuxS layer. Finally; testing>and‘measurement of the
parameters of the cell is important. When studying tﬁe effects of the @echanical
polishing whicb was -done to remove the cutting marks during the dicing, it
was found that the polishing process produces a thin; pélycrystalline,
sphélerite_cubic layer of CdS at the crystal surfaqe~(see Fig 5.1). The
next stage in sample preparation is to remowe the polyérystalline layer by
etching'ih_céncentrated HCl. HCl is a selective etcﬁ which etches CdS in
certain di;ections more rapidly than others. This preferential etching
| produceé etch hillocks on the sulphur face (OOOI) of Cds, Figures 5.5 and
5.6. However, after etching, pronounced differencéé,were observed in the
. microstructural features on the sides of hillocks of.séﬁples which had been
cut from hand-polished élices (type A) compared wifh:dice cut from unpolished
slices and then polished (type B surfacesf. The differénce may be explained
as follows ; When polishing relatively large areas the polycrystalline cubic
‘layer produced is much more uniform in thickness aﬁd in the distribution of
the built-in strain etc. thén it is in individﬁaliy polished dice consequently
the boundary between the po}?crystaliine layer and*the.underlying single
chstal wiil be more pianar and the aécumulation of defects less important

for type A surfaces than for type B ones. Thus as the etching proceeds
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through the polycrystalline layer,‘HCl attécks seleéﬁively where the
built-in stress and defects are concentrated(ls). ~The non-uniform
thickness of these polycrystalline layers on type B surfaces also alléws

the single cryﬁtal substrates to be reached locail§ by the étchant in some
regions beforé others. The RED micrograph in Fig 5.3 demonstrates the
mid—stége of the etching process showing features froﬁ both the polycrystalline
layer and the single crystal structure. These effects,in conjunction with
expected xifferénces in the etch rates of the polyérystalline layer and the’
_single crystal(16), are considered to be the major factors determining the
ultimate topography of the etched surfaces.

The ra;e of coppef sulphide formation on an et¢hed (OOOI) surface

of Cds was found to follow a simple parabolic law (d"= Yt) for chemiplating
vperiods from 20 s to 300 s in duration. However, the fesulting straight

line does not go through the origin. Thus, the initial conversion process
canhot = be dgscribed by the»same rule. It is thought that for short periods
( <20 s) the conversion process may be controlledvby‘aﬁ interface reaction
which is a linear function of time. After a certaiﬁ-fhickness of Cu#s has
been built up, the rate of formation becomes diffusion limited and follows

a parabolic law.v Nevertheless, it is assumed that the thickness of the
converted layér,after 10 s. chemiplating is in'the';éhge from 0.25 um to
0.30 um which is quite close to the measured'values of minority carrier
diffugion length_Lh, in CuxS (see Chapter 6). Ther? a?é conflicting reﬁorts

' : 17
on the growth rate of'CuxS on CdS single crystals. Shiozawa et al( )

' 1
Lindquist and Bube(ls) and more recently Kobayashi( %

. 2 (21)
time dependence, whereas Singer and Faeth( 0) and Buckley and Woods

described a linear

found that the rate of formation followed a simple parabolic law.
However, our measurements of the-thickness of layers converted in

4the same chemipiating period, on etched or polished surfaces, revealed that

the formaticn rate is considerably different, see Fig 5.10. These ‘observa-

(18)

who reported the

tions are at variance with those of Lindquist and Bube
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same growth rate for both etched and polished surfacés. Béwever, their
.work was done with very,thick layers and. extended plating times (shortest
2 hours), so that a direct correlation might not be éxpected.

Moreover our work has shown that the conversion of etched CdS into
Cuxs is relatively fasfer on the sulphur planes. A‘similar conclusion was

(3)

reached by Caswell et al . However, there are céntrédictory statements
in the literature. For instance, Miya et a1(22) in 1970, and Kobayashi(lg)
in 1980 came to an o?posité conclusion. The SEM images of etched surfaces‘
of Cds given in.the latter paper indicates that theuideﬁtification of the’
cd and S facés was'in_error and this may have_happénéd with Miya et al(zz).
The apparent contradictions therefore may in fact be in good agreement after
the polarity correction. Thé observed dependence of the growth rate on the
surface conditions and the crystallographic:éolaritYVOffers an explanation
for the non-uniform formation of CuxS on thin filﬁ'édé‘(for instance see
Ref (23) ) since the growth direction of some of'thg érains may deviate by
up to 25° fromfthe c-axis‘24). |

It has been feported conclusively by severélprrkers that the
chalcocite phase of Cuxs is the only phase yielding hiéh conversion efficiency
when combined with CdS(4'25'26). The RED wo;k describgd in this thesis was
~in clear agreement with this conclusion, showing that'the composition of

CuxS in good cells was dominantly chalcocite (Cuzs).l However, the correlations

between the spectral response of the device and the phase of CuxS, using an

. 27y
approach similar to that described by Caswell et al( ) indicated that a

small amount of djurleite (Cul.QGS) always exists witp éhalcocite in the
converted layer, Fig 5.19, i.e. the large response at the chalcocite band

gap (0.96 um) is always accompanied with a broad shoulder at 0.7 um (djurleite),
evén though the RED patterns showed no evidence of djurleite, Fig 5.11.

Béfore the modification of the chemiplating and drying process, the phase

of Cuxs produced under nominally identical preparation conditions was quite
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often identified by RED as a mixture of Cuxs phases (chalcocite'or

djurleite dominant, 25x§1.96). The spectral distribution of Voc for

these devices,shown in Fig 5.20, provides strong suppért for a direct
correlation between the phases and observed maximaAip “the spectral response.
The f:eqﬁent appearance of these different phases befp#e the plating process
was modified is attributed partly to the chemiplating jtself and partly to
the rinsing apd drying process. The commercial CuCl (cﬁprous chloride)
obtained was greenish in colour indicating the presgncé of some cupric (Cu )
ions. Thus when CuCl powder is directly added to the‘chemiplating bath the
presence of Cu+2 ions causes the formation of copper defficient phases of
Cuxs. In order to awoid.this CuCl was first washed_in_HCl to remer any

Cu+2 iops; Ih addition, by-etching the sample to be:plated, for a short
time and then preheafing it in deionised water at.95°c just before immersing
it in the platiné bath, the problems associated withvéurface oxide layers
énd thermal inertia were eliminated. Also by rinsihg with deionised water
and 'drying in a stream of dry nitrogen some of theigopper was prevented from
diésolving in the methanol.

.When these precautions were taken the phases prbduced were fully
under cdntroi. . After this, the RED studies of cells formed at 85° aﬁd 70°%¢
in a plating bath demonstrated that plating at the.iower temperature leads
to l@wer stoichiometry CuxS (djurleite énd hexagénél:reépectively). The
spectral'fespopées of these cells in the as-made condition were markedly
different from those produced using the original plating procedure. In
the spectral distribution of the djurleite samples the peak responses at
| 0.69 and 0.52 um are associated with optical absorption in the djurleite
and in the undérlying Cds'respectively, Fig 5;21. AThelspectral response of
cells prodﬁced by.chemiplating at 7006 indicated that the absorption of
lighi in hexagonai CuxS then occurs at shorter wavelengths (0.63 um) and
the fesponse at 0.52 ﬁm becomes relatively large. Thevspectral response in

the vicinity of the CdS band gap increases on going from chalcocite CuZS to
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djurleite, Cu S to hexagonal CuxS (1.965x<1.8), indicating that the

1.06
intensity of thevlight reaching the underlyihg cds inéréases. This can
be partly attiibuted to a decreasing absorption coefficient with increasing
copper deficiency(26), and although the samples were chemiplated for longer
periods at the .lower temperature, can be partly as%éciéted with the
decreasing tﬁickness ofvthe converted 1ayers(l4).

The spectral response is deﬁermined by the number of electron hole
pairs generated in the Cuxs and the CdS and the interface collection factor

(for details on the interface collection factor, see Chapter 3, section 3.7.1).

‘Type A and type B cells with chalcocite layers approximately 0.3 um thick had

negligible contributions from the cdsS in their as-made conditions, Fig 5.19.

Thus for these cells virtually all the current was photo-generated in the

Cu.S, so that the magnitude of the light generated current, jlo is determined

2
by the'inténsity and wavelengths of the incident light ‘and the properties

of the Cu2

length and the absorption coefficient. Measurements made here showed that

S léyer} such as the thickness, the minoriﬁy,carrier diffusion

the thickness and the phase, which determines the absotption coéfficient;

of Cuxs layers on type A and type B devices were the samé, and the specﬁral

Aresponses recorded for both were of similar shape although there was a

considerable difference in magnitude. Moreover the diffusion length, Ln
measured in the CuxS did not indicate any significant difference either

(see Chapter 6). Thus it is suggested that the density of electron-hole

pairs created ﬁnder defined illumination is the same for type A and type B

devices but there is an immense difference between their collection efficiencies

and this is the root of the differences in the opefational parameters. With

cells with the lower stoichiometry of CuxS the spectral response curves for

type A and type B devices were also similar but now the contribution from
Cdslhas comparable to the response from CuxS. ~ The spectral response of a

device irradiated with bias light (white or 0.52 um monochromatic) showed
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the same spectral features with the curves simply displaced. This suggests
that neither'the'intensity nor the wavelength of the light reaching the CdS
modulates the interrace collection efficiency in as-made devices. Since it
has been assumed that the light generated current density j 1O is similar

for type A and type B devices, differences in the cell performances must
be attributed to differences in the recombination paths through interface
states (this will be discussed in detail in Chapter 7). The examination of
large numbers of type A and type B devices in the secondary emission mode in
the SEM demonstrated that there is a direct correlatlon between the surface
features and the operational parameters of a cell. A similar relationship
has.been ebserved by Shirland(ls) and by Norian and Edington(24) for thin
film CdS/Cuzs devices. However, the complexities of grain boundaries and
different grain Orientations(24) in thin films do net allow a correlation

to be made between device characteristics and'specifie'surface features as
has been done with single crystal in this research; 'In Chapter 6 it will

be shown that kink sites and steps on the sides of etch hillocks lead to a
higher local density‘of interface states when a barrier'is formed on these
features. By extending this to include the entire'surface of type B device
with many kink sites on all of the hillocks, Fig 5.6, the interface betweeen
-Cds and Cuzs is expected to be similar to that drawn schematlcally in

Fig 5. 31(b), whereas for cells formed on type A surfaces with an array of
smoothly facetted hillocks, (see Fig 5.5) the interface will be as shown in
Fig.5,3l(a).; Although it is not easy to measure the interface parameters of
: with.

_CdS/Cu s hetero;unctions, the situation may be summarised as follows

2
type B devices numerous ledges and kink sites on hlllOCkS result in a higher

local interface state density which gives rise to correspondlngly higher
interface recombination velocity, SI (see Chapter 3, Eq. 3.8) ; such a change
Further, in the

in Si will affect the interface collection factor directly.

case of a high density of interface states, the probability of tunnelling to
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these states will be very high and as a conSequenee the effective barrier

and related electric field.in Cds will be quite low; which again directly
lnfluences the interface collectlon factor. So most of the light generated
- current jL in the type B cell, which crosses the Junction from Cuzs to Cd4s
returns to the Cﬁ2S via the interface states and the<measured JSC appears
to be very lew. In the dark, electrons with low energy tunnel from the
conduction band of the CAS into empty interface statee then recombine with
holes in the valenee band of CuxS, or holes tunnel from the CuxS valence
.band into occupied states in the C4dS then recombine with electrons. As a
result type B devices have very poor rectification ana a high leakage
current in their as-made condition. 1In addition, the achievable VOC and
the effecrive barrier is limited as Fig 5.17 shews,

Foliowing this argument the Jjunction formed,oe type A surfaces,

Fig 5.5, would be expected to have a mucﬁ lower denisﬁy'of interface states
which then, would arise mainly from lattice mismatch. This is indeed confirmed
by the excellent rectifying behaviour, photovoltaic performance, and the

small reverse leakage current of as-prepared type A devices, Fig 5.16.

For cells directly formed on polished surfaces of Cds, the cross-over
effect and light—induced breakdown in the as-made condition are thought to |
be associated with the underlying polycrystalline iayer of CcdS which is photo-
conductive. However, these effects disappeared after longer periods of
chemiplating thch is a consequence the conversion of the whole polycrystalline
layer to CuxS,as can be seen in Fig 5.18. The ohmic behaviour ef devices

fabricated on very low resistivity substrates (p < 0.05 § -cm) in their

as-made condition, regardless of their surface features, indicates that the

tunnelling probability is too high in cells with too narrow a depletion region

in the cdS. A similar effect has been reported in thin film CdS/CuZS

devices by Hall and Singh(zs).

When a post barrier air-bake is administered,it is generally accepted
that copper diffusion occurs from the Cuzs into CdS leading to donor compensa-

(17,28,29)

while copper diffuses into CdS,

‘tion in the CdS to a certaindepth
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another effect of air baking is to allow the diffuéion of oxygen to the

junction interface, where it forms electron traps(30).: Further, Deb and

Saha(31)

suggested the possible appearance of a thin insulating layer
_between the Cds and the Cuxé with the gradhal imorovement'of the barrier
in Cds with inoreasing duration of the air-bake. On the other hand,

: migration of copper from the Cuxs to theACdS increases the density of Cu
vacancies in CuxS. Cu vacancies act as acceptors, hence the hole density
and the position of the Fermi level are determined by these vacancies.

A change in the'stoichiometry and the sheet resistance of cuxs following
a post'barrier air-bake to lower values is also weli'established(32'33).

By taking these effects in account, in conjunctionAwith the discussioh of

the as-plated cell; the changes in the rectifyihg behaviour and in the
operational parameters of type A, type B cells following a post barrier
air~bake can be interpreted qualitatively as follows : first the barrier
_height of type B devices, which is low, improves as oxygen is absorbed at
the interface, and secondly the width of the tunnelling distance increases
following the diffusion of copper and the resulting oompensation. Thus the

| dark current-voltage characteristics of.type B and low resistivity based oells
impro#e with increasing duration of the air;bake. Since the barrier height
and the related electric field become progressively greater, and the inter-
face recombination velocity smaller, the light generated electrons which.
cross the junction will have a higher probability of being collected than
recombining via interface states (high interface coilection factor). Hence,
the photovoltaic properties of type B devices improve. On the other hand,

" the stoichiometry changes introduced by heat treatment reduce the light
generated current draSticaliy as a consequence of the reduction in the sheet
resistance(l3) and the absorption coefficient(4). Recently, the theoretical
calculations by Rothwarf and Windawi(34) indicated that a change in sheet

resistaﬁce by a factor of 10 results in a 20 to 40% change in JSC' and they



100
also demdnstrated tha; the experimental absorption dgta for Cuzs follows
a similar-trend, Although neither the absorption coefficient nor the
sheet resistance of the Cuxs layer has bgen studied iﬁ this work,RED
examination and spectral response'measuremenés have_éhbwn that the chalcocite
| tends to copper deficient éhases after a post barrigr air-bake. Figs 5.28
and 5.29. So.that while the light-generated current éecreases significéntly,
the interface collection factor of type B devices inCréases and the correspond-

ingivalue of JS rapidiy reaches a maximum, Fig 5.25(b),before falling after

C

the intérface collection factor reaches its optimum. if the heating in air
is prolonged‘afterAVEcreaches a maximum, copper diffuses: deep into the.bulk
and reduces the achievable built-in voltage and of course reduces-voc,
Fig 5.25(a). The competition between these effects yields the optimum
efficiency of type B devices after two minutes of aﬁr—baking, Fig 5.25(c).
It is clear that as the barrier height increases and the tunnelling current
(shunt current) decreases the fill factor also incieases significantly.
Altﬁough heat treatment obviously plays an important role for type B cells,
if the cells had been prepared with a high interface collection factor and
. good diodé characteristics in the first place, the effeéts of heat treatment
are undesirable. The notable consequences of post parfier air-baking on
) type A cells afe that VOc and the fill factor are not changed significantly _.
Figs 5.25(a) and (c), but.Jéc decreases‘considerabiy,‘#ig 5.25(b) ;and the
efficiency of a cell follows the deterioration in flSC; Fig 5.25(d).

Further, the existence of a cross-over effect between the current
voltage curves measured in the dark and under illumination for all devices,
is expiained by the formation of a compensated layer in the cdS with
.distinct photoconductive properties. The photorespohselof heat treated
devices can be regarded as the generated current moduléted with the behaviour
of the compensated layer. The band gap of éﬁxs increases with increasing

duration of the air-bake, but a simple correlation between the phase of CuxS



la1

‘and the spectral response is no longer vaiid, bécause the current collected
at each wavelength also depends on the intensityAand-wavelength of light
reaching the compensated layer.
5.8 CONCLUSIONS

In the preparation of CdS/CuxS photovoltaic célis, there have been
many feports indicating that a post barrier air-bake is mn essential step
,.in producing optimum efficiency(5f6'13’17'18'25'28;35’36'37). Many authors
with some exceptions(18'35)‘found that their unbaked cells exhibited little
rectifying Behaviour and photovoltaié sensitivity. The work described in
this chapter shows that a post barrier air-bake is essential to imprqve the
characteristics aﬂd performance of cells which have poor operational pare-
‘meters in their as-plated condition (type B). HoweVe;, for cells with good
characteristics and performance in their as-made state (type A) there is
no advantage to be éained from an air-baké. In fact undesirable effects of
the air bake degrade the performance of these cellé; fhﬁs when Cds/Cuzs
single crystal photovoltaic cells are prepared under controlled optimized
conditions, which involve the surface preparation and the bulk resistivity
of the édS and the correct stoichiometry and thickness of the Cuxs layers,

the cells will have their optimum efficiency in the as-prepared condition

and their stability will be good.

= 5 AUG 1982
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CHAPTER 6

ELECTRON BEAM INDUCED CURRENT (EBIC) STUDY OF

cds/Cu,$ SINGLE CRYSTAL CELLS .

6.1 INTRODUCTION

A detailed microecopic study of the Cds/CuéS.heterojunction forms
the main topic of thie chapter. This has been carried out using a scanning
electron microscope in the electron beam induced current (EBIC) mode. a
description of the capability of the SEM has already been given in Chapter 4,
Section 6.2 includes a discussion of the interaction effan electron beam
with matter and of the EBIC procees particularly in Cds/CuZS heterojunctions.
. The next section is concerned with an examination of'type A and type B
devices before and after a post barrier air-bake te gain insight into the
correlation between the ultimate behaviour of cells and their surface
features. This was accomplished by operating the SEM in the stationary
spot mode and measuring the I-V characteristics with the beam 1nc1dent,on
the ereas giving contrasting EBIC images. In section 6.5 the measurement of
minority carrier diffusion lengths in the CdS and in the Cuzs are descrlbed
for as-prepa;ed and heat treated samples. .

6.2  ELECTRON BEAM INDUCED CURRENT (EBIC)

1f a p-n junction is placed in close proximity to a focussed

. electron beam, carriers cfeated by the.inCident electrons are collected
after diffusion to the junction and can produce an induced current in an
e#ternal circuit. This technique,exploited in the scanning electron micro-
scoée‘(SEM),is called the electron beam induced current (EBIC) mode and is
widely used to obtain qﬁantitative information about'semiconduetor devices

or about the physical properties of a semicenductor_material; Before

discussing‘the mechanisms of the EBIC image.contrast,'it is desirable to

have a general picture of electron interaction with solids. There is an
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‘extensive iiterature on this topic from which it is apparent that the
interaction ie qualitatively the same regardless of the target material(l).
When a semiconductor is bombarded with elecﬁions with energies in
the range ' 1-50 keV, the interaction is very complex;l The primary effects
on the electrons of the high voltage incident beam are7;
(1) elastic scattering which is caused mainly by interaction with the
nucleus when a signifioant deviation from the incident direction occurs ;
(2) inelastic sca;tering by interaction with both the atomic nucleus and

the bound electrons.

| It is common to think of the elastic scattefing procees as occurring
in two parts : (a) Rutherford scattering which occurs in the Coulomb field
of the nucleus and (b) multiple scattering ; when the electron passes
through the electron cloud of an atom which screens‘the‘fie;d of the pucleus
small-angle seattering occurs.

A thorough treatment of the dissipation of the energy of an electron
beam during‘inelastic scattering in a solid is-ver?'complicated, but the
dominant prooees will be the excitation of both strongly‘bound core electrons
and more loosely bound valence electrons. The first type of excitation
results in the emission of x-ray radiation (photons) and Auger electrons.
Energy.analysis'of x-ray photons and Auger electrons allows jidentification
of.the elemental composition of bulk material and the eurface of the sample
respectively (for details see Refs (2), (3) ). Mosf”of the dissipated
energy, however, does not escape from the specimen through the emission of
photons and electrons, and roughly e third of this energ& will ultimately
be diseipated to produce electron hole pairs, with the rest being dissipated

4 ' The average energy requlred to create a single pair is called

. as heat( .

the radiation-ionization energy, €,. and is roughly about three times the

5
band gap energy, Eg( ).

The depﬁh at which primary electrons have dissipated all their

energy, is called the total range R, and the rate of energy loss in a
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plang perpendiculag to the beam axis is :éferred to és the Depth=Dose
'functioh. | birect correspondence between the rate of electron-hole pair‘
generation and the rate of energy loss by the electron beam can be used
to determiné the spatial distribution of electron beam.induced ﬁino;ity
carriers(6'7). Spencer(s) first developed the thebiy 6f the Depth-Dose
function. Then the experiméntal evidence. for the scaling of this
function to.the-primary electron range was gi?en by Gruen(g). A common
assumption is that the éhape of a Depth-D§se curve is not a function of -
either the incident enerqgy or the target material and has the shape
~shown in Fig 6.1. The maximum energy dissipation occurs some distance
below the surface and is followed'by a rather straight line descent to
the‘final tail of the Aistributioh. The Gruen rangé RG' is defined by
the extrapolation of the straight part of the curve to zero, and the depth
at which the.cuxve.tails off is defined as the Betﬁé rangé RB(see Fig 6.1).
Everhart and def(lo)'have proposed~"a universal'curve" of energy dissipa-
tion as a function of normalized electron energy in an expression of thev

form

R = kE ' ' - (6.1)
.- (o) -

The& dériVed this expression from Bethe's theorf. In Eq. 6f1 Eo is the
primary beam energy while k and « are coefficienﬁs determined by the
~average atomic number, 5', average atomic weight and the mass density o
of the material.‘ Shimizu et al(ll) have made calculations of the enefgy—
range relatioﬂé in Al, Cu, and Au. Their simulations are Monte-Carlo
‘calculations, which are in a good agreement with the Everhart and Hoff‘

curves(;O) Shea et al(lz) have given an accurate range-energy relation

R

for CdS and Cu S by using a ratio o = 0.81 and the Everhart and Hoff
X .
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expression;
1.62
RG (CuxS) = 0.0l5 E Hm o
‘ ° 35Eo<20,kv
‘ 1.62 R
d = . =
RG (C S) 0.021 NEO ym
and - - (6.2
R.(CusS) = 0.015 E_° " um ' :
G X o) .
- 20<E_<30 kv
R_ (cds) - o.021 78 Um ‘
G o}
. (12) L (13) o ,
Shea et al . and Pfisterer et al have measured the effective

generation depth, 4, in CﬁS/Cu S structures, and by7comparing d with

: 12
RG' they found a relationship of the form 4 = 0.5 Rg. -Shea - et al( )

" have also measured the Lateral-Dose function on 51ngle crystal CdS/Cu S

heterojunctions. They defined the Lateral-Dose function as the energy
dissipation per unit distance from the axis of the beam which was taken to
be a Gaussian distribution with a lateral range enérgy relation of about
0.25 R ..  In fact this is the function of interest in diffusion length
experiments -and liﬁits the accuracy of the diffusion ;engths measured.

In the range described above, the number of pairs crea£ed by
oné incidept electron with energy E0 is Eo/ei'where e, ﬁs the radiation

ionization energy. If Ib is the total current of primary electrons and

" .6, the fréction of backscattered ones, the rate at which electron hole

pairs are created is

8 o .

where EBsis the energy of the back-scattered electrong-and has the value
(O.45_+ 0.0002 EECFOI values of Eo between 0.2 keV to 30 keV(l4).

Any change in the generation and collection efficiency of the
carriérs produced will lead to contrast in the EBIC'image as the beam

, S o .
scans the sample. Since the SEM can provide a beam less than 300 A in

diameter. The EBIC technique proves a powerful tool to investigate the
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correlations between the parameters‘of devices, and to~measure the
diffusioh lengtﬁs of minority carriers within certain Iimits. The
experiméntal arrangement for the formation of EﬁIC images and the measure-
ment of diffﬁsion lengths is shown schematically ih'Fig 6.2. The sample is
mounted in the specimen chamber of the SEM wiﬁh separate connectioné to
both the back and the top contact. By changing thé'appfopriate parameters
such as the energy or angle of the incident beam, éﬁa the biasing condition,
the possible sources of EBIC contrast can be investigated.

6.3 STUDY OF EBIC IMAGES AND LOCAL SENSITIVITY IN AS-MADE CdS/CuZS

As explained in Chapter 5, the etched (oooi) plane of a Cds
crystal is characterized by an array of etch hilloeks{1 The existence of
extra features such as ledges and kihk sites on these .etch hillocks depends
strongly upon'the ﬁethod of surface preparation. 'Dévices formed on
surfaces with uniform smoothly facetted hillocks will once again be called
type A.(Fig. 6.3) ,whereas devices on surfaces with hil;ackg
with nuﬁerous' kink sites and ledges will be ieferred té as type B
- (Fig 6.7); In Chapter 5 it was shown that és-prepéfed.type A cells have
good diode éharacteristiqs and high photovoltaic peffdrmance; In contraét,
.type B cellé'ha&e- poor rectifying and photovoltaiC‘dharacteristics. In
anvattempt tondetermine whether there was a corrélaﬁion between surface .
feaﬁures and thgtoperatidnal paramgters of a ceii, thé<EBIC image contrast
.and the 1ocalised microscopic photovoltaic sensitivityAqf,type A and'type
B éells have been studied in more than 40 devices carrying either.chalcocite
and djurleite layers of copper sulphide in their as?pfepared'state. When
" as-made type A cells were examined in the EBIC mode with 7.5 keV beam
energy (Fig. 6;4) and zero bias, light EﬁIC contrast was observed along
the slqping sides of the hillocks-(éccasional'dark spots were located in
the midst_of'the ligh£ regime) , dark EBIC contrast was apparent on the
summits of the conical hillocks, and along the valleys at the bound;ries

between hillocks. In addition there was faint EBIC contrast at the edges
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of facets. The contrast did not change when.the energy of the incident

beam was increased to.25 kev (Fig 6.5 and 6.6) altﬁouéh the resolution

improved; it was qualitatively obvious that the éotai area of. dark

contrast was a sméll fraction of the total surface.aréa of all type A

cells.

An SE micrograph and corresponding EBIC imaée,for an as-prepared

type B cell are shown in Figs 6.7 and 6.8 respecti?eifi The immediately
_ obvious difference between the EBIC images of type.A and type B devices

is in the ratio of the dark and light contrast'OVei-the total cell surface
(compare Figs 6.4 and 6.8 ).As with type A devicesgiqcreasing the accelerating
voltage did not affect the general form of the EBIC";ontrast (Figs 6.9

and 6.10). .Further, the characteristics of EBIC contrast for type A and

type B deviceslpersisted in both forward and reverse bias

(-400< Vpsas ,
‘Comparisonbcf the SE micrqgraphs in Figs 6.3 and 6.7 with the gBIC micro-

< +400 mV), and with different angles of beam incidence.

graphs in Figs 6.4'and 6.8 reveals that dark EBIC contrast appears pre-
' ferentially ét those places where kink sites and ledges are concentrated.
Typical examples'of this are marked at A, B, C 6n.Fi§$;6.7 and 6.8 which -
are for type B devices. Dark contrast in an EBIC imageé implies a smaller
EBIC current re;ative to that in a region of 1ight'¢6ntrast. If the effects
of.bombardment with an electron beam are assumed fo bé similar to those of
an incident ligﬂt beam, then the contrast observed in EEIC images would suggest
that thé photovoltaic efficiency of a da;k contrast region is significantly
smaller than that of a light contrast region. 'If_the‘correlation between EBIC
contrast and the consequent photovoltaic sensitivity of the local surface
topbgraphy of CdS/Cuzs cells is extended to the enfire surface, it would be
expected that the total area of active-:egidns on type B devices would be
faf smaller.than foi'type'A'cells.

TQ inveS;igéfe'thig'differénce further the SEM was operated in

the stationary spot mode and current voltage measurements were made on
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‘as-prepared type A and type B devices with the 5pot'po§itioned first

'oﬁ;a reéion of dark EBiC contrast then-on one of biigﬁt contrast. 'Beam
energieé of 7.5 keV and 25 keV were used. Finally tﬁe I-vV character-
istics were récorded with the electron beam switched off. 'This gives

the dark characteristics of the cells. Some results for type A and type B
cells are shown in Figs 6.11 and 6.12. The comparison of these character-
istics with those obtained under AM1 illumination (sée Chapter 5, Figs 5.16
and 5.17) provides further confirmation of the similarities between an
electron beamgand optical excitation. Thus an electron beam can be used

to probe the sensitivity of the cell to light.' Although the values of
VBCAobtaingd‘fof'as—prepared type A and B cells weré'qﬁite close to those
' measured under AMl illumination, Jsc values measuréd were very small
, because of the small irradiated area. All I-V characteristics were measured
Awith the current ampiifiér set at fixed gain to be<ablé to make direct
comparisbhAbetween curves measured with differentjhéaﬁ energies and
different_samples. Thus the important features in comparing the I-v
characteristics. of type A and B devices (Figs 6. 11 and 6.12) are :
(1) with a 25 keV beam: the value of I sc when the beam_wés-1nc1dent on
‘areas of light contrast was larger than that with the'beam incident 6n
 areas of dark contrast in both types of device, but thé difference was

most signifiéant with type E devicés. With type Alcelis Voc was almost

the same regardless of the beam position‘; in contrast Vﬁc was twice as
.iarge4 when the beam was incident on light contrast.regions in type B cells.
The fill factors in type A cells were about three tiﬁes larxger than those
in type B éélls.

(ii) with a 7.5 keV beam : the differences' in the vglﬁés of Isc with the
beam incident on regions of light and dark contrast were not as large as
 théy were with a 25 kev beamf This'appliedlto both tipes of device. VOC

was slightly larger in 'type B cells when the beam was incident on the light

" EBIC contrasts and pqsition independent>with type A cells.
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(iii) the magnitudes of Vac and ISCin all cells increaged significantly
as the beam energy was increased from 7.5 keV to 25 keV with the beam
on dark and light contrast regions but the improvement was larger for

type A cells.

(iv) dark I-V characteristics and characteristics measured with different
beam energies converged towards each other in forward bias but did not

cross over.

6.4 ' EFFECT OF A POST BARRIER AIR-BAKE ON EBIC CONTRAST AND

PHOTOVOLTAIC SENSITIVITY

| After thc EBIC study of the as-prepared cclls:héd been completed
a two mincte pcst barrier air-bake at 200°C was admicistered to all samples
and the EBIC study of them carried out agaiﬂ. The. general features of
the contrast were essentially unchanged. However, the‘current voltage
characteristics measured with the beam on the regions of opposite contrast
after an air-bake are presented in Fig 6.13 and Fig 6.14 respectively. The
important features are : (1) the heat tfeatment of t&pc A'devices had a
slightly beneficial effect‘in that ‘the dark reverse c;rrent was reduced
while fhe £ill factor was increased by a small amount k2) with a 25 kev
beam (a) Isc‘for the beam incident on a region of licht contrast increased
slightly (from 0.15 mA to 0.16 mA) but for the beam incident on a region
of dark contrast it remcined unchanged, (b) Voc vaiuec‘showed little increase
when regions of either contrast were bombarded (3)'when the beam enzrgy was
reduced to 7.5 kev, the Isc values exhibited a drastic decrease for both
types of contrast and the difference between the valdcs of isc fcr the
beam incident on.regions of opposite contrast becamc Qery small (4) Vbc
values measured were almost independent of the eneréyiénd the position of
' the beam. The post barrier air-bake also introﬁuced a'cross over effect
so that the characteristics-in the dark and under bombardment crossed over

t

one another at forward biases between 0.4 and 0.5V. Similar effects were
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observed when the whole surface area was irradiated with AM1 radiation
(see Chaptef_S).‘

.A post barrier air-bake was essentiai to iéﬁrove the shape of
the characteriStic and the perfdrmanée of type B cells (see Chapter 5);
.‘However,éfter beat treatment, the Isc valges showed more diversity between
éreas of'different contrast. The Vglues of Voc increased noticgably.when
both aréas wereAbombarded, but the region of light contrast always yielded
the larger open circqit voltage, (see Fig 6.14 for a g;aphical representation

of the results).

6.5 'MEASUREMENTS OF MINORITY CARRIER DIéFUSIOﬁ LENGTHS
"The mean distance a minority carrier tféQéls in a semiconduqtor

before being lost thrdugh'recombination is called tﬁe.Aiffusion length, L.
Since.the efficiency of photovoltaic devices is véry ééngitive to the
mégnithde of L, it is impoftant to be able to measure its value accurately.
The measurement however is a difficult one and while many techniques have
been empioYed, thére is still a serious lack of agregﬁent among the values
obtained by the various methods.

| In tilis investigation, the EBIC current wliected at the junction
. was measured as a function of beam distance from the junction on both sides.
The simplified schematic expefimental arrangement is shown in Eig 6.2. For
the geometfy.involved, the incident electron beam is séanned along a line
perpendicular to the p;n junction over a cleaved surface normal to the
junctioh plane.

The_calculation of the variation of the EBIC current with the
disfance, x, of the beam from the junction was first'éone by Kyser and
Wittry(ls). Assuming that there is no electric fie;d in the méterial
ekcept at the junction, the minority carrier density obeys the diffusion
and coniinuiﬁy equations and in'terms of the excess,cérrier concentration,

én = n - no in p-type material, where np and no are the non-eguilibrium
p ] .
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and equilibrium electron concentrations.respectivély. It follows that ;

2. . oy o
v - = : '
D (an) = *t Gy o) , '(6.4)
where D, is the minority carrier (electron, diffuéiqn>coefficient and
tn'is the~minprity carrier lifetime. Re-arranging Eq.(6.4) and sub-

. ] . 2 .
stituting Ln = Dn'Tn' the equation can be re-written as

v (én) iy (6.5)

A similar equation applies for excess holes in n-type material. If the
electron beam is assumed to be a point source with a generation volume
having spherical symmetry, the appropriate solutidn of Eq.(6.5) will be

-r/L
n = ye

(6.6)
where y is a constant with dimensions cm—2. The number of minority
carriers that reach the junction and are therefore collected is given

by the value of - D Egﬁ-, at the junction (x = O)Iintegrated over the

" plane of junction. Thus the EBIC current is given by

-x/

" I(x) = 2ryDe T | (6.7)

where 2myD directly dépends on the stréngth of the source and is equal
to I(o) when all surface and interface effects are negligible. Hence -
in the simplest one dimensional case, the short circuit EBIC collected

by a planar junction will be of the form

I(x) =1(0) exp (-%) (6.8)

6.5.1 Minority - Carrier Diffusion Lengths in As-Prepared Samples

In an attempt to measure diffusion lengths y-modulated line scans
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were made aérqss'junctions which had been exposed by cleaviﬁg in a
diféctién norﬁal to the junction plaqe. Figs 6.15.(a4b) aemonstrate

the secondary emission (SE) and EBIC micrographs for.part of the junction
of a cleaved device which was prepared by plating the sulphur face in
the standard solution for 10s. However, as these - figures show the
junctions cannot be precisely defined and are unsqitgble fof diffusion
length: measurements. In order to reduce the surfape effects and to
define the junction more clearly devices were prepared'ﬁith mugh'thicker
layers of copper sulphidé. Figs 6.16 (a) and (b) shoﬁ the SE and EBIC
micrographs of the junction of a sample plated for jQ§. The thickness
of copper sulphide was about 1.5 pm. All the measuiéménts of minoriﬁy
carrier diffusion 1éngths were‘made with beam enefgies.of 7.5 kV to avoid
.the errors introduced by using a large generation volumé. Fig. 6.17‘sh6ws
a typical line scan across the junction. ASsuming‘thﬁt equation 6.8 is

valid, diffusion lengths have been calculated from'ﬁhe slope of a plot of

(x)

I
o

prepared cell with Lﬁ = 0.26 um in Cuxs and Lp = 1.09 ym in the CdSs.

logI 'verSus'x. In Fig. 6.19 open circles represent data from an as-
Calculated values of diffusion lengths from the two sides of devices
prepared under different conditions are listed in Taﬁle 6.1._ Measurements
made from a number of traces taken on the same éample éhow that there is

a significant variation in the short circuit cﬁrrent{;ipng the junction,
hpweyer mgasured diffusion lengths agreed within the»sensitivity of experi-
.ﬁent. ) Eurther,it hé§ been fouhd that the diffusionvléngths measured did
not show any significant variation with samplés carryiné different phases
of Cuxs. The diffusioﬁ lengths in Cuzs differ from each other by less

than 0.05 um at the most. In contrast, the values of Lp measured on the

CdS side of as-made devices showed a considerable spfead<(0.364 umsts 1.09 ym).

Although data obtained from the line scans match with the exponential
: decaying model discussed in the previous Section, the shape of the maxima of

the semi-ogplots of EBIC current against distance show significant
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variations frém sample to sample. Comparison of fig 6;l9fand Fig 6.20
demonstrates this clearly. 1In Fig 6.19 the deviation from linearity

- below 0.2 ﬁm bh the CdS side and the broadened peak'suggest that a
depletion region of about the same width exists. In ééntrast one of

the piots in Fig 6.20 shows a sharp peak af the junction indicating a.
narroﬁ depletion ;egion ("~ 0.1 um). However, this could be a consequence
of'different deep donor concentrations. Fig 6.21 haé two different slopes
on the CdS side of the junction. This may indicate ﬁhét the minority

carrier had different diffusion lengths in two adjacent regions.

6.5.2 Minority Carrier Diffusion Lengths After Post Barrier Air-Bake

After the measurements had been completed Qﬂ ;he as-prepared cells,
the devices were given a heat treatment at 200°C fof‘24minutes. Then in
order to~avoid the effects of possible oxidation of the"éxposed cross-‘.
sections of junctions cleaved prior to the bake,the3cells were cleaved
again in the same direction. In this way measurements were made on a
freshly‘exposed cross-sgction of CuxS and Cds. EB#C Eurrent—distance
curves‘for heat treéted cells are plotted semi-logafithmically ip Figures
6.19, 20 and 21 (triangles). Calculated values of diffusion length in
Cuxs and Cds follo&ing a post barfier air-bake are also listed in Table 6.1.
The measured values of Ln on the CuxS side did noF Qhange signiﬁicantly but

the L.p values on the CAdS side decreased considerably.

6.6 DISCUSSION AND CONCLUSION

- (i) EBIC Image Contrast and Local Sensitivity-

In order to understand the possible origin of tﬁe contrast in EBIC
images and the corresponding current fransport mechan;sms, several parameters
have to be considered. One of the most important_effeéﬁs is the ihtefactioﬁ
of the electron beam with CdS and CuxS. Using eqﬁétibﬁ 6.2 the ranges of
7.5 keV and 25 kev electrons are calculated to be Ré (7.5 kev) =0.392 um and
R, (25 kev) = 4.61 um in Cu S and R (7.5 keV) =0.549 um and R (25 keV)= 6.45 um

' ' : (12,13)
in Cds. The effective depth of penetration is half of these values ! .
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Since the tﬁickness of the copper sulphide layer iﬁ”ﬁhe devices studied
for EBIC contfgst (10s dip) was about ™ 0.25 uq (seé Chapter 5, section
5.3.2) the effective depths of penetration at 7.5 kév,was comparable to
the thickness of the copper sulphide layer and mdétfbf the beam energy
would be dissipated in Cuxs. The generation rate iﬁ CdS is half of that

in CuxS becausg of its higher bandgap, i.e. radiatioﬁ,'ionisation energies
are 7.5 eV for CdS and 3.6 eV for Cu28(13). It follows therefore that when

a 7.5 keV electron beam scans the device surface pafallel to the junction

plane, the main contribution to EBIC current comés from the electrons

generatéd in CuxS. On the other hand if a 25 keV-électron beam impinges
onvthé devicé a considerable number of electron—ho;e pairs will be
geherated in the depletion region and in the bulk éf Cds. The net cont;i-
bution tb.the»EBIC current due to ﬁoth'generated éleétrons in the CuxS and
holes in the Cds is limited by the minority carrie?.diffusion lengths in both
materials. The measured minority carrier diffusion'length in CuxS is about'
n 0.2 um which implies that only those electrons ggneraﬁed in CuxS wiﬁhin
®vo.2 um région of the junction can reach the interface. As for the Cds
side pf the heterojunction the measured diffusioﬁ lengths showed a wide
-variation depending on device preparation and posffbaffier treatments. (We

return to this later). " However, it is obvious that only those holes produced

within a diffusion length have a chance of being collected. Referring to

the band energy model shown iﬁ Chapter 3, section 3;472 (Fig 3.2) for hetero-
junctions ,the conduction and valence band discontinuities AEC apd AEv éré

" due to the difference in the electron affinities and band gaps of the two.
materials, and a high density of interface states exists at the junction inter-
face (for details see Chapter 3, section 3.3). First}y, if we consider the
electron-hole pairs generatgd in the CuxS, tﬁe minérity carrie?s may re-

combine in the bulk or at the surface through interface states in which

case the contribution to an induced current in an external circuit 1is =ro.
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However,elections reéching the interface may be swept'gy the junction
field into the bulk of the CAS. These electrons will’either reach ﬁhe
back contacf or recombine with holes supplied by the back contact : in
both cases they will produce an EBIC current; A detéiled discussion of
the relation befween the number of electrons which réach the interface
and number which are éollectéd is given in Chapter 3, section 3.7, where
the interface collection efficiency is defined. Thé:interface_collection
. efficiency is a function of the electric field at the junction, F, the
interface recombination velocity, SI and the mqbil;ty ksee Chapter 3). With
the electron holg pairs created in the depletion :égibn of Cds, holes'will
be accelerated towards the junction interface by thé-field, whereas electrons
will be swept away from the interface. With a high eléctric field and a
lsmall densityvof interface étates and Cu acceptors;n the depletion region,
recombination of created pairs can be small. Howéver;fhe existence of a
ve:y high dehsity of interface states at the junction and Cu acceptor
centres in thé aepletion region alters the effectiﬁg field, so that re-
combination of ¢a£riers in the depletion. region andireductiop of current
becomes more.significant. |

The current loss can also be due to recombination at the free
surface of the ngs which depends on the thicknegs of,the copper sulphide
layer and the surface recombinaéion velocity. - |

In our observations a realistic comparisoﬁ'ofvregions of different

contrasts may only be made within the same micrograph and not between one

‘micrograph and another because of the differént DC 6ff§et used in the
ampiifier circuit to which the EBIC signal was féd. .A dark éontrast regiop
represenfs a smaller current collection compared with light contrast regions.
The copper sulphide layers were found to be thicker at the summits of the
'hillééks. One péssibility therefore is that with a beam energy of 7.5 keV

generation occurs outside the diffusion distance at the top of hillocks
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- so that these reg;ons appear dark. However, the fact that the relative
contrast did‘not change significantly when the beam energy was increased

from 7.5 kev to 25 keV suggests that differences in thickness were not-

the detérmining factor. Comparison of Fig 6.5 ana 676 for type A devices

and of Fig 6.9 and 6.10 for type B devices demonsﬁ#ates this elegantiy.

. The'mos£ important difference between these microgfaphs is that much more
detail was observed when the lower beam eneryg was used. This can be.
attributed.to the comparable thickness of the copper sulphide layer and the
éffective depth of the generation volume at 7.5 kev beam energy. In this

way the'contribution of carriers generated in the'CdS éan be eliminated.

We conclude thaf the origin of the EBIC image contrast was. not strongly
assoﬁiated with variations in the thickness of]the,CuXS over the hillocks. .
The SE micrographs of type A devices indicate that ledges are more numerous
‘near the tops of the hillocks, where the dark contrast appears preferentially.
With_tYpe B devices careful comparison of the SE micrograbh (Fig 6.7) and the
"EBIC micrograph (Fig. 6.8) demonstrates the impor;ant éprrelation between
ledges or kink sites and.the deliniation of EBIC contrgst. Typical example;
of this are‘mérked .A y B, C (see Fig 6.7 and‘é.S)} It appears therefore
thaf the growth of CuxS on CA&S is complicated in the~preseﬁ;e,of ledges

and kinks,:restlting in poorer jupction properties ét.fhese sites. .Evidently
smooth surfaces are required if micros&oéically‘uﬁiformly sensitive junctions
‘are to be produced by the plating proceés.‘ This qonclﬁsion is in a good
agreement with that dréwn in Chapter 5 from the strong correlation between
the surface featurgs and the ulﬁimate behaviour of as-prepared cells.

- The extent to which the junction was poorer'ét the dark regions
corrésponding to ledges and kink - sites is indicated by‘the current-voltage
characteristics shown'in Figs 6.11 and 6.12 for typé A'and B cells in the
as—prepafed condition. The loW current level in théée devices is a con-

sequence of irradiating a small selected area of thé junction with a-
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stationary beam with a spot diameter ~ 0.03 um.
The good diode éharacteristics and high péfﬁérmance és solar cells
of type A devices, and the poor characteristics and 16@ perfo;mance of
type B deviées-in thé as—-made conditibn can now be explained. The exist-
ence of mofe.numerous surface steps and kink sites fgsults in a very complex
interfaqe between CuxS and CdS in such regions. It is iikely'that the
density of interface states will be higher there. ‘ﬁigher interface:state
densitieS'give'rise to current flow via tunnelling fecombination paths at
low actiﬁationvenergies.(see section 3.7.1) and lqca;:variations in the
density of interface states lead to large local v;riations in the diode
behavibﬁr. For instance,Fig 6.12 represents the ﬁotal behaviour of a type
B device, bﬁt the differehces in Isc and Voc with #he Eeam positioned on the
light EBIC contrast and dark EBIC contrast reveal thét locally the junction
behaves quite differentli in these regions. In type A devices this difference
_ exists between #he very top of a hillock and its sioping side (which are dark
and»light in EBIC contrast respectively). Although:this variation in EBIC
‘cﬁrrent might be attributed to the different anglés.of beam entrance, at the
top‘and sloping sides of a hillock, examination of Isc and vOc when the
electron beémAwas incident on closely spaced regioﬁs:bf_diffe:ent‘coﬁ;rast
showed that the effects of different entry angle can be disiégarded. The
power conversion:efficiency was twice as large when ﬁﬁe beam was incident
. on the light EBIC contrast than when it was inciden£ on ‘a region of dark
' photovolfaic

contrast. The conclusion is therefore that the.ﬁ(iefficiency probably varies
- over the surface in the same way, so that a large increase in the rectifying
behaviour of the diode aﬁd the efficiency of the ceil‘wbuld be expected if
substrates with reqular and'smooth surfaced hillocks were employed.

| The role of an air-bake at ZOOOC on type.A déQices and type B devices
has been discuséed in detail in Chépﬁer 5. 1In fact the change in shape-of
the characteristics following the air-bake for-botﬁ'types of device cgn be

explained in terms of the production of a photoconductive compensated layer
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in'the éds by éopper migration. The effect of thiénléyer on the device
chafactéristics has also been'discussed in ChaptefAS.'. Theijynﬁafd—
characteristic in Fig 6.14 measured for an incident beam energy of
25 keV has a larger slope than the curve measuredAin the 'beam off'
condition. This is explained (as is the comparable 6bservation with
optical excitétion) in terms of the éonductivity induéed in the copper
compénsated layer by fhe electron irradiation. This beam induced con-
ductivity is the main reason wﬁy the characteristics of air-baked type A
and type B céllé measufed under electron bombardment(cfoss-over those
measured in the dark (or under less energetic‘electron:bombardment). With
type A devices, apart from the introduction of thé cross-over effect, the
change in.the shépe of the characteristics and in‘ghé value of Voc and ISc
was not significant} In fact undesirable changes in the absorption co;
~efficient of CuxS with heat treétment are not import;nt for electron:b;;m
irradiation. So thgf the value of Isc generated by electron bombardment
was not reduced after heat treatment as was the opticglly excited valge.
With'type B devices the 2 min air-bake led to.é substantial increase
'in Vbc and the fili factor. Such an improvement is:ﬁsﬁally attributed to a
decrease in the density of intgrface states(l6). This could perhaps exp;ain
the differences in the current-voltage characteristics for beams of different
energy incident on the side of the hillock (light regioq) on type B
devices before and after air-bake. For instance the presence of a higher
density of interface stétes before heat tréatment may.eéplain why the Voo
generatédrby a 7.5 keV beam incident on the side of a hillock was smaller
than the VSC produced by 25 keV beam (Figs 6.6 and 6.11). After the heat
treatment however, when the density of interface states was reduced tﬁe Voc
generated‘by both the 7.5 keV and 25 kev beaﬁs were 6f éoﬁpérable magnitude
indicating that interface states were now less importapt. This corresponds
to the optiéa; analogue where an increase.in the intensity of illumiﬁation

. - (17)
at least above a certain level increases Isc but not_Voc .
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(ii) Minority Carrier Diffusion Lengths
(18)

If the generation volume can be considered as a point source ’

the minority carrier diffusion length can be found directly from a plot

of the logarifhms of the beam induced current versusldiéplacement from

the junCtion.' Shea et al (12) have shown that for h;gher beam energies a
plot oflog EBIC Gersus x is curved. Then the slopeg ao not have any direct
relation to Ln or Lp. Furthermore, uncertainties due to recombinétidn at
the beam entry surface (perpendicular to the junction’plane) and at the
surface parallel to the junction plane influence the“méasured values of

(19)

diffusion length considerably . A detailed analysis of the resolution

limits of the EBIC technique in the determination of diffusion lengths in

(12). They concluded that the

semiconductors has been given by Shea et al
electron range should remain less than 4 L if the true value of minority
carrier diffusion length is to be measured. This criteérion was developed

from the EBIC profile of the lateral dose function Kfor details see Ref.(12)).

Fot all our diffusion length measurements an electron beam enexgy of 7.5 keV

.was used. The R, values for this beam energy are 0.392 um'in_CuxS and

G

0.549 um in cdS. Therefore true values of diffusion lengths as small as
0.01 um and 0.137 Um may be measured in Cuxs and in CdS (providing the beam

diameter is smaller than these values).
.Although several authors(ls’lg’ZO) have shown'thaﬁ the dependence
of the collec;ed>cufrent on the position of the poiptAséurce generally
deviates from the simple exponential function as a coﬁsequence of éurface
recombination, Berz and Kuiken(zl) have demonstrated'ﬁhaf the minority carrier
diffusiﬁn length may still be measured even for a sourée.located on the
surface. Bresse and Lafeille(zz)showed that the effgct~bf surface recombina-
tion at the outer surface parallel to the junction, on the EBIC current, is
considerably reduced fqr soﬁrces of minority car:iers‘at a depth greater

than the diffusion length. The thickneés of the copper sulphide layers was

found to be about v 0.8 um for a 20s dip in the standard solution, but
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after cleaVage the jundtion was not clearly definedﬁ Fig 6.13 (a-b). With
a plating time’ of 30s or lénger, exposed junctions.were well defined.
However} by keeping the dipping time just long enoughjtp'obtain optimum
conditions the migration of copper into the Cds durihg the plating was
partially avoidgd. With no copper acceptors in the CdS, minority carriers
created in CdS will not be subject to rapid recombiﬁation in the depletion
region(23). However, if a considerable concentration of acéeptors is built
up in the CdS by copper diffusion from Cuxs, the eleétfic field at the
junction and_throuéhout the depletion region decreéseé, or the high density
of intetface states reduces the effective barrier at the junction and leads
to low junction field and a large tunnelling recombinétion current. Thus,
in both caées, the recombination of cérriers in the anietion region and
‘the flow of electrons created in the C4S via interfaéé_states into the Cuxs_
oughﬁ to be takeﬁ into account. “

| In Fig 6.17, a current trace is shown for a aevice fabricated on a
mechanlcally polished surface of CdS by dipping for 308, in a standard solution.
It is- shown in Chapter 5 that mechanical polishing of 51ngle crystal Cd4s
produces a polycrystalllne sphalerite cubic surface‘layer. Moreover Oktlk
et a1(24) ha§e démonstrated that the displacement reabtion.betyeen cuprous
énd cadmiﬁm_ions ié slower for copper sulphide layérélférméd on a.poly—
crystalline‘CdS'layer. Thefefore the high vgluebof Lp.(% 1.09 pm) in Cds
for this device is attributable to the negligible amount of copper diffusion
during plating. waever; after an air-bake for.2 ming at Zoooc, the value
of L was reduced to 0.36 um. This demonstrates the'iﬁportant effect copper
.levels in CdS have in the diffusion length. ObvioﬁSlylcopper acceptor levels
reduce the mobility of holes in Cds. The close reiatlon between plating time
éhd ﬁeasured diffusion length in CdS can be seen from Table 1 (fof as-made
devices on etched and polished surfaces). Table 1 alsoc shows clearly the

effect air-baking has on Lp in ds. After heat treatment the spread in

measured values of Lp was reached.
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In contrast the minority carrier (electronj aiffusion length in
CuxS did not change significantly, either as a funcﬁionlof‘preparation
technique or after the post barrier air-bake (see ?abie 1). The avérage
valug of Lﬁ:in CuxS was Qbout 0.23 um. This value and'the conclusion as
to the effect of heat treatment on Ln in CuxS are ig-a good agreement with

the work by Shea and Partain(zs) and Partain et al(26)

(27) (28)

but in contrast with

the reports by Windawi and Rothwarf who claiméa that there was a
change in the minority carrier lifetime in Cuxs beforé'and after heat treat-
ment. However, it is assumed that the effect of this'éhange on the Ln values
in Cuxs,is far too small to measure within the accqfa;y of the EBIC techniques.

Although the results of Partain(25r26)

on Ln in Cuxs'agree with our observa-
tions, their reéults on Lp in Cds confiict with ouré( .They reported ;hat
the air-bake at 1269C and 200°C had no effect on thé»mgasured minority
carrier diffusioﬁvlength of Q.29 ym in Cds. Interesfin@ly,-their value for
. L ma;ches qﬁiﬁe well wiﬁh the Lp value measured on heaﬁ treétea samples in
this work.‘ This suggests that their preparation tééhnigue.which is one hour
dipping of polished surfaces in standard plating solu;ibn éauses a large
 amount of Cu diffusion into the CdS.
In Fig'6.2l £wo different slopes occur'iﬁ thé piot Oflog EBIC

.versus beam distance on the CdS side. This could be the result of variations
in surface recombination velocity at the 5eaﬁ.éntr§ surface. However,
qbservatioﬁ on newly exposed surfaces after heat tregtment suggests that
two slopes imply the existence of two adjacent reg;ons of Cds with different
properties; This can be caused by several factors;- fo? instance,‘different

defect configurations ' ¢ = . e oo . in these regions.

In summary our work reveals that the L, value of Vv 0.23 ¥m is
relatively constant in Cu S regardless of device fabrication phase and
, _ b4

post-treatments, whereas the values of hole diffusion length in CdS have a

strong correlation with preparative procedures such as surface preparation
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plating time, and the air-bake. In fact changes in the minority carrier
diffusion length'in CdS do not significantly afféct the bperation of the
device as a'SOlax cell, since most of the light is.ébsbrbed in the copper
" sulphide layer.. Bragagnolo(zg) has shown that only 2% of the light

for Own optimized cell

generated current comes from the CdS. Thus the change in Lé in CdS can

not account for the change in the cell parameters after heat treatment.
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CHAPTER 7

ANALYSIS OF CdS/Cuzs JUNCTIONS

7.1 INTRODUCTION

In this}ehapter the mechanisms of dark current qenduction are
analysed in type A'and type B devices in their as—prepared state, and
after a post barrier air-bake, in an attempt to improve'oer understanding
of the electrical cﬁarecteristics of these cells. In section 7.2 a study
of ehe current-voltage characteristics of both types of device at several
temperatures is presented. In addition the barrier helghts determined by
various techniques are aiso discussed. Section 7.3 deseiibes the effects
of a post bar:ier airjbake on the current transport-in:both types of dev;ce,
and iﬁ the following section measurements on the junetion capacitance are
presented which provide information peftinent to the spa‘ce charge region
and the junction paraﬁeters. The analysis of photocapacitance spectra and
infrared quenching effects in heat treated cells forhs‘the subject matter
of section 7;5. In section 7.6 the experimental obsereatiens,are discussed

in terms of a model which is proposed for the as-made and heat treated cells.

7.2 INVESTIGATiON OF THE DARK CONDUCTION PROCESS IN AS-MADE'CdS/CuZS

HETEROJUNCTIONS

Current-voltage characteristics of CdS/CuZS,heterojunctions have
been studied in an attempt to establish the dark conduction mechanisms in
these devices. Measurements were carried out -over ;he.temperature range

from 85 K to 300 K;

.In Fig 7.1 the forward and reverse current- voltage characteristics
of an as-prepared type A dev1ce, measured in the dark at room temperature,

are plotted semi—logarithmically. The forward currentAwhich is typical of

most devices consists of three regimes. In the regidn I'(VF < 0.15 V) the

In fact in this

forward conduction mechanism obeys a simple ohmic law.
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region the reVerseAcurrent characteristic is very siﬁiiér to that measured
in forward bias. With increasing forward bias, the fbf@ard current, JF,
exhibits two aistinct branches witﬁ two different sioﬁes. In general at
forward bias voltages larger than 3 kT/q many heter¢jﬁnétions obey an

empirical relation of the form,

= , -AE qv |
JF = JOO exp <‘ T ) exp ( AKT > » (7.1)

where Joo is defined by ‘the type of conduction procéss}:and AE is the energy
-at which the spaCe charge region is thiﬁ enough‘to permit tdnnelling of
éleCtrons to the ehpty interface states for this protess; The rest of the
symbols have their usual meanings. If regions II and:III are fitted to

Eq. 7.1, the values of the diode factor, A, calculatéd‘from the slope of these
straight lines, ahd of the current factor, JO, obtaiﬁea by extrépolating-the

straight lines to zero bias are given in Table 7.1 for this particular device.

REGION slope = ( 3 ) (v ") | piode factor (A)-| Current factor (Jo)

(mA cm'2)
A _— -2

5 5.76 : 6.81 s 5.95 10
-5

ITX 22.10 1.77 . 3.02 10

TABLE 7.1 : Typical parameters for a type A cell in the as-made condition,

measured at room temperature.

‘The re&erse bias current did not reach saturation. The log-log
plot of JR-VR'in Fig 7.2 demonstrates that the reverse characteristics of

" type A devibes can, in general, be described by an expression of the form
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JRm VRY . At low voltages with VR up to 0.5V y';calculated from the ‘.
slope was l.d'and in the second region for VR betweenvb.S and 1.7 VrY.was
2.0. With voltages in excess of 1.7 V a third regidn‘appeared with a v
4value of 3.0. Thus the reverse current for biases exceeding 0.5 V was
compatible with zener effect (JR =B VY, Yz 2).
In order to explore the dark current mechanisms further, forward
bias data shown in Fig 7.3 were taken between 85 K'and’295 K. Typical three
region characteristics were observed at all temperatgres. However, the
variation of J? with temperature was of different form:ia the three regions.
The.temperature aependence of JF at three_different'fiked forward bias
voltages ( + 0.2 V, + 0.4 V and + 0.6 V) is shown in Fig 7.4. 1In region I,
(VF < 0.15 V) the excess current flowing through the”jgnction was only
slightly temperature dependent. AAt + 0.2 V bias, JF,showed ttvo distinct
regions, and at + 0.4 and + 0.6V three regions were, observable in the range
85 K to 330 K. Mereover the onset of the varidds.regions started at lower
temperatures as the forward bias was 1ncreased Howeter the-510pes of the
‘log J versus V blots in both reglons II and III were practlcally constant
(see Fig 7.3). Alsmall change in these slopes can be.explalned 1n;terms
of the temperature dependence of the bandgaps of the materials, for instance
dEg/AT is about -5.2 10_4 eV/kT for Cds(l). The diode tactor; A, and current

factor, Jo' measured at temperatures in regions II and III are tabulated in

" Table 7.2'for this particular device in as-made condition.

Temperature (K) Slope -(a) (V l) A = (q/akT) ’ Iy (mA cm
H 295 5.15 7.64 . 5.95 10~
H 227 5.00 10.22 ’ 5.35 10
g 19 5.10 11.60 " 4.95 10
5 137 , 5.20 16.30 | 4:39 10
2 85 5.30 25.76 1 3.3 10
H o 296 ‘ 122.10 © 1,77 3.02 10_
no 227 24.80 2,06 S 1.14 lo_,
z 196 25.20 : 2.34 ©1.31 1o
g 137 ' 26.00 3.25 - . 8.30 10_g
g 85 : 26.60 5.13 5.08 10

TABLE 7.2: The variation of current aﬂd diode paraﬁeters with the
temperature for as-formed type A cell. '
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In general, aliltype A devices exhibited similar charecteristics in
- region III, 5gt their parameters in region II (0.2<V£<6.4 V)'vafied from
device to device Qith values of A, ranging from 3 tofé; and of Jo varying

from 10—3 mA cm—2 to 1 mA cm-2 at room temperature."Neve;theless the slopes
of the characteristics were always temperature indepehdent;

The va;iation of the current factor, JO,-with temperatures is

plotted semilogarithmically for region II and III in Fig 7.5. 1In fegion II

Jo shoﬁed a very weak temperature dependence from 85lt6a300 K but in region III
the variation of Jo, although weak in the range 85 K te>200 K, was quite rapid
at higher temperatures. Because of laek of information -about the temperature
dependence of the pre-expogential factor Joo' a value of the activation energy
could not'be caiculated from this plot. However, tﬁe teﬁperapure.iﬁdependent
slopes of the log JF vs V plots in regions II and III sugges#'that two
"independent eonduction mechanisms involving thermal acfi?ated‘tunnelling re-
combination are oéerative, so that the forward biaS‘Currentevoltage'relation

can»be written

. o (AE - qV/A)
= - —_——— 7.
Jp = 2 Ng 5 exp . KT (7.2)
O :
J
. 00

'where S_ is the interface recombination velocity and N is the effective
‘ B * -3 3/2 E 18 -3

density of states for cds|{ =2 (2mm kT h ) /v 2.3 10 ocm = at room .
temperature. The other symbols have their usual meanings. In the pre-

‘ 3/2 . e
exponential coefficient.]‘_,NC varies as T / , and assuming that as SI
- : 0o

depends on temperature as S_ « T%,J can be rewritten asg- =g - T , where
: I oo 00 ©0
' J 7 is aconstant: '

oo - . _

Hence the activation energies of the current transport processes

, . 5 1 N ‘
can be inferred from plots of log JF/T vs T ~. Fig 7.6 shows such plqts
et three forward biases ( + 0.2, + 0.4, + 0.6 V) in the range 85-330 K.

’
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A difficulty'érises withnthis type of analysis in Ccé/Cu2S junctions Que

to the rapid diffusion Qf copper from the coppef sglpﬁide into the Cds,

with consequenﬁ‘Changes in the junction profiie ascthe»femperature is
ihcreased above room temperature. Thus it is practicélly impossible to

make activaticn.energy studies on a cell with the sémé_prcperties at

higher tempera;ures. In order to avoid such complexitieéAthe upper tempera-
ture limit was‘restricted to room temperature. Up‘to this tempeiature plots
of log JF/T2 versust_l exhibited two distinctive slcéecAét forward biases
~of + 0.4 and.+'0.6 V. At + 0.2 V there was oﬁly oﬁe'ciope. The activatidn
energies calculated frcm these curves for as¥prepar¢a'fype_A devicéé, indicate
-that electroﬁs, activated thermally to the encrgies athabout 0.32 and 0.60 eV
above.the conduction band are directly accepted intc the recombination
centrcs located at or in the vicinity of the junction'iﬁterfacc; Although
the presence of interface states complicates -the determinacionmof the barrier
height from cufrent—voltage measurements in these deviccc, approximate values
can be.obtainéd by using a réasonable estimate of the interface recombinaticc-

, veiocity. 1f SI is assumed to be about 5 x 106'cm/sf2)

’ fhe effectivc baprier
hcight inferred ffom the JO values of the sample whose characceristics are
depicted in.Fic 7il were ¢II,= 0.6 ev from region II and'cbIII = 0.8 ev from‘
region.IIi. There is a close similarity between the:value‘of ¢II and the
.activa;ion energy usually found in the vicinity of room temperature.

- The reverse current for biases up to -1.0 V was almost temperature
.independent, but at higher voltages the revecse currécts_measured at low |
temperatures were larger than those measured at highef'cemperatures. These
. characteristics are also shown in Fig 7.2 (triangles).  It is clear from this
: plot‘that the mcchanisms at low témperaturés aré‘similar to those at room
teﬁpérature. "In as-prepared type A devices characteristics meacured under

AML illumination yielded a fill factor of about O.7QL4_'Such a value suggescs

very low series and shunt losses (see Chapter 3, Fig 3:3(b)). Thus the
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current under illumination can be written as the superimposition of the
diode and short circuit currents as in Eq. 3.29, Chaptér 3. When J is
: sc

large compared with Jo the open circuit voltage is a modified version of

Egq. 3.30

ART  gn [ S€ (7.3)

so that the measurement of Jsc andAVoc as a function Of7light intensity will
vield a current factor, Jo, and a diode factor, A, ifsqu7.3 holds.
Figl7;7 is a plot of log Jsc versus Voé for an as-made Lype A
cell as-the intensity of illumination was increasedjfrom'l to 100 m W cm_z.
- The light'intensity was varied by placing neutral filte;s in front of the
cell;‘ The straight 1iﬁe‘indicates that the relation.ip equatioh 7.3 holds
perfectly in this range, and values of A = 1.65 and Jo.;.2.03 ].O‘—4 mA cm
result. By uéing this Jo value in Eqg. 7.2 the barrie; héight under illumina-
tion turns out to be 0.76 eV for this particular deviée._
Pﬁotothféshold measurements at zero bias have alsoc been made on
type A éells'to'determine the barrier height for the coﬁbined effects of
photo-excitation of electrons from the valence band 6f the Cu*s éo the
interface states and tunnelling to the Cd4s conductioﬁ b§nd. If the photo-
respohse R(hv) is defined as the photocurrent per absorbed photon of energyl
hv, then a plot of /R versus hv ' may be used to define an apparent barrier
height(3). A calibrated PIN diode was used to ensure that a constant
energy of incident light at each wavelength could beudbﬁéined. Fig 7.8 shows
.the square root of the photoresponse at zero bias as'g function of quantum
energy in the near infrared region for és? made type.A device. The straight

line gives an extrapolated value of 0.85 eV on the energy axis. Threshold

values measﬁred in this way varied from 0.85 to 0.92 eV for the type A cells

examined.
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Values of barrier height for four type A as-made CdS/CuZS devices

obtained using the various methods of analysis are summérized in Table 7.3

Measured Barrier Heights.at'296 K
Method Applied '
< PP ¢ (ev)
B
L HET706/3 HET713/2 HET727/8 HET706/10
3"V, (Region III) . 0.80 0.81 . 0.83 0.82
IgoVoc (Different 0.76 0.79 0.77 . 0.78
Intensity) N
g | 0.85 0.92 _0.87 0.88
sc - _
TABLE 7.3: Measured barrier heights for as-made. type A CdS/Cuzs cells.

| As statea eailier, type B devices have very poor diéde and photo-"
voltai¢ behaviéur in their as—prepared.state. The very low fill factor
(AMl) of these cells indicates that a considerable éfépgrtibn of the loss
owustmdmnmﬂmewrmmumpaML Wﬁwl&ﬂcumm—
voltage characteristics ét 85_and 296 K for a tfpe B device are plotted
semi—logarithmically in Fig 7'9f It is again clear‘that type B éells
~exhibit two different regions in the dark forward J-V characteristics.
Region iI dominates‘the current transport mechanisms 5e;ween + 0.20 and
+ 6.75 V. The slope and diode factor, A, in this région at 296 K are
3.62 and 10.8 respectively. - The current factor, Jo' caiculated by extra-
polating the straight line to zero voltage was 4.5 mA E@iz. However, the
slopes of the log JF vs YFplots at 85 and 296 K weré practically the same.
This and the weak temperature dependehce of JF gfe ch;facteristics of tunnelling

limited currents. Thus if Eq.7.2 is applied to thié_data a barrier height of
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'0.51 eV is calculated for this. particular type B demicefin its as-made
condition. |

Typical dark reverse currents, JR for typejh_ceils are also shown
in Fig 7.9. The first observation is that the magnitudes of the reverse
currents of these cells were two orders of magnitude higher than those for
type A cells. Fig 7.10 demonstrates that the reverse cmrrent-voltage curves
for type B devices can be described by the relation iRoe B Q:fover three
-orders of magnitude of current. The temperature dependence of the reverse
current was small, but the cross-over effect was also_observed witﬁ the
JR.—'VR characteristics measured at different temperatUres for type B devices..
As explaimed in ‘Chapter 5, poor rectifying behaviour.ofﬂtype B devices
improVes with a decreasing number of iedges.and kink sites on this type of
‘.surface."For instance Fig 7.1l shows the results ebtained'from an as-made
type B cell with a relatively low density of ledges ana krnk.sites on etch
hillocks. Comparison of J-V characteristics in Figs'7.9 and 7.ll.gives
- further ccnfirmation.of'the direct correlation betweem‘surface features and
the diode behaviour. Piots of the forward currents atifixed biases
(+ 0.2 and + 0.4 V) as a function of temperature are shown in Fig 7.12. The
lack cf temperature dependence clearly indicates thatltﬁe current mechanisms
-in this type of heterojunction are dominated by tunneiling.' Because of the
‘poor diode and photovoltaic behaviOur of_type B deviCes; the investigation of

their parameters has not been pursued further.'

7.3 . EFFECTS Of POST BARRIER AIR-BAKE ON'DARK CONDUCTI&N PROCESSES

The heating of the samples above room temperature was carefully
avoided, while the as-prepared devices were being examined in the dark and
under 100 mW cm_z illumination.: When all necessary.measurememts had been
‘completed on as-made cells, both types of demices were éiven an air-bake
at ZOOOC for 2 minutes. |

Typical examples of the current voltage characteristics for tyPe A

cells measured at 85 and 296 K after air-baking are shown in Fig 7.13.
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It was generally found that the current-voltage characferistics of type A
 cells meaéurea at room temperature showed three regimes after the air-bake.
Again with forward biases lower than 015V (region ij the éurrent‘followed
a simple ohmic law but its magnitude was reduced»by two orders. In region II
the current was also two‘orders of magnitude less tﬁéﬁ ﬁhat in as-prepared
Vcondition. In region II the diode factor improved fromA7.7 to 6.9, the
current factor from 5.95 lO—2 to 1.89 lO_4 mA cmz, and’ﬁhe barrier height
from 0.61 to 0.76 eV after a 2 minutes air-bake. AS_With as-prepared devices,
the parameters derived invregion Ii showed quite a spfeéd after the heat freat-
. ment.

The ongset of region III was also shifted down by two orders of current
magnitude, and the characteristics in this region showed a diode factor cldée
8

to unity (A E.l.Z) and a J0 value of 2.46 10 -~ mA cmfZ.A The air-bake also

lincreased the éffective bérrier height for this region from 0.80 to 0.99 eV.
The current—voltage characteristics measured at diffgrenf temperatures almost
. followed each other with a small divergence at Alow.(]-.o—4 mA cm—2) and high
:(102 mA,cm-2)‘vaers of the forward current. The variation of reverse current
with appiied voltage for heat-treated type A cellS»agéin‘exhibited three
bdifferent regimes similar to the characteristics of the as-made devices

(see Fig 7.14) ,although the total reverse current density Waé two orders of
magnitude smaller. The temperature dependence of the reverse cu;rent was
leés at higher reverse biases and the cross-over efféct_occurred at about

n 2.5 V.' |

TYpical forward current—voltgge characteristics,fdr a heat treated

type B cell at. two temperatures (85 and 206 K) are plotted semilogarithmically

in Fig 7.15. Plots of log J_R versus log VR~for a heat treated type B cell,.

measured at 85 and 296 K, are shown in Fig 7.16.
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It is clear from comparing Figs 7.13 and 7.15 and Figs 7.14 and
7.16, that there are close similarities betweén the forward and reverse
characteristics of both types of device after the heét treatment. Calculated
values of the diode éarameterc of baked devices gave-fucther confirmation of
the comparability of both types of junction in the dcrk. The values found

for regionslll and III of both types of device are listed in Table 7.4.

TYPE A - ' .TYPE B

Parameters _

-Region IT ‘Region III Region II Region III
. -2 - -8 -4 =7
JO(mA em )| 1.89 10 1 2.46 10 6.86 10 1.69 10
A 6.9 1.2 | 5.39 1.4
b e - 0.76 0.99 - | 0.73 | 0.9

J
TABLE 7.4: Dark diode parameters for heat treated cells.

7.4 ; JUNCTION CAPACITANCE
| The capacitance of CdS/CuXS heterojunction.ﬂas been_studied to gain

further iﬁsight‘into the nature of the junction. The measuréments were
made using a_phaée.sensitive detection sysfém at 106 kHz.

| First of all the dark junction capacitance-vcltage cﬁaracteristics
of type A and type B devices in their as—preparcd scéte.were invcstigated.‘
" Plots of C_?.versus applied reverse bias generally yieided straight lines
indicating the abrupt nature of the junction betweeq_cqs and'CuXS in the
as-made condition, (see Fig 7.17) . Using the classicél interpretation of
such plots (see Chapter 3) a net donor concentration (ND-NA) of
4.40 1015 cm—3'was calculated from the slope of thié sﬁraicht line and a
| diffusion voltage (Vd) of 0.9 V from the intercept on the voltage axis.
mekmamnmﬁﬁiﬁ&mdﬁthcmwmmmlmmﬂa

( (C/A)va = eeo/W(Vo) ) would therefore be about .0.6 Hm. However, ‘as
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reported in twcvpfevious cﬁapters the éctualtjunctian area is considerably
larger than the néminal device area and consequentiy tﬂe values inferred
from C-V measurements by classical iﬁterpretation are ﬁétAreliable. Further-
more £he value of the diffusion voltage is highly dependent on the existence
of interface ététes, dipoles and trapping centres, éfsor in the vicinity of
the junction inte?face. In fact the intercepts of the C_z vs V plots for
as-made celis ranged from 0.3 to 2.5 V, but all the slopes gave almost the
same value of'ND_-NA for all samples fabricated on dice from the same crystal

boule. Moreover the values of NN, calculated from simple resistivity

. : 2 -1
measurements assuming that‘un =300cm V 8

were of ‘the same order of
magnitude; The values of the zero bias dark capaci;ancefat room temperature
varied significantiy from sample to sample ffom 0.4 nF to 3 nF corresponding to a
' range of depletion of widths,using nominal areas,from 2.2um to 0.29um. This large
variation might be partly attributed to an ambiguity as:to the real junction
area and éartly to differences in the junction éaraﬁéfers such as the diffusion
potentiél.' A thedretiéai discussion -of junction capacitance and the influence
-0f interface states is discussed briefly in section‘%;Zland 3.4.1. However it
is not possiﬁle‘to attribute these differences in the cagaéitance to any
specific causé.
The capacitance measurements on type A and tyée B devices did not
reveal any systematic differences between the two types'of device as thgre
“had been with the J-V and photovoltaic characteristics.. |
Al though junction parameters calculéted from'cfv measurements are
not very reliable, é study'&f'the junctién capacitanééAét different tempera-
‘tures; 5efgre ana after heat treatment, wés made for comparison purposes.
The capacitance at zero bias changes with temperatﬁre as shown in Fig 7.18(a).
Fig 7.18(b) contains the C_2 versus V plots measured at 85 K and 296. K, from
which the c.alcullated N_-N values were 4.70 x 10> and 6.49 107> em

respectively. This suggests that the dehsity of_positively charged levels




T30 V. 3dAl -3AVIN-SV NV YHOd- wO<.r._O>A SNSY3A ~-u.. LLL 914

~—— (S1T0A) A

o} 0 0-l- 0-Z- 0-€-
~_ 1 ‘ _ T T s T _

Ot = (VN - @
[uo_0X07:7 = (YN = N)




3000

C(pF)|
(a)
2500 .
2100 1 1 ] ] L ) ] 1
100 150 200 250 300
T (K) ¥
5 .3
(N,-N, ) = 470x10cm| 6 T
‘ ycl(cm‘F'z)xm
296K
[‘ .
| (b)
(N_-N, ) =6:49x 10.cri 2,
' AN
\ .
\\
AN
NN
1 i N, \
20 -1:0 0 10
V (VOLTS) —=

FiG. 718 (a) VARIATION OF DARK CAPACITANCE AS A

FUNCTION

OF TEMPERATURE

(b) €2/ V. PLOT AT 296K AND 85K




138

’

in the deplétion layer had decreased at low temperatﬁrgé, and‘the
'difference in the measured value (1.79 lO15 cm-3) indiéétes that the
density of level; which can be ionized at room temﬁéréture is comparabie
.to the donér density.
The curves in Fig 7.19 demonstrate the effect of a post barrier
air-bake on the dark junction capacitance. Linearit§ of C_2 versus V
plots allows the estimation of (ND-NA) values after‘differént pefiods of
air-baking at 20§°C. This particular cell had an ND-NA value of .
.77 101‘6'cm_3 in the as-prepared state, whigh was reduced to 8.37 1015 cm—3'
after 1 minute of heat treatment. The dark junctioh-capacitance decreased
considerably during the initial 1 minﬁte éir—bake, but thereafter the reduction
slowedvdown. After'4 mins air-baking a fifth minuté.produced vi?tually no
éhange in capaciténce. Different cells reached thislédnditioﬁ after varying
periods of heat treatment. However, the common fea£u;e was that all devices
at this étage exhibited a voltage independent capacitagce in reverse bias.
Althdugh the junction capacitance of as—made CdS/Cuzs cells was
insensitiv; tovlight, it became strongly dependent on.the illum;nation after
air-paking. In.thé fdllowing'section measureménts Qf,éhdtocapacitance and

the relation between photocapacitance and photoVoltaic_éensitivity will be

documented.

7.5 PHOTOCAPACITANCE AND INFRARED QUENCHING_'

“In order to explore further the effect of thé post-barrier air—bake
on the junction‘propertiés and to obtain information abqut the deep acceptor
levels introducedvby copper diffusion, infrared queﬁéhiﬁg of photocapacitance
was investigated while the device was excited contiﬁuously with constant

illumination corresponding to the Cd4s bandgap energy (for details see

Chapter 4, 4.7.1). Fig 7w2ovdemonstratés that after a post barrier air-bake
the photocapacitance spectra at room temperature contains two=infrared
guenching bands."TThezﬁhrgsholds of thése bands were at 1.75 pym and at 1.13 um,

reaching maxima at 1.36 an?nat 0.93 um.
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Fig 7;21 shows the spectral‘responses of<theAvoc of a cell heat
treated for 4 minutes and measured with and without éénstant bias light.
illumination.  infrared'quenching bands observed in'tﬁe'spectral distri-
butuion gf Voc gxhibit a similar paftern to those observed in the photo-
capacitance spectra. However, although the quenching'peak at 1.36 um
appea;ed élearly the second peak at 0.93 um was no£ ga'prominent. This
was because this band coincides with the indirect Béndgép of .the éhalcocite
phase of CuxS,-

The other effect of the secondary bias illumination was to enhance
the 1ong‘wavelength response. - The relative magnituéé of enhancement and
quenching was’dependept on the intensity of the bias .light. The curves in
Fig 7.22 demonstrate that after a certain level of'#ﬁé ihtensity4of bias
light; which aiffers ffdm device to device,‘the quencﬂing bands in the
spectral response.of Voc become enhancement bands. .

7.6 . DISCUSSION AND MODELLING OF CdS/CuxS HETEROJUNCTIONS

Although a self-consistent theory of the transport of charge

 carriers in cds/cu,S heterojﬁnctions has not yet been established, it is

2 .
widely accepted that the current conduction process is a combination of
two mechanisms.. The first is the thermal excitation of carriers to energies
at which the probability of tunnelling into recombinétion centres is
reasonably high ; while the second is -the tunnelling recombination of

. . ] ' (4,5,6,7,8) o ,

charge carriers via these centres . A falrly extensive survey
» " of the proposed models to explain the operation of CdS/Cuzs cell has been
giveh in Chapter 3, section 3.8. The basic problem of all models suggested
is the ambiguity on the interface properties of the-junction as the deter-
mining factor for the current transport. Houwever recent developments in

interface analytical techniques (an elegant réview can'be found in Ref (9))

are expected to reveal many of the interface parametefs accurately in the

"‘near future.




150

(b)

(a)

04 06 08 10 12 .14 16 18
A(pm)

FIG. 7:21 SPECTRAL DISTRIBUTIONS OF V,. FOR A
CdS/CuS CELL AFTER & MINS. HEAT
TREATMENT , (a) WITHOUT BIAS ILLUMINATION
- (b) WITH 0-52pm BIAS LIGHT ILLUMINATION




250

200 ¢

~.150

VOC (mV)

100

L [ | | | |
04 06 08 1.0 12 14 16 18

A (pm)

FIG 722 SPECTRAL DISTRIBUTION OF VOC FOR A
CdS /Cu,S CELL AFTER 4MINS. HEAT
.TREATMENT FOR DIFFERENT VALUES OF
BIAS LIGHT INTENSITY (0-52pm)




140

In ofder to explain the results described in this chapter the

" band profile of the junctieﬁ is assumed to.be modified during the forming

of the junction accoraing to the particular interface that is formed. In

fact the bulk electronic properties are thought to be an insufficient guide
to determining the discontinuity of the conduction and‘valence baﬁds. A
similar conclus;on has been drawn by several researbhefs, for instance
Bber(lO) took the chemical and crystallographic nature of the interconnection
into consideration, and te Velde(ll) suggested variable barrier heights
caused byAchanges in the density of charged interfaee states. Details of
these models are givenlin Chapter 3; section 3.8. Th?ﬂCds/Cuzs cell is

a heterojunction;diode and because the copper sulphide is degenerate

(p x 102_2 cm_3, (6) ) and the CdS is non—degenerate-t»px lOl§ cm-3) the
.space charge region occurs entirely in the cdas regioe; 'The lattice mismatch
of a-parametersjoflapptoxiﬁately 4.5% between CdSs ana‘éuxs yields a theoretical
interface state aensity'of 5 x lO13 cm-2 (12). Various dark current paths
for charge carriers in the heterojunction are summarized in‘Chapter 3,
section 3.4;2Hfsee Fig 3;2). In general all paths predicted maf contribute
to ehe total current crossing the jﬁnction. However;'depending upon the
'propertiee of the interfacial layer, one of the mechanisms dominates the
whole current process. Rothwaff(lB) suggested that ehe'dominapt current
path determines the open circuit voltage of the cell;‘ Because many reports
concluded that efructurally complete cells could exhibit little rectifying
behaviour and photovoltaic effect before a post barrier air—bake(4'5'8;ll'l4'ls).
ali models proposed were basically for heat treated devices. However as is
demonstrated cleaily in Chépter 5, devices fabricated under optimised
'eonditions give their best performance in the as-made condition. Thus the
modelling of the CdS/CuZS junction will be evaluated fof as-pfepared as

well as the Heat treated samples in what follows. The major characteristics

which have to be explained by any suggested model of the as-prepared hetero-
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junctions are : (1) the marked differences between'the diode character-
istics of‘devices formed on type A and type B surfaces (a) the appearance
of three distinct regions in the semilogarithmic plots of the dark forward
J-v characterietic of type A devices, and the two regions in type B devices
{3) the temperature independent slopes of these plote (except at low voltage)
(4) the J_ =B VY' relationship for reverse currente end the temperature
cross-over effect. |

These experimental observations may be explaihed using e multiple
"diode model in which the junction is assumed to consist of many different
quality diodes in parallel, and all mechanisms simulteheously contribute to
the diode eurreht. It has already been shown in Chepter 5 that there is a
direct eorrelation between the diode and photovoltaic'eharacteristics of the
cells and their surface topography. By microscopic inVestigation of the
surfaces with the EBIC technique, it is concluded in Chapter 6 thet the
growth. of CuXS:en cds is complicated in the presence ef ;edges‘and kink sites
6n the hiliocks resulting in poorer junction prppefties, and it is likely
‘that the density ef interface states will be highe;-aththese sites; It is
‘therefore sugéested that on the microscopic scale local variations of the
interface state density will cause a great difference in diode parameters
“of locally produced barriers.

When the barrier formed on type A surfaces}-which‘is delineated by

" the array of smoothly facetted hillocks (see Chaptef 5 and Fig 5.5); the
interface boundary'conditions are expected to be fairly‘similar on the
facets of hlllocks but the summits and valleys of the hlllOCkS are thought
to have quite different interfaces. This is indeed confirmed by the EBIC
resuits described in Chepter é. Thus, although the interface properties of
' these differently characte;ised regions are not known, intuitively it is
proposed the smooth sides of the hillocks corfespond to éood barriers

(appearing as light EBIC contrast) whilst the summits and valleys (dark EBIC
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contrast) present.ﬁoor barriers between the CdS and Cq%Su These are
illustrated schematically.in Fig 7.23 (a). Wwhen the~Ch¥S grows on the cds
topotaxially, the lattices are macroscopically connected.in a plane per-
pendicular to c—axis; however on a microscopic scale,jmost of the interface
occurs on planes of higher indices, because of the etehed surface topo-
.graphy(l6). In the band diagram shown ih Fig 7.23(b3;-ohly the interface
states caused by the lattice mismatch along the interface plane are con-
sidered. These states are positively cherged above'thefrermi‘level(l7).

At the summits and valleys of hillocks the lattice hismatch and density of
interface states is extremely high and the resultant energy band diagram
can be represented as in Fig 7.23(c). .It is now cruCial tevunderstand the
recomblnatlon path for determlnlng the mechanlsms of current flow. When
forward bias is applied to the junction, the voltage is dlstrlbuted un-
equally among the various diodes with the charge carriers preferentially
flow1ng through the poor diode regions. The total junetion aree'of one
specific dlode defines the current density whlch can be transported by the

. mechanismvdescribed. Then, whilst one mechanism approaches saturation as
the potentiel increases, the next conduction mechaniem;ewhich giQés a better
diode characteristic, takes over and so on.  The dark forward current
voltage characteristics measured for tyep A dev1ces cah be explalhed using
this model. The ohmic behav1our in region I is attributed to the tunnelllng
of charge carriers from the bottom of the cas conductieh band to the inter-
face recombination centres. With voltages up to o.@:v:the second region

_occurs with a reasonably high current factor and poor diode factor. A slow

increase of forward current with applied voltage, in this region, indicates

that the current is more sensitive to the density of interface states than

to a reduction in the effective barrier height for carrier transport. In

fact, the current and diode factors for region II in type A cells, showed

large variations from device to device, which can be explained in terms of
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the differences in total areas of poor diodes, and in tﬁe properties of

the interfaces that these barriers contained. The bérrier height for

the dominant mechanism in region II was varied between 0.45 to 0.6l eV

for as-made cells. In region III the value of the éiédé factor suddenly
jumped to high values close to unity (between 1.6 and.Z.O). The mechanism
which controlé the current transport in this region Yie;ds a relatively low
current factor giving an effective barrier height of abéut 0.8 eV. Further

the direct relation between the level of the current density at which the

i

mechanisms change over, and the ratio of the dark and.light EBIC image
regions on the total device area confirmed the discussion which was carried
out above. Most studies on the current-voltage charécteristics of CdS/Cuzs
junctions have showh the existence of three distinct regions in log JF

versus V, plots(5'8'l4'18'19).

To an extent, consideration of the type B surface§ on which kink
sites and ledges are numerous, suggests that most ofﬁthe junction can now
bé‘represented by the energy band diagram shown in Eig 7.23(c). The EBIC
'étudy of these devices has indeed shown that the daﬁk:contrast regions
'exceed.tﬁe aréas Qf ligh£ contrast. This indicates thét the total.curreﬁt
capacity of the dark regions at forward bias is very: high, gndndominates
all otﬁef mechénisms up to currents of 100 ﬁA/cmz. 'in the current controlling
regions,:transitién érobabilities of carriers from thg bottom of the con-
dﬁcﬁion béndvof the CdS to the recombination centres is significahtly high,
becauée of the very high'density of recombination centres per unit area of
interface{

'In reverse bias é very large barriexr opposes hole flow because of
largé valence band discontinuity (v 1.4 ev), so that a high reverse current

indicates positively the involvement of tunnelling mechanisms. The investi-

gation of the reverse J-V characteristics of both types of device in their

Y could be applied

as-prepared states showed that ihe expression J% BV
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generally with Yy taking‘different values (fcr instance'see Figs 7.2 and
7.10). In type A deuices; the reverse and forward current obey the same
law ( vy = 1) at low voltages, however at high voltages the reverse current
shcws a zener current type behaviour with y = 2 and 3. With type B devices
the reverse current mechanism shows only the J = BV behaviour even at high
voltages (up to -4.0 V). This ohmic type of transport indicates that the
junctione are‘shunted by the interface states.:

The measurements of the J-V characteristics: at different temperatures
show that the slopes of the log J —V plots are v1rtually independent of
temperature confirming the importance of tunnelllng {see Figs 7.3, 7. 9 and
7.11). The temperature dependence of JF at fixed voltages for type A cells
is clearly different (Fig 7.4) : (i) at low voltagee an almost temperature
indepenaent current indicates that tunnelling is occurring from the bottom
of the conduction band, (ii) at higher forward biasee,_the current is
thermally activated showing that the carriers must be excited to certain
" enexgy 1evels'before tunnelling to recombination centres. Activation energy
ﬂanalysis between 85 and 340 K showed that tunnellinc*occurs,with AE values'

- of 0.34 eV and 0.6 eV (see Fig 7.6). Unfortunately,'the‘value of the barrier
height found from J-V measurements, could not be 1nferred from activation
analysrs because of the limitation on the upper temperature'whlch could be
used. |

In type B devices the weak temperature dependenee of the forward .
current suggests that tunnelling occurs predominantl§ at energies closecto
the bottom of the conduction pband of the Cds. Thus:a very small potential
barrier is surmounted before tunnelling (as illustratea in the energy band
diagram in Fig 7.23(c) ).

The measurements show that the dark reverse currents are not strong
functions of temperature‘fcr both types of device, giving further con-

firmation for the tunnelling nature of the current. The reasons for the
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cross-over effééts observed with reverse currents meésured at different
 temperature§,_and the shift in the cross-over point té‘higher reverse
biases, for devices showing good rectification, are.hot.immediately obvious
but they may be associated with different charge confiéurations in the
depletion region ét different temperaturesgiving rise tq junction electric
fields which affect the tunnelling process.
The non—phbtocapacitive behaviour of the as;madéAdévices may simply
be attiibuted to the absence of copper in the depletion_region 6f the Cds,
'and linear relation of C-2 with reverse biases indicaﬁes an abrupt junction.
The temperature Variatiopvof the capacitance (see Figsi7.18(a) and (b) ) mgy
éimply be an indication_éf deep donor like levels (altho#gh a detailed study
is not attempted in this work DLTS analysis of these devices in our laboratory
has shdwn the eXistence of 3 discrete electron trapsAwith ionisation energies
of 0.18, 0.30, and 0.38 eV). The presenée of largeAdensities of deép donor
like levels in CdS which appears to be a result of junction formation(g)
gives rise to.a much more abrupt band profile at thg.interface than that
expected for thé shallow donor density of the bulk. é;though the donor
'éoncentratioﬁ indicates that the tunnelling probabilities from' the con-
duction bana.éf the CdS into in£erface states are féirlybsmall, these deep
donor levels increase the tunnelling probabilities coﬂsideraply by narrowing
the tunnelling distance and increasing the'electric fieidé near the interfaée;
To summarise therefore the experimental observations on as-made

cds/Cu,.S devices can be explained in terms of a model (Fig 7.23 (a,b,c,d)

2

incorporating the following features

(1) The junction consists of many different regions with different

‘parameters (mainly connected with differences in the density of interface

recombination centres). '

(2) The energy band profile of these regions is'determined during
the forming of the junction according to the particular interface that is

formed.
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FIG. 723 PROPOSED MODEL TO ACCOUNT FOR THE
OBSERVED VARIATION IN CELL PERFORMANCE
'WITH SURFACE TOPOGRAPHY. |
“(a) Schematic diagram of junction cross-sectlon

~at a hillock.
 (b) &(c) Band diagram for a region w:th low (b)
- .and high (c) interface state density
(d) Association of the regions of the surface giving
" rise to different performance with the different

regions of the dark diode characteristics.
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(3) Thé mechanism for dark forward-bias currenﬁ flow is thermally
activated tunnélling -recombination via interface feéémbination centres,
and the activation energy of the funnelling process Qaf;es from region to
region depending on the junctién interface. Tunnellihg recombination
currents from different activation energies contribute ;o the diode current
simul taneously.

(4) The proportion: of the regions with good parameters relative
to those with poor parameters determine the ultimate béhaviour of the cell.

The measu;ements made on cells suggestedthat aﬁ air-bake caﬂ be
explained by invbking the same key features digcusséd in Chapter 5. Firsﬁiy

_the heat treatmént causes oxygen to be absorbed at thé junction interface
where it forms électron traps(ll), this resuits in an inc?ease in barrier
'height, Some authors propose tﬁat the absorbed oxygen-producés a fhin

' - (20,21
interfacial layer (v 10 R) between the CdS and the CuXS( ° .).

Further, it
is widely rgcognized that copper diffuses from the Cuxs into the Cds compenf
sating the cds néar the'junction interface during the'air-bake (A1l references
on CdS/CuxS~cells).

The pfesence of acceptor impurities widens the,depletibn_region in
the dark and may compensate the deep donor.like leve;s,'SO that théAtunnelling
processes reséonsible for forward current with the low’aetivation energies
are draﬁatically reduced. :The onset of photocapacitaﬁce guenching bands
at 0.71 eV and 1.09 eV and their maxima at 0.91 eV and 1.33 eV can be
interpreted as the combinea effects of copper levels located at 0.3 eV
above the valence band and;at the vicinity of the midband gap (1.1-1.2 eV)
as has been reported by many workers on this line(4'8'22'23'24).
Rothwarf(l3) reported that the copper compensation reduces the net

'doﬁor density by three orders of magnitude. ‘When thelheat treatment is

prolonged the width of the compensated layer exceeds the space charge region

so that a high resistivity CdS region exists between the end of depletion

layer and the,uncompensateb C4ds region. The suggested'energy band diagram
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~ for é heat treéfed CdS/CuxS heterojunction is shown in Fig 7.24. This model
is similar iﬁ maﬁy réspects to that suggested by ‘the Delaware group. The
high forward voltages used in the fofward characteristics of heat treated
cells can be expiained by negative charge storage in th; compensated reéion
in the bulk. Nevertheless, when the junétion is illﬁminated with light with
sufficient phofon energy to excite electrons from tﬁe acceptor levels to the
conduction band the depletion widfh narrows towards its as-made value. It
might be thoughf that the diode characteristic would also return to its aé-
Prepared state under sufficient illumination but this is‘ﬁot so. The hard
diode characteristics of heat treated type B cells unaer illumination suggest
that the abéorbéaonygen<a£ the interface plays the,@éin'role.in'the imprové-
ment qf,the diode characteristics. The moael suggested-here for the heat
treated cells can explain all the experimental observétions. Indeed the
C_2 versus VR piots in Fig 7.19 demonstrate‘the progressive coﬁpensation of
the CdS, and the high voltage forward bias region of the dark J-V éharaéter—
istics confirms>the existence of the resistive region;”~further, the rather
similar_junction properties achieved for both typesib? device after heat
treatment (see fable 7.4) indicate that the formation.of:oxygen traps stems
. the tunnelling process at lower activation energies,lso ﬁhat conduction occurs
by tunnelling recombination aﬁ high energies in both types of<deviée. |

The model can also :explain the spectral responséxof heat'treated-
' deviées and the effect of biaé'light on the spectralidistribution of the
photovoltaic responsé. As stated in Chapter 5 the phoéqresponse of an
‘unbaked cell was'essentially that of Cuxs. However,’the spectral response
‘0of heat treated cells is strongly influenéed by the intepsity and wavelength
of the light reaching the CdS. The reduction in the long wavelength response
' can be partly explained by»the shift of the CuxS respopse‘to.shorter wave-
lengths with heat treatment, and partly attributed to‘;he insufficient energy
of photons to ionise all deep acceptors for energies éma;;ef than 1.3 eV

(sée Chapter 5, Fig 5.29). ' The incident photons with energies greater th;n
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1.3 ev ionise the copper acceptor levels and cause a jump in the junction‘
field to higherivalues, and reduction in the resistance of the compensated
layer, so that the interface collection factor dependsvstrongly on the
-illumination. Although irradiationvof some wavelengtns may increase the
positive charge density in the space charge region'byuionising deep levels,
other wavelengths could result in the filling of these ievels. The spectral
response of a baked cell is determined by the rate and the sequence in
whlch the wavelengthis Scanned.When a junction was excited ~ont1nuously with
lrght correspondlng to the cds bandgap, all levels were assumed to be ionised,
with the depletion reglon shrinking back to its as- prepared value. The change
in the depletlon reglon caused by the irradiation is- shown by the dashed line
in Fig 7.24. If the junction is then scanned w1th mon0chromat1c llght from-
the infrared to shorter wavelengths the levels at 0.3 eV and the mid bandgap-
will be refilled and the electric field at the junction will decrease towards.

l the dark condition. Then the photoVoltaic effect created by the bandgap
plllumlnatlon will be quenched significantly at 1. 36 um (see Fig 7. 21). However,
the expected quenching at 0.91 um competes with the chalcocrte response and
the quenching at this wavelength does not appear as clearly as it does in
the photocapacitance. The competition between quenching and enhancement shows
a close relation with the light intensity. As tne secondary 1ight‘intensity
increases the response at about 0.96 um increases and'the nagnitude of the
quenching peak decreases. In fact after a certain 1evel'of intensity tae
infrared quenching bands>become enhancement bands (see Fig 7.22). 1In order

to establish positively the correlation between the observed spectral‘response

and the deep levels in the CdS bandgap, the density, location distribution and

' capture cross-sectlons of these levels have to be known However, although a

vast number of reports are available describing levels in the Cds .

bandgap (4,8,13, 23 24) ,no complete set of data for any level has definitely
been established. Thus;any,further discussion of the modification of the

energy band diagram by the type of illumination can only be speculative.
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CHAPTER 8

SINGLE CRYSTAL anCd xS/Cuzs PHOTOVOLTAIC CELLS

1-

‘8.1 INTRODUCTION

With the present technology the efficiency of CdS/Cuzs thin film

: , . . . 1
photovoltaic cells is estimated to be limited to abqut‘lo%( ) because of

differences in the electron affinities and the lattice spacings of the
two semiconductors from which the heterojunction is formed. One way of
improving the matches between the crystal lattices and the electron affinities

is to incorporate ginc into the CdS to form a solid solﬁtion of anCdl-xS

2 S :
( ). Recently thin film cells based on

(3)

anCdl—xS have been produced with an efficiency of up to 10.2% . However, .

: : T 1) -
this is far from the upper limit which is estimated to be about l4—15%( ).

as first suggested by Palz et al

The discrepanéyAbetween the best experimental effiéiéhcy and ﬁhe estimated
limiting valué is under‘continﬁous investigation throughout the world.

- Ih this cyapter'results are presented for ancql_xS/CuZS photo-
'voitaié cells which have been prepared on single cfystal suﬁstrates of
‘ancdl_xs with compositions in the range O§x<Q.4. Thé“;haraétefisation of
’ancdl_xs crystals, the determinétion of their lattice paramete%s and the
surface'pfeparation prior to the formation of the CbPP?I sulphide layer are
deécribed in section 8.2. The following secti§n ié_devpted to an examination
of the local photovoltaic sensitivity of ancql_xs/cﬁés cells, using the
electron beam induced current (EBIC) technique and ité correlation with
cell performance under 100 mw/cm2 illumination. The éopper sulphide laye{
and ‘the photovoltaic spectral responses of these cells are described in
séction 8.4. The dark‘current voltége measureménts and ‘the study of junction

capacitance are presented in'sectiohs 8.5 and 8.6 respectively.
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In order to avoid confusion, the copper defiqient phaseé of copper
sulphide are referxrred to in this chapter as CuyS where y replaces the x
used in the earlier chapters.

8.2 STRUCTURE AND SURFACE PREPARATION OF anCdl—xs SINGLE CRYSTALS

" GROWN FROM THE VAPQUR PHASE

The technique employed to grow large single CrYStals of anCdl—xs
utilised the vapour phase technique, details of which have already been

given in Chapter 4, section 4.2, wWith this method satisfactory homo-=

-geneous crystal boules were obtained for all crystals with zn compositions

up to ZnO §Cd0 7S. With higher zinc concentration thére was some evidence

- that the growth of uniform mixed crystals was limited and a colour gradation

along thé length of the boules became apparent. A fe& attempts were made
to determine the composition of anCdl xS crystals by~m§ans of atomic

absorption spectroscopy'of samples dissolved in concentrated HCl. The

- results indicated that when a Zn Cdl S single crystal is dissolved in HC1,
: x 1-x - -

.some of the zinc precipitates out and although the measured value of the

cadmium content agreed with the expected value, the measured level of Znwas
always'found'to be far too Low. Thus the values of the bandgap mgasured
optically.had to be used to monitor the compositioné.

 The crystal structure of boules with 0$x£0.5 was hexagonal, and the

x-ray powder photography technique was used to determine the variation of

the latficevparameter with cbmposition. The values 6f the planar spacings
were determined from the x-ray pattern and then indexéd;uéing the Cds
plane spacing as standard (ASTM) , see sectiop 4.2.1 fo; details. The
resuits of theée measurements are illustrated in Fig 8.1 which shows that

both a and ¢ decreased sublinearly with increasing zinc content.
. ° _ .

o
To ensure that the results obtained using single crystal material

might bear some relation to thin films all devices were prepared on etched
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FIG. 8-1 VARIATION OF LATTICE PARAMETERS WITH
COMPOSITION OF Zn, Cdl_xS‘;CRYSTALS
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(0001) faces of the Zn Cd S single crystals, as this'orientation '
corresponds to the preferred orientation of the grains-in thin films.
Consequently all crystals were aligned using X-ray back reflection.. Then
dice with dimensions of 4 x 4 x 2 mm3 were cut from the'boules so that the
largest area faces of each die coincided with the basal'plane of the hexa-
gonal structure. As discussed in Chapter 5 for Cds, theAfinal stage in
removing the severe saw marks arising from cutting Was to polish the large
area  faces mechanically-with 1 um alumina powder,REb‘egamination of such
surfaces indicated that the polishing created polycrystalline layers on the
anCd S single crystals RED patterns of these polycrystalline layers for
each comp051tion,_ 0 <O £0.4 were indexed as arising from a totally sphalarite
cubic structure; Fig 8.2 shows a RED pattern‘for an13CdO.7S with .a lattice
parameter of 5.80 . To remove this layer, which is neither-suitahle for
dev1ce fabrication nor representative of thin film material, all dice were
etched in cold concentrated HCl for a period of 30s. As with cds (section 5.2)
the sequence of cutting and polishing also had a considerable effect on the
ultimate topography of an etched (oool) surface of a Zn Cdl xS crystal.
. For instance, the surface of an etched die which had been polished as a slice
before being cut into dice, gave rise to the type of surface shown'in Fic‘5.5
_(type A), while the surfaces of dice which had been polished after cntting
into dice were similar to that depicted in Fig 5.6 (type B) . 'Because of the
' ‘close similarities between the surface preparation of cds and inxCdl_xS and
the resnltant secondary emission micrographs these details are omitted here,
but the effects are entirely similar to those described in section 5.2.

The electrical conductivity of the crystals at room temperature as
-1 and was

v . ~1
a function of composition (0<x<0.4) ranged from 0.5 to-2 @ om

independent of illumination.

1






to avoid needless repetition similar SE and EBIC micrographsvfor anCdl_xS/
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8.3 . STUDY OF IOCAL PHOTOVOLTAIC SENSITIVITY USING THE EBIC TECHNIQUE

In the bfeparation of devices an indium ohmic contact was applied
to the €4 face of all dice, and the topotaxial layer'éf‘copper sulphide
was grown at 95°¢ on to the opposite freshly etched -sulphur faces by
dipping in tﬁe plating soiution for 10s. Details of this process are
given in Chapfer,S, section 5.3. An evaporated 1 um diameter Au contact
was deposited on the copper sulphide for the secondAeléctrode. No loss
minimisation processes were eﬁplbyed.

When devices were fabricated on.the surfacéétwhich featured numerous
kink sitesAon etched hillocks (type B), EBIC examiﬁatién confirmed that
the local photovoltaic sénsitivity of the surface wé$ poor (dark EBIC image)
in the regions Qhere numerous kink sités and ledges_occurred. Indeed ,as
Qith CdS>based cells, devices made on type B surfaces bonsistently exhibited
pbor diode:and photovoltaic behaviour due to the presence of large numbers of
kink sites and ledges. This clear relation between surface features and the .

EBIC image may be seen by comparing Figs 6.7 and 6.8 in Chapter 6 (in order

Cuzs are not reproduced here).

Since our primary interest is in high efficiehcy devices, all

characteristics described in this chapter are for cells‘fabricated on type A

surfaces. This type of surface gave rise to an EBIC image similar to that

depicted'in Fig 6.6 for CdS/CuZS.

8.3.1 Cell Performance

Typical current-voltage characteristics measured under AML illumina-v
tion for as-made devices prepared on substrates in which the zinc content
ranged from x = o to x = 0.4 are shown in Fig 8.3. The values of VOC and

J averaged over four devices prepared for each substrate composition are
sC T .

recorded in Table 8.1. The properties of these cells can be summarised as

followslz



® CdS/Cu,§ T A
0 2n,CdyeS/Cu, S o ‘
O ZngyCdy;S/Cu,S g 0}
B 2o, CdoeS/ Cuy S E
. —
G 5l
02
o
-
O
08
V (VOLTAGE)
CdS/Cu, S Zno,Cdy g5/ |2ny5Cd S/ Zn,,Cdy S/
. Cuy S CurS Cuz S
OCV(VOLT)|| 0-489 | 0.548 0-681 | 0726
SCC(mA/cn?iJ) 1275 | 1036 770 | 499

FIG.8:3. CURRENT ~VOLTAGE CHARACYERISTICS
- AS-MADE FOR Zny Cd, -x S/Cu,S CELLS

MEASURED UNDER 100mW cm2 [LLUMINATION,
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(i) V _ increased from 500 mV with CdS to 720 mV with 2zn_ ,Cd_ _S.
oc . . 0.4770.6
(ii) Higher Vbd values were accompanied by a decrease in the values of
_ -2 o -2
JSC and fill factor from 12.75 mA cm and 0.65 with CdS to 4.99 mA cm
.35 with 2 : .
and O 3 wit no.4CdO.6S

(iii) As a result of (ii) the efficiencies of all mixed crystal cells were |

less than those of the CdS. devices.

TABLE 8.1 :: The values of VOC and Jsc aver aged ovef_four devices

prepared for each of the substrates compositions.

- - . - = ;
cdas Cu2S ZnO.ZCdO.BS Cuzs nO.3CdO.7$ Cuzs Zn0.4CdO.65 Cuzs
-voc(volts) 0.50 , 0.55 0.68 0.72
JsémA em ) | 12.75 10.36 7.71 4.99

The current-voltage characteristics for as-prepared devices with a

range of Zn compositions up to 40 molar percent, measured under AM1 illumina-

tion ahd in the dark, converged towards each other'iﬁ forward bias, but did.
not cross—bver. Also, as with Cds based cells, revefse bias éharacteristics
under illumination are éimply equivalent to thé do@nwéid displacément of
'thé dark reverse characteristic by an amount equal to the short circuit
current. Because of thé increasing difficulty of growing uniform boules
with higﬁ zinc concentrations the device stﬁdy has not been extended to
substrates containing more than 40% molar of zinc.;”

Iﬁferestingly,-no device fabricated on anCdl_#S single crystals
could be.improved.by a post barrier air-bake, although ﬁhe dark reverse

‘current was reduced, and there was a small increase in Voe and fill factor.



. Once again, because the variation in the properties of Zn Cd
o X
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The value of j;c decreased considerably after a 2 mins air-bake at 2OOOC.

S cells are
1-x

_similar to those of ¢ds ones, results are not presénted'in detail and are

similar to those -in Chapter 5, section 5.6.1..

8.4 THE CdPPER SULPHIDE LAYER AND SPECTRAL RESPONSE

Reflection electrén diffraction étudies of'coéper sulphide layers
formed on the sulphur planes of the mixed crystals_cgnfirmedAthat the
amount of djurleite that éxisted in these layers inéfeééed with increasing
zinc contépt. With the devices formed on ZS.4C8.68>§gbstrates, the mixture_
of chalcocite and djurleite was dominated by djurleite. RED patterns for
chalcocite and a chalcocite-djurleite mixtqre are’shéwﬁ'in Chapter 5,.Fig'5.ll
and Fig 5.14 respectively. SEM examination of the cleaved cross-sections of

anCd xS heterojunction indicated that the copper sulphide layers were

l-
thinner when the zinc content was larger.

The spectral response curves of Voc and JSC for an as-made cell on

a substrate of Zno 3Cd S are shown in Fig 8.4. The curves have not been

0.7
corrected for the variation in energy of the light emerging from the exit

slit of monochromator, which is consequently shown_Separatély in the same'

figure. Both response curves show three peaks at 0.96, 0.70 and 0.46 um.

"It has already been established in Chapter 5 that the_two longer wavelength.

bands correspona'to the‘absorption of light across the indirect bandgap of
chaléocite ( ~ 0.96 um) and thé direct bandgap of ajurleite (0.7 ym).  The
small peak at 0.46 um represents the photovoltaic respoﬁse accompanying light
absorption in the underiying ZS‘3C8.7S. As is obv?o§sﬁfrom Fig 8.4 the

shapes of the VOc and Jsc curves are very similar.

The relative spectral response curves of Voc for some as-prepared

_deﬁices on crystals of different compositions are illustrated in Fig 8.5.

These curves confirm that the magnitude of VOC increases with increasing

zinc content, and that there are two major bands at the same wavelengths,
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regardless of‘thg composition of the underlying ancdl_xs. Closer
inséection of>thé two bands reveals that the magnituéé bf the peak attri-
buted to djurlgite increased relative to that assoéiéted with chalcocite

as the zinc céntent increaseé. These observations arejin good agreement
with the RED studies of the copper sulphide l;yers‘oh these devices. The
other important feature of the spectral response cuxygs,in Fig 8.5 is the
shift‘to shorter wavelengths of the peak at 6.52 um'(thé CdS bandgap) with
increasing zipc éontent. In Table 8.2 the vélue of'thé bandgaps of the
various Zn Cd ;xs solid solutions, calculated from ﬁhe:ma%imum in the short
waveléngth spectral response, are compared with the Qa;ues predicted by the

(4)

equation prbposed by Bennaceur et al . The agreement is excellent.

TABLE 8.2 : The value of the bandgap of the ancai_gs solid solutions

‘ (05x50.4);

Z
CdS | Zng 5% 8" .3%%.7° "0.4%%.6°

Measured
bandgap: I 2,42 ©2.52 2.63 - 2.72
(eV) : o
Theoretical E . _
bandgdp (eV) 2.42 2.52 . 2.61 2.72
Ref (4) -

RED studies of the copper sulphide layer on thg sulphur faces of

Zn Cdl 'S single crystals after an air-bake confirmed that the transition
X -X )

towards copper deficient phases also occurred in ZnXCdl_xS/CuyS cells. For

instance,when devices on Zno 2CdO 8S substrates, which gave rise to a
chalcocite dominant RED pattern similar to that shown in Fig 5.11, were baked

for 2 minutes in air at ZOOOC, the resultant RED patterns were similar to

that for djurleite (Fig 5.12).
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The effect on the'spectral response of Voc'for'a cell formed on

o)
a substrate of Zn S, after baking in air at 200 C for various

0.2%.8
}engths of time;is shown in Fig 8.6. Curve A illustrates the response

of the as-plated cell with the major band at 0.96 uﬁ. After a 2 minute
bake curve B was obtained, showing a large increase in the band at about
0.68 um and a significant decrease in the longer wé&glength band. After
a further 2 minute bake, curve C was measured showi;g:that the response at
0.96 um had almosﬁ disappeared and that the peak aﬁ'shorter wavelength héd
shifted to about 0.60 um.‘ The response in the vicinity of the bandgap of
the Zno.2Cdo.85 increased as the treatment was prolénged. Similar effecté
were observed with cells prepared on substrates of eacﬁ composition but
the replacement of a response similar to that of curve-A with oné similar
to curvé c wés achieved with significantly shorter baking times with
incfeasing zinc éoncentrations,

‘The spectral distribution of VBC and Isc for as-prepared devices

l-xs substrates was unaffected by additional bandgap bias illumina-

tion, which agrees with the observations on as-made CdS/CuZS hetero-

. junctions. However,after an air-bake, such bias il;umination had a

significant effect on the spectral responses. Typ;éal changes in the
spectfal'distribution of Voe and Isc for a 2 minute heat-treated Zno.3¢do.7s
cell with a different intensity of bias light are shown in Figs 8.7 and 8.8
respectively. Aé described above after the air—bake} £he band at about
0.68 um increased, while that at 0.96'um decrgased. WhenAthe cell was
illuminated with secondary bias light, both Voc and Isé showed a quenching
band maximum at about 1.35 um with its onset at abouﬁ 1.70 ym and an
enhancement of the O.96Iﬁm and the 0.68 um bands. .As the bias light

. ,'c,:and d were obtained

intensity was increased by the same amount curves b

for VOC and ISc (Figs 8.7 and 8.8). The important features of these

curves are :
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(i) as the-intensity of bia§ light increased the band at 0.96 um

became dominant for both voc and I_, but the relative change in the

0.96 and 0.68 um peaks was larger for Isc,(ii) the band at 0.68 um shifted
to longer wavelengths (at about 0.70 pm) with increaéing intensity of the
bias light, (iii) while the magnitude of the VOC quéncning band decreased,
the quenching became more significant in Isc at highef intensities of the
bias light, (compare the bands at 1.35 um in Figs 8.? and 8.8). As ﬁhe
intensity rose a(shoulder appeared on the éhort wavelgngth‘side of the
quenchiné peak (1.24 ym <A< 1.13 um) in both the Voc‘and ISc responses.

The spectral responses of heat treated anCd

. 8/Cu S devices. of
lfx' Y A

eéch composition under bias illumination showed similar'changes with an
increase in twnlmajor lbng wavelength response bands (v 0.96 and 0.70 um),
and one definite quenching band at about 1.35 um, in good agreement with
the results on CdS/CuxS devices (see Chapter 5, seCtiqn 5.7}3).

8.5 DARK CURRENT CONDUCTION PROCESS IN anCdl_XS/Cuis HETEROJUNCTIONS

The dark éurrent-voltage characteristics of héﬁerojunctions
fab:icated on anédl_xs mixed crystals have also'béen inVestigated. Fig 8.9
shows typical forward and reverse current-voltage cha;acteristics‘at roqn :
temperature for‘an as-made Zno.3Cdo.7S/quS cell. Bf nqmparing thé curves
with thoée in Fig 7.1, it is obvious that the mechanisms of current flow
are similar in nature to those of the corresponding’CdS/Cu2S type A devices.
Thus the forward current—noltage characteristics can.be-divided into three
regions. In region I, at low voltagés, 0.1 Vv, the fo;ward current was of
similar magnitude to the reverse current. With incfeasing bias the two

characteristics diverged and the forward branch exhibited two regions with

- different slopes. However, in region II at 0.4'V the rectification ratio

' -3 .
~was not very high but for current densities greater than 10 ~ A cm , it

, 2 ’
"increased significantly to about 10 (at 0.8 V). When the slopes of two

lines were fitted. to the usual diode expression for forward current, diode
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factors (A) of 10 and 1.6 were found with corresponding values of the

4

current factor‘(Jo) of 1.11.10 ° and 1.44.10—10 A cm—z, which were

obtained by extrapolation of the straight lines in region II and III
to zero bias. B
The currgnt-voltage characteristics in reverse bias (Log-log plot

is shown in Fig 8.10) exh;bit ohmic behaviour up to 0.5 V, corresponding
to a resistivity of 75 k @-cm, and thereafter a J « B VY relation with a
v value of 1.6 for 0.5 <VR < 2f5 \Y and.2 for'v > 2;5 V. In general the
values of reverse bias at which the mechanisms changed over were found to
vary from device to device. | |

| A typical‘sét of forward current—voltagevcﬁafacteristics for an

as~prepared Zn cd S/Cu_S device measured at various temperatures between

0.3 0.7 '
85 K'and 295 K is plotted semilogarithmically in Fig:8.lll These curves

2

show that at each temperature the characteristiﬁs exhibited approximately-"
the same two distinct regions II and III which began‘where the carrier
density exceeded 10-4 and lo_3 A cm-2. Once again itrié clear that the curves
in Fig 8.11 are similar to those in Fig 7.3 for Cds/Cu2S. The behaviour
may be briefly.summarized as folloWs : (i) in region'ii the current flowipg
across the junctioh is a weak function of forward bias'and temperature |
whereas'in'reéion III thé currént is étrongly temperatu;e and voltage
dependent, (ii) in both regions the slopes of log Jf vs VF were almost
independent of temperature suggesting that current conduction in the
ancdl_xS/Cu S junctions is governed by two thermally activated tunnelling
recombination mechanisms, with different activation emnergies.

By uéing the reverse saturation current (current factor) expression
~ for interface recombination (see Chapter 7, Eq. 7.2), and assuming that

5)
the interface recombination velocity (SI) is 5 x 10 cm/sn

~ 6
effective mass (m*) is 0.17 mo( ),

and the
the two activation energies (where the

- barrier is thin enough for direct tunnelling to the interface states or.

recombination cehtres_té occuf) were calculated to be 0.60 eV and 0.95 ev
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at room tempefature from the results in Fig 8.9.

Activation energy analysis on anCdl_XS/CuyS ce}ls as described
in section 7.2 for CdS/CuZS cell has also been carried out, and activation
energies of AE ~ 0.4 and 0.6 eV were calculated from plots of log JF/T2
against T_l. | As emphasized in Chapter 7, all experiments were conducted
below 320 K to-pievent copper diffusion during measﬁ?ements.

The reyérse current-voltage characteristics ﬁe;sured at 85 K and

0.3 0.7

295 K for an as-made Zn_ _C4d S/CuyS cell are also shown in Fig 8.10.
Unlike the situation in the CdS/CuZS cell there was a considerable tempera~

“ture dependence'particularly at low voltages.
After a 2 minute air-bake at 200°C, the dark forward=curfent-voltagé
characteristics of the Zno 3CdO 7S/CuyS cell, measured at 85 and 295 K,

were as depicted in Fig 8.12. At both temperatureé-the characteristics

also exhibited practically the same distinct slopes.' In the first linear

region the ‘diode factor (A) improved from 10.00 to 4.63 and the current

4

to 8.46 10_7 A cm . By using the same approach

factor (Jo) from 1.11 10
‘as with the asfﬁade sample, the calculated value dfthe effective barrier. for
thig region was found to have increased from 0.60 fo 6.72 eV after the

heat treatment. In the second linear region, A impréved from l.6'to 1.5.and

13 -2

10 to 3.8810 ~ A cm corresponding to an increase in

- J_ from 1.44 10
the effective barrier height from 0.95 to 1.10 ev.

Theldark reverse current-voltage character%stiéé for the Zno.3caoo7s/
Cu S'cell after the 2 minutes air-bake are illustrated in Fig 8.13. These

Y

" characteristics can also be described by the expression J « V' , with vy

taking the value of 2 when the reverse bias exceeded 0.1 V. The temperature

dependence of the reverse current was reduced significantly after the air-bake.
The photothresholds (ba&rier heights to reverse‘electron flow) for
‘the excitation of electrons from the copper sulphide to the anCdl—xS have

been determined measuring the photoresponse at photon energies smaller than
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the chalcocite bandgap (1.2 eV). The barrier heights were determined by
extrapolating the plots of Jsc% against photon energy shown in Fig 8.14.
These measurements demonstrate that the barrier heigﬁt increased with the
zinc conteﬁt. .

For terfestrial application of anCdliXS/qus-photovoltaic cells,
it is obvious that cells would be used under a various;intensity of illumina-
tion up to a maximum of 100 mW cm_2 (AML) . Thus the dgpendence of Voc and
Jsc on the illqmination level has also been studied. In bro§d terms Jsc
increased lineérly with excitation intensity, whilé,théie was a log;rithmic
relation béfween light intensity and Voc' The experiééntal peints in Fig 8.15

show how Voc and JSC for a 2n S/Cuys cell were related when the

0.3Cd0.7

' 2
intensity of illumination was varied from about 100 mW cm down to 1 mW cm
Since the plot of log Jsc against VBC is linear, Eg. 7.3 is applicable to
these heterojunctions. The values of A and JO calculated from the results =

' -4
plotted in Fig 8.15 are 2.0 and 1.3 10 ~ A cm respectively.

8.6 CAPACITANCE STUDY OF an_Cdl—xS/CuZS HETEROJUNCTIONS

The dark cgpacitance-voltage measurements on-the_znxCdi_xs/CuZS cells
were undeitaken to study the space charge distribution in the juncﬁion. The
technique used has already been described in Chaptef 4, seétioh 4.7. A CFV
characteristic, in the form l/C2 against V, is shown'in Fig 8.16 fqr an
as—made Zn cd S/Cuzs cell. In genefal, for hete;oﬁﬁnctions based on

0.3 0.7

Zn Cdl xS, l/C2—V plots exhibited two slopes corresponding to regions with
X e i . .
different carrier concentxations. By using the conventional formula, the
_ . ' ' 16 -
calculated net donor densities for ZnO 3Cdo 7S were about 1.79 10~ cm
16

cm_3 further from the junction. This may

near

the junction and about 3.46 10
be taken as an indication of zinc compensation near the junction. The depletion
region calculated from dark zero bias capacitance was about 0.55 um for this

particular device. VOltége intercepts, when l/C2 was extrapolated to zero,

were extremeiy high.
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8.7 DISCUSSION AND CONCLUSION

The work‘described in this chapter has shownuthat satisfactory,
homogeneous‘single crystals of anCdl—xs can be successfully grown with
Zn compositions up to 30 molar percent from the vapour-éhase. X-ray
measuremegts of the lattice parameters show that both é; and co decrease
sublinearly with zinc composition (see Fig 8.1) in a manner similar to that
reported earlier for evaporated thin film'materials(7'$?. Thus the aim bf
matching the lattice of copper sulphide(CuZS has aﬁ‘;o.value of 11.848 or

o .
ao/3 = 3.949 A) should be satisfied with a mixed crystal of approximate

composition an 4Cdo 6S. This is in good agreement‘with BSer's theoretical

prediction of x = 0.46(9).

In a crystal with such a composition, where ﬁhe contribution to the
density of interface stateé from lattice mismatch i; minimised, it is
expected that the major source of interface states wiil{be a'functioh of the -
surface topograbhy of the substrate. This suggestion is supported by the -
EBIC 'observations of tﬂe deviceé fabricated on type A and B anCdl_XS surfaces
with different numbers of ledges and kink sites on thg etch hillocks. As
wiﬁh the CdS cells isee Chﬁpter 6, section 6.3), the'iégions of the junction
at kink sites and ledées correspond to areas where thé:current”collection is
smaller than elsewhere, so that such regions have smaller interface collgction.
- factors. Extending this interpretation to the overall é;operties of the
devices,,the diamatic influence of the surface fopography oﬁ device character-
istics is explained ip the same way as was done for CdS‘devices in Chapter 5.
The increase in Vbc and the simultaneéus decrgase_in JSC with inqreasi@g
zinc confent (see Fig 8.3) for our anCdl-xs/CuZS ce;lé.prepared on single

crystal substrates agrees with the results ﬁreviouslyhreported for thin films

devices(3'9'lo'll'12)' The increase in V__ with rising zinc content is
similar to the increase in-the values of photothreshold measured over the

same composition range (compare Table 8.1 and 8.3). These values of threshold



l64

imply that the photoexcited electrons cross the junétién via interface
states without reaching the conduction band of CuZS. It is widely accepted

(11)

that the electron affinity of CAS exceeds that of Cu:S by 0.2 ev so that

2
an observed photothreshold of 0.92 eV indicates that tunnelling starts to
occur via a le9¢1l0.08 eV below the bottom of the conduction band of Cds,
since the bandgab of Cuzs is 1.2 ev. BAlthough there is no published data on

the variation in electron affinity of anCd xS alloys, it is generally

l_
assumed that fhis parameter decreases as the zinc content increases. As a
result the‘difﬁerepce'in electron affinities of Cuzé aﬁd anCdl_xs (&x)
should be reduced. Indeed, the threshold measuremepés ébnfirm that this
happens. Howe§e;, after the addition of a certain émouht of zinc'to the

cdas lattice,‘Ax is expected to become negative causiﬁg a potential spike to
be formed in the conduction band. Becauserf tﬁe decreése in the lattice

| mismatch and the associated reduction in the interfacé.state density, the
probability of tuhnelling via these states is decreaséd; Thus the bettér
match in the elec;ron affinity and the lattice para@eﬁerl(ao) work together
to'improve the effective barrier height at the junctioh,ﬁith increasing zinc
Eontent. In fact by substituting the valﬁe'of reveréé saturation current
for interface recombination Jd:chSI exp (_q¢B/kT) iﬁFo equétion (7.3) a

direct relation between Voc and q¢B can be written as

5 18 -3
Using the values given in Table 8.1 and taking Nc =2.310 ocm ,

S_. =5x lo6 cm/sn, the calculated values q@B became about 0.95 eV for

CdS/CuZS ~and 1.21 eV for Zn 6S/Cu S devices. These values are not

0.4%%. 2

far from what was observed experimentally (see Fig 8.14 and Table 8.3).
Thus the increase in V c can be attributed almost entirely to the barrier
o

improvement. A reduction in the interface recombination velocity and increase
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.in effective barrier height with rising zinc content should enhance the
interface collection factor, which in turn should give rise to large
values of Jsc'in anCdl_xS cells, but this was not observed experimentally.

In fact there was a monotonic reduction in Jsc with zinc content, which has

also been reported by many workers on thin film devices(3'9'lo'll'12). Other

factors apparently are also operative. One such possibility might be

associated with the different ion-exchange kinetics iﬁvqlved in forming

(11)

copper sulphide on ancd xS instead of CdS. Burton 'démonstrated that

1_
the zinc composition varies both vertically and laterdally at the interface

of a plateq anCdl_xS/CuyS heterojunction which he e%élained in terms of
smaller values of solubiiity and diffusion coefficiéﬁt'of Zn+-+ relative to
‘those of.Ca++ in Cu S and the different ratios of thé exchange reactions

in diffefent crYétallograbhic directions. Our electfoh diffrqction.studiés
shéwed_that it became more difficult to produce a uniform phase of chalcoqitg
és the éinc conteﬁt of substrates was increased. Sqme djurleite was alwéys
detected in the layers plated on ancdl_xs. At.highéx éinc compositions
O.4Cd0.68) djurleite became the dom;naht phase. These observations

were confirmed by the spectral response measurements Qf'cells,with high zinc

(i.e. 2n

composition plated under thevsame conditions. 'Two prénounced long wavelength
bands in Voé and Jsc, corresponding to the bandgap of éhalcocite and djurleite,
were apparent for each composition. However, the peak aséociated with
djurieite (0.70 um) increased in magnitude relative to that aﬁtribﬁted>to
chalcocite (0.96 pym) as the zinc content was increased. In addition to the
difficulty of convért;ng anCdl;xS to the desired phase of copper sulphide,
.SEM examination of the cross-section of these heterojuﬁctions also revealed
that the thickness of the converted layer decreased considerably with rising

zinc concentration. A similar observation was recently reported by the

‘Delaware grohp(l3).
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A further complication with the copper sulphide layer formed on
Zn Cdl X.S substrates is associated with the difference in the solubility
x 1= - , M
. : . ot ++ ' .
and the diffusion coefficients of Zn' and Cd  in these layers. It is now
known that with CdS substrates, about 0.27 mol% cadmium exists in copper

sulphide layere formedl:y aqueous ion exchange(l4). ABurton(lS) has demon-

strated that concentrations of about 3 x lo19 cm_3 of cadmium and 7 X 1019 cmf3
of zinc are retained in a copper sulphide formed on thin film substrates.
Okomoto and KaWai(lG) and Bougnot(l7) suggested that the donor doplng effects
of the divalent ion could be beneficial through theAcompensatlon of the
copper vacanoie's in copper sulphide.' However Burton(]-'s) has concluded that
thequantities of zinc and cadmium retained in the copper sulphlde are not
significant to influence the absorptlon coeff1c1ent, dlfqulon length and
resistivity of the copper sulphide. Thus the reduction in J . probably does
not result from yariations in the concentration of zino.and cadmium in the B
copper sulphide. - The resuits reported here indicate that the prefetentiat
formation of copper deficient phases of copper sulphide;coupled with a decrease
in'the thickness of the converted layer as the zinc‘oontent of substrate was -
increased, would certalnly lead to a reduction in J c',

The potential spike in the conduction band is not expected to appear
until X)O.Z(ll), if the ion exchange process pfooeeds with the‘correct.
stoichiometry. However Burton(ls) has demonstrated that the cuprous ion
solution in which the'Zn*Cdl_xS is converted into copper sulphide is deficient
in zinc compared to the Zn/Cd ratio of the bulk of the:eubstrate. Since only
very small amounts of cadmium and zinc are retained in copper sulpiiide, the
extra zinc (relative to the cadmium) is iikely to accumulate in ‘(€dZn)S beneath

the junction. Thus the actual zinc in the substrate close to the junction

probably dlffers from the bulk value. This excess zino could lead to an

which

'anomalously high resistivity regime (zinc rich) close to the interface,
in turn could give rise to a potential spike at the interface even if the zinc’
That

concentration in the bulk was not sufficiently high to produce one.
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this might happen is suppdrted by capacitance-voltage meésurements on

anCd S heterojunctions which suggest a junction profile with lower

1- 2
carrier concentrations near the junction (see Fig 8.16). If these ideas are
(18)

’

S/

correct, thelpotential energy diagram would be as shd@ﬁ'in Fig 8.17 ard

as the spike developed in the conduction band Jsc‘woulé Aecrease appreciably.
The other possible effects of a zinc rich région could be to reduce

- the electron mobility (ue) and the electric field at‘the interface. There

are unfortunately very few reports of the electron mqbility in anCdl S

-X
(19) (20)

. and Feigelson et al have found that

alloys. However, Sakurai et al
the electron mobiiities in (Zn cd)s métefials are igdependent of composition.
Thus changes in the electric field might be more important. Since.the inter-
face colléction factor B = uF/(SI + peF) . the impréveﬁentlin its value by

. a reduction in SI as the Zn content increases, is probably offset py a decrease
in the electric field (F).

The'photogapacitance measurements on as-made ZéiCdl_xs/CuZS hetero-
‘junctions have shpwn that the capacitance was practically unchanged by the
illumination whiéh suggests that there was no coppeant éll in the interfacial
region of ZQXCdl_xS; Thus any change in the electric fiéld at' the interfaée
is not attgibutable to copper in as4madé cells. . The spectral response of voc.
and Jéc of as-prepared anCdl_xS/CuyS cells; with or without secquary bandgap
illumination, shows no difference other than a constant'éhift which offers -
further confirmation of an ;llumination independent interface collection factor,
which is affected_stronély by the zinc rich region at the interface.

Using-a'different approach B6er(9) has suggestedlthat a potential
spike exists €ven when x = o, and thatlthis spike is transparent to electrons.
As x increases the spiké decreases in amplitude but its Qidth increases. The
increased width makes tﬁnne}ling more difficulﬁ and thus‘reduces Jsc'

A post barrier air-bake at ZOQOC did not have a beneficial effect on

any of the cells prepared on mixed crystal substrates. The observed changes
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in the épectral responses provided an additional suppoft for the existence
'6f'increasin§'éépperldéficieﬁf phases in the Cuxs as ﬁhe Zn content was
increased (see Fig 8.6). It was found for example fhattthe duratiqn of the
bake required to convert a response similar to curve A (Fig 8.6) to one
similar to curve B became shorter as x increased. -

A comment is perhaps also required to explain why baking a cell on

Z S for 4 mins (Fig 8.6) shifted the peak ofvtheAspectral response

%.2%%.8 |
from 0.70 um (bandgap of djurleite) to 0.62 pm. It qéuld be that the peak

at 0.62 ym is a super-position of the effects of optiéal absorption ‘in the copper
sulphide layer and of deep levéls in the depletion régibg of Zno.2Cdo.BS
associatéd with the in-diffusion of copper duringvtherbaké. It is indeed

shown ih«Chapter 5 that the response of the hexagonai phase of copper sulphide

is centred at about 0.63 um (see Fig 5.22). The shift in Fig 8.6 might also
(23) ’

be explained’by the Moss-Burstein effect which'supposes that ipcreasing

degeneracy in the copper sulphide layer is accompanigd by an increase in the
effective bandgap. A similar explanation for the sbift-bf the spectral
response of CdS/CuyS cells to shorter wavelengths following heat : treatment

. 24 .
has been put forward by Kantariya et al( ) and recently by Rothwarf and‘

(25)

-Windawi .

The increase in the response at the bandgap of Zn0 2CdO 8s as baking

proceeaed; suggested that the copper sulphide layer was becoming more trans-
~ parent as the copper deficient phases developed, which is'consistent with the

_evidence that CuZS has the highest optical absorption of all the copper

sulphide phases(2 ).

The effects observed with bias illumination, e.g. the enhancement

of the peaks in the vicinity of 0.7 and 0.96 um and the appearance of the

‘infrared quenching band at about.1.35 um in the photovoltaic spectral response

of heat treated cells, can be explained in the same way as similar effects in

CdS/CuyS cells were explained in Chapter 7, section 7.6. Thus a post barrier
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air-bake leads to migration of copper into anCdl-xS compensating the
substrate near fhe junction. Eowever, because of tﬁe Zan rich region at
the junction, even a small amount of copper diffusion Qill result in a
considerable coﬁpensatién in anCdl_xS interfaciél region. Consequently
after the heat treatment the electric field at the jﬁnétion which controls
the interface coLlectioh factor, would be dependent 6n'£ﬁe density of
diffused copper. From the preliminary photocapacitance measﬁrements during
infra-red quenching the copper levels_were found to'be located at about
0.30 eV and 1.2 eV above phe valence band, which are tﬁg same as the coppér’
ievels found in the heat freated CdS/CuyS cells. Bée;pée of the coincidence
- between the.transition energies to the copper levels:éf 4y 1.2‘ev above the-
‘valence band and the chalcocite bandgap, the quenching peak at this energy

was not observed in the photovoltaic response of heat treated cells (see

Figs 8.6, and 8.7).

Analysis of the dark current-voltage characieriétics of anCdl_xS/Cuzs
cells indicated that the forward current cqnduction ?rocess in these hetero-
Ijuﬁctions is also governed by thermally activated tuﬁﬁelling recombination
processeé. In general, the forward J-V characteristiéélof'as—prépared cells
can be régarded as being composed of two thermally acti?ated tunnelling recombina-
tion processes operating at different current lévels,-which can be compared |
to a Certain‘extent with the processes already discussed forAthe CdS/CuZS'
'héterojunction in Chapter 7{ section 7.6. The main difference lies with
the temperature»aependences in the low voltage regiqn (< 0.2 V). With
CdS/Cuzs cells the forward JF—VF characteristics meaégged at different
temperatures converged‘tdwards one another at low voltages (see Fig 7.3)
;whereas with anCdl_ﬁS/CuZS devices the charécteristics still exhibited a

temperature dependence (see Fig 8.11). This suggests that tunnelling re-

combination via interface states with energies close to the bottom of the
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Q
conduction band is reduced due to the improved lattiee match between
Zn Cd S and Cu2S. The same explanation can also be used to account
for the dlfference in the reverse bias characterlstlcs of Ccds and Zn Cd xS
based cells as a function‘of temperature {compare Figs 7.2 and 8.10).
Apart from these two discrepancies, the forward and reverse current con-
ductionAprocesses in as-made anCdl_XS/Cuzs heterojunctions can be explained
in the same way as for CdS/CuZS devices in Chapter 7. A post barrier air-
bake at 200°C has also improved the dark diode characteristics of anCdl—xS/
Cuys heterojunctions. This can be explained in the'eame.way as the CdS/Cuzs
cells in a fqllowing manner ; in-diffused copper cdmpeneates the'.
Zn ddl_xs at the interfacial layer after'the heat treatﬁent and in‘additioh
the air—bake enhances the absorption of oxygen at the interface where it
forms electron traps. These two effects improve the barrier height in the
~ dark (Compare Figs 8.9 and 8.12).  However the.forward-and reverseicon—
duction mechanisms put forward to explain the procesees in as-made samples
are st111 valld after the air-bake (see Figs 8.12 and 8.13).

The work described in this chapter has demonstrated that the behav1our
of cells prepared on single crystals of zn Cd1 S with zinc CompOSltlon in
the range 0<X<0.4 is comparable in many respects w1th that of dev1ces made
on thin film substrates. By working with single cryetals, the complications7'
associated with grain boundaries and the surface texture‘of thin films, etc.
are avoided. Well defined junctions were produced enferiented anCdl-xs
substrates. This allowed us to investigate the several possible mechanisms
that could account for differences between the cellsAfabrlcated on Zn Cdl xS
aﬁd cds single crystal substrates. The surface preparation and the resultant

surface topography is also of paramount importance to the characteristics of

Zn Cdl S/Cuzs cells. As the zinc content of the substrate is increased,it becomes
X 1=-X ‘ . , |

more difficult to produce the desired phase and thickness of copper sulphide.
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The increase in Voc with increasing zinc composition is attributed to an
increase in the barrier height due to improved 1attice and electron affinity

S. Although the decrease in JSc could not be

match between anCd 2

l—xs and Cu
;ttributed to one specific mechanism, it is suggested that copper deficient
phases of thinner copper sulphide layers and the exce;é'zinc in the substrate
at the interface are the major causes of this reduction. Finally, it has
been shown that the forward current conduction mechapi;ﬁs in anCdl-xs/CuZS
cells are also'dominated by thermally activated tunﬁeliing recombination
processes, and the reverse current processes obey an thic law at low voltages,
then follow the Zener current law. In summary, thé’ﬁodel proposed for |
CdS/Cuzs cells in Chapter 7 (see Figs 7.23),in éonjunctién with the band

.diégram given for anCdl—xs/CuyS heterojunction (sée Fig 8.17), can explain

most of the observations on these devices.
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CHAPTER 9

SUMMARY AND CONCLUSIONS

The main objective of the work described in this thesis was to
_investigate the major processes involved in the fabrication of CdS/Cuzs

and zn _Cd 'xS/Cuzs photovoltaic cells and to determine what effects

1=
variations in thgse processes had on the electronic and optoelectronic
characteristics of the finished devices. Thus the inflﬁence of each of
the fabrication stages on the ultimate behaviour of the cells has been
established, and the conditions for the preparation pf devices with optimum
.performanqe have been determined. |
Examination of substrate surfaces prior to jhnctioﬁ férmat;on
showed that the process of surface polishing to remer the saw_mérks
‘ produces a thin polycrystalline sphalerite layer of eiﬁﬁer Cds or anCdl_xS.
Obviously the subsquent etching of Cds (or anCdlfo)'was really a two-
stage précesé:involving (l).the removal of the polycrystalline layer and
(2) the etching of the undeflying hexagonal single ¢rystal. Apart from
affecting the etching behaviour, the polycrystalliné 1ayer héd an adverse
influence in that any device made on a polished surf;ée‘had poor character-
‘istics. With both €ds and ancdl_xs crystals, the sequence of cﬁtting and..
polishiﬁg was found to have a considerable effect on the ultimate nature
of the etched surfaces. The surface of an etched die thch had been
polished as a slice, consisted of an array of smoothly facetted hillocks
(type A surfacé), whereas the surface of an etched die thch had been
polished after being cut from a slice was characterised:by a large number
k'Of ledges, terraces and kink sites (type B surface). To account for the
differences it is suggésted that the pqlishing of a relatively large area,

as in the prepafation of type A surfaces, leads to a polycrystalline. cubic
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 layer of uniform thicknesé, whereas polishing an iﬁdiVidual die leads to
greater hon uniformity, not least because of the iﬁéréased difficulty of
keeping it flat to maintain a uniform distributionféf force during the
polishing process. As the chemical dissolution proceed# through a non-
uniform polycrystalline layer the etchant nay reach the.hexagonal single
crystal bulk in some regions before others. This, ih conjunctioh with the
expected difference in etch rates of the polycrystaliine layer and the
single crystal material, are thought to be the main factors determining
the ultiﬁéte topégraphy of etched surfaces. |

By preparing a large number of devices on fy?g A and type B
surfaces it has been shown that there is‘a direét correlation between the
overall‘surface topography and the resultant device»ché;acteristics.
Devices made on type A surfaces consistently exhibitea ﬁery goéd diode -
characteristics and excellent photovoltaic performancé‘in their as-prepared”
condition, while in contrast, devices fabricated on'type B surfaces were
élways poor in this stafe. A similar relationship betwgen surface topo-
gréphy and dgvice characteriétics has been reported for thin film
CdS/CuZS cells (i.e. see Ref (15) and (24) in Chapter 5). However, the
complexities of grain'boupdaries and different graihnofientatioﬂs in thin
film cells do not allow a correlation to be made between deyipe‘character-'
istics.ana specific surface features, in the way that_is:possible with
devices made on single crystal substrates. Examination in the SEM allowed
the influence of specific surface features on the dévicé characteristics |
to be revealed on a microscopic scale. Examination of surfaces in the EBIC
mode showed that the existence of kink sites and ledges gave rise to dark
vﬁBiC éontraSt regions in which the EBIC current wa§ smai1er than that
associated with regions of light contrast. Indeed EBIC studies of CdS/Cu2S

and anCd x/Cuzs cells in parallel with their examination under optical

1~

radiation have demonétrated that there is a direct corxelation between .
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optical_and elecfron beam excitation. Thus it was possible to investigate
the photovolfaid behaviour of cells at a microscopiéflevel by operating
the SEM in the stationary spot mode and measuring current-voltage character-
istics. In this way it was established more specificélly thaﬁ there is a
direct correlation between the loss of local photovgltaic sensitivity and
the ledges and kink sites on-etched hillocks. Conseéqently, it is con-
ciuded that the growth of copper sulphide on etched st and anCdl_XS is
'complicated by the presepce of kink siteé and ledges on etch hillocks,
leading té the production of a higher local density'df:interface states.
This chclusibn explains the pronounced differences observed between thé
characﬁeristics of type A and type B devices in their as-made state.
 Regardless of the ‘topography of etched surfaces,.devices formed
on very low resistivity material (p £ 0.05 @ -cm) did.ﬁot display any
. rectification or photovoltaic effect in the as-plated éondition. This is
lattributed to the extremely small depletion width in Cds of this resistivity
which gives risé to tunnelling or impact ionization effécts in the high |
.field region of the junction.

_.An investigation concerned with the chemiplating procesé‘in which
the surface layer of the CdS is converted into copper s;lphide has demon-
strated that after‘making three modifications to the customary chemiplating
technique the phases of copper sulphide could be‘produced in é much more
controllable manner. ‘Thé standard procedﬁre adopted for the production
of chalcocite (which is the desired phase for solar‘ceii applications)
employed a élating bath at a temperature of 95°C withAa QH of 2.5 and a

' dipping time of 10s. To achieve further control and maintain comparability
with thin»film cells, plating was carried out on etched‘(oooi) faces of

cas and ancdl_};s single crystals. One result of the RED studies was that
it was found that the proportion of djurleite in the copper sulphide became

greater on the mixed crystal substrates. Reflection electron diffraction
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studies and speetral response measurements of devices carrying different
phases of copper sulphide in their as-prepared conditidn allowed the'
photovoltaic response at 0.96 um to be assigned to ehaleocite while the
response at 0.70 um was attributable to djurleite. The phase of the
copper snlphide layer grown was not particularly dependent on the snrface
topography but was strongly dependent on the temperature‘and pH value of
the plating bath.

The cqnversion rate of CdS to copper sulphide.was a strong function
of crystallbgraphic direction and surface condition'(etehed or polished).
Conversion was faster on etched (OOOI) surfaces, anddthickness measnrements
on these surfaces indicated that the rate of growth of tne copper -sulphide '
layer followed a parabolic law after 20s dipping time."However, the same
i law does not hold for dlpplng times shorter than 20s, and it is assumed
that initially the growth rate is controlled by the 1nterface when the
_thickness of the converted layer increases linearly. The growth rate also
decreases with increase in Zn content in the substrates;

Baking CdS/Cu,S and 2n Cd,  S/Cu,S cells in air ‘at 200°C revealed
that this treatment improves the efficiency of type B cells after an
optimum baking time of 2 minutes. In contrast the same’ treatment reduces
the efficiency of type A devices. Thus a post barrier air-bake is only
'benefiCial'fbr cells which have poor operational parameters in their as-
prepared condition (either because they have type B surfaees or low substrate
resistivity). However for cells with good characteristies (because of their
type A surfaces and suitable substrate resistiyity) there is no advantage
to be gained from the air-bake. In fact undesirable effects of air-baking
,degrade the performance of these cells. Thus when cds/Cu S and Zn Cd 1- S/Cu2S
single crystal photovol taic cells are prepared under controlled and optimized
' conditlons which involve the surface preparation, the bulk resistivity of

substrates and the correct stoichiometry and thickness of the copper sulphidei‘
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layers, then such cells will have optimum performance in the as-made

condition and their stability is good.
By determining the lattice parameters of ancai_xs single crystals

it has been demonstrated that both a and <, decrease sublinearly with zinc

. composition, and a perfect lattice match is expected when copper sulphide

is grown on Zno é do 6 With this composition the open circuit voltage,

v increased to 0.72 Vv, but unfortunately there was a considerable decrease
in the short circuit current, Jsc' It was suggestedvthat the increase in
Vsc can be directly attributed to an increase in the‘barrier'height due

to the improved lattice match between anCdl S and copper sulphide. The

explanatlons proposed for the reduction in J are : (1) the increase in

. the proportlon of copper deficient phases in the copper sulphlde layer with

increasing zinc content, (ii) a decrease in the thickness of the converted»

layers on the substrates containing more zinc (iii) an accumulation of zinc

- at the interface on the ZnCdS side which results in a spike in the con-

duction band continuum.

The measurements of minority carrier diffusien Lengths on'both
sides of the junctions revealed that the values in eopper'sulphide are’
independent of theitype of surface on which it is grown and the phase of
copper sulphide. However the surface preparation prior to the junction

formation did affect the diffusion lengths measured in CdS. The air-bake

" had no effect on the diffusion length in copper sulphide, but reduced the

value in the cadmium sulphide.z It seems unlikely thaﬁvthe change in J__
after an air—bake can be attributed to any change in diffusion lengths
beeause 90% of the carrier generation occurs in the cepner sulphide in
which Ln is not affected by the post barrier treatment._

The dark current conduction process in the Cds/CuZS and anCdl_xS/
Cu,S heterojunctions has also been investigated. In both types of device

2
‘the dominant current conduction process is one of thermally activated
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tunnelling réqombination vié interface states. Wifh és—made type A deQices,
two different mechanisms were operative with different activation energies
whereas with type B devices only one mechanism with aismall activation
energy was obseryed. After an air-bake all devices displayed similar
characteristics with two thermally activated tunnelling'processes operative.
A model ﬁas postulated to explain the experimental{reéults which consist

of a distributed network of diodes each with different}éharacteristics.
Modified band models have been proposed for two sitﬁa;ions where (i)
tunnelliﬁg occurs at energies very close to the bot£qm of the conduction
band of the CdsS or (ii) at energies close to the theoretical barrier height.
Witﬂ these models the experimental observations can'bé‘explained qualitativeiy

while the guantitative values obtained fit extremely -well.
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APPENDIX

" "Au=CdS SCHOTTKY DIODES

In'addition to the work reported in this thesis a few attempts were
made to investigate Au-CdS Schottky barriers prepared by vacuum evaéoration
of gold on to chemically etched (oooi) surfaces of Cds single crystals.

The main objective of this study was to eliminate the coﬁplexities associated
‘with CdS/Cuzs heterojunctions and to analyze the capacitance-voltage and
current-voltage characteristics as well as the spectral response of thé photo-
emission current in a simple metal-semiconductor structure.

AThé capacitance-voltage measurement, at 100 kHz on all the Schottky
diodes examined, yielded straight lines when C-2 was.plotted against the
reverse bias, Vﬁ, (see Fig A.1l). Tﬁis indicates that ébrupt junctions were .
always obtained after depositing gold on etched (oooi) surfaces. Indeed,
evenffo; very small bias voltages the C-'2 versus V plé; maintained its
linearity coﬁfirming the constant density of doﬁors (NDf‘in the Qoltage range °
u#ed (uplto -3.0 V). Calculated values of ND (from the slopes of the C.2 -V
plots), for diodes on substrates obtained from different boules véried

16

15 - - ' -
between 6.87 10  and 8.84 100 om 3. Assuming an electron mobility of

- -1 : .
300 cm2 v 1 s for CAS, the calculated values of electrical conductivity,

- - - -1 - _
g, (0=g unND) ranged from 0.33 @ 1 cn ! to 4.24 " cm l. These
calculated results are in good agreement with the measured conductivity values

of between 0.40 and 4.50 Q-l cm_l. The width of the depletibn regiohs at

zero bias, Wd' wezee calculated from the relation wd = -seoA/Co where the

dielectric constant €cas is 8.64(1) and CO/A was the dark capacitance value

ét zero bias. The values obtained varied between 0.08 'um and 0.15 um. The
| -2

diffusion voltages Va were inferred from the intercepts in the C  vs V.plots

on the voltage axes. The values obtained ranged between 0.46 V and 1.27 v.
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Despite this variation in the value of Vd' the photothresholds measured

from the interXceptsof the /R vs hv plot on the energy axes (where R |
represents the photoemission current per incident photon) were very con-
sistent ranging between 0.73 and 0.75 eV. Fig A.2 sho&s a typical /R versus
hy plot for the device used to obtain the C_2 vs V plot in Fig A.l. For

- this particular diode the depth of the Fermi level bélow. the conduction band,

£, was calculated to be 0.085 eV. Thus the barrier height predicted by the

equation
¢ - v +.5+£ ‘ P ' - (A.1)

(the image fofce lowering is neglected), was 0.76 eV. In fact for this and
* a number of other devices fair agreement was obtained*be;Qeeh the measured
photothreshgia value and the barrier height calpulated ffom Vd(however with :
several otherslwidely different valués were obtained'aithough the devices'~
v‘weré prepared gnder identical conditions.

| The'speCtial response of the short-circuit photocurrent in an
Au-Cds Schottky barrier diode is illustrated in Fig A3.- Although the responées
ét 85 apd 296 K were quite similar, there was a significant shift to shorter
wavelengths at 85 K. The short wavelength response éudgeéts that the
absorption ‘edge of the cds increased from 2.42 to 2.54'év as the temperature
was reduced from 296 K to 85 K. Tﬁese values are in gxcellent agreement with
the conventional expression for ;he temperature dependgnqé of the bandgap of
cds (see'chapter 2.2). This shift also correlated :egsénably well with the
increase in the barrier height from 0.74 to 0.86 eV for‘the same temperature
decreése. The parallel shift in the bandgap and the barrier height is taken
vas an indication that the Fermi level atthe Au-Cds lnterface is pinned( )

The current-voltage characteristics of Au-Cds diodes have shown a

wide variation. The curvesin Fig A.4 are log J-V plots for a good Schottky

diode at room temperature. The forward current which is typical for most good
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Schottkys can be divided into three regioms, (1) a very low voltage region

(VF 0.04 V) in which the reverse and forward current are practically
the same and obey Ohm's law, (ii) a region of high saturation current, and
6 _

ideality factor (J° = 4.84 10 mA/cm2 and n = 3.41), (iii) a region where
these parameters have more reasonable value, i.e. nfe‘L.33 and
Jo = 1,68 io_7 mA/cmz. | |

If the experimental values of do in region i;I is taken with the
theoretical value of the Richardson constant (A* = 25.2 A/cm K2)(3) the
'barrier height is found to be 0.62 V (see Eq.3.2l);' 'prever, the same
‘equation cannot ‘be applied in region II because the ideelity factor is so
high (n = 3.41). |

Nevertheless, the temperature dependence of the forward current
‘showed‘that the slopes of the log JF - VF plots are elmost indepehdent of
,temperature (see Fig A.5). Following the discussion on current mechani.sms
in.CdS/Cuzs and (CdZn)S/CuZS heterojunctions, it is suggested that the
forward'eurrent,in these Schottky diodes are governed $§:thermally activated
tunnelliné recombination processes. Thus Eq. 7.2 cen aleo be used here to
determine barrier heights. The barrier height for reéion II is calculated
to be 0.50 eV. The reverse current in these diodes did not reach a saturation
- and increased gradually‘with applied bias.

The current-volfage characteristics of a poor Schottky diode are
.plotted semilogarithmically in Fig A.6. A forward cu;rent is dominated by.
region II in this type of diode. Once again, because~;he ideality faetor
| is considerably larger than unity (n = 2.79) a straigﬁtforward thermionic
" emission theory cannot be applied; However, the temperature independent
: slopes of log JF versusAVf plot indicate that thermally aetivated tunnelling
recombination is also operative in the poor devices, the barrier height

determined from the appropriate equation (see Chapter. 7, Eq. 7.2) was about

0.48 eV.
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Becaﬁse_the Schottky barriers investigated here were fabricated
“on efched surfaces, it is most likely that interfacial layers were present
between the Cds ;nd the metal. It is obvious that the thickness of this
interfacial layef will affect the magnitude of the iﬁtércept in the
'C-2 - V plot. The discussion on the relation between éurface features
and the interface state density of the CdS/Cuzs heterojunction can be-
.extended to the Au~CAS structures to suggest that MS junctions on etched
surfaces with hillocks containing many kink sites and lédges will have a

high density of interface states. Such a high density of interface states

(4)

could lock the top of the barrier relative to the Féfmi level and thﬁs

modify the barrier height and ideality factor. 1In contrast M-S junctions
fabricated on smoothly facetted hillocks will result in relatively low
densities of interface states, so that electrons surﬁéﬁnting the potenﬁial
barrier will tunnel through the interfacial layer. fIn éractice both
mechanisms are operative for forward current conductién but the dominant

.process iS'deteimined by the density of the interface states.
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