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Abstract: Thin - film polycrystalline spolar cells are veary
promising for terrestrial applications. II - VI compound
semiconductors are very good candidates, both in homojunction and
heterojunction structures. Various techniques are reported for
the deposition af thin films of these materials. Ternary
semiconductors have gained wide application in thin film solar
i cells, and the highest photovaoltaic conversion efficiency for a
! thin film compound solar cell bhas been reported for a CulnSe; -
4 based cell. Quaternary alloys are starting to be considered foar
| tailoring the device using varying energy bands and getting
aptimym lattice match. Postdeposition bheat treatment is very
l o important in determining the electrical characteristics of the
film.



E.

131

R. A. Abdelrassoul and 5. M, A. Rassoul,

I. Intraoduction 1

The photovoltaic (PV) effect (the direct conversion
of photon energy into electricity) was first discovered
in the last century, and the first silicon photovoltaic
cell was made in Bell Laboratories, USA, in 1?54. How-
ever, the application of soiar cells has been limited to
space applications, mainly because of their high cost.

To develop an alternative source of renewable energy
low - cost high +» efficiency PV systems had ta be
developed. Worldwide research was conducted to meet that
goal, including research to develop low -~ cost high-
efficiency thin film solar cells ( amorphous silicon and
polycrystalline non - silicon thin films}, to improve the
efficiency of single crystalline silicon solar cells, and
to develop high efficiency concentrator soclar cells.

IX. Thin -~ fila Solar cells 3

Thin - film polycrystalline solar cells are very
promising because of their inherently low fabrication
cost , adaptability to high - spwed mass production, and
potential of moderate — to high caonversion efficiency. II
- V! compound semiconductors (with bandgaps of 1.L - Ll.&
eV) offer wvery good candidates for thin - film solar
cells because they are direct bandgap semiconductors and
because of their excellent match to the solar spectrum
(1), as shown in figure (1), and therefore can be used as
collectors or window materials for solar cells. Three of
them (Cup S 7 CdS, CulnSe, / CdS, and CdTe/CdS) showed
conversion efficiencies in the 5 - 8 % range in 19277 in
an all thin film form [2]. Alsc because agf their large,
direct bandgaps, they are useful in luminescent devices
and are used in CRT's (3], as well as in the emerging
electroaluminescent (EL) devices, while HgCdTe has been
extensively used for infrared detectors.

Figure (2) shows the optical absarption coefficient
for some highly absorbing compound semiconductors, as
well as for amorphous and polycrystalline silicon [4].
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111. Solar Cell Materials 1
i) Cadmium Tellg{ide H

One of the important materials considered for photo-
voltaic applications is Cadmium Telluride, CdTe, because
it has a near optimum bandgap enerqy (1.47 eV), and a
high optical absorption coefficient at the band edge (3 x
1@* em™*) (5], as shown in figure (2), and because it
can be prepared in thin film form of both conductivity
types {p and n). E€dTe films for photovoltaic applications
have been prepared by chemical - vapor deposition (CVD)
(&), close - space vapor transport (£SVT) (7,8], vacuum
evaporation [(?,1@], electrodeposition (11], screen-
printing (12,13)], metalorganic chemical - vapor deposi-
tion (MOCVD) (14], sputtering [15,146], spray pyrolysis
(17,183,. and molecular - beam epitaxy (MBE) [19,2@].

ii) Other II-UI semiconductors @

Thin films of other compound semiconductor materials
have been reported using different deposition technigues.
ZnS films have been grown by plasma - assisted metal-
organic chemical wvapor deposition ([21], and by low-
pressure MOCVYD (221, ZnSe had been formed wusing
evaporation [23], and wvapor - phase epitaxy [(24],
atmospheric [(25,26] and low - pressure (27] MOCVD, and
close - spaced vapor transport (28], InTe films were
reported using vacuum evaporation [29] and low -~ pressure
MOCYD [3@], while CdSe films have been grown by the gas-
solid process [31].

1ii) Ternary compound semicaonductors :

Ternary chalcopyrite compound semiconductors of the
IT - VI class are also very promising candidates. An
example of these matreials is CulnSe_ (€IDS), and its
variations (Culn,  Ga _Se -/ Cd .., In, S) [32-35], which
offer important candidates for the absorber region in a
thin - film PV device because of its very high optical
absorption coefficient [4].

Thin film CulnSe. (CIDS) is used for photovoltaic
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conversion both on its own and also in combination with
larger bandgap semiconductors to make a more efficient
use of the solar spectrum. Tts bandgap is 1.084 eV at room
temperature, significantly less than the optimum, appro-
ximately 1.4 eV [11, required to match to the solar

spectrum.
To date, the material quality of these semiconduc-~
tors remains inferior to that of Si and III - V semicon-—

ductors, hut air mass one (AM1l) efficiencies of about 12%
have been achieved, both in photoelectrochemical (PEC)
cells [4,34-48] and in heterojunction photovoltaic cells
with CdS or Cd, In., S as the window material [41], and
recently 14.1% active area efficient test cells have been
reported [42].

Polycrystalline CulnSe, thin <films have been pre-
pared for photoveltaic applications using wvarious
deposition techniques, including metalorganic chemical
vapor deposition [43], flash evaporation [44], co-evapo-

ration [45], sputtering [446-48], selenization of an
electrodeposited Culn layer (491, spray pyrolysis ([30],
and by a two —~ stage process .utilizing 2 - beam

evaporation (51]. Recently large grain polycrystalline

CulnSe. ribbons have been grown for photovoltaic use
£52], and 398@ cm © CulnSe,- based photovoltaic modules

have been reported [42]. A detailed knowledge of the

defect chemistry of this compound is necessary in order

that CulnSe, can be efficiently used in economic
terrestrial solar cells.

Other ternary compound semiconducting thin films
reported were Cd,_ Mn _,Te, grown by MOCVD ({33,34], PbSnTe
and PbSeTe grown by CSVYT (551, CuBaS2 grown by MOCVD
£56], and Ing . ge Cd n_ eeS grown by RF sputtering [57].

The band gap and the lattice constsnt of the
compound semiconductor can be adjusted, within limits, by
forming quaternary alloys. An example is the copper
ternary system, resulting in five - element alloys like
Cyn,Ag ., In Se., So,—,., [SB]. Figure (3) shows how such
alloys can be formed among eight chalcopyrite semi-
conductors of the type I[-I1I-V1,. Points inside the cube
correspond to six - element compounds. Iso - lattice
canstant, iso - energy gap, and iso - electron affinity
maps can be constructed for such alloy systems. Figure
(4) shows such a topological (E,, a) map for the Cu-Ag-
In-5-8e system [S8]. These maps can be used to select
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semiconductors of different band gap but the same lattice
constant, for use in tandem solar cells.

iv) Cadmium Sulphide :

Polyecrystalline cadmium sulphide, CdS, films have
been extensively studied for photovoltaic applicatiens in
the last years [59,40].

CdS thin - film deposition technigues included
vacuum evaporation ([41-469], chemical vapor deposition
[70], close - spaced technigues, CS5T, [71], sputtering
(45,72-73]1, chemical spraying [74-801, cathodic electro—
plating (81], chemical bath deposition [82-85], sintering
[B4-88B], and screen printing [1@].

iv) Cuprous Sulphide :

Cu, S5 7/ CdS heterojunction thin - film solar cells
have been investigated, and is considersd to be one of
the best candidates for solar energy conversion. However,
the disadvantages of lower photovoltaic efficiencies and
instability limit their terrestrial applications.

Various deposition techniques have been reported,
and research attempted to overcome these disadvantages.
The deposition methods include vacuum deposition [B9], RF
sputtering [9@], electrochemical and chemical methods
[?11, and organometallic chemical vapor deposition [92].
An extensive review of CdS5/Cu_ S solar cells has been
given in [%3].

IV. Post ~ depomition hwat treatmsnt:

Heat treatment in different atmospheres (H. , N,
Ar, ....) is often carried out in order to improve and
optimize the electronic and optical properties aof the
films deposited by various methods.

The effect of heat treatment in air and in different
atmospheres on Cd3/CdTe solar cells prepared by close -
spaced vapor transport (CSVT) and hot wall vaguum evapo-
ration (HWVE) has been investigated [94], and effective
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grain boundary passivation in polycrystalline CdTe films
by heat treatment in molecular hydrogen, a hydrogen
plasma, and Li had been reported {95]. Oxygen has been
found to have drastic effects on the performance of thin-
film CdS/CdTe solar cells prepared by close -~ spaced sub-—
limation (CSS8), by enbancing the p — type characteristics
of CdTe and thus enabling the fabrication of more effi-
cient heterojunctions ([%&6]. Annealing in N, and H, of
undoped CdS thin films produced by RF sputtering was
found to improve the electrical and optical properties
{?71, and the diffusion of copper from the Cu._, S into
the CdS layer due to heat treatment was analyzed in [98].

V. Photovoltaic saterials’ characterization:

The characterization of thin films used in photo-
voltaic applications includes studying the compositional
and chemical, electrical, structural, and optical pro-
perties of the film.

Scanning electron micrascopy (SEM) is used to study
the morpholagy of the film, and X-ray diffraction to
study its crystallinity. Electrical resistivity and Hall
mobility (using the van der Pauw technique) are measured
for the film at different temperatures. The optical
absarption coefficient and the refractive index of the
film are measured as a function of energy. Various che-
mical analysis techniques are used to characterize photo-
voltaic thin films, such as electron microprobe, Auger
glectron spectroscopy {AES}, X-ray photoelectron spectro-
scopy (XP8), and secondary ion mass spectroscopy (SIMS)
[e27.

VI. Photovoltaic devices:

Photovoltaic devices based on these materials have
been reported. Impartant requirements on the PV devices
are : 1) Low cost of production, ii) Reasonable effi-
ciency, 1ii} Stability, and iv) Suitability for large-
scale manufacture.

Different photovoltaic structures have been report-
ad, including homojunctions, heterojunctions, metal -
semiconductor (Schottky) Jjunctions, and metal - oxide -
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semiconductor junctions (e. g. Indium tin oxide (ITO)/
CdTe, SnO0/CdTe, In0/CdTe). Lattice mismatch and the
proper selection of bandgaps are importamt considerations
in heterostructures,., Table (1) 1lists the bandgaps, .
lattice constants, and electron affinity of the II - VI
and termary compound semiconductors (100].
Heterajunctions play an important role in photovoltaic
devices because of their versatility as compared to
homojunctions. Many of these heterojunctions are based on
IT - VI semiconductors or closely related I-III-VI,
semiconductors., The most promising of these devices have
had CdS as one of the semiconductors in the junction,
mainly because of the esase with which high quality thin
films of CdS can be produced by a wide variety of
methods. The lattice mismatch between CdS and CdTe is
about 94, while that between CdS and CulnSe is about 1%.

Table (2) summarizes the solar cell characteristics
for CdTe - based heterostructures reported in the
literature, while table (3) is for CulnSe; and table (4)
is for CuS devices. Important characteristics shown in
the tables are the photovoltaic conversion efficieny,
solar cell structure, cell area, open circuit voltage,
shart circuit current demsity, and fill factor.
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Table {1} Bandgap, Lattice constant, and Electron
affinity of Il - VI and ternary semiconductors [10@].

RN AR R R RN R KA K XX

Material Bandgap Lattice Electron
constant affinity
(eV) (A} (aV)

3K Kk 0K 0k K Ok kK K IR R RO K R KO R R XK KRR R R Rk Rk

IT - VI :

ZnS
inSe
inTe

Cds
CdSe
CdTe

Hgs
HgSe
HgTe

H

AN
“Wo o

N
.11 QY

Ternary Compounds

CulnSe.
Culng_
AglinSe
AgInS 4
CuGaSe .

Cu. 0

1.24
1.52
1.25
1.77
1.58

2.2

3.41
S5.4&7
6.10

5.83
&.04
5.47

5.8B4
4.27
4.43

3.78
5.52
&.1@
1.77
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Table (2) Summary of CdTe thin-film solar cells
Structure  Deposition Active Efficiency vV, _.* J,...2% F.F.™ Reft,
method area (enf ) (%) (V) (mA/cm®) (%)
Cds5/CdTe Screen print B.78 12.8 @a.734 27.9 b1 a1
CdS/CdTe csvt* @.1 1.3 0.75 22.7 &2 1@2
CdS/{CdHg)Te Electroplating 1.48 12.46 B.462 27.@3 &3 123
CdS/CdTe CsvT 1.2 10.46 @.748 22.2 b&3.4 B
CdS5/CdTe/InTe Spray-electro- 4.0 1.4 @.745 22.0 &3.6 104
plate-evaporate
Sn0. /CdTe CSvVT 4.2 12.5 B.6563 28.1 56 1@5
CdS/CdTe Evaporation 2.99 a.7 D.412 20.5 bD.5 104
CdTe/CdS cvDp=" L.@ 4.5 B.467 16.4 59 127
CdTesiTO™™" CVvD 1.2 8.2 3.72 12 [-17] "
CdTe/CdS .14 b.? .52 17.3 77 128
ITQ/CdS/CdTe CSS™ 12.5™ @.75 17 62 . 182
CdS/CdTe Screen printing-@.78 12.8 a.7s5 22 &1 129
sintering
CdS/CdTe Screen printing 52@ 8. 5" @2.273 34.7 S@.46 110
CdS/CdTe CSvT @.8 4,5 @.65 13 44 1Lt
CdS/CdTe Sintering 2.3 12.5 "
CdS/CdTe Pyralytic spray small 8.7 @8.747 17.3 b7 18
Cds/InP* CcvD @.35 13.5*" @.78 17.1 75 70
Au/CdTe Electro-—- 1.0 b.2 @.38 17.3 42 11
W deposition - B.é 0.723 18.7 &4 "
ITD/CHS/CdTe Cathodic .02 8.0 <@a.8z <21 112
oo 4.2 &.5-4.8 "
ITO/CdS/CdTe Spray pyrolysis 2.224 4 B.4635 12,9 49 1l&
"o oo l.1 3 @.s687 13.9 49 16
Cd,_, In  Te Electrodepo- 0.22 3.8 ?.55 L3 453 113
» = Q.1 deposition/evapaoration
ITO/InSe"/Au  (ITO) Sputtering --- >10 @.58 32 &3 L14

Open-circuit voltage

Short-circuit current density

Fill factor

¥ Closed—-space vapor transport

£x Chemical vapor deposition

*2¥ Indium tin oxide

# close-spaced sublimation

H4 AM2 efficiency

% Single crystal

+ AMI. 3 efficiancy {under 120 mW/ca™

4 N

fllumination)
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Table (3) Summary of CulnSe. thin-film soclar cells
Structure Deposition Reported Cell V, ' J .. .7F.F.% Ref,
method efficiency area (V) (mA/caf ) (%)
(%) (em®)
Zn0/CdS/CulnSe,/Mo/glass 12.5 . 115
Cds8/CulnSe, /Mo/alumina Coevaporation 12 114
ITO/CdS/CulnSe, /Mo/glass Vacuum I-4" 2.09 B.22 25-3@ 44-59 117
evaporation
ITO/CdS/CulnSe, /AL § " " " u
In0/CdS/CulnSe./Mo/glass Coevaporation 14.17 3.8 ©.508 41 47.7 118
5i0,, /CdZnS/CulnSe/Ma/ Vacuum 11 1.2 @.436 3B.4 45.37 119
alumina(glass) evaparation
In0/CdZn5/CulnGaSe, Coevaporation 12.% 1.2 @.555 34.2 &£5.7 128
/Mo/alumina
5i0,, /CdS/CulnSe - Coevaporation 9.537 1.0 @.376 39 &3 121
/Mo/alumina
CulnSe,/InSe Sputtering 7-8.5 1.5-2.0 Q.43 32.2 122
CulnSe, /CdS " 18-1L.95 "
CuGaSe./(In,Cd)S Evaporatiaon 5.8 2.845 (1.5 50 123
CuiBa,In., )8e./{Zn,Cd)S " "
InCdS/Culn,_[(a _%Se Evaporatiaon 12.2 1.074 2.509 30.41 && 124
In0/CdS/CulnSe, /Mo/glass Electro- 7 125
depasition

{(Cu,In)/H,Se

CdS/CuGa, In,., Se ./Ho/ Evaporation 12
glass

* Open-circuit voltage

* Shart—circuit current density

2 Fill factor

¥ Under B7.5 mW/co intensity

+ AML.5 (under 1@ mW/ce™ intensity).
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Table (4) Summary of Cu, S thin-film solar cells
Structure Deposition Efficiency Area V. . * el F.F.® Ref.
me thod (%) (cm™) (V) (mA/cm™) (%)
Cu, S/CdS Sputtering 3.6 - 70
Cd, In_ S/Cu, S Electrochemical 3.0 - 6.5 -~ @.41-@.45 117-22 48-70 91
Cu - S/CdS MOCVD -- 92
Evaporation/ 9.13 1.0 ?.516 21.8 71,4 126

chemical

* Open-circuit voltage
2 Ghort—circuit current density
* Fill factor
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Vil. Conclusions:

Efficient utilization of the sun’'s energy in Egypt
will be encaouraged by the development of low - cost
thin - film polycrystalline solar cells.

II - VI compound semiconductors — based thin-film
solar «cells have progressed considerably during the
recent years, for the potential application in

terrestrial photovoltaic energy conversion.

A good deal of materials reasearch is still required
in order to control and optimize the electronic and
optical properties of II - VI based thin films and to
undarstand the drastic effect of heat treatment on these
properties.
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