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This paper details the laboratory processes used to fabricate CdS|CdTe solar cells
at the National Renewable Energy Laboratory. The basic fabrication technique
includes low-pressure chemical vapor deposited SnO,, chemical-bath deposited
CdS, close-spaced sublimated CdTe, solution-CdCl, treatment, and an acid-contact
etch, followed by application of a doped-graphite paste. This paper also describes
the results of a reproducibility study in which cells were produced by multiple
operators with an average AMI-5 efficiency of 12-6%. And finally, this paper
discusses process sensitivities and alternative cell fabrication procedures and reports
the fabrication of a cell with an AMI-5 efficiency of 15-4%. Copyright © 1999 John
Wiley & Sons, Ltd.

INTRODUCTION

ization of thin-film photovoltaics.! Of the many possible methods of depositing the CdTe layer,

close-spaced sublimation (CSS) has received the most attention recently because it is well-suited to
large-scale manufacturing and has provided high efficiency for many different groups.>”” Although we
have reported some of our discoveries in the area of CSS CdTe solar cells, we have not yet provided a
description of our procedures with sufficient detail to allow interested groups to duplicate our work. This
paper details our laboratory processes; it also describes the results of a reproducibility study, discusses
process sensitivities and alternative cell fabrication procedures, and reports the fabrication of a cell with
an AMI1-5 efficiency of 15-4% as verified by the National Renewable Energy Laboratory.

S olar cells using CdTe absorber layers are one of the primary contenders for large-scale commercial-

SOLAR CELL FABRICATION

The device structure and fabrication procedures described in this section were those used for the repro-
ducibility study, the results of which are given later in this paper. The procedures were selected to reliably
provide acceptable cell efficiency, not the maximum that can be achieved. Alternative procedures that we
have found to be capable of producing higher efficiency are described later in this paper.
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Figure 1. Solar cell device structure
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Figure 1 shows the layers of the solar cell as fabricated for the reproducibility study. The fluorine-doped
tin oxide layer (SnO,:F, also called conductive tin oxide or ¢c-SnO,) is the transparent contact that
provides current collection from the front of the device. The undoped SnO, layer (also called i-SnO, for
‘intrinsic’ or ‘insulating’-SnO,) may help protect the open-circuit voltage of the device in some situations.
The CdS layer serves as the window layer, and the CdTe layer serves as the absorber layer for the incident
light. The HgTe: Cu-doped graphite layer produces an ohmic contact to the CdTe, and the silver layer
decreases the lateral resistivity of the back contact.

Substrate and front contact

The substrate we used was 76 x 76 x 1.1 mm Corning 7059 glass. The substrate is first cleaned by
sonication in a 1% solution of Liquinox soap in hot deionized (DI) water, followed by five rinses/
sonication in DI water (two of which are in hot DI water). The SnO,:F layer was deposited by low-
pressure chemical vapor deposition (LPCVD) at a total pressure of 60 torr and a substrate temperature of
550°C. Tetramethyltin (TMT) was used as the Sn precursor, and bromotrifluoromethane (CBrF,) was
used as the fluorine dopant source. The TMT was delivered from a room-temperature liquid bubbler to
the reactor using N, as the carrier gas with a flow of 0-025 standard liters per minute (slpm). Other flow
rates were as follows 0-8 slpm of CBrF 3 1-875 slpm of O,, and 1-5 slpm of N,. The films were typically
deposited to a thickness of 4500 A in 8 min and had a sheet resistance of 8 Q/sq. The i-SnO, layer was then
deposited with a thickness of approximately 2500 A using identical conditions except Wlthout any CBrF,
flow. The resistivity of the i-SnO, layer is approximately 1 Q-cm. The transmission and the absorbance of
a bi-layer (c-Sn0O,/i-Sn0O,) on glass are shown in Figure 2.

CdS layer

The CdS layer is grown by chemical-bath deposition (CBD). Prior to deposition, the substrates are cut
into 38 x 38 mm pieces and cleaned by sonication in hot DI water. The reactor, a water-jacketed beaker,
is covered and continuously-stirred. To deposit 800—1000 A of CdS, the constituents outlined in Table I
are introduced into 550 ml of DI water in the reactor.

The substrates are placed, six at a time, in the bath in a quartz holder and 30 min are allowed to elapse
so that the deposition temperature of 88°C is reached. The first three constituents of Table I are then
added (the ammonia is put in slowly by pipette to minimize reaction). Ten minutes are allowed to elapse
before the thiourea is added. To minimize homogeneous reaction, the thiourea is added by a computer-
controlled titrator in four aliquots of 2 ml, 10 min apart. The total deposition time, after the first addition
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Figure 2. Transmission and absorbtion of glass/c-Sn0O,/i-SiO, and glass/CdS/i-SnO,/c-SnO, substrates

Table I. Constituents for CdS by chemical bath deposition

Chemical Volume (ml) Molarity (M) Function
Cadmium acetate (CdAc,) 8 ml 0-033 M Cadmium source
Ammonium acetate (NH,Ac) 4.6 ml 1M Buffer

Ammonia (NH,OH) 15 ml I5M Complexing agent
Thiourea (CS(NHj;),) 8 ml 0-067 M Sulfur source

of thiourea, is 38 min. The substrates are then removed from the bath, placed in warm DI water, and given
three sonications (about 2 min each) to remove loosely adhered CdS particulates. The films are then
blown dry with N, and stored in Fluoroware containers.

Deposition of CdS films in this manner primarily results in heterogeneous growth on the substrate. The
CdS films are highly adherent, transparent, and conformal,® with an index of refraction around 2-4, which
is close to the single-crystal CdS value of 2-5. However, impurity inclusions’ and micro-pinholes!® have
also been identified. The CdS thickness can be measured by ellipsometry, near-bandgap absorption, or
profilometry on etched islands. The transmission and the absorbance of the glass/c-SnO,/i-SnO,/CdS
stack are shown in Figure 2 (along with the same substrate without the CdS layer).

After a CdS batch is completed, the remaining solution is put in a hazardous waste container, and the
jacketed beaker and quartz holder are cleaned with 5 ml of HCI. After repeated rinses, the beaker and
holder are reconditioned with hot water and 10 ml of NH,OH.

CdTe deposition

The CdTe is deposited by CSS following the examples of previous work.!!'"13 The CdS layer is removed
from the back of the substrate by wiping with a swab dipped in concentrated HCI. The substrate is then
rinsed in DI water, dipped in a dilute HCI in DI water solution (1:40 HCl: DI H,O) for 5 s, rinsed again,
and dried with N, . The substrate is then loaded in the deposition chamber as shown in Figure 3. The lamp
susceptors, which absorb optical energy from the lamps and allow temperature control of the source and
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Figure 3. Close-spaced sublimation chamber

substrate, are coated with pyrolytic carbon (Fabmate® from Poco Graphite). The use of the coated
susceptors is necessary to prevent the conversion of a large fraction of the oxygen in the chamber to CO
and CO, during the CdTe deposition.!*!3

The first stage of the deposition phase is an in-situ hydrogen anneal. Annealing the substrate at 400°C
for 15 min in 30 torr H, is reported to reduce oxygen-related defects in the CdS and may produce a non-
stoichiometric surface.”'® This step also causes some CdS recrystallization and cleans the surface in
preparation for the CdTe deposition.

After cooling to 200°C, the CdTe deposition sequence is initiated. The chamber is pumped down to a
background pressure of approximately 0-02 torr, and then He and O, are introduced. CSS of CdTe is
based on the principle of reversible dissociation of CdTe at high temperatures. The elemental gases diffuse
to the substrate,'! which is in close proximity to the source plate. The gases recombine on the substrate,
which is kept at a temperature lower than the source. Deposition process parameters include a 2 mm
separation between the source and substrate, an oxygen partial pressure of 0-9 torr, and a helium partial
pressure of 14-1 torr. The source and substrate are ramped together to 620°C, then the source temperature
is ramped to 660°C in 30 s. The substrate and source are then kept at 620° and 660°C, respectively, for
3-25 min. For these conditions, the resultant CdTe thickness is 8—10 pum at the center of the substrate and
6-0—8-5 um at the edge of the substrate.

The CdTe source plate used for the depositions consists of a piece of 7059 glass on which CdTe had
previously been deposited using the same CSS system. Prior to insertion in the CSS system for fabrication
of the source plate, the 7059 glass is cleaned with hot soap and DI water, rinsed, then given a 1-min etch in
a 1:5 HF to DI water solution, then rinsed again. For source plate fabrication, CdTe is sublimated from a
graphite boat packed with 99-999% pure CdTe powder (Alfa Aesar). Source plates are fabricated in
20-torr H,, with a boat temperature of 700°C, a substrate susceptor temperature of 600°C, 2 mm spacing,
and a deposition time of 30 min. The resultant CdTe films are greater than 300 pm thick and have about
80% coverage of the glass substrate. After each use as a CdTe source, the CdTe source plate is blown off
with N, to remove any loosely adhered oxides or CdTe particles.

Our group currently has three CSS systems with some design features common to all the systems. The
deposition chamber consists of a quartz tube sealed against stainless-steel flanges with the lamp
susceptors supported by a cantilevered quartz support (the environment was shown schematically in
Figure 3). With this design, only quartz, the susceptors, and the source and substrate are located in the hot
zone of the chamber. A quartz insert is located immediately inside the main quartz tube. Because the walls
of the chamber are not heated, some CdTe condenses on the quartz during use of the system. The use of
an insert allows for easy removal and cleaning (in a Teflon bath with 20: 1 nitric acid : hydrochloric acid).
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Temperature and pressure control of the system is provided by a Research Inc. controller. A personal
computer with the program Micrihost PC (Research Inc.) is used for data logging and programming
of the controller. Vacuum for the system is provided using a two-stage mechanical pump (Balzers) with
Kytox 1514 oil. The deposition chamber is protected from pump oil contamination by a molecular sieve
trap, a nitrogen cold trap, and a nitrogen purge which is kept on at the pump inlet except for brief periods
when maximum vacuum in the chamber is desired.

CdCl, anneal

After CdTe deposition, a CdCl, anneal is performed. Cells made without the anneal generally have
efficiencies between 6% and 10%, whereas cells made with the anneal are generally more than 12%
efficient. The anneal does not produce bulk recrystallization in the CSS-deposited CdTe films'? (the
grain size is about 3 um both before and after CdCl,treatment), but does increase V. and FF. Several
mechanisms for these improvements have been proposed. These include the elimination of fast-
recombination centers in the CdTe film,'® reduction of recombination centers in the junction,'® and the
elimination of small grains at the grain boundaries.?

In preparation of the anneal, the 38 x 38 mm CdTe/CdS/i-SnO,/c-SnO,/glass substrates are scribed
and broken into four equal pieces. The pieces are soaked in a 75%-saturated CdCl, in methanol solution
(the saturated solution is 7-5 g CdCl, in 500 ml MeOH). The substrates are soaked for 15 min on a hot
plate in a covered petri dish near the boiling point (55-60°C). After that soak, the pieces are taken out of
the solution and immediately blown off with N,. The pieces are then placed on an aluminum plate in a
tube furnace that is purged with He. The furnace is then set at 360°C and left on for 40 min with a flow of
100-sccm He and 25-sccm O,. From experiments with thermocouples attached to CdTe devices, we
believe the temperature of the devices during the anneal is actually 400°C — this is the temperature we
report when no further information is given. After cooling to a maximum of 50°C, the pieces are rinsed in
DI water to remove any excess CdCl,. While CdCl, is not typically found on the surface of the CdTe after
the anneal,>! CdCl, can be found on the glass side and should be removed for safe handling.

Back-contact formation

A variety of contact preparation steps can be performed, but we used the following sequence in the
reproducibility study. These procedures were developed following the examples of previous work.?>?* The
first step is to use Kapton tape (3M 5413 polymide film) to mask a portion of the CdTe surface
approximately 1 x 1 cm. The cells are then etched in 88:1:35 phosphoric acid:nitric-acid : DI-water
(NP etch) to provide a clean, Te-rich surface.?!>* The samples are held in the etch 4 seconds past the point
when the CdTe surface is completely covered with small bubbles (total time in the etch is about 35 s). The
bubbles are likely to be NO and NO, ;> the bubble formation may indicate that the initial oxide layer on
the CdTe has been penetrated,? or it may be an indication of a transition to hydrophobic behavior after
the Te layer is formed. Immediately on removal from the acid, the samples are rinsed with DI water.
HgTe:Cu-doped graphite is then brushed on the cell as the back contact. The paste is made by stirring 4 g
HgTe:Cu (which is about 2 atomic% Cu) powder into 10 g graphite paste (Acheson Electrodag 114). The
paste is thinned as needed with methyl ethyl ketone (MEK) as it thickens between uses.

Next, the contact is annealed by placing the device in a tube furnace at 280°C with a 100 sccm He flow
for 30 min. A thin layer of silver paste (Acheson Electrodag 6S-33C) is then applied to the back contact.
The device is then placed in an oven at 100°C for 1 h to cure the silver paste.

Cell definition

The Kapton tape is removed from the cell. To expose the front contact, a clean razor blade is used to
scrape CdTe off the substrate around the cell. The total area of the CdTe (including that outside the
Ag/HgTe: Cu-graphite area) is counted as the cell area for /- measurement purposes. A razor blade can
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be used to scribe through the edge of the contact area to minimize nonactive area of the cell, but care must
be taken not to create shorting at the scribe. And finally, using an ultrasonic soldering iron, indium is
melted to the transparent conducting oxide layer around the cell.

REPRODUCIBILITY STUDY

A study was done to determine the reproducibility of our cell fabrication process when multiple operators
are involved. For the study set, 38 cells were made by a total of seven people over the course of two weeks.
The set included three CdS depositions, 10 CdTe depositions, two CdTe sources, and three batches of
post-deposition processing. The I-V results (average and standard deviation) with AMI1-5 illumination
are shown in Table II. The I-Vs were taken on an unverified system, then adjusted based on a four cells
that were sent for NREL-verified /-} measurement.

Table II. AM1-5 I-V results for 38 cell baseline set

Efficiency V.. (V) J. (mAjem?) FF (%) Area (cm?)
Average 12:6% 820 21-8 70-6 0-86
Standard deviation 0-5% 8 0-4 20 0-39

The maximum efficiency in the set was 13-:3%. The minimum was 11-3%. Not counted in the 38-cell
baseline were four cells that had visible scribing problems — the average efficiency of those four cells was
11:6%.

PROCESS SENSITIVITIES AND ALTERNATIVE PROCEDURES
Front contact

The characteristics of the front conductive contact can influence cell performance in both obvious and
not so obvious ways. An increase in the carrier mobility in the conductive TCO layer provides lower
absorbtivity and lower resistivity,?® thus allowing increased photocurrent and decreased series resistance.
We estimate the improved transmissivity and conductivity of the tetramethyltin-precursor SnO, provides
an increase of about 1% (absolute AM1-5) compared to standard commercially-available SnO,. Less
obvious, but of potentially greater significance, are the chemical properties and stability of the front-
contact layers. Alternative TCOs, such as cadmium stannate, may necessitate a less vigorous cleaning
procedure than sonication in soap and hot DI water. Other TCOs, such as ZnO, decompose under the
basic-aqueous environment of the CBD CdS. And finally, we have found that some front-contact layers
can decompose from normal process conditions. Room-temperature sputter-deposited i-SnO, layers
(which were not used for the baseline set) were particularly susceptible to decomposition during the 400°C
H, anneal and high temperature processing.’

Aside from the negative effects of the i-SnO, layer if that layer decomposes during cell fabrication, the
impact of the layer is not well understood. We have found that when devices were produced without a CdS
layer, a high-resistivity SnO, layer produced by a proprietary technique at Golden Photon Inc. improved
CdTe adhesion and device performance. However, our standard i-SnO, appears to have a much more
subtle effect, possibly providing marginal protection of V__ for thin CdS layers.?’

One portion of the fabrication procedure we found to have a large impact on device performance is the
cleaning procedures of the glass and front-contact layers. In particular, the absence of a clean TCO
surface immediately prior to CdS deposition results in nonuniform CdS deposition, potential adhesion
problems, and poor device performance. For instance, if a TCO-coated substrate is purchased and soap is
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then used to clean the substrate prior to CdS deposition, care must be taken to ensure removal of all soap
residue (hot DI rinses/sonication are quite effective). Exposure of the TCO to an acid prior to the CdS
deposition can also produce nonuniform CdS and poor device performance.

CdS: deposition and treatments

The thickness of the CdS layer can strongly affect device performance. We find that devices with a CdS
layer of 600 A typically have lower open circuit voltages, particularly for CdTe deposition conditions that
cause excessive loss of CdS. Devices with CdS thicknesses over 1000 A have reduced photocurrent due to
absorption in the CdS and lower V. due to inferior CdS from the latter stages of CBD growth.

The 5-s dip of the substrate in dilute HCI prior to CdTe deposition is a step that we find to be
marginally beneficial. One experimental set showed a benefit to efficiency of 0-3% (absolute AM1-5) from
the dip. Another set showed that 5—10 seconds of the dip provided fewer CdTe pinholes for thin CdTe
films compared to no dip or a 60 s dip. We thus believe that the short dip ensures a clean CdS surface, but
is not essential for high efficiency.

We also find that the hydrogen anneal of the CdS (described in the solar cell fabrication section) is not
essential for high-efficiency devices when using our normal CdTe deposition conditions. In fact, some
experimental sets have shown that simply eliminating the anneal can produce higher efficiencies. For
example, one set of six devices showed that cells produced without any anneal were 13-9% efficient,
whereas cells produced with the standard 400°C anneal in hydrogen were 13-4% efficient. However,
another experiment set showed the hydrogen anneal to be of comparable efficiency to other CdS con-
ditioning techniques, but with greater reproducibility. The hydrogen anneal was thus selected for the
baseline fabrication procedure.

Despite our decision to incorporate the hydrogen anneal in our standard procedures, our highest
efficiencies have been obtained by replacing the anneal with a brief high-temperature exposure imme-
diately preceding the CdTe deposition. This procedure, called a thermal etch, is similar to one reported by
Anthony;?® however, in our case it was used as a way to remove possible deleterious effects associated with
H, anneals and to provide a means to clean the surface prior to CdTe growth.?” The thermal etch could
also alter the stoichiometry of the surface, raise the temperature at which nucleation begins, and produce a
gas phase of S or S-compounds that could redeposit on the substrate. Because some CdS is sublimated
from the substrate, the use of a thermal etch can result in poor performance when a thin CdS layer is used.
We expect that the irreproducibility of this procedure will decrease as our understanding increases.

CdTe

One of the key variables in our CSS deposition of CdTe is the oxygen partial pressure.!> We find that
oxygen acts as a nucleation aid and that at least 0-2 torr oxygen is needed to ensure pinhole-free films
when thin films are desired at substrate temperatures above 600°C. Oxygen also serves to increase V_ by
improving the quality of the CdS/CdTe interface. Another benefit of oxygen is that it protects against the
harmful effects of TCO decomposition (which can result from high-temperature processing, particularly
in H,) by ensuring uniform CdTe nucleation, converting free Sn to less harmful SnO,, and passivating
donors if they are present. One deleterious effect of oxygen is excessive source oxidation for oxygen partial
pressures above 2 torr (with 13 torr He). Another deleterious effect is the production of features on the
surface of the CdTe film, such as hillocks and particles with diameters greater than 10 um. The balance of
these positive and negative effects of oxygen yields an optimum partial pressure of about 1 torr with the
other deposition parameters fixed as described.

Another important deposition variable is the substrate temperature. High temperature encourages
CdS/CdTe interdiffusion during growth, larger grain size, and generally provides higher VOC.30 We find
that temperatures above 620°C can result in higher efficiencies, but generally lower the reproducibility of
the process.
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cdcl,

The CdCl, concentration during the solution-CdCl, dip can have a strong impact on device performance.
For example, with the CdS and CdTe deposition conditions used for the reproducibility study, the average
efficiency using 60%, 75%, and 90% CdCl, concentrations (three cells per concentration) was 13-2%,
13-8%, and 7-8%, respectively. There was no adhesion failure on any of the cells. Exposure of CdTe films
to too high of a CdCl, concentration coupled with too high of an annealing time/temperature profile can
result in low efficiency, either by loss of film adhesion (at the TCO/CdS or CdS/CdTe interface) or by
some other mechanism that is not visible and not completely understood.

An alternative to the solution-CdCl, procedure used for the reproducibility study is a vapor-CdCl,
treatment. Using a CSS system with a CdCl, source and a source and substrate temperature of 400°C for
10 min, we found that we can achieve comparable efficiencies to the solution-CdCl, method. The dry-
CdCl, shows promise of offering greater reproducibility once the procedure is better understood. One
observation we offer at this time is that thin CdS is less reliant on the CdCl, anneal, and, at the same time,
can tolerate higher CdCl, exposure without peeling of the films.

Back contact

For our process, the age of the NP contact etch does not appear to affect device performance. Eight cells
produced with a variety of graphite pastes had an average AMI1-5 efficiency of 12-8% when the NP was
mixed 3 days prior to use, whereas eight cells produced under the same conditions, except with an NP etch
mixed 5 min prior to use, had an average efficiency of 12:4%.

However, we found that the nature of the contact paste used can significantly affect device performance.
We observed that the efficiencies of devices produced from older pastes were better than from pastes
prepared immediately prior to use. For example, a cell made with old contact paste had an efficiency of
13%, whereas one made with freshly-made paste was only 10-3% efficient. The deleterious effect of
freshly-made paste was even more pronounced for cells that used no oxygen during the CdTe deposition.
We then learned that the aging process could be done artificially by heating the paste to drive off most of
the solvent, mixing vigorously, adding more solvent, and repeating. At present, we do not know if the
artificial aging produces a change in the bonding of the constituents or if it simply homogenizes the
mixture. We have also learned that for our normal CdTe deposition conditions, the efficiency of cells
improved with the ratio of the HgTe:Cu to the graphite (up to a ratio of 4:10). However, at this time, we
do not fully understand the interaction of the Cu-doped graphite paste with the remainder of the process
variables, as illustrated by the fact that we have produced a cell with an efficiency of 12:3% that had no Cu
or HgTe added to the graphite paste. While cells produced without Cu added to the paste are generally
below 7% efficient (with low V_. and low FF), the 12:3% cell (with a V__ of 786 mV and FF of 65-1%)
stands as an existence proof that high Cu concentrations are not always required.

As an alternative to the standard NP etch described in the solar cell fabrication section, the CdTe
surface can be cleaned (with HCI or ion-beam milling) and then a Te layer evaporated onto the CdTe
surface. This procedure produces comparable efficiency to the standard NP etch.’!

The standard scribing procedure described in the solar cell fabrication section has the disadvantage of
producing ragged edges and CdTe outside the contact that counts in the cell area, but contributes little to
the current. Official efficiency measurements cannot, however, be taken using the contact area as the cell
area, since OBIC measurements have shown some collection from outside of the defined contact. As an
alternative to scribing, the cell area can instead be defined by a light mask on the front glass side of the
cell. This procedure provides a J, truly representative of the cell and, if the mask is just slightly smaller
than the contact area, decreases V_, by only a few mV.

High efficiencies from alternative processes

As an illustration of the efficiency that can be achieved with a few modifications from our standard
fabrication techniques, a cell with an AMI1-5 efficiency of 15-4%, as confirmed by the National
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Renewable Energy Laboratory, is offered. The cell has a V__ of 830 mV, J_ of 24-7 mA cm~2, and an FF
of 74-8%.

The cell was produced under the same conditions as those described in the fabrication procedures
section except that (i) the 400°C hydrogen anneal of the CdS was replaced by a 15-s thermal etch at 625°C
while the source temperature was kept at 600°C, (ii) the CdTe deposition was done in 3-67 minutes with
1 torr O, and 14 torr He, (iii) the contact etch was made 10 min before use, (iv) an anti-reflection coating
of 1100 A MgF was applied to the glass, and (v) the area of the cell was defined by a light mask.
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Abstract

Recently, conversion efficiencies close to 16% for thin film solar cells based on the CdS/CdTe heterojunction have been reported. The
relevant results, however, have not yet solved the problems which arise when industrial production is undertaken as the demand for Ic
cost imposes constraints which considerably limit the final efficiency of the cells. In this paper, we will show that very high conversion
efficiencies can still be achieved even making use of low cost soda-lime glass as substrate. In fact, the Na contained in this kind «
glass diffuses during the fabrication of the cell into the active layers of the device causing a substantial decrease of the fill factor an
consequently of the efficiency of the cell. In particular, we will describe the methods and the magnetron sputtering techniques used |
grow a polycrystalline CdS thin film with a controlled Na content. We will also describe the details of the growth via the close-spaced
sublimation (CSS) technique of the CdTe polycrystalline film, which are crucial for the heterojunction and the back contact which has
been fabricated exploiting the characteristics of &g which is a low gagp-type semiconductor with a high conductivity. © 2000 Elsevier
Science S.A. All rights reserved.

Keywords:lI-VI semiconductors; Deposition methods; Thin film solar cells

1. Introduction CdTe based thin film solar cells have been fabricated using
the CSS method [1].
Cadmium telluride (CdTe) is a suitable photovoltaic ma-  In this work, efficient thin film CdS/CdTe heterojunc-

terial for solar cells because of its optimum energy gap tion solar cells have been prepared from CdS deposited
(1.43eV) and high absorption coefficient for visible solar ra- by RF sputtering technique, and CdTe deposited by CSS,
diation. To reduce production costs, it is necessary to fabri- both cost-effective scalable techniques. The solar cell is
cate the solar cells with polycrystalline thin films deposited of the front-wall configuration, i.e. films of CdS-type
onto low-cost substrate like soda-lime glass. Because ofCdTe, and an ohmic contact are subsequently deposited
short optical absorption length in CdTe and the difficulty of onto a transparent conducting oxide-coated soda-lime glass
forming a thin film shallow homojunction with a high con-  (Fig. 1).
ductivity surface layer, thin film CdTe solar cells are of the ~ The front transparent contact has been prepared by de-
heterojunction configuration. To allow the formation of the positing in sequence films of 43 90%:SnQ 10% (ITO)
heterojunction, a transparent conducting semiconductor isand SnQ, the first one to get a low sheet resistance and
used as the CdTe partner. Cadmium sulphide (CdS) has beethe second one to passivate the soda-lime glass against Na
found to be the best suited for thin film CdTe heterojunction diffusion. Besides, CdS films deposited by RF sputtering
solar cells, and conversion efficiencies of higher than 12% and CdTe films deposited via CSS technique on the top of
have been reported for CdS/CdTe solar cells prepared bythe CdS layer are separately treated in a saturated cadmium
several techniques. In efficient solar cells, CdS films are pre- chloride (CdC}) atmosphere at a temperature of 500 and
pared by spray-pyrolisis, vacuum evaporation, RF sputtering 400°C, respectively. Following this process the CdS film is
and close-spaced sublimation (CSS), and CdTe films are de4estructured, being made denser with enhanced grain size.
posited by CSS, electrodeposition, spraying, screen printing This fact yields an improvement both in the intrinsic qual-
and metal-organic chemical vapour deposition (MOCVD). ity of the film (crystalline quality, grain boundaries, super-
Each technique has its own advantages. However, the besficial roughness) and in its electro-optical properties. It is
known that the heat treatment around 400with CdCb
* Corresponding author. has been routinely used to significantly improve electronic
E-mail addresshosio@fis.unipr.it (A. Bosio). characteristic of polycrystalline CdS/CdTe films. Generally,
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-+ 2. Experimental procedure
back contact Mo
>
SbyTes3 CAD 2.1. Substrate preparation
p-n junction CdTe The substrate used for the deposition is a3 $oda-lime
- glass previously washed with a low-alkaline detergent and
Cds . then carefully rinsed in deionized water. Finally, the sub-
front contact SnO, strate is rinsed again with acetone and propan-2-ol in an
> .
ITO ultrasonic bath.
soda-lime glass J 2.2. The transparent conducting oxide (TCO)
* * * light Due to its low cost, soda-lime glass is suitable for in-

dustrial production but this advantage is partially reduced
because the sodium, contained in this type of glass, could
diffuse during thermal treatments into the other layers which
form the device. To avoid this problem, a passivating layer
the CdC} treatment increase the average grain size of the jg gften deposited on the soda-lime glass such as alumina
CdS and CdTe films, prepared with several methods such agAl,0s) or silica (SiG). We are adopting a new scheme
electrochemical or vacuum deposition, which usually grow nich consists in the deposition of a Splyer that allows
with small grain size. In the case of high temperature de- 5 control the Na diffusion. The front contact is set up with
position, such as the CSS method, the as-deposited average wm ITO (In,O3 90%:SnQ 10%) and a 0.1-km SnG
grain size is largex1um) [2]. However, the CdGlheat  thick films. The ITO layer is deposited via magnetron RF
treatment is still necessary to achieve good device Charac'sputtering, under an Argon pressure of I0-2mbar, at
teristics. There is evidence that in large grain films the treat- 5 g pstrate temperature of 48D with a deposition rate
ment promotes grain boundaries re-growth and small grainsgf 5851 The ITO film exhibits a sheet resistance of
elimination. In either case, Cd&£lis believed to act as a flux Re=1% O-L. This first deposition still allows the diffusion
agent that increases the atomic mobility of CdTe at the an- ¢ sodium, from soda-lime glass, as it is evident by the ap-
nealing temperature. The role of Cd@$ not only that of  pearance of NaCl crystallites when the surface of the ITO
re-crystallizing the CdTe film but also to dopepitype. In layer is treated in air at 50€ with CdCb. On top of this
fact, as-deposited CdTe films have shown tghgpe with ITO film, we deposit in sequence the Sn@yer with an

a resistivity of 16-1C° @ cm; this kind of conductivity is @, partial pressure of 210~4mbar keeping all the other
probably due to stoichiometry native defects, like Cadmium sputtering deposition parameters constant. Under these
vacancies\cg). After CdCh treatment, the same films are conditions, Sn® grows in a very compact polycrystalline
p-type conductivity again but with a resistivity as low as gstrycture exhibiting a sheet resistanc®g£102 0L, This
100€2cm. The doping of CdTe by Cdgtould be duetothe  second layer, despite its greater resistance, does not mod-
formation of /cq—CI)~ complexes which have an activa- iy the overall resistance, which keeps its minimum value,
tion energy of 0.05eV, that is a shallower energy level than \ith the great advantage of controlling the Na diffusion by
that of Cadmium vacancies [3]. In the more efficient cells, means of the Snfilm thickness. Annealing these films
as back contact a Cu-graphite layer is generally used. Sinceyjith CdCb, as previously described, we do not observe any
Cu is a highly diffusion element into CdTe, these cells, in Nac| crystallite formation if the Sn©layer is 1.m thick,

the long period are destined to degrade. Recently, we haveyhile there are few small NaCl crystallites if the Snfdm
developed a new back-contact which does not contain anyjs g.5,,m thick. These TCO films exhibit a transparency of

copper or any doping element that can diffuse into CdTe. gg5oy in the region of visible spectrum of interest.
This contact is made with a thin layer of Stes, which is

a stable compound that exhibits a forbidden energy gap of2.3. The CdS layer
0.3 eV and is a degenergtaype semiconductor with a resis-

Fig. 1. CdS/CdTe thin film solar cell structure.

tivity of 10~* 2 cm. The SkTes layer is deposited by sput- The good quality of a thin film solar cell is strongly de-
tering at a substrate temperature of 300<&50This high pendent on the proper interaction among the different lay-
substrate temperature allows the formation gffaSh,Tes ers which constitute the device. We consequently deposited,

layer on top of CdTe film which assures, together with its via magnetron RF sputtering, without removing the sam-
low resistivity, the ohmic behaviour of the back contact. ple from the apparatus, a 2000 A thick layer of CdS at a
The best CdTe/CdS solar cell fabricated with these layers in substrate temperature of 2@ with a deposition rate of
our laboratory exhibits an efficiency of 14.6% that is very 5As™1 in an Ar pressure of £10~2mbar. On top of the
close to the maximum efficiency so far obtained (15.8%) CdS film, a 1500 A thick layer of Cdglis then evaporated.
[1]. Subsequently, the Cd&lkovered CdS film is annealed in
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Fig. 2. Transmission spectrum of the CdS layer, before the £m€itment 10 20 30 40 50 60 70 80 90

(dash-dotted line) and after the treatment (solid line). The shift towards
the right of the absorption edge proves the beneficial effect of the £dCl
treatment.
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Fig. 3. (a) X-ray spectrum of the CdS layer before the Gd@atment;
(b) X-ray spectrum of the CdS layer after the Cg@eatment. To make
the spectrum more legible we eliminated the peaks belonging to the

air in a two-step process, the first at 460and in sequence
ITO/SnG, layer.

at 500C, both steps for a duration of 20 min. The system
is then washed in methanol to get rid of residual traces
of CdCh. The first important observation that we made is
that the grain size of the CdS film after treatment depends
strongly on the Sn@film thickness. A large grain size of
CdS, in the order of 2000-3000 A, is obtained for a lower
SnQ thickness, while, by increasing the thickness of the
SnG layer, the grain size of the CdS film decreases. For a
SnQ thickness of Jum, the grain size of the CdS film re-
mains as it was before Cdgtreatment (500 A). We inter-
preted these results by taking into account the Na-diffusion
from soda-lime glass; a larger grain size in the CdS film cor-
responds to a larger amount of Na present in the CdS film.
We conclude that the Na-diffusion into the CdS film depends
on the thickness of the SnQ@ayer and for a Sn@thickness

on the order of um, the Na-diffusion is quite negligible.
Anyhow, after CdC] treatment, in the absence of Na, CdS
films are denser and present a better crystalline quality than
that of the not-treated samples [4]. This is put in evidence
by observing the optical transmission spectra (Fig. 2). Be-
sides, the X-ray diffractograms of the as-deposited CdS films
show a mixture of cubic and hexagonal phase, while the
post-treated films exhibit the hexagonal phase only (Fig. 3).

First of all, the CdS film is treated in the CSS chamber
under 101 mbar hydrogen pressure and at 38Gsubstrate
temperature for 20 min in order to remove the undesired
presence of oxygen compounds (i.e. CdO) and any remain-
ing traces of CdGl. After that the CdTe deposition is carried
out putting in a graphite crucible a sintered sputtering-like
target. This target is a disk shaped with a 3.0in. diam and
is manufactured in this way: a 99.9999% purity CdTe pow-
ders provided by Cerac Inc. are placed into a graphite cru-
cible inside an oven. Then under a 50 bar ptessure, the
temperature is risen up to 1200 for 1 h, and therefore,
slowly lowered at room temperature. As encapsulapQ
is used on top of CdTe. Using a sintered target as a CdTe
source, any spitting of CdTe powders is inhibited and the
substrate can be directly faced to the source. Besides, a
3in. diam dimension ensures a very uniform deposition be-
cause of its wider size with respect to the substrate. The dis-
tance between source and substrate is typically 0.2cm and

water cooled stainless steel chamber

This unambiguously means that the Cgd@keatment is r
effective in recrystallizing the CdS film. The crystalline =——> heating lamps
quality and compactness of CdS layer is an important pa- 27222770 777 Substrate holder
rameter influencing the performance of CdTe/CdS solar | __| substrate
cells: nanograins or a metastable crystalline ph ie. i crucible .
e S a Og a S 0 e as b e- C yS a -e p a-se ( e CUb C W///]z]lllllllllllllllll/////////% cruc}ble h(’lder
phase), may enhance the formation of an interdiffused layer ——————— heatinglamps
at the CdTe/CdS interface which influences the junction \
transport properties. gas outlet
thermocouples | temperatures conductance controller
- controller
2.4. The CdTe layer gas inlet turbomolecular and
_.|<_ Ar, Oz, H, flow controller | rotary pumps

The CdTe film is deposited via a CSS technique (Fig. 4)
on top of the above described Cd@teated CdS film. Fig. 4. Schematic diagram of our CSS system.
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20.000 pm

UM

Fig. 5. AFM picture of the CdTe layer deposited at 500(on top of the CdGHreated CdS film) by CSS technique with an Ar pressure of 1 mbar and
650°C source temperature. Average grain sizé€0pm.

the temperature of source and substrate are 500 arf©600 pure target supplied by Cerac Inc., on top of a CdTe film
respectively. The deposition, is normally carried out in an previously etched in Br-methanol. This chemical etching is
Ar+0O, atmosphere. A typical pressure during the deposition necessary in order to remove any oxygen compound and
is 1 mbar and the content of oxygen is 1%. The role of O residual CdCl from the surface of the CdTe film. In fact,
is that to slow down the CdTe growth to allow the CdTe to during the CdGl:O, vapour heating treatment, CdTe reacts
grow with a smaller grain size and to have a better coveragewith CdChL and G which results in the production of CdO
of the CdS film. With these parameters arh thick CdTe on the surface of the CdTe grains according to the reaction
film can be deposited in 5 min. The results of the AFM anal- (at 430C)
ysis on the surface of CdTe films are depicted in Figs. 5 and
6. In particular, a fast Fourier analysis has indicated that the CdCh(g) + 02(9) + CdTe(s) « TeCh(g) + 2CdQ(s)
average grain size changes fromydr@d for the film grown further, CdTe and CdO react with 8in methanol, according
in Ar only, to 2—-3um for the film grown with Ar-Oo. to the reactions

The CdTe film, covered by 0.3-0u5n thick CdC} layer,
is than treated in air for 20 min at 420480 This treat- 20O + 2Bra(l) « 2CdBR(S) + 02(9)
ment is needed in order to remove the structural defectsCdTeas) + Bro(l) < CdBr(s) + Te(s)
and nanograins in the CdTe film and possibly to dope it
with (Vcg—Cl)~ complexes which behave as acceptor-like
dopants.

The product CdBr is soluble in methanol and water and
is removed from the surface by agitation and rinsing. The
results is a Te-rich CdTe surface which can react with Sb
during the subsequent sputtering deposition of thgl&h
2.5. The back contact back contact, forming g+ type layer inside the CdTe film. In

fact, the deposition temperature of the®; film, sputtered

Contacts for thin film CdTe/CdS solar cells have always onto the Te-rich CdTe surface, is kept enough high to allow
been a crucial problem because the presence of elements afhe re-evaporation of Te during the deposition, leaving then
the first group of the periodic table of elements limit the a Sb-rich SbTes film. As a consequence, the Sb excess can
lifetime of the device. To solve this problem we use a stable react with the Te-rich CdTe surface. Thps CdTe region
material such as Sies [5]. This compound is @t type ensures an ohmic behaviour of Sles contact and Sfies,
low energy gap (0.3 eV) semiconductor with a resistivity of being a stable compound, ensures the stability of the devices.
10~4Qcm. This material is deposited at a substrate tem- Finally, the ShTes is covered by 0.2.m of Ta or Mo by RF
perature of 300—-35C by RF sputtering, using a 99.999% sputtering in the same deposition chamber.
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Fig. 6. AFM picture of the CdTe layer deposited at 500(on top of the CdGHreated CdS film) by CSS technique with an Ar pressure of 1 mb%
0O, and 650C source temperature. Average grain siz2-3p.m.

3. Results and conclusions On the contrary, if the CdTe grows on the surface of a
CdS layer previously treated with CdCthen the good mor-

Our typical cell is fabricated without antireflecting coat- phology and compactness of the polycrystalline film does
ing with an area of 0.64 cfnand its characteristics were not allow marked mixing, thus favouring the formation of
measured in the dark and under illumination. Tharsusv a junction which develops in a few atomic layers still car-
characteristics of the cell, measured under the typical con-rying a small amount of interface states. As a consequence
dition of 300K, 100 mW cm? and AM1.5 making use of  of this reason, when we fabricate the device on soda-lime
a solar simulator supplied by Oriel Inc., alN;.=858 mV glass making use of a Na-free TCO covered by a CdS layer
and Jse=23 mAcnt 2 with a fill factor (ff) of 74% corre- treated with CdGl we observe a photovoltage consistently
sponding to a total area conversion efficiency of 14.6%. It over 800 mV and a ff over 72% for all the solar cells pre-
is in our opinion that the results here reported are the con-pared [6].
sequence of two important factors which are the role of  The quality of the SpTes back contact has been investi-
CdCk in the fabrication of the CdS layer and the, 33 gated by studying the cell performances during a test period
back contact. Since CdS has a lattice mismatch with CdTe of six months, keeping the cell at 8D under 10 suns in the
of 10%, a true abrupt heterojunction cannot work due to the open-circuit conditions. Under these conditions we did not
high amount of interface defects. On the other hand, CdS notice any appreciable degradation of the cell performances,
mixes very easily with CdTe at the high deposition tem- as resulted from th@—V characteristics. During the test pe-
perature of 500C and this can remove the mismatch, and riod, the cell showed a slight increase & (10-30 mV)
consequently, the interface energy states. This is due to thewhile the ff suffered a decrease, which after repeated checks,
presence of a smooth transition through a mixed compoundwas never >1%.
CdS,_xTex. Unfortunately, the cell performance depends  In conclusion, with the above described methods, very
strongly on the thickness of this mixed layer. It is here that stable high efficiency CdS/CdTe polycrystalline thin films
the role of CdC} treatment of the CdS shows its great im- solar cells could be obtained.
portance.
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Abstract

Influence of the CdS window layer on the PV performances of 2-um thick CdS/CdTe solar
cells has been studied as a function of the CdS thickness, dcgqs. With a reduction of dcgs from
114 to 95nm, Jsc increases due to an increase in blue response. While, at dcgs <85 nm, the
conversion efficiency largely decreases due to a decrease in Voc and FF. The deterioration of
the crystallinity of CdTe due to a decrease in the sulfur composition x of the CdTe;_,S,
mixed-crystal layer is concluded to be the most possible mechanism for the large decreases in
Voc and FF. © 2002 Published by Elsevier Science B.V.

Keywords: CdTe; CdS; Crystallinity; Interface; CdTe;_,S, mixed-crystal layer

1. Introduction

For the CdS/CdTe thin film solar cells, a reduction of thickness of the
photovoltaic (PV) active layer, dpy, is one of the most important requests from a
viewpoint of a reduction of the production cost as well as the harmful influence of
Cd toxicity. We have attempted to fabricate highly efficient 2-pm thick CdS/CdTe
thin film solar cells, and already achieved the energy conversion efficiency, 7, higher
than 13% with dpy = ~2um [l]. For the further improvement of the PV
performances, the influence of the CdS layer, especially the thickness of the CdS
layer, dcgs, should be investigated because high efficiencies of ~16% have been
achieved with dcqs = ~ 100 nm for the CdS/CdTe solar cells with dpy > 3 um [2,3]. It
is well known that (1) the CdS layer acts as the window layer which is related to the
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Fig. 1. Schematic configuration of CdS/CdTe thin film solar cell.

spectral response at short wavelength region, (2) crucial roles for the crystallinity of
the CdTe layer and (3) for the formation of CdTe;_,S, mixed-crystal layer near the
CdS/CdTe(S) interface.

In this paper, we report the PV performances of the 2-um thick CdS/CdTe thin
film solar cells as a function of dcqgs, and discuss the influence of the reduction of dcgs
from the above viewpoints.

2. Experimental

The structure of the CdS/CdTe thin film solar cell is schematically displayed in
Fig. 1. Fabrication procedure of the CdS/CdTe solar cells is as follows [1]. The CdS
film was deposited by the metal organic chemical vapor deposition in air on indium
tin oxide coated Corning 1737 glass. The thickness of the CdS film was changed by
the deposition time, and confirmed by a stylus surface profiler and estimation from a
phenomenological relationship between the optical transmissivity at a wavelength of
400 nm and dcgs. Subsequently, the CdTe layer was deposited with a close-spaced
sublimation technique, and dpy was controlled to about 2um by the source
temperature and the deposition time, and measured by a stylus surface profiler
(Sloan, Dektak®ST) after the deposition. After the growth of CdTe, the CdCl,
treatment was performed. The films were coated with 0.3 M CdCl, aqueous solution
and annealed in the 1 atm of oxygen and nitrogen mixed gas. The carbon electrode
was formed by printing of Cu-doped carbon paste, and Cu was thermally diffused.
Formation of silver back-contact completes the fabrication. The cell area was about
0.45cm”.

3. Results and discussion

Fig. 2 shows the PV performances of 2-pum thick cells as a function of dcgqs. The
conversion efficiency increases with a decrease in dcgs from 114 to 95nm. In this
region, Voc and FF are almost unchanged, thus the improvement of conversion
efficiency is caused by an increases in Jsc with reduction of dcgs.
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Fig. 2. PV performances as a function of CdS layer thickness, dcqs (A.M. 1.5, 100 mW/cm?).

The increase in Jgc with the reduction of dcgs to 95 nm, is simply explained by an
increase in the spectral response at short wavelength region. The spectral response
spectra of 2-um thick CdS/CdTe solar cells are displayed as a function of dcgs in
Fig. 3(a). The increase in the spectral response at short wavelength region
(2<490nm, hv>2.5¢V) is clearly observed. This gives that the increase in the
spectral response at the short wavelength region is due to a reduction of the optical
absorption in the CdS layer.

On the other hand, with a decrease in dcgs <85 nm, any pronounced changes are
not found in Jsc, even though the spectral response at short wavelength region is still
increased. Regarding Voc and FF, with a decrease in dcgs, Voc and FF are largely
decreased, yielding a large reduction of conversion efficiency. Fig. 3(b) shows the
external quantum efficiencies (EQE) at 1.51eV corresponding to the band-gap
energy of CdTe as a function of dcgs. With a decrease in dcgs <85nm, the EQE at
1.51eV is rapidly reduced. In our previous work, it has been described that the
increased recombination rate of photogenerated carriers in the PV active layer is
responsible for the reduction in infrared response [4]. The increase in the
recombination rate is also confirmed by the dark current-voltage (J—V)
measurements. As shown in Fig. 4, it is obvious that the dark current at low bias
voltages rapidly increases with a reduction of dcg4s, and this result corresponds to the
decreases in Voc and FF.

It is likely that the changes of the infrared response and dark J— V' characteristics
are caused by the change of the crystal structure of the CdS layer. Generally
speaking, it is difficult for materials of different crystal systems to form a
heterojunction. However, the ¢ plane of the wurtzite structure and the (11 1) plane
of the zincblende structure are relatively easy to form the heterojunction. Therefore,
the CdTe grain grows to the {111 direction onto the CdS layer which has the
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Fig. 4. Dark J—V characteristics as a function of dcgs.

wurtzite structure preferentially oriented to the ¢ plane. As the results of the XRD
measurements of the CdS films prepared by our deposition process, it was confirmed
that the CdS film has the wurtzite structure preferentially oriented to the (002)
plane. Additionally, the results of the field emission scanning electron microscopy
(FE-SEM) and the atomic force microscopy measurements showed that the CdS
grain size decreases with a decrease in the thickness of the CdS film. This decrease in
the CdS grain size should lead to the change of the crystallinity of the CdTe layer.
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The deterioration of the crystallinity of CdTe was directly confirmed by the XRD
measurements. Fig. 5(a) shows the XRD patterns of the 2-um thick CdTe layer
deposited of different thick CdS layer. The crystal structure of CdTe is zincblende
type with preferential orientation of the (1 1 1) plane parallel to the substrate. With a
reduction of dcqs, however, the intensity of CdTe (11 1) diffraction peak decreases.
The change of the degree of preferred orientation of CdTe layer is clearly shown in
Fig. 5(b). The degree of preferred orientation can be estimated from the peak
intensities using the method of Harris for polycrystalline fiber texture analysis [3].
The degree of preferred orientation, that is, the orientation parameter of a certain
crystal plane (f k /) in a polycrystalline film can be quantified by

~1
) 1hkD)
p(hkl)_NLo(hkz)} l;lo(hkl)] : (M

where N is the number of peaks in the region considered (=4 for Fig. 5(a)), I(hk ) is
the measured intensity of peak (hk ) and Iy(h k) is the relative intensity of the
corresponding peak from a powder reference. For p(1 1 1) = N, all the grains of the
CdTe layers are oriented in the (111) plane, and p(111)=1 means random
orientation. As shown in Fig. 5(b), with a reduction of dcgs, p(1 1 1) decreases and
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Fig. 5. XRD patterns of 2-um thick CdTe layers deposited on different thick CdS layers (a), and
orientation parameters of CdTe (111), p(111), as a function of dcgs (b).
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becomes close to 1. This result means that the thickness of the CdS layer crucially
influences on the preferred orientation of CdTe.

The change of the crystallinity of CdTe with a reduction of dcgs is also observed in
the surface morphology of the CdTe layer. Figs. 6(a)-(c) show the FE-SEM
micrographs of the surface morphologies of 2-pm thick CdTe layers deposited on 46-
, 73- and 144-nm thick CdS layers, respectively. Moreover, Fig. 6(d) shows the grain
sizes of CdTe estimated from the FE-SEM micrographs. It is obviously shown that
the grain size of CdTe decreases with a decrease in dcgs. This result well agrees with
the result of the XRD measurements. A reduction of grain size means the increase of
the density of grain boundary. The grain boundary acts as the recombination center
in itself. Additionally, it has been shown that the Cu diffusion increases with a
decrease in grain size [6,7]. In our previous work, we also have shown that the
unintentionally increased acceptor concentration makes the recombination of
carriers in p-layer increase and the infrared response decrease [4]. It is reasonable
to think that these increase in the recombination centers cause the changes of the
dark J—V characteristics and the infrared response with the reduction of dcgs.

Furthermore, it is likely that these changes of crystallinity of CdTe are concerned
with the CdTe;_,S, mixed-crystal layer. The interatomic distance in the (11 1) plane
of CdTe is over 10% larger than that in the ¢ plane of CdS. Thus, it is necessary for
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Fig. 6. Surface morphologies of CdTe deposited on (a) 46 nm-thick CdS layer, (b) 73 nm-thick CdS layer,
(c) 114 nm-thick CdS layer. Also shown here are grain sizes of CdTe estimated from FE-SEM images as a
function of dcgs (d).
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Fig. 7. Sulfur composition, x of CdTe,;_,S, mixed-crystal layer plotted against dcgs. They are estimated
from band-gap energies of CdTe,_,S, measured by ER spectroscopy.

the formation of a heterojunction to intermix Te and S well. Sulfur has a smaller
atomic radius than Te. Substituting onto Te sites in the CdTe lattice, sulfur reduces
the interatomic distance and the lattice mismatch. We can estimate the degree of
intermixing by the electroreflectance (ER) measurements. The detail of the ER
measurement is described elsewhere [8]. We estimated the sulfur composition x of
CdTe, .S, from the band-gap energies measured by ER using the following
equation [9]:

Ey(x) = 1.71x% — 1.01x + 1.51. ()

Fig. 7 shows the relation between the deduced sulfur composition x and dcgs. It is
clear that the composition x decreases with the reduction of dcgs. The decrease in the
composition x implies the increase in the lattice mismatch and interface states at the
CdS/CdTe(S) interface. This deterioration of CdTe;_,S, mixed-crystal layer disturbs
the grain growth of CdTe and reduce the grain size. These are likely to reduce the
infrared response and increase the dark current at low bias voltages. Consequently, it
seems appropriate that these structural deteriorations are responsible for the changes
in dark J—V characteristics with a decrease in dcqs below 85nm, and finally
correspond to the decreases in Vpc and FF.

4. Conclusions

We have investigated the influences of the reduction of dcqs on the PV
performances of 2-pum thick CdS/CdTe thin film solar cells. With a reduction of
dcgs, 1 1s increased mainly by an increase in Jsc in the region of dcgs =95-114 nm,
which is simply explained in terms of an increase in the spectral responses at short
wavelength region. In contrast, at dcgs <85 nm, 7 is turned to be decreased due to a
decrease in Voc and FF.

From results of several analyses, it is suggested that dcgs crucially influences the
formation of the CdTe;_,S, mixed-crystal layer and the grain growth of CdTe. The
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deterioration of the crystallinity of CdTe due to a decrease in the sulfur composition
x of the CdTe;_,S, mixed-crystal layer is concluded to be the most possible
mechanism for the large decreases in Voc and FF at dcgs <85 nm. In other words, in
this region, the most dominant influence of the CdS layer largely associated with the
PV performances appears structural properties which result the change in the diode
properties, rather than optical properties as the window layer.
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Abstract

In this work, we study CdS films processed by chemical bath deposition (CBD) using different thiourea concentrations
in the bath solution with post-thermal treatments using CdCl,. We study the effects of the thiourea concentration on the
photovoltaic performance of the CdS/CdTe solar cells, by the analysis of the I~V curve, for S/Cd ratios in the CBD solu-
tion from 3 to 8. In this range of S/Cd ratios the CdS/CdTe solar cells show variations of the open circuit voltage (V,.), the
short circuit current (Js.) and the fill factor (FF). Other experimental data such as the optical transmittance and photolu-
minescence were obtained in order to correlate to the I~V characteristics of the solar cells. The best performance of CdS—
CdTe solar cells made with CdS films obtained with a S/Cd ratio of 6 is explained in terms of the sulfur vacancies to sulfur
interstitials ratio in the CBD-CdS layers.
© 2006 Published by Elsevier Ltd.

Keywords: CdS; CdTe solar cells; Photoluminescence

1. Introduction

Chemical bath deposited (CBD) CdS thin films

are regularly n-type, mainly due to sulfur vacancies.

T Correspondi The variation of the S/Cd ratio for the chemical
orresponding author. . i

E-mail address: amorales@gasparin.solar.cinvestav.mx (A. bath solution used for the preparation of such

Morales-Acevedo). CdS films will presumably modify the physical
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properties of the films, such as the morphology, the
optical and the electrical conductivity of these films.
The S/Cd ratio will also have an influence upon the
structural and electrical properties of the CdTe layer
itself in CdS/CdTe solar cells, in addition to the
modification of the CdS—CdTe interface. The aim
of this work is to investigate the influence of the var-
iation of the S/Cd ratio in the bath solution for CdS
thin films prepared by Chemical Bath Deposition
upon the characteristics of CdS/CdTe solar cells in
a superstrate configuration.

It must be mentioned that CdS thin films grown
by CBD has produced conversion efficiencies for
CdS/CdTe solar cells as high as 16.5% (Wu et al.,
2001). Hence, CdS has become an important material
for this kind of solar cells. We have demonstrated
that CBD-CdS films have poor crystalline quality,
but they give excellent results for photovoltaic appli-
cations because of their high relative photoconduc-
tivity, in addition to their better morphological
properties, like the roughness and pinhole density,
in comparison with CdS films as grown by other tech-
niques (Morales-Acevedo et al., 2002). Recently, we
have studied CdS/CdTe solar cells with variable S/
Cd ratio in the CdS chemical bath solution and an
optimum efficiency of 12.6% was obtained with S/
Cd =5 (Mendoza-Pérez et al., 2005). In this paper
we do a detailed study by varying the S/Cd ratio
between 3 and 8, and try to correlate the optimum
ratio for solar cells with photoluminescence and opti-
cal properties of the CdS films.

2. Experimental details

The CdS thin films were prepared by CBD on a
commercial conducting glass (0.5 um thick
SnO,:F/glass with 10 Q/cm). For the chemical bath
deposition of CdS, a beaker containing the reactants
in a solution magnetically stirred was immersed in a
temperature-controlled (4+1°C) water bath. The
concentrations of NH; (2.0mol/l), NH,CIl
(0.2 mol/l) and CdCl, (0.1 mol/l) were kept constant
in each experiment. In order to change the S to Cd
atomic ratio in the solution, the CS(NH,), (Thio-
urea) concentration was varied from 0.3 to
0.8 mol/l. The films were grown at 75°C and the
deposition times were also varied, accordingly to
our previous knowledge of the growth kinetics, with
the purpose of obtaining films with similar thickness
in all cases. The solar cells were prepared by depos-
iting CdTe thin films on SnO,:F/CBD-CdS sub-
strates by the hot wall close spaced vapor

transport (CSVT-HW) technique using CdTe pow-
ders (99.99% purity). The atmosphere used during
the CdTe was a mixture of Ar and O,, with an O,
partial pressure of 50%. In all cases, the total pres-
sure was 0.1 Torr and prior to all depositions the
system was pumped to 8 x 107¢ Torr as the base
pressure. The CSVT-HW deposition of CdTe was
accomplished by placing a CdTe graphite source
block in close proximity (1 mm) to the substrate
block. The deposition time was 3 min for all the
samples deposited with substrate and source tem-
peratures of 550 °C and 650 °C, respectively. CdTe
layers of ~3.5 um were obtained under these condi-
tions. The CdTe thin films were coated with 200 nm
of CdCl, and then annealed at 400 °C for 30 min in
air. For the back contact, Cu and Au (2.0 and
350 nm, respectively) were evaporated successively
onto the CdTe layer, with an area of 0.08 cm?,
and annealed at 180 °C in Ar ambient.

Optical transmission data were measured with a
UV/Vis Shimadzu 3101 PC double beam spectro-
photometer. The layer thickness was measured
using a step profiler (Sloan Dektak III). For photo-
luminescence (PL) measurements, an Ar' laser
(A =457.9 nm, 2.71 eV) was employed as the excita-
tion source, focused on the sample through a cylin-
drical lens. The outgoing radiation from the sample
was focused on the entrance slit of a 1403-SPEX
double monochromator. The signal detection was
carried out using an RCA-C31034 photomultiplier
tube coupled to a photon counter thermoelectrically
cooled in order to improve the signal-to-noise ratio.
The PL spectrum was taken at room temperature.

3. Results and discussion
3.1. CBD-CdS thin films properties

The optical transmission spectra of the films
grown for different S/Cd ratio are displayed in
Fig. 1. High optical transmission and large bandgap
values of the window material (CdS films) should
improve the short circuit current of the solar cells.
The highest average optical transmission is observed
for S/Cd = 5, while for other films with smaller or
higher S/Cd ratios, the optical transmission
becomes lower in average. The thickness, the band-
gap and the optical transmission of layers grown
with different S/Cd ratios are listed in Table 1.

Fig. 2 shows the room temperature PL spectra for
films with different S/Cd ratios in the solution. It is
worth mentioning that the as-grown CBD-CdS films
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Fig. 1. Optical transmission characteristics of CBD-CdS films
grown with different S/Cd ratios.

Table 1
Thickness (d), average transmission (7,,) and bandgap energy
(E,) of the CBD-CdS samples for different S/Cd ratios

S/Cd 3/1 4/1 5/1 6/1 7/1 8/1
d (nm) 145 140 130 110 111 109
Tav (%) 83 85 88 87 86 85

E, (eV) 2.32 2.33 2.33 2.34 2.34 2.33

usually do not show any luminescence signal at room
temperature possibly because of a high density of
non-radiative defects with energy levels near the
midgap. However, in this case, room temperature
PL was detected for all the CdS samples, as can be
seen in Fig. 2. All the samples showed two bands
in the PL spectra, one localized at 2.30 ¢V and the
other at 1.80 eV.

The band in the 1.60-1.85 eV range is associated
to sulfur vacancies (Vs), whereas the peak around
2.3eV is usually related to interstitial sulfur (/g)
(Mejia-Garcia et al., 1999; Aguilar-Hernandez
et al., 2003). The enhanced PL signal is mainly
due to sulfur enrichment, which gives rise to a

S/Cd:8
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S/Cd:6

S/Cd:5

PL intensity (a.u.)

S/Cd:4

S/Cd:3

1.4 1.6 1.|8 2?0 2.|2 2.4 2.6
Photon Energy (eV)

Fig. 2. Room temperature photoluminescence spectra of CBD-
CdS films grown with different S/Cd ratios.

decrease of the trap density at the grain boundaries
(Baccarani et al., 1978), decreasing in this way the
density of non-radiative centers. In order to evalu-
ate the effect of the sulfur enrichment we calculate
the ratio of the relative intensities of Vg to Is bands,
respectively. Fig. 3, depicts the behavior as a func-
tion of the S/Cd ratio. As it can be seen, for S/Cd
ratios of 3, 4 and 5 the quotient /,,/I;, increases
as the S/Cd ratio increases, meaning that as more
sulfur atoms are present in the bath solution more

2.4
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Z
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—
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Fig. 3. Behavior of the relative sulfur vacancies (Vs) to sulfur
interstitials (/s) photoluminescence band intensities as a function
of the S/Cd ratio.
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sulfur vacancies are produced in relation to intersti-
tial sulfur. For S/Cd ratios of 5, 6 and 7 an equilib-
rium between the introduction of sulfur atoms at
interstitial sites and sulfur vacancies is achieved.
For S/Cd ratios greater than 7, the sulfur atoms pre-
fer to go into interstitial sites.

3.2. Solar cell performance

The I-V characteristics of CdS/CdTe solar cells
under AM 1.5 illumination (normalized at
100 mW/cm?) as a function of S/Cd are shown in
Fig. 4. Table 2 summarizes the values of short cir-
cuit current density (Jg,), open circuit voltage
(Vo) fill factor (FF) and efficiency (7) of the solar
cells at different S/Cd R.. As it can be observed,
the values of Jy, V.., FF and 5 reach their higher
values for S/Cd = 6.

From the I-V curves of the CBD-CdS based
solar cells, one of the differences comes from the
knee of the curves, which is partially associated to
a change of the series resistance for the different
samples. This feature can also be associated to a lar-
ger recombination ratio at the space—charge region
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Fig. 4. J-V characteristics of the CdS/CdTe solar cells under
illumination (100 mW/cmz) as a function of the S/Cd ratio.

Table 2

Short circuit current density (Jy.), open circuit voltage (V,.), fill
factor (FF) and efficiency (1) of the CdS/CdTe solar cells for
different relative S/Cd concentrations

S/Cd Ry Vo (V) Jse (mA/sz) FF (%) 1 (70)
3/1 0.613 18.2 0.57 6.4
4/1 0.705 17.6 0.68 8.5
5/1 0.703 20.5 0.65 9.4
6/1 0.726 21.1 0.69 10.6
7/1 0.702 17.2 0.65 7.8
8/1 0.491 20.5 0.59 6.0

of the CdS/CdTe hetero-junction. It has been shown
that sulfur enrichment in the CBD-CdS layers
causes a decrease of carrier trap density at the grain
boundaries (Baccarani et al., 1978). For samples
with S/Cd ratios of 7 and 8 this enrichment could
also take place, but probably at the expense of a ter-
nary compound (CdSTe) at the CdS—CdTe interface
with a larger polycrystalline disorder.

In summary, we have shown that the CBD-CdS
thin films grown by varying the thiourea concentra-
tions in the CdS bath solution cause a variation of
the CdS/CdTe solar cells performance when the rel-
ative concentration of thiourea S/Cd is increased in
the range from 3 to 8. We have found that the best
characteristics are obtained for a S/Cd ratio of 6.
This optimum value for the S/Cd ratio is related
to the amount of sulfur vacancies in the films which
possibly affect the amount of recombination at the
CdS—-CdTe hetero-junction.

4. Conclusions

We have found that CBD-CdS thin films grown
under variable concentration of thiourea in the solu-
tion improve the CdS/CdTe solar cells performance
when the relative concentration of S/Cd is increased
from 3 to 8. The optimal conditions for CdS/CdTe
solar cells performance are for CBD-CdS samples
grown at 75 °C with S(thio)/Cd(CdCl,) = 6 in the
bath solution.

We also have found that the best performance
from the I~V curves corresponds to solar cells
made with CdS window layers with a large sulfur
vacancy band (at 1.8 eV) in the photoluminescence
measurements. More sulfur vacancies seem to con-
tribute to a decrease of the minority carrier recom-
bination at the CdS-CdTe interface and at the
grain boundaries, allowing solar cells processed with
CBD-CdS emitters to have better V.., FF and
efficiency.
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Abstract

We treated the surface of indium—tin oxide (ITO) substrates in two ways, (i) coating of thin
insulating ITO layer or (ii) irradiation of the surface with accelerated ions, and investigated the
change in sheet resistance (Ry,) and the water-contact angle (WCA). Ry, increased with the
thickness of the insulating ITO layer or with the ion dose. WCA dropped as a result of the
surface treatment to < 15°. The microstructure, the surface morphology, the optical
transmittance, and the stoichiometry of CdS improved with the surface treatment. CdS/CdTe
solar cells showed a better performance as a result of ITO surface treatment. © 2002
Published by Elsevier Science B.V.

Keywords: CdS/CdTe solar cell; Indium—tin oxide; Surface treatment; CBD CdS

1. Introduction

CdTe solar cells as a promising candidate for photovoltaic device are
usually fabricated on transparent conducting oxides (TCO). Indium-tin oxide
(ITO) is one of the most widely used TCO in optoelectronic devices including solar
cells.

At present, the chemical bath deposition (CBD) method is widely used to make
high quality films. The deposition process is controlled by chemical reaction kinetics
in an ammonia solution of cadmium salt [1-3]. Ortega-Borges and Lincot reported
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reaction steps involving cadmium acetate as follows [4]:

CA(NH3);" + 20H ™ + site <> Cd(OH),, 4, + 4NH3, (1)
Cd(OH)y,q4s + S = C(NH,), = [Cd(S = C(NH,),)(OH;)],q5- 2
[Cd(S = C(NH,),)(OH,)], 4, = CdS 4+ CN,H; + 2H,0 + site. 3)

Cadmium complex and cadmium hydroxide species were adsorbed on the site such
as ITO in Eq. (1), and then it formatted a surface complex with thiourea in Eq. (2).
Then a heterogeneous nucleation and growth takes place through the atom-by-atom
growth mechanism in Eq. (3).

Recently, the influence of the surface treatment of ITO has been actively
investigated [5—8]. The surface energy and the polarity were changed with the surface
treatments [9]. It is, therefore, not difficult to expect that the surface treatment would
affect the physical properties of CdS films deposited on ITO and eventually change
the performance of CdS/CdTe solar cells.

In this paper, we report the change in the characteristics of the surface-treated
ITO, the morphology and the optical transmittance of CdS, and CdS/CdTe cells
performance.

2. Experimental procedures

ITO-coated Corning 7059 glass substrates with the sheet resistance of 5.8 Q/[] and
7.6 Q/ respectively were used in this study. Thin insulating ITO was deposited by
the ion beam sputtering using argon (Ar ") and oxygen (O, ) ions. Alternatively,
ITO was irradiated by ions. The irradiation was carried out with 1 KeV Ar”" ions.
Other types of ion beams such as nitrogen (N5 ), O5" and hydrogen (H, ) plus 30%
Ar" mixture ions at doses ranging from 5 x 10" to 1 x 10'”cm 2 were used. CdS
films of about 200 nm in thickness were deposited on ITO by the chemical bath
deposition (CBD) using cadmium acetate (0.008 M), thiourea (0.01 M), ammonium
acetate (0.08 M) and ammonia (0.05M) in an aqueous alkaline solution. The
temperature of the solution was kept at 80°C with the pH value in the range 10.5-
11.5. CdTe films were deposited by the close-spaced sublimation (CSS). The
substrate and the source temperatures were 540°C and 600°C, respectively. ITO was
characterized by four-point probe method and water-contact angle (WCA)
measurements. The optical transmittance was examined in the wavelength range
of 400-850 nm by an UV-visible spectrophotometer. The microstructure of the CBD
CdS films was studied by field emission scanning electron microscopy (FESEM).

I-V characteristics were measured by current—voltage measurements under global
AM 1.5 condition. Structural analysis was carried out through X-ray diffraction
(XRD) measurements. The chemical composition of the films was determined using
Rutherford back scattering (RBS). A 2MeV He " ion beam incident at angle of 10°,
20 uC charge and 40 nA current was used for RBS analysis.
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3. Results and discussions

Fig. 1 shows the change of the sheet resistance (Ry,) and WCA with the thickness
of the insulating ITO. While Ry, of non-treated ITO was 5.7Q/J, higher Ry, was
observed with the increased thickness of insulating ITO. Ry, seemed to saturate
around the value of 6.4Q/1. In a previous paper [10], we observed the resistivity of
ITO changed with the type of ions used in ion beam sputtering. In case of ITO
deposited by Ar" and O, mixture ions, the use of oxygen ions led to the decrease in
the oxygen vacancy concentration in the films [11], and hence the increase of Rgy.
Whereas WCA of non-treated ITO was over 80°, the films with the insulating ITO
layer showed WCA of <15° The change in WCA indicates that the surface
characteristics changed from hydrophobic to hydrophilic. In view of Ref. [12], the
microstructure of CBD CdS films was dependent on the surface morphology of ITO.
The change of the surface characteristics was expected to affect the growth mode of
CdS in aqueous solution.

The photovoltaic performance of CdTe solar cells fabricated on ITO with a thin
insulating layer is shown in Fig. 2. Insulating ITO with 10 nm in thickness showed
the optimum performance of 10.5% (V:0.70V, Jy:25.8 mA/cmz, FF:0.59).

The cell performance improved probably due to the reduced density of the
adsorbed surface particles in CBD CdS similar to the case shown in Fig. 4. Moreover
the shunt resistance of CdS/CdTe junction increased. For the case of 10nm thick
insulating ITO, a lower reverse saturation current (Jy) was observed compared with
the case of non-treated ITO. Whereas J, of non-treated ITO was 3.5 x 107 A, J,
with 10 nm thick insulating ITO was in the range of 1 x 1071 x 10~® A. This result
is consistent with the higher V. obtained from the cells fabricated on the same ITO.
But the increase in Ry, with the insulating layer beyond 15 nm in thickness resulted in
a decrease of the short-circuit current (Js) and the fill-factor (FF).
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Fig. 1. Ry, and WCA change of ITO substrates with insulating ITO overlayers.
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Fig. 2. Influence of insulating ITO on CdS/CdTe solar cell performance.

The dependence of Ry, on the ion dose and the types of ions is shown in Fig. 3. An
increase in Ry, was observed with the irradiation doses. While Ry, of non-treated
ITO was 7.6 Q/[J, Ry, increased up to 8.9 Q/[J when ITO was treated with 1 KeV at
1 x 10" em ™2 using H5 plus 30% Ar™ mixture ions. ITO irradiated with H5 plus
30% Ar " mixture ions showed the highest Ry, compared with other cases, probably
due to the passivation effect of hydrogen.

The WCA values of ITO irradiated with various ions were <15°,
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Fig. 4. Field emission scanning electron microscopy (SEM) image of CdS films ( x 30,000): (a) CdS film of
about 200 nm in thickness on non-treated ITO, (b) CdS of about 200 nm in thickness on surface-treated
ITO by H5 plus 30% Ar™ ions at a dose of 1 x 10"7cm ™2

Fig. 4 shows the surface morphology of CdS both on non-treated ITO and on the
surface-treated ITO. The surface of CdS on the modified ITO had a smoother
contour. However, the thickness of the two CdS films were the same within the
measurement error. There was no difference in the grain size either. We think that
the change in the surface characteristics from hydrophobic into hydrophilic
promoted the heterogeneous nucleation and growth of CdS and thus resulted in

the smoother surface.
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Fig. 5. Rutherford backscattering (RBS) spectra of CdS films: (a) CdS on non-treated ITO, (b) CdS on

surface-treated ITO by H; plus 30% Ar "ions at 1 x 10" cm ™2

Fig. 5 shows RBS spectra of the CdS films on non-treated ITO and on surface-
treated ITO. Data simulation lines indicate the edges corresponding to the scattering
from the respective elements at the surface.

The stoichiometry of CdS films can be calculated from the edge height Hcgq and Hg
by using Eqgs. (4) and (5)

_ 0cd(Eg)QQOE

Heg = “4)

[eo]ggscos 0,
0s(Ey)QQOE
Hs = Cds >
[e0]ls™cos 0

)

where a,Q, Ey, Q,¢ and 0 are the scattering cross-section (Z? dependent), the solid
angle subtended by the detector, the initial energy, the number of primary ions, the
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Fig. 6. Optical transmission of CdS films. The irradiation dose was 1 x 10'7 cm™2. The thickness of CdS
was 200 nm.

resultant stopping powers and the scattering angles, respectively. CdS films grown on
the treated-ITO showed Cd:S ratio of 1:0.97 compared with the ratio of 1:0.8 on
non-treated ITO. The stoichiometry of CdS on the treated ITO was closer to the
ideal probably because the growth happened more like ion-by-ion mode due to the
hydrophilic nature of the surface.

The optical transmittance spectra of CdS films, in the wavelength range of 400—
850nm are shown in Fig. 6. At shorter wavelength range, CdS films grown on
surface treated ITO had a better transmission, whereas at the higher wavelengths,
CdS film grown on non-treated ITO had better transmission. The enhanced
transmittance was probably caused by the change in the optical index of CdS due to
the different compositions as given in Fig. 5. The lower optical scattering by the
adsorbed particles (Fig. 4) may have contributed to the higher optical transmittance
also.

The absorption coefficient (x) of films for various wavelengths from the
transmittance values was calculated by using Eq. (6) where 7 is the thickness of the
film.

aocin(1/T)e " (6)

The relation between the intensity of incident light, I, and the detected intensity, 7,

is represented in Eq. (7) by the exponential form, where o is the absorption
coefficient and x is the penetration depth of the light.

I = Iy exp(—ox). (N

The plot of o® versus hw,, (photon energy) yields a straight line with an energy
intercept of Egq (direct band gap energy) if a direct transition is involved as
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described in Eq. (8) [13].
o? o (hory, — Eca)'/%. (8)

Whereas the optical band gap for CdS on non-treated ITO was found to be 2.27¢V,
the optical band gap of CdS on surface treated ITO was in the range 2.40-2.47. The
larger Egq values of CdS on the treated ITO also suggest that the films have lower
density of crystalline defects.

4. Conclusions

CdS thin films were deposited on two types of surface-treated ITO: (1) an
insulating I'TO overcoat of 10 nm in thickness and (2) an ion-irradiated. The nature
of the surface changed from hydrophobic to hydrophilic judging from the water-
contact angle measurement. The sheet resistance increased slightly with the increase
in the thickness of the insulating ITO. The sheet resistance also increased with the
ion irradiation. The CdS films deposited on the surface-treated ITO showed a
smoother surface morphology. The composition of CdS on surface-treated ITO was
found to have a Cd to S ratio of 1:0.97, whereas CdS on non-treated ITO showed
1:0.8. The optical band gap for CdS on surface-treated ITO increased from 2.27 to
2.47eV. CdS/CdTe cells with efficiencies up to about 10% were made as a result of
this work.
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Abstract

This work deals with the preparation of cadmium sulfide (CdS) thin films by chemical bath
deposition. The influence of the solution temperature is investigated in this study. We suggest
that activation energy of the deposition rate measurement can be a tool for determining the
nature of the deposition mechanism. We found that at low solution temperature, the growth
mechanism proceeds via the ion by ion process, and found the corresponding activation energy
equal to 0.06 eV. However, at higher solution temperature, the film deposition became via the
cluster by cluster process, the growth rate activation energy is equal to 0.48 eV. The films’
structural and optical properties were studied by x-ray diffraction analysis and UV-visible
spectrophotometry. Structural analysis revealed that the deposited films have a cubic structure,
and the crystallite size decreases with increasing deposition temperature. The transmission
spectra of the film, in the visible range, show a high transmission coefficient (70%). The
transmittance data analysis indicates that the optical band gap is closely related to the solution
temperature. From this analysis, a direct band gap ranging from 2.21 to 2.34 eV was deduced.
From the electrical characterization we inferred that CdS films are n-type and their dark
conductivities reduced with increasing bath solution temperature. From the photoconductivity
measurements we concluded that films deposited at low temperatures (less than 60 °C) or high
temperatures (higher than 70 °C) have good optoelectronic properties suitable for utilization as

a buffer layer in thin film solar cells.

1. Introduction

Due to the direct and wide band gap of CdS semiconductor,
CdS thin films have attracted much interest as a potential
candidate for optoelectronic devices. They are used as a
window layer in CulnSe or CdTe heterojunction based solar
cells [5-9], field effect transistors [10-12], photodetectors
[10], gas sensors [12] and light emitting diodes [13].

The theoretical efficiency of these devices is 28%. The
best efficiency recently reported is 19.8% [14], which makes
these devices an interesting candidate for low cost solar energy
conversion technology. CdS films act as an interface layer
in the CIS solar cells; they present a lattice parameter that

3 Author to whom any correspondence should be addressed.

0022-3727/09/135404+07$30.00

matches well with that of the CIS layer (lattice mismatch
around 1.2%) [15].

Several techniques have been used to fabricate CdS thin
films, such as electrodeposition [16], chemical bath deposition
(CBD) [17], screen printing (SP) [18] and physical vapour
deposition [19]. Regardless of the deposition technique, the
characterization of the post-deposited films and optimization
of the deposition processes are still open subjects for
research. A large number of studies have been carried out
to achieve this goal in order to produce CdS thin films
with good optoelectronic properties suitable for photovoltaic
applications. For this purpose, the CdS thin films should have
several properties: (i) relatively high transparency and not too
thick to avoid absorption in the buffer layer and favour the

© 2009 IOP Publishing Ltd  Printed in the UK
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absorption in the CIS layer, (ii) not too thin to avoid short
circuiting, (iii) relatively large conductivity so as not to alter
the fill factor of the solar cell and higher photoconductivity so
as not to alter the solar cell spectral response.

Chemical bath deposition is a favourable technique
because it is a cost-effective and a large-scale method and also
a nondestructive method for CdS coating on CIS thin films. It
is an excellent method for producing nanomaterials [20].

The CdS deposition by CBD is based on the controlled
precipitation of metallic ions in a solution containing sulfide
ions of controllable concentration. This can be achieved
mainly through two mechanisms: (i) ion by ion (heterogeneous
reaction) or (ii) cluster by cluster (homogeneous reaction).
Little attention has been paid to the determination of the
mechanism involved during film formation despite the fact
that the films’ properties are closely related to the deposition
mechanism [21]. Evidence of deposition with the ion by ion
mechanism cited in the literature is that this mechanism yields
a dense material and a well-adherent film with a hexagonal
or mixed hexagonal and cubic structure; however, the cluster
by cluster mechanism yields porous material and less adherent
films with a pure cubic structure [22,23], but these criteria
are controversial [24-26]. However, it is not clear whether
the deposition proceeds by the ion by ion or by the cluster
by cluster mechanism. In this paper we suggest that the
calculation of the deposition activation energy can be a tool
for the determination of the growth process since the two
mechanisms involve various chemical reactions. In this study,
CdS thin film was grown by the chemical bath technique. The
structural, optical and electrical properties of the CdS thin
film have been investigated as a function of bath temperature
in order to study their growth mechanism and optimize their
optoelectronic properties.

2. Experimental details

The bath solution, used in this study for CdS preparation, is
composed of deionized water, ammonium hydroxide NH,OH
(10M), cadmium sulfate CdSO,4 (1M) as a source of cadmium
and thiourea CS(NH;), (IM) as a source of sulfide; the
total volume of the solution is 160ml. The solution was
first homogenized by stirring in a beaker with a small
magnetic bar, at room temperature. Commercial glass slides,
used as substrates, were cleaned in acetone and methanol
ultrasonically. The samples were kept vertically in the beaker.
The solution temperatures were varied and regulated from 40
to 80°C at a constant pH = 11. The deposition time was
25 min for each film. After deposition, the CdS films were
washed with distilled water to remove the loosely adhered CdS
particles on the films and finally dried in air.

The film thicknesses were determined from profilometry
and ellipsometric measurements. The calculated thicknesses
from both techniques were in the same order. The obtained
film thicknesses range from 200 to 600 nm with increasing
bath temperature. The structural characterization of the films
was carried out by the x-ray diffraction (XRD) technique
using an x-ray diffractometer (Philips X’Pert) with Cu Ko
radiation. The films’ grain size and strain were estimated
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Figure 1. Variation of the deposition rate as a function of the bath
solution temperature. Inset shows the Arrhenius plot of the
deposition rate as a function of the inverse of temperature.

from the XRD patterns analysis. The optical transmittance of
the films was studied using a Shimadzu 3101 PC UV-visible
spectrophotometer. The optical gap and the film disorder
characterized by the Urbach tail [27-29] were deduced from
the recorded transmittance spectra. The electrical conductivity
and the photoconductivity of the films were measured in a
coplanar structure obtained by evaporation of two golden strips
on the film surface. For the photoconductivity measurement,
the samples were illuminated by unfiltered white light from a
halogen lamp; the light intensity was 20 000 Ix.

3. Results and discussion

3.1. Growth rate

In figure 1 we have reported the variation of the deposition
rate of CdS thin films as a function of the bath temperature.
As seen, the deposition rate is an increasing function of the
bath temperature indicating a significant dependence of the
growth rate on temperature. The highest growth rate, equal
to 24nmmin—!, was obtained with films grown at 80°C;
however, at low temperature the deposition rate is around
9nmmin~'. Generally, the film thickness is the most reported
parameter rather than the deposition rate. Thus it is hard to
compare these values with the results in the literature. The
increase in the deposition rate with the bath temperature is due
to the kinetic enhancement of the involved reactions during
film growth. In the inset of figure 1 we have reported the
variation of the deposition rate in the Arrhenius plot. As
seen, the deposition rate is thermally activated. In this figure
two activation energies are deduced. In the low temperature
range (T < 60°C) the corresponding activation energy is
found to be equal to 0.06eV and in the higher temperature
range (T > 60 °C) the activation energy is larger; it is equal to
0.48 eV. This means that there are two deposition processes;
the first one with low activation energy is dominant at low
temperatures, and the second one, with higher activation
energy, is dominant at higher temperatures.



J. Phys. D: Appl. Phys. 42 (2009) 135404

H Moualkia et al

Table 1. Comparison of different reactions involved in the ion by ion and cluster by cluster deposition processes.

L. Reactions in the solution

CdSO, — Cd** +S03~

NH,OH — NH; + H,0

Cd** +4NH; — [Cd(NH3) 2

CS(NH,), + 20H™ — S+ CH;N; + 2H,0

(cadmium sulfate dissociation) (1)

(ammonia dissociation) (2)

(metallic ion complexation to avoid precipitation) (3)
(thiourea decomposition) (4)

11. Surface reactions

a. [on by ion process

Cd* +8?~ — CdS  (5a)

b. Cluster by cluster process
Release of free Cd>* ions

[Cd(NH;;)]ﬁ+ — Cd* +4NH; (5b)
Cluster formation

nCd> +2n(OH)™ — [Cd(OH),],
Cd(OH),], +nS* — nCdS +2n0H~

(6b)
(7b)

To identify these processes we turn to the CBD growth
mechanism. Itis well known, as mentioned in the introduction,
that CdS growth by CBD occurs mainly through two processes:
(i) ion by ion or (ii) cluster by cluster. These mechanisms
are well explained in the review book [30]. In table 1 we
have summarized the different reactions involved in each
mechanism. As can be deduced from table 1, the film
formation via the ion by ion process passes through a single
simple reaction (reaction (5a)). However, the film formation
via cluster by cluster needs to overcome many reactions
(reactions (5b)—(7b)). Thereafter, we speculate that the
ion by ion process is spontaneous and then less thermally
activated. However, the cluster by cluster process needs
higher temperature to occur. We conclude that, at low
solution temperature conditions (7; < 60 °C), the deposition
mechanism is achieved by the lower activation temperature
process i.e. the ion by ion one. When the ion product
[Cd*™][S™?] exceeds the solubility product K, (102%) solid
phase CdS will be formed [30]. Moreover, the deposition
kinetic is governed by the mobility of the ions in the
solution. Indeed, the mobility of the species is reduced at
low temperature; this is the cause of the low deposition rate
obtained in this temperature range.

Athigher temperatures (7 > 60 °C), where the deposition
rate has a larger activation energy, the cluster by cluster process
is the dominant growth mechanism. An increase in the solution
temperature induces higher hydroxide cluster Cd(OH), and
sulfide ion concentrations. Consequently, the deposition rate
is greater in this temperature range.

3.2. Structural properties

The XRD patterns of the samples deposited at different
temperatures are shown in figure 2. The diffraction patterns
show an intense peak located at 20 = 26.6°, which is
associated with the plane (1 11). Two small ones, located at
44.3 and 52.3°, assigned, respectively, to the (220)and (31 1)
reflections planes, emerge when the solution temperature is
equalto 75 °C. As presented in table 2, the inter-planar spacings
(dpi) for the three diffracting planes calculated from the XRD
patterns are in good agreement with the standard JCPDS card
080-0019 [31] of the CdS cubic phase values. This indicated
that the obtained CdS films have a cubic structure with the
preferential orientation normal to the (1 11) direction. The
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Figure 2. XRD patterns recorded in the CdS films prepared with
different solution temperatures.

Table 2. Comparison of inter-planar spacings (djy;) calculated from
the XRD patterns and JCPDS data for the diffracting planes.

(hkl)  XRD (A) JCPDS (A) [31]
(111) 335 3.354
(220) 2.05 2.054
311 174 1.752

same structure in the CdS films deposited by CBD has been
reported by many authors [32, 33].

From the XRD pattern two quantities are simply
calculated, the grain size D and the film strain ¢. The grain
size can be determined using the Scherrer formula [34]:

K

- Bcosf’ M

where g is the full width at half maximum (see inset of figure 2)
of the peak, 6 is the Bragg angle, X is the wavelength of the
x-ray and K is the Scherrer constant, which is taken as 0.9 for
the calculations [34].

It is worth noting that the XRD diffraction peak
broadening can be due to the crystallite grain size and (or) to
the stress in the grain. However, the size and strain broadening
have different angular dependence which makes it possible
to discriminate them [35]. According to this and using the
Williamson—Hall method [36, 37] we concluded that the peak
broadening originates mainly from the grain size.
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Figure 3. Correlation between the grain size and the deposition rate
variation as a function of solution temperature.

In figure 3 the variation of the measured grain size with
the bath temperature is reported. In the same figure we
have reported the variation of the deposition rate. The grain
size decreases with increased bath temperature. The grain
size varies from 43nm to 26.4nm with increasing solution
temperature. This trend has been reported by many authors
[38,39]. The reduction of the grain size can be explained by
the variation of the growth rate. As seen in figure 3, the grain
size variation is opposite to the variation of the growth rate.
It is well recognized that thin film growth proceeds through
three steps: (i) nucleation, (ii) subsequent coalescence and
(iii) vertical growth. At high deposition rates, the nucleation
step is fast; the nucleation sites concentration is then large.
Thereafter, the nuclei size enlargement is limited and blocked
by the surrounding nuclei. However, at low deposition rates,
the low concentration of the nuclei sites enables the nuclei to
grow and attain a larger size. Consequently, the grain size is
larger in films deposited with low deposition rate.

3.3. Optical properties

The optical properties of the deposited CdS films are studied
by analysing the spectroscopic optical transmittance in the
visible range. In figure 4 the obtained transmittance spectra
in films deposited at various solution temperatures are
reported. The absorption coefficient o of CdS thin films
was calculated from the transmittance spectra using the Beer—
Lambert approximation [40]. The variation of the coefficient
of absorption with the wavelength energy was used to calculate
the film optical gap E, and the band tail width Eq (the so-
called Urbach tail); the latter is closely related to the disorder in
the film network. These quantities, E, and Ey, were deduced,
respectively, from the intercept of the curve (ahv)? = f(hv)
with the abscissa axis and the slope of the graphLno = f (hv).

The influence of the solution temperature on the calculated
values of the optical gap and the disorder in the films’ network
are reported in figure 5. As can be seen, the variation of
the optical gap is opposite to the disorder. This behaviour
clearly indicates that the optical gap in the obtained films is
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Figure 4. UV-visible transmittance spectra reordered in the CdS
films deposited with various solution temperatures.
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Figure 5. The variations of the CdS thin film optical gap and band
tail width, known as the Urbach tail or disorder in the film network,
as a function of the deposition temperature. Inset is a schematic
drawn of the bands bending in semiconductor showing the
dependence of the band tail width and the optical gap .

governed by the disorder variation. As depicted in the inset
of figure 5, showing the bands bending in a semiconductor, an
increase in the band tail width causes a reduction in the optical
gap. The notion of disorder E associated with the tail of the
sub-band-gap absorption and its correlation with the optical
band gap, was first introduced in covalent semiconductors
such as amorphous silicon thin films [41]. Recently, this
notion was transferred to a direct band gap semiconductor
such as ZnO, where a quite similar trend in the correlation
between the optical band gap and the disorder variations is
seen [42,43]. However, for CdS thin film the notion of
steepness is introduced, the latter describes the shape of the
graph > = f(hy). The steepness (or sharpness) value is
defined as the slope of the graph at the beginning of the band
to band absorption. An increase in the steepness which is
associated with the reduction in the optical band gap is reported
in CdS thin films deposited by CBD [44]. In this work we
emphasize that the relation between the band tail width and
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Figure 6. Dependence of the dark conductivity and its activation
energy on the deposition temperature.

the optical band gap is quite as valid for CdS as for amorphous
silicon thin films.

3.4. Electrical properties

The conductivity was measured in the dark at different
temperatures. From the variation of the conductivity versus the
measurement temperature the conductivity activation energy
is deduced. We have drawn in figure 6 the variations of the
dark conductivity and its activation energy as a function of
the solution temperature. As can be seen, the influence of the
solution temperature on the conductivity can be divided into
tworegions: (i) low temperature region (7; < 60 °C), where the
growth mechanism is achieved via the ion by ion mechanism
as mentioned above; the conductivity varies about four orders
of decades, with changing solution temperature it decreases
from 107> to 10~ (Qcm)~!; (ii) high temperature region
(Ty > 60°C), which corresponds to the deposition process
through cluster by cluster, the conductivity increases slowly
about one order of magnitude from 10~ to 107% (Qcm)~L.
The high conductivity measured in the low temperature region
can be explained by the film structure. It has been argued
that the ion by ion process produces a compact CdS film,
whereas the cluster by cluster process gives rise to porous films
[22,23]. Moreover, the thiourea dissociation is slow at low
temperatures [30]; thereafter the S>~ concentration is smaller
than metallic Cd** one. Consequently, we speculate that CdS
films deposited at low temperatures contain a large number
of S vacancies. The latter act as donors in the CdS films.
This explains the increase in the conduction activation energy
E with increasing solution temperature from 55 to 60 °C as
a consequence of the reduction of these donor concentration
S vacancies. The conductivity activation energy is a clear
indication of the position of the Fermi level Er regarding the
minimum of the conduction band Ec (Ex = Ec — Ef). To
monitor the Fermi level position in the forbidden band, one can
calculate the ratio 2E4 / E,, as shown in figure 7. When this
ratio is close to unity, this means that the Fermi level is close
to the mid-gap position and the semiconductor is intrinsic.
Howeyver, the reduction of this ratio means that the Fermi level
moves towards the minimum conduction E¢ band and that the

Solution Temperature (°C)

Figure 7. Variation of the ratio 2E, / E as a function of solution
temperature. This ratio is used as an indication of the Fermi level
position in the CdS forbidden band (see the text).

material contains a large number of donor impurities. As can
be deduced from figure 7, the deposited films are n-type, which
is in good agreement with the commonly reported results of
CdS thin films.

The deposition temperature altered the dark conductivity
and the Fermi level position in our films through its influence on
the donors’ impurities, namely S vacancies Vs or Cd interstices
Icq. For films deposited at 60 °C we noticed a larger value of
the ratio 2E, / E,, (figure 7) equal to 0.94, which suggests that
films deposited at this temperature are more stoichiometric
and free of electrical defects. This temperature corresponds
to the transition from the ion by ion growth to the cluster
by cluster growth. It is possible that at this temperature
both growth mechanisms are present; it can be considered
as the transition temperature. However, films deposited at
extreme temperatures i.e. low temperature (<60 °C) or high
temperature (>65°C) films are n-type and they contain a
large number of donor defects such as S vacancies for the
low temperature condition and/or Cd interstices for the higher
temperature condition.

The photoconductivity measurements are carried out with
an unfiltered visible light. Figure 8 represents the variation
of the current in dark and under illumination recorded for a
CdS sample taken as an example. As seen, the current slowly
increases with illumination time; this is due to the generation
process. A steady state is reached after 400 s of illumination
time; this is an average time of saturation obtained in all the
studied samples. However, when the light is turned off, as
seen in figure 9, the current drops sharply, indicating that the
generated photocarriers have a short lifetime.

In figure 9 the variation of photoconductivity on the
dark conductivity ratio as a function of the bath temperature
is reported. Films deposited at extreme temperatures, i.e.
at a low temperature (55°C) or at a high temperature
(75°C), exhibit good photoconductivity. The ratio of the
photoconductivity to the dark conductivity is about 10°.
However, films prepared at medium temperatures (60-70 °C)
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Figure 8. Example of variation of current flow in a CdS sample at
20V polarization in dark and under illumination.
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Figure 9. Variation of the photoconductivity and dark conductivity
in CdS films as a function of the solution temperature.

have the worst photoconductivity. As mentioned above,
the medium temperature corresponds to the transition of the
deposition process from ion by ion to cluster by cluster.
According to the value of the disorder (figure 5), films prepared
at these temperatures contain more structural defects, these
defects act as traps for the photogenerated carriers, and hence
the reduction in their photoconductivity. This is consistent
with the results of Rakhshani e al [27], where they claimed that
strain reduces the mobility—lifetime product of photogenerated
carriers and then alters the photoconductivity in CdS thin films.

4. Conclusions

Cadmium sulphide thin films were deposited by the simple
CBD method with varied solution temperatures from 55
to 75°C. From the variation of the deposition rate and
its activation energy we concluded that at low solution
temperatures, the CdS films are grown by the ion by ion

process, and we found an activation energy of 0.06eV for
this process. However, at higher solution temperatures,
the deposition mechanism is the cluster by cluster one, its
activation energy being 0.48eV. The growth rate controls
the grain size and the strain in the films. An increase
in the deposition rate yields films with small grain. The
optical gap variation with the solution temperature is governed
by the disorder in the material network. From the dark
conductivity and photoconductivity measurements we inferred
that films deposited at extreme temperature conditions (i.e. a
low temperature of 55°C or a high temperature of 70°C)
possess good optoelectronic properties, suggesting that these
conditions are optimal for the production of CdS thin films
intended for optoelectronic applications such as a buffer layer
in CIS solar cells.
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Cadmium sulfide (CdS) films were deposited on rotating substrates by the chemical bath technique. The
effects of the rotation speed on the morphological, optical, and structural properties of the films were
discussed. A rotating substrate-holder was fabricated such that substrates can be taken out from the bath
during the deposition. CdS films were deposited at different deposition times (10, 20, 30, 40 and 50 min)
onto Corning glass substrates at different rotation velocities (150, 300, 450, and 600 rpm) during chemical
deposition. The chemical bath was composed by CdCl,, KOH, NH4NO3 and CS(NH, ), as chemical reagents
and heated at 75 °C. The results show no critical effects on the band gap energy and the surface roughness
of the CdS films when the rotation speed changes. However, a linear increase on the deposition rate with
the rotation energy was observed, meanwhile the stoichiometry was strongly affected by the rotation
speed, resulting a better 1:1 Cd/S ratio as speed increases. Rotation effects may be of interest in industrial
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production of CdTe/CdS solar cells.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Chemical bath deposition (CBD) is a low cost and scaleable tech-
nique for growing polycrystalline and epitaxial CdS films. It is an
adequate method to produce industrially the promising CdTe/CdS
solar cells with conversion efficiency of 15.8% [1]. By using the
CBD technique it is possible to obtain thinner and thicker films
by using the process on the same substrate with a single, multi-
ple and/or continuous dip [2]. This CBD process normally uses a
magnetic stirrer for chemical bath agitation in order to homog-
enize the temperature and the chemical components, such that
hard, transparent, adherent and stoichiometric CdS films can be
obtained [3,4]. However, different techniques to agitate the chemi-
cal bath and/or the substrate, such as ultrasonication [5], oscillation
[6], and microwaves [7] have been reported. The agitation effects
have been reported to produce a strong influence on the films qual-
ity. For example, longer reaction times to achieve thicker films
using different agitation techniques produce an initial adherent
layer and further porous overlayers caused by the limited source
growing process of the CBD technique [8]. Thus, the deposition
rate can be modified not only by changing the bath temperature
[9] and the chemical reagents concentrations, but also with the
type of bath agitation used during deposition. The importance of
the bath and/or substrate agitation can be directly related with
the physical properties of the CdS films. In a preliminary work
[6], clean and transparent CdS films were obtained without col-
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loids formation just oscillating the substrate into the bath during
deposition. However, scarce information has been found in the lit-
erature pointing the effects of the relative bath/substrate motion
on the CdS films properties. Some efforts on the CdS films prepa-
ration by CBD technique, affirm that stirring rate in the traditional
magnetic agitation of the bath does not affect the deposition rate
because the process is not controlled by diffusion [10]. However,
recent methods proposed for CdS preparation have demonstrated
that the substrate-ion interaction can influence on several aspects
of the films properties [11,12].

In this work, CdS thin films were prepared by the CBD technique
by using a new modality of bath agitation: rotating the substrates
into the chemical bath at different and controlled speeds. The mor-
phology, band gap energy, stoichiometry and crystalline structure
of the CdS films were analyzed as a function of the rotation speed.

2. Materials and methods
2.1. Chemical reaction

The growth of CdS by CBD is given by the decomposition of
the thiourea (CS(NH,),) in presence of a cadmium salt in a basic
solution with ammonia as complexing agent. Heating the chemical
bath improves the chemical reaction. The importance of the for-
mation of the tetra-amino-cadmium complex ions, [Cd(NH3)4]%*, is
determinant for the liberation of the Cd?* ions and a further recom-
bination with S2- ions to produce CdS. The chemical process can be
described through the following chemical reactions:

Cd?t +20H™ — Cd(OH), (1)
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NH4+ +OH™ — NH3 +H,0 (2)
Cd(OH); +4NH3 — [Cd(NH3)4]%t +20H (3)
CS(NH3), +20H™ — $?~ 4+ CN,H; + 2H,0 (4)
[CA(NH3)4]>" +S?~ — CdS(s) + 4NH3 (5)

The CdS deposition in the chemical bath takes place both on the
surface of the glass substrate and the inner reactor walls (hetero-
geneous reaction) or in the chemical bath (homogeneous reaction).
The homogeneous reaction is not desirable given the formation
of colloids, which precipitate, yielding powdery and nonadherent
films [13].

2.2. Substrates

Corning glass substrates were mainly used for CdS deposition. In
addition, an experiment was performed on indium tin oxide (ITO)
substrates for comparison. ITO is a deposited-on-glass conductor
material commonly used as transparent electrical contact in solar
cells. Substrates were cutin 1 cm x 1 cm pieces and cleaned follow-
ing a protocol which includes washing steps with aqueous soap,
trichloroethylene, acetone, and isopropyl alcohol, using distilled
water for rinsing in an ultrasonic bath and air-drying in every step.
Cleaning was performed just before deposition experiments.

2.3. Chemical solutions

Four aqueous solutions were prepared for every chemical bath:
200ml of 0.50M potassium hydroxide (KOH), 80 ml of 1.50M
ammonium nitrate (NH4NO3 ), 80 ml of 0.20 M thiourea (CS(NH3))
and 80 ml of 0.025 M cadmium chloride (CdCl, ). Distilled water was
used with all the reactants from Aldrich without further purifi-
cation and fresh solutions were used for every experiment. The
final solution was prepared mixing the four previous solutions,

(@

leading to a total volume of 440 ml, with the following concentra-
tions: 4.5 mM CdCl,, 36 mM CS(NH; ), 227 mM KOH and 273 mM
NH4NOs.

2.4. Design and fabrication of the rotatory system

A substrate-holder made of polymeric material was imple-
mented in order to apply a rotation effect to the substrates (and
bath) during films deposition (Fig. 1a). The substrate-holder sys-
tem consists of five PVC holder discs mounted on a common acrylic
cylindrical rod used as rotation axis. The materials for the discs and
rod were chosen to be chemically inert. The discs (50 mm diame-
ter, 5 mm thickness) are parallel mounted along the cylindrical rod
(190 mm length, 10 mm diameter) with similar separation between
them (see Fig. 1b). Each disc can hold various substrates and it has
a small and elevated border on the external edge to maintain fixed
the substrates during rotation. Substrates are horizontally located
on the surface of each disk, such that their upper faces are directly
in contact with the aqueous solution. Before deposition, the formed
rod-discs system is submerged into the chemical bath (Fig. 1c). A
step-motor holds the cylindrical rod on the upper extreme. Rota-
tion and vertical displacement are the basic movements of the
substrate-holder during deposition. Thus, the substrate-holder is
also used to agitate the chemical bath during rotation; meanwhile
the films are being deposited. Before deposition, the rotatory sys-
tem was calibrated at different conditions in order to determine the
maximum rotation speed (600 rpm), such that below this speed, the
formation of vortices on the bath surface is avoided. The selected
range of rotation speeds was found to be between 150 and 600 rpm
(2.5-10Hz) for our experimental system. This range of speed is
minor than the magnetic stirring (tenths of Hz) and the ultra-
sonic agitation (30-40kHz) values reported in others works. The
rotation speed of the step-motor was selected and maintained
through a manual controller (Master Servodyne) and verified with a

Fig. 1. a) PVC disc designed as substrate-holder; b) discs-rod system; (c) rotation of the substrates into the bath during CdS films deposition by CBD technique; d) general

view of the implemented deposition system with rotatory substrates.
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stroboscope light (Strobotac 1531). During deposition process, the
rod-disk system is raised, each time, by means of a “jiffy-jack”, such
that the corresponding disc is got out from the aqueous solution.
Thus, a continuous deposition process is produced by the remain-
ing submerged disks. A general view of the system can be seen in
Fig. 1d.

2.5. Chemical bath deposition

CdS films were deposited by the CBD technique on glass and ITO
substrates under rotation. Two substrates were attached to each
one of the five discs assembled to the rod, which was rotated at a
specific speed. The discs are immersed into a 500-ml glass-beaker
whichislocated on a heater plate. The beaker-heater plate systemis
moved by a jiffy-jack to extract the selected disc with samples from
the chemical bath (Fig. 1d). At the beginning of every experiment,
the five discs are submerged into a mixture with the solutions of
CdCl,, KOH and NH4NOs. The rod is started to rotate and the plate
is heating on until the mixture reaches 75 °C, as measured with a
mercury thermometer. Following, the thiourea solution is added to
the mixture and the CdS formation is performed. With time, the
color of the chemical bath changes from pale to intense yellow,
while the temperature is maintained at 75°C. In order to obtain
films with different thickness, the jiffy-jack is moved down every
5 or 10 min to get one disc out of the bath. The experiment finishes
when the five discs are out of the bath. Finally, the chemical bath
shows a deep-yellow color, as a result of the exhausted solution.

2.6. Rotation experiments

The CBD technique was performed at four rotation speeds: 150,
300, 450 and 600 rpm. Three experiments at 600 rpm were per-
formed. Rotations over 600 rpm produce turbulent mixing with
bubbles, which are not desirable to obtain homogeneous films. Five
pairs of samples were obtained at different times for every rotation
speed. For all rotation speeds, deposition times were 10, 20, 30,
40 and 50 min. Particularly, experiments at 600 rpm were repeated
by using 5, 10, 15, 20 and 25 min as deposition time due to the
high deposition rate. Just after the experiment, the deposited films
were rinsed with distilled water in an ultrasonic bath and dried
with air. The CdS material deposited on the back-side of the sub-
strate was carefully eliminated with cotton using a 10% HCl aqueous
solution. Homogeneous, transparent and brilliant yellow CdS films
were obtained.

2.7. Samples characterization

The deposited films were analyzed using different techniques.
The analysis by atomic force microscopy AFM (Autoprobe CP, Park
Scientific) was performed on samples in order to obtain morpho-
logical images of the deposited films and the root mean square
(rms) roughness value. UV-vis analysis was performed with a spec-
trophotometer (StellarNet EPP2000) in the wavelength range from
200 to 850 nm. The absorbance spectrum was used to obtain the

band gap energy of the films. A profilemeter (Dektak 8) was used to
measure the thickness of the films through a formed step on the cor-

ner of the substrate where the material was removed witha 10% HCl
aqueous solution. Stoichiometry of the films was determined with
the energy dispersive spectroscopy (EDS) technique included into
a scanning electron microscope (Philips XL-30). Finally, the X-ray
diffractometer (Siemens D5000) was used in the grazing incident
mode to characterize the crystalline structure of the films.

3. Results and discussion

Uniform, transparent, and adherent CdS films were obtained
with substrate rotation technique. The growth of films at different
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Fig. 2. Growth of CdS film thickness with time at four different rotation rates.

rotation speeds is shown in Fig. 2 where the film thickness is plot-
ted as a function of deposition time. An increase of thickness with
the increase of rotation speed can be observed. The initial slope of
these curves was taken as the deposition rate of the CdS material.
The initial slope was observed to increase with the rotation speed.
From Fig. 2 for CdS films grown at 150, 300, and 450 rpm speed, a
near linear increase with time of the thickness is observed. How-
ever, for 600 rpm, the growth process is interrupted diminishing
the thickness at certain time, and increasing again, this effect can
be clearly seen for the film deposited at 20 min. We assumed that
this effect is due to the detachment of CdS material because of the
high rotation speed. The new increase of film thickness after 30 min,
explains the active chemical reaction of the bath at this time. Thus,
high rotation speeds increase the rate deposition of CdS films.

Rotation energy E; may be calculated from rotation speed Q2
(rpm) using the equation:

2
1 5 27 s2
Er = 5o _B<60> (6)
where B=1/2, with I being the moment of inertia of the discs, a con-
stant during the experiments, and w is the angular velocity (s—1).
The deposition rate (r) of CdS films was estimated from the ini-
tial slope estimated through a linear fitting from Fig. 2. A plot of the
deposition rate as a function of w? is represented in Fig. 3, where the
value at 600 rpm (w=63s"1) was taken as an average from three
experiments. The r value was found to be almost linear with the
rotation energy. The intercept of the fitted line (R=0.992) at =0
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Fig. 3. CdS deposition rate as a function of substrate rotation energy.
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Table 1
Band gap energy E; (eV) values of CdS films for different rotation speeds and depo-
sition times. The bolded values were used to calculate the mean value.

Time Rotation speed
(min)
150rpm  300rpm  450rpm 600rpm 600rpm 600 rpm
10 n.a. n.a 2.00 2.25 n.a. n.a.
15 2.49 2.57
20 2.26 2.39 2.38 241 2.40 245
25 245 244
30 242 2.35 2.42 245
40 244 2.36 2.33 2.37
50 2.35 2.32 2.40 242

Eg =(2.40+0.04)eV (mean value)

n.a.=not available.

can be interpreted as the r value without rotation. From Fig. 3, a
value of r=0.11 nm/s was estimated, and is interpreted as the depo-
sition rate in which only the thermal energy (i.e. temperature) is
responsible of the collision of chemical reactants to form the CdS
film. Higher rotation speed means minor deposition time to achieve
certain thickness, because of the higher deposition rate. This effect
can be explained by the formation of the metastable complex in the
heterogeneous chemical reaction (Eqs. (3) and (4)) when the energy
activation is increased by the high rotation speed as was recently
proved by Kim et al. [14]. CdS films with similar characteristics with
rotation speed between 70-80 rpm were recently reported [15].

The band gap energy E; was computed for every CdS film into
the UV-vis region, given that CdS is a semiconductor with a direct
band gap at room temperature. This optical property was calculated
from the absorption spectra through the relation.

a?(hv) = A%(hv — Eg) (7)

where « is the optical absorption coefficient, hv is the energy of the
incident ligth, h is the Planck’s constant and v the light frequency.
Plotting a2 vs hv, the band gap energy of the films is estimated from
the initial absorption edge line when « = 0.

The band gap energy values are shown in Table 1 for different
deposition times and rotation speeds. As can be seen, during the
first 10 min and low rotation speeds, it was not possible to com-
pute a band gap energy because of the scarce material deposited
on the substrates. But for longer times, the band gap energy values
obtained on films did not show important changes with the rotation
speed and deposition time. The values reported in Table 1 repre-
sent an average of the band gap energy after several measurements
on diferent parts of each film. The estimated mean value for all
bolded values and its standard deviation was Eg =(2.40 + 0.04)eV,
a good agreement value with the typical values (2.42 eV) reported
by different authors [16-18].

AFM images of 1 wm x 1 wm were obtained for every deposited
film. Fig. 4 shows the group of images for CdS films deposited from
10 to 40 min at 150 rpm. No film deposition can be observed after
10 min, but small grains (about 100 nm of diameter) were deposited
on substrates after 20 min. With deposition time, the grains grow
forming clusters, as shown for films at 30 and 40 min. A simi-
lar behaviour was observed when the rotation speed is increased.
Fig. 5 includes the AFM images for CdS films deposited after 50 min
and 150, 300, 450 and 600 rpm as rotation speed. In general, the
grain size at the end of the experiment does not show important
dependence with the rotation speed. These results are quantita-
tively verified by comparing the rms-roughness values calculated
from the AFM images. Table 2 shows these values as a function
of deposition time and rotation speed. The bolded values are only
considered to obtain a mean rms-roughness of all films, which was
estimated as Ryms =(18 &5)nm.

Fig. 4. AFM images for films deposited with 150 rpm at: a) 10 min, b) 20 min, c)
30 min, and d) 40 min as deposition time.

Fig. 5. AFM images for films deposited at 50 min with: a) 150 rpm, b) 300 rpm, c)
450 rpm, and d) 600 rpm as rotation speed.

Table 2
Rms-roughness values (nm) from AFM data for different rotation speed and depo-
sition times. The bolded values were used to calculate the mean value.

Time Rotation speed
(min)
150rpm  300rpm  450rpm  600rpm  600rpm  600rpm
10 4.5 5.8 25.5 14.0 na. n.a
15 17.0 10.8
20 22.0 25.1 171 20.2 17.0 9.6
25 19.0 9.3
30 25.6 243 19.0 17.2
40 19.4 16.8 19.0 184
50 20.9 14.3 191 223

Rims =(18 £5) nm (mean value)

n.a.=not available.
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Fig. 6. EDS spectra of CdS films deposited at different rotation speeds. The Si peak
corresponds to the Corning glass substrate. Deposition time: 50 min.

The EDS analysis allows to quantify the stoichiometric compo-
sition of the CdS films. Fig. 6 shows the measured spectra for films
deposited at 50 min with different rotation speeds. Once consid-
ering the Si, Ca, O, Mg and Na signals coming from the substrate
(Corning glass) it is possible to verify that only CdS is deposited.
The intensity of every peak is not only associated with a particular
chemical element but also with its relative abundance in the sam-
ples. Cd and S peaks, increase in intensity whe the rotation speed
is increased. Following this elemental quantification, it is possible
to observe a clear correlation between the rotation speed and the
chemical stoichiometry of the CdS films. This relation is observed
in Fig. 7, where again, the reported value at 600 rpm is an aver-
age from three experiments. The 1:1 Cd/S stoichiometry is favored
when the rotation speed is increased. However, as was shown in
Tables 1 and 2, the Eg and Rms values of the CdS films, were not
affected for this change in stoichiometry.

Also for samples deposited at 50 min, X-ray diffractograms were
obtained in order to analyze the crystalline structure of the CdS
films. Fig. 8 shows these diffractograms for films deposited at dif-
ferent rotation speeds. According to the JCPDS [19] reference, the
deposited CdS films grow with face centered cubic (fcc) structure
and this crystalline structure improves when the rotation speed
increases given the high intensity of the diffraction signal. The fcc
structure is confirmed with the main (111) peak and the weak
signals of the secondary (22 0) and (3 1 1) peaks of diffraction.

Finally, CdS was simultaneously deposited both on ITO and
glass substrates into a chemical bath with similar conditions with
600 rpm as rotation speed and 25 min as maximum deposition time
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Fig. 7. Cd/S ratio measured as a function of the rotation rate.
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Fig. 8. CdS films diffractograms at different rotation rates. The fcc structure is con-
firmed with the (111),(220) and (31 1) peaks.

Table 3
Comparison of CBD-CdS films deposited onto glass and ITO substrates. Rotation
speed: 600 rpm. Deposition time: 25 min.

Measured parameters Glass substrate ITO substrate

Deposition rate (nm/s) 0.12 0.17
Eg (eV) 245 2.48
Rems (nm) 9.9 10.0

Cd/S ratio 1.02 0.96

in order to compare properties between deposited films. Table 3
gives the obtained results and their comparison. From these results,
it is possible to affirm that deposition rate increases when CdS
is deposited on ITO substrate due to a major thickness achieved
(266 nm) after 25 min substrates as compared with CdS thickness
obtained (213 nm) on glass substrates. CdS films deposited on glass
presents a slightly smaller band gap energy value and similar Ryms
values as compared with ITO substrates, and a lightly bigger value
[20-22] as compared with the typical value reported of 2.42 eV. On
the other hand, the 1:1 Cd/S ratio is slightly favored when glass
substrate is used instead of ITO.

4. Conclusions

CdS films were prepared by chemical bath deposition under
substrates rotation. Rotation speeds from 150 to 600 rpm were
performed to the substrates through a sample holder composed
by a rotatory rod and a series of parallel disks in order to study
changes on the physical properties of films. The obtained band gap
energy and rms-roughness of CdS films do not show important vari-
ations with rotation speed as compared with previously reported
values. However, films stoichiometry, tends to increase toward the
1:1 Cd/S ratio with the increase of the rotation speed. CdS films
deposited both on glass and on ITO substrates under rotation show
main differences on the deposition rate. CdS films deposited on
ITO substrates, give major thickness and deposition rate, but nearly
values of band gap energy and rms-roughness under similar con-
ditions. Thus, the relative movement between the chemical bath
and the substrates needs to be considered when some physical
properties are required for the CBD-CdS films.
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Abstract

We study the effects of thiourea concentration on CdS thin films deposited by chemical bath deposition (CBD), submitted to post-
thermal treatments of CdCl,, and its effect on the characteristics of CdS/CdTe solar cells. We compare these cells with similar ones
fabricated with CdS-films grown by Close Space Vapor Transport (CSVT). The CBD-CdS cells shows higher open circuit voltage (V) and
fill factor (FF), while the short circuit current remains with little change, as the ratio of S to Cd in the CBD solution goes from 1 to 5. This
dependence changes when there is a variation of the CBD-CdS layer thickness. We have obtained cells with more than 12% efficiency
when the CdS layers are deposited by the best CBD condition (S/Cd=5) as compared to the best cells with CdS layers prepared by CSVT
that had 11% efficiencies. Other measurements such as spectral response were performed and their results were correlated to the I-V
characteristics of the solar cells so that the best performances of CBD-CdS solar cells are explained in terms of the chemical composition of

this layer.
© 2004 Elsevier B.V. All rights reserved.

Keywords: CdS/CdTe solar cells; Thiourea; Cell efficiency

1. Introduction

Among the II-VI semiconductor compounds, CdS is a
representative material with many applications such as
large area electronic devices and solar cells. We are
particularly interested in the latter because it is a good
window layer for CdTe and chalcopyrite-based solar cells.
In fact, the best efficiency (16.5%) for a CdTe solar cell
has been achieved [1] with a CdS window layer grown by
chemical bath deposition (CBD), although CBD gives poor
crystalline quality for CdS layers in comparison with other
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deposition techniques. As we have already shown in a
previous paper [2], CBD gives the best photoconductivity
and morphological properties such as roughness and
pinhole density when compared to films processed by
other techniques.

A good window layer must fulfill several character-
istics: low carrier recombination, low resistivity, and being
a good match to CdTe. It is the purpose of this work to
study CdS films processed by CBD using different
thiourea concentrations in the bath solution with post-
thermal treatments using CdCl,. These films were used to
make CdS/CdTe solar cells and compare these devices
with those with CdS layers grown CSVT with similar
characteristics (film thickness, post thermal treatments,
etc.). The results show that those devices with CdS grown
by CBD are better possibly due to a higher photo-
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Table 1
Thiourea to CdCl, ratio and bath time used to process the several CBD
samples

S/Cd C (Thiourea) in the bath (mol/l) Growth time (min)
1.0 24x1073 120
25 6.0x107° 100
5.0 1.2x1072 120

conductivity that causes a smaller series resistance in the
cells.

2. Experimental details

For the deposition of the CdS films by chemical bath, a
150-ml beaker containing the reactants in a solution
magnetically stirred was immersed in a temperature
controlled (+1 °C) water bath. The concentrations of NH;
(2.3 mol/l), NH,CI (2x10~% mol/l) and CdCl, (2.4x10>
mol/l) were kept constant in every experiment. In order to
change the S to Cd ratio in the solution, the CS(NH,),
(thiourea) concentration was varied. All the films were
grown on SnO,/F conducting glasses (10 ) cm) at 75 °C,
which is assumed as the substrate temperature. The
deposition time was also varied, according to our previous
knowledge of the growth kinetics [3], with the purpose of
having films with similar thickness. The thiourea concen-
tration and deposition time for each S/Cd relation are listed
in Table 1.

The CdS films grown by CSVT have been already
described elsewhere [4], and had similar thickness to those
grown by CBD. Deposition times of 100, 120 and 140 s
were used obtaining thickness of the order of 130 to 150
nm. The chamber pressure was kept at 13.33 Pa in Ar
ambient, using source and substrates temperatures of 725
and 450 °C. Thermal treatment of CdCl, was provided after
the deposition by CBD and CSVT during 30 min at 400 °C
in air.
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304
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Fig. 1. Optical transmission of CBD and CSVT-CdS samples processed in
this work.

S/Cd =5

Intensity (a.u.)

S/Cd =25

Fig. 2. X-ray diffraction spectra of the CBD-CdS film samples. They show
preferential orientation in the (002) direction of the hexagonal structure.

We have not performed electrical measurements of the
CdS films grown in this work by the CBD and CSVT
techniques, but from our previous results [2] typical dark
resistivity values are in the order of 1x10° and 1x107 Q
cm, respectively.

The solar cells for the CBD and CSVT-CdS films were
made in the supersaturate configuration by depositing the
CdTe thin films by CSVT on the CdS films, using 99.999%
grade powders. The atmosphere used during the CdTe
deposition was a mixture of Ar and O,, with an O, partial
pressure of 50%. Prior to all the depositions, the system was
pumped to 1x107° Pa as the base pressure. The CSVT
deposition of CdTe was accomplished by placing a CdTe
source block in close proximity (1 mm) to the substrate. The
deposition time was 3 min with substrate and source
temperatures of 550 and 650 °C, respectively. Under these
conditions, CdTe layers of approximately 3.5 um were
obtained. The CdTe thin films were coated with 200 nm of
CdCl, and then annealed at 400 °C for 30 min in air. The
metallic back contacts were Cu (2 nm) and Au (350 nm)
evaporated with an area of 0.08 cm” onto the CdTe and
annealed at 180 °C in Ar.

3. Results and discussion

3.1. Films characteristics

The optical transmission, in the visible region, for the
best CdS layers grown by CBD (grown with a solution ratio

Table 2
Physical properties (optical and morphological) of the CdS film with S/
Cd=5 processed by CBD and the best CdS film processed by CSVT

Film Thickness  Grain size ~ FWHM T,, above 500 BGE

d (nm) (nm) ©) nm (%) (eV)
CSVT 150 68.5 0.25 84.2 2.51
CBD 138 47.2 0.40 85.0 2.52
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Fig. 3. I-V characteristics for the best solar cells with CBD and CSVT-CdS
layers.

of S/Cd=5 and CdCl, annealing) and the best CdS layers
grown by CSVT (grown for 140 s and CdCl, annealing) are
shown in Fig. 1. We observe that for both samples the
transmission is near 90% for wavelengths above 550 nm for
films that had thickness between 138 and 150 nm. The band
gap (BGE) was near 2.52 eV.

From X-ray diffraction measurements for the CBD-CdS
layers as shown in Fig. 2, the lattice parameter of the sample
with S/Cd=5 is larger than for the other two samples,
possibly associated to a reduction of sulfur vacancies. The
FHWM of the XRD peaks also increases as a consequence
of smaller crystallites for this film. It has been shown in a
previous paper [2] that the photoconductivity to dark
conductivity ratios are higher for samples grown by CBD,
in comparison with samples grown by other techniques like
CSVT.

Table 2 summarizes the growth parameters, the morpho-
logical characteristics and other properties for the best CBD-
CdS sample with S/Cd=5 in the solution. In addition, in this
table the parameters for the best CSVT-CdS sample are
shown.

3.2. Solar cells devices characteristics

The CBD-CdS and CSVT-CdS solar cell I-V perform-
ances were measured under AM1.5 (100 mW/cm?) illumi-
nation, and the results are graphed in Fig. 3. Table 3 shows
the results obtained for the set of CBD-CdS solar cells,
where we can notice that the best results are obtained for the

Table 3

Comparison of solar cell performances for CBD-CdS window layer

S/Cd Rs Rp Voe Jee FF n
R Qem?)  (Qem®d)  (mV)  (mA/em?) (%)
1/1 6.8 318 617 20.8 0.55 7.1
2.5/1 44 800 690 21.8 0.56 8.3
5/1 2.9 757 740 23.8 0.70 12.3

Table 4

Comparison of solar cell performances for CSVT-CdS window layer
Samples Rs Rp Voe Jse FF n
(growth  (Qem?)  (Qem?)  (mV)  (mA/em?) (%)
time in

second)

100 3.6 350 701 24 0.56 9.4
120 5.6 813 727 23.9 0.60 10.5
140 5.7 750 714 24 0.65 11.2

S/Cd=5 with an efficiency of 12.3%. In a similar form,
Table 4 shows the results obtained for the set of CSVT solar
cells. In Table 4, we can observe that the best results are
obtained for solar cells made with CdS grown during 140 s.

From Tables 3 and 4, we can see the results for the best
devices, i.e. those made with CdS grown by CBD and
CSVT, whereas Fig. 4 displays the spectral response of
these devices. From these tables, we can notice that the fill
factor is better for the best CBD-CdS solar cell, while J.
and V. are almost the same as for the CSVT-CdS solar cell
with a difference of less than 3%, which is within the
possible measurement error. Notice from these I-V curves
of the CBD and CSVT solar cells that the main difference
comes from the fill factor of the curves, a fact that can be
associated to the larger series resistance (almost the double)
for CSVT solar cells as compared to CBD cells. It has been
shown that sulfur enrichment in CBD-CdS layers causes a
decrease of carrier trap density at the grain boundaries.
Hence, the difference in the FF values may arise from the
larger photoconductivity for the CBD-CdS layers. The small
difference shown in Fig. 4 for the spectral response of these
cells in the short wavelength range indicates a better
interface between the CBD-CdS and CdTe than for CSVT
and the CdTe layers in this case, although the total short
circuit current density is almost the same for both kinds of
solar cells.
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—— The best CBD solar cells
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Fig. 4. Spectral response comparison for the best CBD and CSVT cells in
the 400-900-nm wavelength region.
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In summary, the main difference for CBD and CSVT-
CdS layers for solar cells in this study is due to the higher
resistivity (and smaller photoconductivity) associated to the
CSVT-CdS layers. This fact gives a higher series resistance
for cells done with CSVT-CdS layer than for CBD solar
cells.

4. Conclusions

A set of CdS samples grown by chemical bath with
different concentrations of thiourea in the solution were
used as window layers for CdTe solar cells. It was found
that varying the thiourea to CdCl, concentration solar cells
present better performances for a larger S/Cd ratio in the
CBD solution. On the other hand, we have found that the
best performance as determined from the -V curves
corresponds to solar cells made with CdS window layers
processed by CBD as compared to CdS grown by CSVT.
This fact can be attributed to the best photoconductivity of
the CdS layer. It has been observed that similar results have
been obtained for the V. and J,. values of solar cells with
CBD and CSVT-CdS layers. The main difference for these

cells is due to the higher series resistance of the latter, a
difference that affects the fill factor and therefore the
efficiency of the cells. Hence, it seems that CBD-CdS
layers are slightly better than CSVT-CdS ones when used in
solar cells, although both kind of materials can be used on
CdTe for attaining high efficiency solar cells (above 11%),
as shown in this paper.
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Abstract

The CdTe/CdS thin film solar cell is the most suitable to be fabricated on the form of thin films. The processes used
to make all the films, which compose the cell, are quite simple and fast. An efficiency of 16.5% has been reached on
laboratory scale and modules of 0.6 x 1.2 m? with efficiency larger than 8% are now fabricated and commercialized.
A strong contribution to the development of this type of solar cells has been given by the Parma University group with
the discovery of a new ohmic back contact for CdTe which is very stable in respect to any other ohmic contact used for
CdTe, and by the development of a new all dry process to make the cell. An efficiency of 15.8% has been recently
obtained on a 10~* m? soda-lime glass without using any copper or any other metal of the first group of the periodic

table of the elements at the back contact.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Thin film; CdTe; CdS; Solar cells

1. Introduction

Bonnet and Rabenhorst (1972) published an interest-
ing paper on CdTe/CdS thin film solar cells in 1972
reporting an efficiency of 6%. The 10% efficiency value
was overcome by Tyan and Perez-Albuerne (1982) and
finally an efficiency of 15.8% has been reached by Ferek-
ides et al. (1993). Very recently the group of NREL re-
ported a record efficiency of 16.5% (Wu et al., 2001).
However, all these groups used as a back contact for
CdTe a material containing Cu, which is known to be
a fast diffusor in CdTe. The diffusion of Cu could be

* Corresponding author. Tel.: +39 0521 905257; fax: +39
0521 905223.
E-mail address: romeo@fis.unipr.it (N. Romeo).

beneficial for the solar cell since it can dope CdTe p+
giving a momentary increase in the efficiency but, in
any case, at long run the efficiency is doomed to decrease
since Cu can segregate at grain boundaries (Dobson
et al., 2000; Baetzner et al., 2001). In order to avoid
Cu, a new contact, namely Sb,Te;, was developed at
the University of Parma (Romeo et al., 2000a).

Sb,Tes is a p-type material and exhibits a resistivity
of 2 x 1072 Om. We verified that Sb,Te; makes an ohmic
contact with CdTe. However, since this contact does not
diffuse into CdTe (giving a high stability to the solar
cell), it does not dope CdTe and so the efficiency that
can be obtained is lower than the 16.5% NREL record.

In any case, with Sb,Te; contact, made directly on a
non-etched CdTe surface, we were able to obtain a sta-
ble efficiency of 15.8%.

0038-092X/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.

doi:10.1016/j.solener.2004.07.011
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2. The structure of CdTe/CdS solar cell

The CdTe/CdS solar cell is composed of 4 layers that
are:

1. a transparent and conducting oxide (TCO) which
acts as a front contact;

2. a CdS film which is the so called window layer;

3. A CdTe film which is the absorber layer made on top
of CdS;

4. the back contact on top of CdTe (Fig. 1).

w

. The transparent conducting oxide (TCO)

The characteristics that are required in order for a
TCO to be used as a front contact for CdTe/CdS thin
film solar cells are:

1. a high transparency, better than 85% in the wave-
length region of interest (400-860 nm);

2. a low resistivity on the order of 2x 1072 Qm or a
sheet resistance less than 10 Qqquare; !

3. a good stability at the maximum temperature
(500 °C) at which one of the layer, namely CdTe, is
prepared. This means that no diffusion from the
TCO into the layers deposited subsequently must
happen.

Several types of TCOs have been used and tested for the
CdTe/CdS solar cell. Among these:

1. Fluorine doped SnO,, which is a quite stable material
but it exhibits a sheet resistance of about 10 Qyqyare OF
more that could be not low enough for this kind of
solar cells.

2. Tin doped In,O3 (ITO), which exhibits a low resistiv-
ity (2.5x 1072 Qm) but we found out that some In
can diffuse into CdS and/or CdTe when this material
is used as a front contact. In this case a SnO, buffer
layer can be used as a diffusion barrier (Visoly-Fisher
et al., 2003).

3. Cadmium stannate (Cd,SnQO,4) which exhibits both
the characteristics of high transparency and low resis-
tivity but it is difficult to be handled since, as we
found out, it is quite higroscopic.

4. Finally we developed a new TCO that is fluorine
doped In,O3 which exhibits all the characteristics
which are needed. This material is prepared by sput-
tering using a target of pure In,O5 supplied by Cerac.
The doping with fluorine is done by introducing in
the sputtering chamber Ar containing =5% of

! Qqquare is the sheet resistance of a l-cm? film.

back contact

CdTe

cds

TCO

glass substrate

? light

Fig. 1. Sequence of the layers constituting the solar cell. The
structure of CdTe/CdS solar cells is of the superstrate arrange-
ment, which means that the solar light enters the cell through
the substrate glass.

CHF; (trifluoromethane). This gas is decomposed
and ionized in the sputtering discharge freeing F
which, being strongly electronegative, is directed to
the substrate which is the positive electrode and
dopes In,O5 during the growth. This material exhib-
its a resistivity of 2 x 1072 Qm, a transparency better
than 90% between 400 and 800 nm and is quite stable
at a temperature of 500 °C as it has been verified by
the good stability of CdTe/CdS solar cells grown on
it (Romeo et al., 2003).

4. The CdS layer

CdS is prepared by several methods that are evapo-
ration from a single crucible, sputtering, chemical
bath deposition (CBD) and closed space sublimation
(CSS).

All these methods are suitable to prepare a CdS layer
that, when used in the CdTe/CdS solar cell, can give effi-
ciency larger than 10% even though the highest efficiency
(Ferekides et al., 1993; Wu et al., 2001) was obtained by
using a CdS prepared by CBD. The choice of the CBD
method was probably due to the fact that CBD makes a
very compact film that covers perfectly the TCO layer.
However it must be considered that CBD is not suitable
for large-scale production since it is not fast and gives a
waste that needs to be recycled. In our case we prepared
CdS by sputtering or by closed space sublimation (CSS).
CdS by sputtering was grown in presence of fluorine by
introducing in the sputtering chamber Ar containing 3%
of CHF;. Despite fluorine is a donor for CdS, we did not
see any lowering of the CdS resistivity when it was
grown in presence of fluorine.

CdS by CSS was prepared at a pressure of 10° Pa in
an atmosphere composed of 50% of Ar and 50% of O,.
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Fig. 2. Outline of the close-spaced sublimation system.

The CSS method (Fig. 2) consists in putting the sublima-
tion source (in this case CdS) very close to the substrate
(2-4 x 107> m) and doing the evaporation in an atmos-
phere that could be inert (Ar) or reactive (Ar + O,).
The CSS has the characteristic of allowing the deposi-
tion of materials at a substrate temperature much higher
then that used in vacuum evaporation. As an example,
when CdS is deposited by evaporation in high vacuum,
the substrate temperature must be not much higher than
150 °C because, at temperatures higher than 150 °C, S
has a very high evaporation rate and it is re-evaporated
before combining with Cd.

When CdS is made by CSS, a substrate temperature
as high as 500 °C can be used since the sticking of CdS is
assured by the gas pressure that is maintained in the
chamber and by the fact that the substrate is very close
to the source. Furthermore, the deposition of materials
at a high substrate temperature guarantees high crystal-
line quality, due to the high adatoms superficial diffusion
coefficient.

We found out that both CdS(F) by sputtering or
CdS(0O) by CSS are suitable to make high efficiency cells
if they are treated for 20 min. in an atmosphere of Ar con-
taining 20% of H, at 400 °C substrate temperature (Ro-
meo et al., 2003, in press). We explained this fact by
considering that CdS(F) contains CdF, segregated in
the grain boundaries and in the surface. While the CdF,
segregated in the grain boundaries is useful to passivate
the grain boundaries, the CdF, segregated in the surface
has to be removed in order to allow CdS to interact with
CdTe thus forming a good CdTe/CdS junction.

The same happens when CdS in made in presence of O,
but in this case CdO and/or CdSOj is formed in the grain
boundaries and in the CdS surface. CdO and/or CdSO;
formed in the surface is removed by the H, treatment.

The thickness of the CdS layer is, in both cases,
80 nm.

5. The CdTe layer

CdTe is a material that exhibits a forbidden gap of
1.45 eV very close to the maximum of solar energy con-

version. Besides, its gap is direct and as a consequence
its absorption coefficient is higher than 10" m™' for
energy larger than the forbidden gap. This means that
only a few microns of material are enough to absorb
all the light. A practical efficiency of 18.5% could be
expected for this material with an open-circuit voltage
of 0.880V and a short-circuit current density of
270 A/m® (with a negligible thin CdS) (Sites and Liu,
1985).

Several methods have been used to deposit CdTe,
namely vacuum evaporation, (Romeo et al., 2000b) elec-
trodeposition (Johnson, 2000) and closed space sublima-
tion (CSS). All these techniques are able to produce cells
with efficiency larger than 10%. However, the highest
efficiency solar cells have been prepared by closed space
sublimation (CSS) (Ferekides et al., 1993; Wu et al.,
2001; Romeo et al., 2000). This last technique has been
also used in our laboratory but with a substantial mod-
ification, which consists in the use of a compact block of
CdTe, previously melted and resolidified, instead of
CdTe granules. The use of a compact block of CdTe is
effective in getting a uniform heating of the material thus
avoiding any spitting of microparticles from the source
to the substrate.

The higher efficiency obtained by using CSS seems to
be due to the fact that a high substrate temperature,
namely 500-600 °C, is used. At these temperatures part
of the CdS mixes with CdTe forming a mixed
CdS,Te;_, (with x = 0.07), since only 7% of CdS can
enter in the matrix of CdTe (Lane et al., 2000). If CdTe
is deposited on top of CdS at low substrate tempera-
ture, as in the case of vacuum evaporation or electro-
deposition, than the mixing process only happens
when CdTe is treated with CdCl, at 400 °C substrate
temperature. The CdS-CdTe mixing seems to be very
important in order to get solar cells with efficiencies lar-
ger than 10%.

6. The CdCl, treatment

This treatment is necessary independent of the tech-
nique used to deposit CdTe. If the CdCl, treatment is
not performed, the short circuit current of the solar cell
is very low and also the efficiency is very low. The
treatment consists in depositing 300-400 nm of CdCl,
on top of CdTe with a subsequent annealing at
400 °C for 15-20 min in air or in an inert gas like Ar.
During this process the small CdTe grains are put in
vapour phase and recrystallize giving a better-organized
CdTe matrix following possibly the reaction shown in
Eq. (1):

CdTe(s) + CdCly(s) = Cd(g) + Te(g) + Cl(g)
= CdCl,(s) + CdTe(s) (1)
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The presence of Cl, could favour the crystalline
growth of CdTe by means of a local vapour phase
transport. In this way the small grains disappear and
the CdS/CdTe interface is reorganized. If this process
is carried out in air, some oxides are formed on the
CdTe surface. These oxides need to be removed before
making the back contact and an acid etching or a
cleaning in a solution of Br-methanol is necessary (Ro-
meo et al., 2000b). In an in-line production any use of
acids or liquid solutions should be avoided in order to
not interrupt the process and also for safety considera-
tions.

For this reason we developed a new method for
CdCl, treatment that consists simply in exposing the
CdTe surface to a CdCl, vapour in an inert atmosphere
such as Ar.

The process works like a closed space sublimation
(CSS) in which the source is CdCl, and the substrate
is CdTe. In order to remove any residual of CdCl,
which could be present on the CdTe surface, after the
treatment, the CdCl, source temperature is lowered
and a high vacuum is maintained in the chamber keep-
ing the substrate at 400 °C. At this temperature in
vacuum, the residual CdCl, re-evaporates from the
CdTe surface leaving a surface that is ready for the
subsequent back-contact deposition. In this way no
etching or cleaning process of the CdTe surface is
necessary.

7. The back contact

Most researchers make a back contact on CdTe with
a material containing Cu such as Cu-Au alloy, Cu,Te,
ZnTe:Cu (Gessert et al., in press) and Cu,S (Kim
et al., in press). It is believed that Cu is necessary to
make an ohmic contact on CdTe since CdS/CdTe solar
cells made with contacts not containing Cu have a high
series resistance.

In our opinion the series resistance does not come
from the contact but from CdTe which possibly is more
conducting at the interface than in the bulk. The higher
conductivity, close to the interface could come from the
fact that CdTe mixes with CdS and its gap lowers down.
In any case, in useful cells Cu must not be used since in
the long run it segregates at grain boundaries and the so-
lar cell degrades. It must be considered that the highest
efficiency solar cell so far reported has been made with
some copper at the back contact. Copper, by diffusing
into CdTe lowers its resistivity and for a while it gives
a higher efficiency.

We developed a new contact, namely Sb,Tes,
which has a low gap (x0.3 eV), is p-type and exhibits
a very low resistivity (2x 107> Qm) when it is depos-
ited at a substrate temperature of 300 °C. Sb,Tes

can be deposited easily by sputtering, but it can also
be deposited by vacuum evaporation (Romeo et al.,
2000a).

We verified that Sb,Te; makes an ohmic contact with
CdTe thin films. We also found out that Sb,Te; makes
an ohmic contact on a p-type CdTe single crystal whose
resistivity is on the order of 10’ Qm. With Sb,Te; as a
back contact we obtained CdS/CdTe thin film solar cells
with a maximum efficiency of 15.8%. These cells are
heated up to 200 °C under 20 suns without degrading.
Instead, they generally exhibit a higher efficiency after
the 200 °C treatment.

8. Recent results

Recently, a further improvement in the efficiency of
CdTe/CdS solar cell has been obtained in our labora-
tory. We found out that, by depositing CdTe on top
of CdS by CSS in presence of O,, the fill factor of the
CdTe/CdS solar cell increases from around 0.65-0.66
to 0.71-0.74. In this way we were able to obtain on a
10~* m? solar cell, prepared on soda lime glass, an effi-
ciency of 15.8% with an open circuit voltage of
0.862'V, a short circuit current density of 255 A/m?
and a fill factor of 0.72. On average, the efficiency of
our cells made in similar conditions is in the range of
15.2-15.8%. This efficiency has been measured with an
Oriel™ solar simulator under 10° W/m?> AM 1.5 solar
light. The measurement system has been calibrated with
a 14% efficient CdTe/CdS thin film solar cell previously
certified at the Renewable Energies Unit of the Joint Re-
search Center, Ispra, Italy. An important remark is that
no copper or any other element of group I of the peri-
odic table of the elements has been used to make the
back contact. Instead, we used 300 nm of Sb,Te;
followed by 300 nm of Mo deposited by sputtering. It
is generally believed that copper is necessary to make a
good contact on CdTe since it is generally observed that
both fill factor and efficiency increase very much with a
contact containing copper. We believe that Cu is not
necessary to make a good contact and that the
momentary improvement of the efficiency is due
only to the doping of CdTe by copper since this last ele-
ment is a strong diffusor. However, the cells made with
some copper at the back contact are doomed to degrade
since copper, at long run, segregates at the grain
boundaries.

In order to obtain high efficiency solar cells with
a high fill factor, as said before, one has to deposit
CdTe by CSS in presence of O,. In our case, CdTe is
deposited with a gas pressure of 10* Pa of Ar contain-
ing 2-10% of O, with a distance between crucible
and substrate of about 4 x 107> m. The substrate tem-
perature is varied between 480 and 520 °C. CdTe is
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covered by 100-500 nm of CdCl, and annealed in air
or Ar at a temperature varying between 380 and
420 °C for 20 min. The efficiency of the solar cell
depends on the amount of O, in the CSS chamber,
on the substrate temperature during the deposition
and the CdCl, annealing temperature. A high amount
of O, or a high CdCl, annealing temperature tend to
give a higher fill factor and a lower open circuit
voltage.

The short circuit current is generally not affected
but in the case in which a very large amount of O,
and/or a high CdCl, annealing temperature is used.
In extreme cases the short circuit current density
could be much lower than 255 A/m>. A high substrate
temperature, namely 520 °C, during the CdTe deposi-
tion tends to decrease the fill factor since, at this tem-
perature, less O, is incorporated in the film. In order
to interpret these results, we made the hypothesis that
0,, mixing with CdS and CdTe, forms at the inter-
face a mixed compound containing Cd, S, Te and
O with a forbidden gap close to that of CdTe which
is n-type. In this way a pseudo-homojunction is
formed between this compound and p-type CdTe
and this can explain the strong increase in the fill
factor.

This hypothesis is corroborated by several facts:

1. The I-V characteristic in the dark exhibits an A4 fac-
tor close to 1 where A4 is given in the diode formula
J = Joexp[(eVIAkT) — 1]. An A factor close to 1 is
typical of a homojunction.

2. When a high amount of O,, namely more than 10%,
and/or a high CdCl, annealed temperature, namely
more than 420 °C, are used, the short circuit current
density is much lower than 250 A/m? despite a high
open circuit voltage and principally a high fill factor
(0.74-0.75) are obtained. In our vision, this means
that a thick n-type layer larger than the absorption
length is formed and a good part of the carriers cre-
ated by the light do not reach the junction region. As
a consequence, we deduce that the amount of O, used
during the CdTe deposition is very important in
order to control the formation and the thickness of
this presumed n-type layer. The formation of an n-
type thick layer has been confirmed by measurements
of the photocurrent as a function of wavelength:
when the solar cell exhibits a J,. much lower than
250 A/m”> the photocurrent response drops very
quickly for wavelenghts shorter than that corre-
sponding to the gap of CdTe. The difference between
the characteristics of two cells, one prepared using O,
and the other prepared without O, is put in evidence
in Fig. 3.

3. It has been reported (Hernandez-Fenollosa, 2003)
that O, in presence of Chlorine enhances the concen-

407

-20 1

Short circuit current density (mA/cm?)

40 4
Voltage (V)

Fig. 3. Comparison between the J-J characteristics of two
CdTe/CdS solar cells taken under 10* W/m*> AM 1.5 simulated
solar light: (a) J-V characteristic of a CdTe/CdS solar cell in
which CdTe has been prepared by CSS in an atmosphere of Ar
containing 2% of O,. Fill factor and efficiency are respectively:
0.73% and 15.45%. (b) J-V characteristic of a CdTe/CdS solar
cell in which CdTe has been prepared by CSS in an atmosphere
of pure Ar. Fill factor and efficiency are respectively: 0.63% and
13.67%. All the other layers that compose the cells, namely
TCO, CdS and back contact have been prepared in the same
way.

tration of Clre > which is a donor for CdTe and can
form an n-type CdTe(S,0) layer at the interface.

9. A possible in-line dry process

The techniques, which we use to make CdTe/CdS so-
lar cells, are CSS and sputtering both fast and easily
scalable. A possible in-line process is shown in Fig. 4.
Modules of 0.6 x 1.2 m? can be covered with a process
time of a few minutes.

The glass, moved on a rail, first enters in a washing
machine and then is heated up to 400 °C and goes into
a sputtering chamber where 500 nm of TCO are depos-
ited. A laser scribing eliminates the TCO along parallel
lines 1072 m distant one from each other. The tempera-
ture is raised up to 500 °C and 80 nm of CdS and 4000—
5000 nm of CdTe are deposited in sequence both by CSS.

A CdCl, treatment is done in another chamber at
400 °C substrate temperature, in an Ar atmosphere as
described before. Then, a second laser scribing is done
in order to remove CdS and CdTe in parallel lines close
to the ones made before. Afterwards, the glass enters in
a sputtering machine where 300 nm of Sb,Te; are
deposited at a substrate temperature of 300 °C. In se-
quence 300 nm of Mo are sputtered on top of Sb,Tes
in order to increase the conductivity of the back con-
tact. Finally a third laser scribing is done in parallel
lines close to those made by the second laser scribing
in order to have a module made up of solar cells 107>

2 Cl which substitutes Te.
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Fig. 4. Schematic of a possible in-line dry process for the production of CdTe/CdS solar cells modules.
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Fig. 5. Typical interconnect scheme for a CdTe/CdS solar cell module.

m large and as long as the length of the glass all put in
series (Fig. 5).

10. Conclusion

The technology to fabricate CdTe/CdS thin film solar
cells can be considered mature for the large-scale pro-
duction of CdTe/CdS modules. The stable efficiency of
single laboratory 10™* m? cells is around 15.8% and it
is expected that a 0.6 x 1 m? module can exhibit an effi-
ciency of 12% or more. Due to the simple and fast tech-
niques that are used for the preparation of the cells, a
production cost less than 1 Euro/Watt is foreseen.

The contribution of Parma University group to the
development of such type of solar cells has been substan-
tial. Three parts of the preparation process have been
implemented:

1. A new stable TCO has been realized, namely fluorine
doped In,0s.

A dry process, which excludes any use of acid or lig-
uid solutions, was shown to be effective in treating
CdTe with CdCl,.

A new stable and ohmic back contact for CdTe,
namely Sb,Tes, has been invented.

2.

A stable efficiency of 15.8% has been obtained by
depositing CdTe by CSS in presence of O».
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Abstract

Nano-crystalline CdTe and nano-structured CdS films in crystalline, porous and fiber forms
were deposited on ITO-coated glass substrates. CdTe films exhibited a typical particle size of
10 nm and a blue shift in the absorption with an effective band gap of 2.8 eV. CdS films
exhibited a typical particle size of 15 nm and an effective band gap of 2.98 eV. Also, porous
CdS and porous TiO, films were deposited on plastic substrates by a self-assembly method.
Typical pore sizes were 80 and 70 nm, respectively. These can be used in nano-structured solar
cell configuration where the pores are filled with a suitable absorber material. Additionally,
CdS fibers and nano-crystalline films of TiO, on plastic substrates were fabricated. Typical
particle size in TiO, was 10 nm and CdS fibers were about 80 nm wide and 1.5 um long.
© 2004 Elsevier B.V. All rights reserved.

Keywords: CdS/CdTe solar cell; Nano-crystalline; Nano-porous; Thin film; TiO,

1. Introduction

Many nano-structured materials are now being investigated for their potential
applications in photovoltaic, electro-optical, micromechanical and sensor devices [1—
3]. Our interest lies in taking advantage of the benefits offered by nanotechnology to
make inexpensive and efficient solar cells on a large scale. To this end, nano-
structured layers in thin film solar cells offer three important advantages. First, due
to multiple reflections, the effective optical path for absorption is much larger than
the actual film thickness. Second, light generated electrons and holes need to travel
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over a much shorter path and thus recombination losses are greatly reduced. As a
result, the absorber layer thickness in nano-structured solar cells can be as thin as
150 nm instead of several micrometers in the traditional thin film solar cells [4].
Third, the energy band gap of various layers can be tailored to the desired design
value by varying the size of nano-particles. This allows for more design flexibility in
the absorber and window layers in the solar cell. In particular nano-structured CdS,
CdTe and TiO; are of interest as window and absorber layers in thin film solar cells
[5-10]. Fabrication and characterization of these films constitute the focus of this
work.

Production of large-area solar cells would also require a process for inexpensive
fabrication of large periodic arrays of semiconductor nanostructures that will allow
for (a) controlled variations in the size and composition of the nanostructures, (b)
encapsulation of the semiconductor nanostructures in a rugged host material, (c)
flexibility to use a variety of substrate materials, and, preferably, (d) compatibility
with standard silicon fabrication techniques. Self-assembly is such a process. We
have used the self-assembly process to fabricate a variety of nano-structured films
including CdTe and CdS on ITO-coated glass substrates. In addition nano-porous
CdS and TiO,; films were fabricated on a plastic substrate with a view to making
devices on a lightweight, flexible substrate. Fabrication techniques and material
characteristics of these films and their applications to solar cells are described below.
Results on CdTe, CdS and TiO, are presented in Sections 2, 3 and 4, respectively.

2. Nano-crystalline CdTe films

Nano-crystalline CdTe films are of interest because of their potential applications
as n-type window layers in a p—n homojunction thin film CdTe solar cell (Fig. 1) and
in electroluminescent displays devices [11-13]. CdTe nanocrystals were prepared by
microwave-assisted synthesis and films were cast from colloidal solutions containing

Graphite

Bulk CdTe
(Absorber layer, p-CdTe)

Nanocrystalline CdTe
(Window layer, n-CdTe)

Glass

Fig. 1. Device configuration of a Glass/ITO/n-Nano-CdTe/p-bulk CdTe/graphite solar cell.
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nano-CdTe. These films were characterized by optical absorption, photolumines-
cence spectroscopy, profilometer and scanning electron microscopy on glass and
plastic substrates for various conditions. The microwave-assisted synthesis was
carried out in a custom made 1000 W/2.45 GHz Sharp-R21-HT-microwave oven
supplied by Microwave Specialties Inc., USA. The oven’s cavity was modified to
include a complete refluxing system. In the present experiment, a 250 ml long neck
flask with a refluxing condenser assembly was used. All the reactions were carried
out with continuous heating at 50% power of the 1000 W, under flow of argon gas.
A coolant liquid (~ 5°C) was circulated through the refluxing condenser throughout
the experiment. A few glass capillary tubes (3-5) were also added to the reaction
mixture to avoid the sudden liquid bumps.

1 g of cadmium (II) acetate dihydrate was dissolved in 100 ml of ethylene glycol
and then stoichiometric quantity (0.40 g) of tellurium powder was added. The system
was purged for 10 min with argon and the reaction vessel was exposed to microwave
radiation continuously for 30 min. At this stage, the reaction mixture turned to
grayish color then the reaction mixture was diluted with ethanol to precipitate and
centrifuged at 5000 rpm. The precipitate was further washed with ethanol several
times and dried overnight under vacuum.

The nano-crystalline CdTe powder thus obtained by microwave assisted synthesis
was dispersed in methanol and coated on to ITO-coated glass. The resulting films
were examined with a FE-SEM and the electron micrograph shows a particle size of
about 10 nm (Fig. 2). The UV-VIS spectra recorded on this film shows a blue shift in

Fig. 2. FE-SEM image of a nanocrystalline CdTe film on ITO-coated glass substrate.
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Fig. 3. Absorption spectrum of a nanocrystalline CdTe film on ITO-coated glass substrate.
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Fig. 4. Tauc’s law calculation for a nanocrystalline CdTe film on ITO-coated glass substrate.

absorption due to smaller particle size (Fig. 3). Tauc’s relation was used to determine
the effective band gap (Ees) for the films. (a/v)* was plotted against iv (Fig. 4) and
E.r was obtained by extrapolation to zero value of (¢/v)>. Band gap estimate using
Tauc’s law indicates a value of about 2.8 eV as compared to a bulk CdTe band gap
of 1.5eV. This increased band gap makes CdTe a good candidate for
electroluminescent display devices [11-13] and for window layers in n-CdTe/P-CdTe

homojunction solar cells (Fig. 1).

3. Nano-structured CdS films

Nano-structured CdS was fabricated in crystalline, porous and fiber forms. The
fabrication and characterization of these films are described below.
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3.1. Nano-crystalline CdS

CdS films were fabricated by three different techniques namely, solution growth
(type A), sonochemical (type B) and microwave-assisted synthesis (type C).

For types B and C, nano-crystalline CdS was first prepared in powder form by
sonochemical and microwave methods. SEM micrographs of the CdS powder
obtained by sonochemical and microwave synthesis methods showed spherical
particles, 15 nm in size. The X-ray diffraction pattern of the nano-crystalline CdS
powder shows peaks at 20 positions of 27°,44° and 52° corresponding to the (11 1),
(220) and (311) planes of the cubic CdS phase, respectively. The XRD patterns
obtained match with the JCPDS data (10-0454 Hawleyite). Sonochemical method
involves ultrasound irradiation of the sample during synthesis while microwave
method involves microwave irradiation. Sonochemistry is driven by acoustic
cavitation, formation, growth, and implosive collapse of bubbles in liquids irradiated
with high-intensity ultrasound. Sonochemical synthesis takes place when a strong
acoustic field is applied to an aqueous solution leading to cavity filled microbubbles.
Energy is transferred upon the growth and collapse of these microbubbles from the
macroscale acoustic wave to the microscale vapor inside the bubbles. Extremely high
pressures (hundreds of atmospheres) and temperatures (thousands of degree Kelvin)
result from the high localization [14-16].

Next, types B and C CdS films were deposited on ITO-coated glass by dip coating
in a suspension of the CdS powder. Type A films were deposited on ITO-coated glass
by the solution growth method. Further details on the synthesis of these films can be
found in our previous publication [5]. Particle size and the morphology of the films
were studied with SEM. Figs. 5(a)—(c) show the electron micrographs of CdS films
deposited by three different techniques. The solution growth films (Fig. 5(a)) have a
smooth morphology with a particle size of 110 nm and the film thickness is equal to
the particle size indicating a monolayer. Particle sizes in types B and C films, with a
typical value of 15 nm, are an order of magnitude smaller than in type A. A
hyperbolic band model [17] was used to estimate the energy gap as a function of
particle size.

E = [E] + 2(hYEy(n/r)’ /m*]'/?, (1)

where E, is the bulk band gap, r is the particle radius, and m* is the electron effective
mass. The particle size corresponds to an energy gap of 2.98 ¢V for sonochemically
prepared CdS and shows a blue shift from the band gap of bulk CdS (2.4 eV).
X-ray diffraction measurements on the films indicated a cubic CdS phase. Optical
absorption plots of CdS films on ITO-coated glass were recorded using a UV-VIS
spectrophotometer. A comparison of optical absorption of CdS prepared by
sonochemical, microwave and solution growth methods is shown in Fig. 6. The onset
of absorption is at nearly 500 nm and a peak can be seen at close to 350 nm for type
B, while a peak at nearly 375 nm was observed for microwave (type C). Brus
describes this peak as 1S—1S transitions in CdS nanocrystals [18]. Thicker CdS films
show a second peak that can be attributed to a second excitation level [19].
Compared to bulk CdS deposited by solution growth, the optical absorption spectra
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Fig. 5. (a) FE-SEM image of CdS film prepared by solution growth method on ITO-coated glass
substrate. (b) FE-SEM image of CdS film prepared by sonochemical method on ITO-coated glass
substrate. (c¢) FE-SEM image of CdS film prepared by microwave method on ITO-coated glass substrate.
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Fig. 6. Comparison of UV-vis absorption spectra of CdS films fabricated by sonochemical, microwave
and solution growth methods on ITO-coated glass substrates.
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show a blue shift as a result of quantum confinement effects. Solution growth CdS
(type A) shows an optical absorption plot without a peak because of its larger
crystallite size.

3.2. CdS-Ag Schottky diodes

Schottky diodes were formed by depositing polycrystalline (bulk) CdS and nano
CdS on to ITO/glass substrates and subsequently depositing an Ag top contact. The
representative /-V curve of bulk CdS Schottky diode is shown (Fig. 7). The
characteristics of Schottky diodes on nano-CdS were substantially different from
those on bulk CdS (Fig. 8). In theory, nano-CdS/Ag Schottky diodes should have a
higher turn on voltage because of the larger band gap of nano-CdS, leading to
a higher barrier height. Yet the Schottky diodes fabricated on bulk CdS showed a
higher turn on voltage. We attribute this unexpected behavior to the fact that the
nanoCdsS films are just 20 nm thick and the depletion layer may therefore extend into
ITO in this case. Since ITO is a degenerate semiconductor the effective depletion
layer width would be the thickness of nano-CdS film. Thus, in parts of the Schottky
barrier junction, the electrons would be able to “punch through”, leading to a
reduction in the effective turn-on voltage. In comparison, the CdS thickness in
polycrystalline CdS layer is 110 nm.

Also, the I-V characteristics of the nano-CdS—Ag devices show some steps in the
plot. This can be understood as follows. As the nano-CdS is expected to be
completely depleted in this device the structure ITO/nano-CdS/Ag can be assumed
to behave like a metal/insulator/metal. The step behavior could be due to coulomb
blockade which is usually seen in such structures.

3.50E-06 -
3.00E-06 - + bulk CdSs-Ag
2.50E-06 -

2.00E-06 -

”».
MQ. LRI oo m
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Fig. 7. Device configuration of a glass/ITO/n-nano-CdS/p-bulk CdTe/nano-CdTe/Au solar cell.
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Fig. 8. I-V curve of a glass/ITO-bulk CdS—-Ag Schottky diode.

AU/Al

Bulk CdTe
(Absorber layer, p-CdTe)

Nanocrystalline CdS
(Window layer, n-CdS)

Fig. 9. I-V curve of a glass/ITO-nano CdS—Ag Schottky diode.

An application of nano-structured CdS to solar cells is illustrated in Fig. 9. Wider
band gap makes it a more effective window layer. We are now in the process of using
these larger band gap CdS films as window layers in the fabrication of experimental
CdS—CdTe thin film solar cells.

3.3. Porous CdS films

Our objective is to make porous structure of CdS, deposit an absorber material
like, copper indium diselenide, copper sulfide or cadmium telluride into the pores
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and study the nano-structured, CdS-based heterojunction solar cells. This structure
will allow for a device design involving an n-type material as a porous film and an
extremely thin p-type absorber material filling the pores. The advantages are that the
transport path for excited charge carriers in the absorber is reduced and at the same
time, the optical path for photon absorption is increased. Due to the nano-porous
structure of the cell, the distance that photoexcited electrons must travel within their
lifetime can be reduced to less than 100 nm [20-22]. This design is also of critical
importance in case of organic solar cells and hybrid junctions between inorganic and
organic layers, where the traditional non-nano-structured designs are not beneficial
for electron/hole transport. This is due to the fact that organic films tend to have
short diffusion lengths and because of anisotropy, the conducting axis in the organic
layer is not always along the film thickness.

Nano-porous CdS films were fabricated on a plastic substrate by using ultrasound
irradiation during dip-coating. We term this process as ultrasound-assisted synthesis
(UAS). Ultrasound irradiation was used as a tool to fabricate porous semiconductor
films; it is known to cause significant effect on processes that occur at the surface of
the solids immersed in liquids. Ultrasonic irradiation generates acoustic cavitation in
the liquid, resulting in the formation of microbubbles. These microbubbles collapse
on colliding with the solid surface causing erosion [23]. We believe that this process is
responsible for the formation of a porous structure in our CdS films. In our method,
the plastic substrate is dipped in CdS solution and exposed to ultrasound irradiation;
it is thought that the microbubbles collapse at the surface of substrate and cause
erosion of the CdS particles stuck to the substrate. Furthermore, since ultrasonicator
generates acoustic cavitation uniformly throughout the liquid, the pores formed are
uniform throughout the film.

SEM results showed uniform pore structure with a pore size of about 80 nm
(Fig. 10). In contrast, the films deposited on ITO/glass substrates with UAS showed
a crystalline film with voids. The optical absorption results of all these films showed a
blue shift and an increase in the effective band gap (Figs. 11 and 12).

The method reported above is applicable to other materials and constitutes a
practical route to prepare inexpensively, large area, flexible, lightweight, porous
metal sulfide semiconductor films with an ordered nano-porous array structure.
These films can serve as the underlying layers not only for the advantageous
inorganic and organic solar cells designs as explained above, but also for sensors and
other optoelectronic devices. This is because the large surface area in the nano-
porous films can provide a highly active reaction interface and enhanced mass
transfer properties.

3.4. CdS fibers

We fabricated nano-fibers of CdS by a combination of solution chemistry and
ultrasound. High-intensity, high-frequency ultrasound irradiation was found to play
a critical role in the crystallization and the preferential one-dimensional growth of
the nano-wires of CdS in the solution. During ultrasound irradiation of liquid-
powder slurries, cavitations and shock waves it creates can accelerate solid particles
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Fig. 10. FE-SEM image of porous CdS film on plastic substrate.
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Fig. 11. Comparison of UV-vis absorption spectra of porous CdS films fabricated by sonochemical,
microwave and solution growth methods on plastic substrates.

to high velocities. The inter-particle collisions that result are capable of inducing
striking changes in morphology, composition, and reactivity of the solids. During
the inter-particle collisions, the particles can be driven together at sufficiently high
speeds to induce effective melting at the point of collision. It is thought that the
energy generated during collision induced the crystallization and 1-D growth of CdS



R.S. Singh et al. | Solar Energy Materials & Solar Cells 82 (2004) 315-330 325

0.9
0.8 A

0.7 A

T e

0.6 A

054° + SG:Porous CdS

044+

0.3 1

Absorption (Abs.)

0.2 {
o1 | ‘f—-‘-\_ﬂ—\_‘_‘m
i

0 T T T |
300 400 500 600 700

Wavelength (nm)

Fig. 12. Optical absorption of porous CdS films by solution growth method.

nanowires. It was observed that temperature, pressure, and reaction time played
important roles in the solvothermal fabrication of nano-scale-sized CdS fibers. Only
when the reaction was carried out in sealed systems, in the presence of high intensity
and high frequency ultrasound, the CdS nano-fibers were formed. The physical
effects of ultrasound cavitations in liquid—solid systems are primarily responsible for
the enhancement of the generation of surface damage at the liquid—solid interface by
shock waves or microjets and fragmentation of friable solids to increase the surface
area. The impingement of microjets or shock waves on the solid surface creates the
localized erosion, which is responsible for the ultrasound cleaning and many other
sonochemical effects on heterogeneous reactions [24]. This phenomenon was also
observed in the case of porous CdS films fabricated using an ultrasound-assisted
synthesis, as described in the previous section.

The typical length of the fibers was about 1.5 um and the diameter was about
80 nm. The fiber length was found to be a function of reaction time. The typical
scanning electron micrograph of CdS nano-fiber is shown in Fig. 13. The optical
absorption measurements of CdS fibers dispersed on an ITO/glass substrate indicate
a broad hump around 475 nm and a peak at 330 nm (Fig. 14). These fibers are
potential candidates for channels in thin film transistors and have applications in
flexible, wearable and disposable electronics.

4. Nano-structured TiO, films

TiO, films were deposited on plastic substrates by the sol-gel method. The TiO,
sol was prepared using the standard procedure starting with high-purity reagents,
titanium tetra isopropoxide, isopropanol and nitric acid (70% redistilled). This
method is based on the hydrolysis of metal alkoxides or ethoxides in alcoholic
solutions in the presence of acid catalysts. The procedure for the preparation
involved the dissolution of TTIP as precursor in isopropanol as a solvent, followed
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Fig. 13. FE-SEM image of CdS fibers on ITO-coated glass substrate.
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Fig. 14. Optical absorption of CdS fibers on ITO-coated glass substrate.
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by adding deionized water and nitric acid (70%). The reaction was carried out with
nitrogen gas flowing into the hood. TTIP was added to isopropanol and to this
solution, deionized water was added dropwise while stirring. Nitric acid was added
dropwise slowly to TTIP, isopropanol and deionized water while still stirring under
the hood. The stirring was continued for 2 h and then the solution was covered with
a parafilm and placed under the hood. In a typical preparation of 0.1 M TiO, sol,
1 ml of TTIP, 0.05 ml of HNO;3 (70% distilled), 0.1 ml of deionized water and
32.7 ml of isopropanol were used. The films were deposited by means of spin or dip
coating (withdrawal rate 0.5 mm/s) on a clean substrate. Before coating, the
substrates were cleaned with a flow of acetone and deionized water with intermediate
drying in flowing nitrogen. After cleaning, substrates were either spin or dip coated.
For obtaining the nano-porous films, subsequent to the coating process, the
substrates were dried under hot water vapor; nitrogen was passed through a hot
bubbler, with the humidity controlled by the flow rate of the nitrogen gas
(~ 1.3 cm/s through the chamber). The humidity and temperature of the chamber
were monitored with a digital hygrometer. The nano-crystalline TiO; films, on the
other hand, were spin or dip coated from a TiO; sol (0.01 M) on to the plastic
substrates and dried in ambient.

The material characterization of the films was performed using a Hitachi S-900
FE-SEM for studying morphology and pore structure. A Shimadzu UV-2501 UV-
Vis spectrometer was used for optical absorption studies. The thickness of the films
was measured using an Alpha step profilometer. The scanning electron micrographs
(Figs. 15(a) and (b)) show a porous structure over large areas. The pore size was
estimated to be 70 nm. The walls of the pores were found to be thicker than in case of
films made via Benard-marangoni convection [25]. The scanning electron micro-
graph of a typical nano-crystalline TiO, film fabricated by drying the films in
ambient is shown in Fig. 16. These films are smooth and have a particle size of about
10 nm. The optical absorption of the films was measured in the near UV and visible

Fig. 15. (a) FE-SEM image of porous TiO, on plastic substrate, at low magnification. (b) FE-SEM image
of porous TiO, on plastic substrate, at high magnification.
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Fig. 16. FE-SEM image of Crystalline TiO, on plastic substrate.

range using a Shimadzu spectrometer. The spectral dependence, in general, shows
one region of fundamental absorption edge (£,) and the other region characterized
by interference peaks at higher wavelengths. All of the three nano-porous films of
different thicknesses showed a peak at 334 nm in the optical absorption spectra, but,
as expected, the magnitude of absorption is higher in thicker films (Fig. 17).

Just as in case of porous CdS films, porous TiO, films can serve as the underlying
layers for efficient solar cell designs. Absorber materials like copper indium
diselenide, copper sulfide or cadmium telluride can be deposited into the pores of
TiO, and nano-structured, heterojunction solar cells obtained. Also, the large
surface area in the nano-porous films can provide a highly active reaction interface
and enhanced mass transfer properties.

5. Conclusions

Nano-crystalline CdTe films were deposited on ITO coated glass substrates and
characterized. The results indicated particle sizes of 10 nm and a blue shift in the
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Fig. 17. Comparative UV-vis absorption spectra of porous and crystalline TiO, films on plastic
substrates.

absorption with an effective band gap of 2.8 eV. This opens the possibility of using
nano-crystalline n-type CdTe as a window layer in an n-CdTe/p-CdTe homojunction
solar cell. Nano-crystalline CdS films on ITO-coated glass substrates exhibited
particle sizes of 15 nm and an effective band gap of 2.98 eV as compared to the
2.4 eV value for the band gap of bulk CdS. This makes nano-crystalline CdS a better
window material in an n-CdS/p-CdTe heterojunction solar cell. We are now in the
process of evaluating these advantages by fabricating test structures of n-CdS/p-
CdTe and n-CdTe/p-CdTe solar cells.

Porous CdS and porous TiO, films were deposited on plastic substrates by a self-
assembly method. Typical pore sizes were 80 and 70 nm, respectively. These can be
used in nano-structured solar cell configuration where the pores are filled with a p-
type absorber material. Due to the nano-structured character of the absorber, the
transport path for the light generated electrons in the absorber is reduced. At the
same time, the optical path for photon absorption is increased due to multiple
reflections.

Also, CdS fibers and nano-crystalline films of TiO, on plastic substrates were
fabricated. Typical particle size in nano-crystalline TiO, was 10 nm and CdS fibers
were about 80 nm wide and 1.5 um long.
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The deposition of uniform arrays of CdTe/CdS heterostructures suitable for
solar cells via close-spaced sublimation is presented. The approach used to
create the arrays consists of two basic steps: the deposition of a patterned
growth mask on CdS, and the selective-area deposition of CdTe. CdTe grains
grow selectively on the CdS but not on the SiOy due to the differential surface
mobility between the two surfaces. Furthermore, the CdTe mesas mimic the
size and shape of the window opening in the 8102 Measurements of the
current density in the CdTe were high at 28 mA/cm?. To our knowledge, this is
the highest reported current density for these devices. This implies that either
the quantum efficiency is very high or the electrons generated throughout the
CdTe are being concentrated by the patterned structure analogous to solar
concentration. The enhancement in crystal uniformity and the relatively
unexplored current concentration phenomenon could lead to significant

performance improvements.

Key words: Solar cells, cadmium telluride, epitaxy, lithography

INTRODUCTION

Cadmium telluride (CdTe) is a good absorber
layer for solar cells with a predicted efficiency of
29% due to its near-optimal direct bandgap of 1.5 eV
and large optical absorptmn (>10* em™) above the
bandgap.'? This promise has generated much
research interest in thin-film CdTe/CdS photovol-
taic modules. Encouraging early work in the late
1970s on cells prepared by epitaxial growth of CdS
on p-type single- crystal CdTe exhibited a conversion
efficiency of 11.7%.®> However, a significant chal-
lenge was the high density of defects due to the
lattice (~10%) and thermal mismatch between CdS
and CdTe. Because of this challenging problem,
much of the effort focused instead on polycrystalline
thin films due to their promise for creating an
acceptable tradeoff between efficiency and low-cost
manufacturing.? However despite extensive
research, the highest reported efficiency for CdTe

(Received January 6, 2007; accepted June 5, 2007;
published online September 19, 2007)

solar cells is <17 % and has not improved much in
over 13 years.’

Due to the dlfﬁculty of performing scientific study
on random polycrystalline thin films much of the
research has utilized a semi-empirical approach,
and this has hampered advancement of fundamen-
tal understanding. Many studies have identified
various efficiency loss mechanisms,”® one of which
is the nonuniformity of the crystals in polycrystal-
line films.2%7'2 In this paper, the phrase “random
polycrystalline” refers to the situation in which the
morphology and crystal quality of the grains are
uncorrelated or only slightly correlated. The term
“nonuniformity” describes a wide variation in the
morphology and crystal quality of the grains.

The structure of polycrystalline films has ham-
pered technological development and scientific
study in at least two ways. First, the grain bound-
aries create interdependencies between various
parts of the device because they form an intercon-
nected network within the thin film. This makes
isolated study and development of each component
of the device very difficult.’® Grain boundaries give
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rise to a host of issues including; enhanced
migration of dopants,®'° device shunting,'® and
high recombination velocities due to unpassivated
surfaces. For example, isolated study and develop-
ment of the back-contact is very difficult due to the
effect that back-end processing has on the doping of
CdTe in the bulk and at the CdTe/CdS interface.'*
Moreover, the enhanced migration of copper
through grain boundaries has also been associated
with device instability.'®

Second, it is well known that inhomogeneity in
cell electrical characteristics results in efficiency
losses.'® Nonuniformity is highly detrimental for
two reasons. One is that the optimum performance
of all CdTe grains is not achieved since each grain is
different in size and shape. A second and
more-insidious reason is that, because the diode
current—voltage characteristic is exponential, poorly
performing CdTe grains act as electrical loads to a
relative large number of neighboring grains. This
makes the device exponentially sensitive to small
variations in localized film parameters.!!

The need therefore exists to decouple the various
parts of the device so that significant scientific
understanding and technological development can
be achieved. Recently, our group demonstrated a
method to selectively grow CdTe, which we call the
ordered polycrystalline approach.® Using this
approach, we have now grown dense arrays of
uniform CdTe mesas on CdS. We believe that this
ordered structure has several advantages over
random polycrystalline films. One important
advantage is that precisely placed, uniform crystals
and grain boundaries will decouple the interactions
between different parts of the cells. This will enable
the independent optimization of the various com-
ponents of the cell. Another advantage is that,
because the array will be highly uniform, losses
attributed to nonuniformity will be greatly reduced.

In this paper, we present results of using the
ordered polycrystalline approach to create dense
arrays of CdTe/CdS heterostructures suitable for
solar cells. The method shows promise for improving
the morphological uniformity of the crystal grains.
The fabrication procedure is explained. Results from
various experiments that illustrate the relationship
between processing and structure are presented.
Future work will focus on modeling and measuring
the electrical characteristics of the photodiode
arrays.

EXPERIMENTAL DETAILS

The fabrication procedure for the CdTe arrays
consists of three fundamental steps: the deposition
of CdS,? the deposition and patterning of a dielectric
layer, and the selective-area deposition of CdTe. The
polycrystalline CdS thin films were grown using a
chemical-bath deposition method on commercially
obtained indium tin oxide (ITO)-coated glass sub-
strates. The chemical bath consisted of an aqueous

(a) <4— (CdS
< ITO
4 Glass
<— UV light
L%L%L < Maskgh
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Fig. 1. lllustration of the process sequence for a negative photore-
sist SiO, substrate patterning: (a) glass/ITO/CdS substrate, (b)
negative photoresist applied to the substrate and UV light exposure
through the photomask, (c) sample after exposure and photoresist
development, (d) silicon dioxide deposition, and (e) final structure
following lift-off procedure.

solution of cadmium acetate, ammonium acetate,
ammonium hydroxide, and thiourea in molar con-
centrations of 0.0007, 0.01, 0.15, 0.0012, respec-
tively. The bath solution was heated to 88°C for a
total time of 30 min. The thicknesses of the CdS
films were 85 nm as measured by interferometry
and scanning electron microscopy (SEM).!”

The next step is the deposition and patterning of a
Si0, layer. Dielectric layers such as SiOy and SigNy
have been shown to be effective growth mask layers
for selective-area deposition.’®™ In this study, a
lift-off process was used to create the patterned SiO,
layers on CdS. The basic process sequence is shown
in Fig. 1. First, the CdS/ITO/glass substrates are
coated with a negative photoresist and then pat-
terned using a standard lithography process. The
thickness of the photoresist was approximately
1,000 nm. Next, a 600-nm-thick layer of SiO, is
deposited using electron-beam evaporation at 107°
Torr. After the SiO, film deposition, the sample was
annealed at 145°C for 30 min to improve adherence
of the SiO5 to the CdS. Finally the photoresist was
stripped to complete the lift-off process. The result
is a patterned SiOy layer (growth mask) on CdS as
shown in Fig. 2.
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Fig. 2. Patterned dielectric layer (growth mask) on CdS. The ITO/
glass is not shown in this figure.

The final step is the deposition of CdTe on the
patterned sample using close-spaced sublima-
tion.'®!® In this study, the thickness of the CdTe
was varied from 300 nm to 1,000 nm to study the
evolution of the CdTe growth. Moreover, a litho-
graphic mask with five regions corresponding to
window opening sizes of 1, 1.5, 2, 2.5, and 3 um was
used to study the effect of the patterning size on the
selectivity of the CdTe growth. For each region, the
pitch of the pattern was twice the window opening
size. For example, the region with the window
opening size of 3 yum had a pitch of 6 um.

The temperature of the substrate ranged from
490°C to 520°C while the temperature of the source
varied from 540°C to 570°C, always keeping a 50°C
temperature difference between the source and
substrate. The distance between the source and the
substrate was set to 0.7 mm using glass spacers.
The pressure was nominally 1 Torr with 5/6 partial
pressure of He and 1/6 partial pressure of O,. The
deposition time varied depending on the desired
CdTe thickness.

RESULTS AND DISCUSSION

Figure 3 is a plan-view SEM image of CdTe at the
boundary between the patterned and planar growth
areas of the sample. This figure clearly shows the
effect of the patterned mask on the CdTe deposition;
the area without patterning yields a random struc-
ture, whereas the patterned area results in an
ordered array. The CdTe grows selectively on the
CdS but not on the SiOy, due to the differential
surface mobility between the two surfaces. This is
consistent with the report bg Zhang and Bhat of
CdTe grown on Si and GaAs.”°

Figure 4 shows SEM images of selective-area
depositions of CdTe, illustrating the effect of CdTe
thickness and patterning size. Each column repre-
sents a distinct CdTe thickness of either 300, 750 or
1,000 nm from left to right. Each row corresponds to
a different patterning pitch of 2, 3, 4, 5 or 6 um,
respectively, from top to bottom. The magnification
of all the images is the same, so differences can be
appreciated better. In general, all the samples dis-
played good growth selectivity. However, note that
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Fig. 3. Plan-view SEM image of the boundary between the pat-
terned growth (left) and planar growth (right) of CdTe. This image
clearly shows the effect of the patterned growth mask.

the samples with a pitch of 6 ym showed signifi-
cantly more superfluous nucleation of CdTe on SiOs,
indicating that the diffusion length of Cd and Te
adatoms is probably around 3 ym (one-half the
pitch). As expected, the samples with the densest
films were the ones with smaller pitch and thicker
CdTe layer. In fact, the sample with 1,000 nm of
CdTe on a 2 um pitch shows the onset of coalescence
between the CdTe islands. Moreover, the samples
with the pitch of 2 ym were the most uniform in size
and shape.

Another interesting observation in this study was
that the shape of the CdTe islands mimicked the
shape of the opening in the SiO,. This is demon-
strated in Fig. 5, where the diamond shape of the
patterned SiO, was mimicked by the CdTe.
Research on microlenses has shown that highly
nonplanar features free from faceting can be pro-
duced through shadow-masked epitaxy. In this
research, the shape of the lenses is controlled by the
geometrical parameters of the mask.?’ The mask
appears to alter the flux of the deposited material
and this in turn governs the shape of the growing
crystal, overriding the energetics of the crystallo-
graphic facets. This is very important since it shows
that the ordered polycrystalline method can be used
to control the size and shape of CdTe crystals.

Finally, a cross-sectional view of a CdTe island
selectively grown on patterned SiOo/CdS/InSnO/
glass with a 4 um pitch is shown in Fig. 6. A sample
with a 2 ym pitch with 300 nm of SiO, was con-
tacted using a nitric—phosphoric etch followed by
CdCl, treatment'” and application of a graphite
paste and anneal at 150°C for 30 min in air. Con-
trast in the CdTe is caused by the orientational
differences of different crystal grains. Orientation
contrast can also be seen in the InSnO layer,
demarking crystal grains. Surface passivation of the
CdTe grains is known to be an important processing
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Fig. 4. Plan-view SEM images of ordered arrays of CdTe on CdS. The size of the patterning increases from top to bottom while the thickness of
the CdTe increases from left to right. The smaller patterning sizes yield more uniform growth. All scale bars represent 10 um.

parameter of high-performance cells. Usually this is
accomplished by heat treating the films in an
oxygen-containing environment to create a tellu-
rium-oxide surface layer. However, the tellurium-
oxide layer has been suspected of being unstable.
The proposed patterned structure will increase the
interface area between the CdTe and SiO, so the
nature of this interface is very important. It is
speculated that the SiOy has the potential to pas-
sivate the CdTe surface similar to the way it pass-
ivates silicon in microelectronics.

The short-circuit current density of the sample in
Fig. 6 was measured under AM1.5 conditions and
found to be 7 mA/cm® over an area of 0.7 cm?
(4.9 mA was measured on a 0.7 cm? contact). How-
ever, since the CdS/CdTe interface covers only one-
fourth of the area (a simple geometrical calculation
shows this), the actual current density through each
of the windows was 28 mA/cm?. To our knowledge,

Fig. 5. Optical microscope images of a patterned SiO, sample (left)
and an SEM image of selective-area growth of CdTe (right). In both
images, the features are diamond shaped, indicating that the growth
mimics the shape of the pattern. Scale bars represent 10 um.

this is the highest reported current density for
CdTe/CdS solar cells. This very high current density
implies that the quantum efficiency is very high
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Fig. 6. Cross-sectional SEM image of a patterned CdTe/CdS het-
erostructure on an ITO/glass substrate. The arrows bending down-
ward indicate a suspected funneling effect of the current. This
current-concentrating effect could lead to performance improvement
analogous to solar concentration.

and/or electrons are being generated throughout in
the CdTe and then funneled through the SiO,
openings as indicated by the blue arrows in Fig. 6.
The combined effects of uniform crystals and cur-
rent concentration could lead to significant perfor-
mance gains.

CONCLUSIONS

Structure, crystal perfection, and doping in
semiconductors are the principal parameters that
affect device characteristics. This is also true in
polycrystalline solar cells. However, controlling the
doping profile and structure uniformly in polycrys-
talline thin films is difficult due to the random
nature of grains and grain boundaries. This pre-
vents the desired optimum CdS/CdTe structure and
doping from being achieved. The best that can be
obtained is an average profile and structure with
some degree of statistical nonuniformity.

The ordered photodiode array approach was pro-
posed to overcome the problems inherent to random
polycrystalline thin films due to the dramatic
improvement in crystal uniformity. The approach
consists of two basic steps: the deposition of a SiOq
patterned dielectric layer and the selective-area
deposition of CdTe. CdTe grains grow selectively on
the CdS but not on the SiO, due to the differential
surface mobility between the two surfaces. Fur-
thermore, the CdTe mesa’s size and shape mimics
the shape of the window in the SiO,.

Measurements of the current density in the CdTe
were high at 28 mA/cm?. This implies that either
the quantum efficiency is very high or the electrons
generated throughout the CdTe are being funneled
through the SiO; opening. The former -case
implies very high crystal and interface quality. The
latter phenomenon could lead to performance
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improvements due to the current concentration that
is taking place analogous to solar concentration.

Interestingly, the ordered polycrystalline tech-
nique can be used for indexing an array of polycrys-
talline grains of CdTe, which could be treated as
separated diodes. By creating the indexed array,
studies on individual grains can be explored such as
doping concentration, defect density, IV and CV
characterization for individual diodes, and the cur-
rent funneling effect mentioned above. In addition,
the indexing technique could be used potentially to
study the effects of CdCl; treatment and Cu doping on
each grain. In summary, the ordered polycrystalline
approach has great potential for advancing the sci-
entific understanding of CdTe-based solar cells and
increasing their efficiency. The approach is generic
and could be applied to other material systems.
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