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MOCVD of Cd(1-x)Zn(x)S/CdTe PV cells using an ultra-thin absorber
layer

Abstract

Ultra-thin Cd(; - x)Zn(x)S/CdTe devices were produced by atmospheric pressure metal organic chemical
vapour deposition (AP-MOCVD) with varying CdTe absorber thicknesses ranging from 1.0 to 0.2 mm and
compared to baseline cells with total CdTe thickness of 2.25y. The ultra-thin CdTe layers (<1 pm) were
intentionally doped with As to induce p-type conductivity in the absorber. Cell performance reduced with
CdTe thickness, with the magnitude of photo-current generation loss becoming more significant for the very
thin CdTe layers. The decline in cell performance was lower than the optically limited performance relating to
a decrease in shunt resistance, Rsh, especially for the thinnest cells due to areas of incomplete CdTe coverage
and large presence of pin-holes leading to micro-shorts. Incorporation of Zn into the CdS window layer
improved cell performance for all devices except when 0.2 pm thick CdTe was used. This improvement was
markedly in the blue region owing to enhanced optical transparency of the window layer. External quantum
efficiency (EQE) measurements showed a red-shift of the window layer absorption edge due to leaching out
of Zn during the CdCl, treatment. Reduction of the CdCl, deposition time was demonstrated to recover the
blue response of the ultra-thin cells.
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MOCVD of Cd(1.xZnxS/CdTe PV cells using an ultra-thin absorber
layer

A. J. Clayton,* S.J.C. Irvine, E.W. Jones, G. Kartopu, V. Barrioz, W.S.M. Brooks

Centre for Solar Energy Research, Glyndwr University, OpTIC Glyndwr, St. Asaph Business Park,
Denbighshire, UK. Fax: 44 1745 535101; Tel: 44 1745 535213; * a.clayton@glyndwr.ac.uk.

Ultra-thin  Cd(1ZnxS/CdTe devices were produced by atmospheric pressure metal organic
chemical vapour deposition (AP-MOCVD) with varying CdTe absorber thicknesses ranging from 1.0
to 0.2 um and compared to baseline cells with total CdTe thickness of 2.25 um. The ultra-thin CdTe
layers (< 1 um) were intentionally doped with As to induce p-type conductivity in the absorber. Cell
performance reduced with CdTe thickness, with the magnitude of photo-current generation loss
becoming more significant for the very thin CdTe layers. The decline in cell performance was lower
than the optically limited performance relating to a decrease in shunt resistance, Ry, especially for the
thinnest cells due to areas of incomplete CdTe coverage and large presence of pin-holes leading to
micro-shorts. Incorporation of Zn into the CdS window layer improved cell performance for all devices
except when 0.2 um thick CdTe was used. This improvement was markedly in the blue region owing
to enhanced optical transparency of the window layer. External quantum efficiency (EQE)
measurements showed a red-shift of the window layer absorption edge due to leaching out of Zn
during the CdCl, treatment. Reduction of the CdCl, deposition time was demonstrated to recover the
blue response of the ultra-thin cells.

Keywords: thin film photovoltaics; CdTe; MOCVD.

1. Introduction

Reduction of the CdTe absorber layer thickness in thin film CdS/CdTe photovoltaic (PV) solar cells
is an attractive prospect due to limited availability and the rising price of Te with regards to very high
volume PV module manufacture in the future. Another advantage is that overall material consumption
will decrease along with module production costs. The challenge in using ultra-thin absorber layers is
to avoid pin-hole formation so as to maintain the photo-current generation and overall cell
performance to the optical absorption limits. A theoretical study by Amin et al. [1] showed that the
majority of carrier generation in the PV cell occurred close to the CdS/CdTe junction and reduced by
two orders of magnitude within the first 1 um of the CdTe absorber layer. Depending on its size, a
pin-hole running from the back contact through the p-n junction and window layer to the front contact
can either diminish or even destroy the cell performance. Hence, CdTe thicknesses from 2 - 10 um
are typically adopted. To further reduce the CdTe thickness without compromising the (ultra) thin film
quality, a controllable process capable of producing uniform layers, such as metal organic chemical
vapour deposition (MOCVD) [2 - 8], must be used.

Irvine et al. [2] investigated the potential towards reducing absorber layer thicknesses in CdS/CdTe
solar cells concluding that comprehensive substrate cleaning was required to minimise pin-hole
formation. A following study conducted by Jones et al. [3] on solar cell performance of ultra-thin
CdS/CdTe PV cells, employing CdTe absorber thicknesses ranging from 1 pum down to 0.2 pm,
showed that the reduction of CdTe thickness had little effect on the series resistance. This indicated
that the barrier at the back contact was unaffected by the close proximity of the p-n junction.
Nevertheless, cell efficiency was observed to decrease as the CdTe thickness reduced, characterised
with low open circuit voltage (V) and low fill factor (FF) due to increased shunting (low shunt
resistance). Another factor could have been recombination at the back contact, as identified by
Plotnikov et al. [9] using current density-voltage J-V vs. temperature (J-V-T) measurements, who also
found bifacial illumination to be majorly significant for ultra-thin CdTe PV cells. Over-treatment of
ultra-thin CdS/CdTe cells during CdCl, processing and diffusion of Cu for Cu/Au back contact
formation was also observed by Gupta et al. [10] to be detrimental to cell performance, due to out-
diffusion of Cu from the back contact into the region of the junction. It was found that CdCl, treatment
could be reduced to a lower arbitrary level whilst the Cu diffusion time was the most critical parameter
having the most influence on the end cell performance.



In the current study we investigated in detail the influence of processing conditions on the
performance of ultra-thin MOCVD Cd(1.,ZnxS/CdTe solar cells. Use of CdyZnyS was first
demonstrated by Chu et al. [4] with reported increase in window layer band gap (Eg) from 2.4 eV to
~2.8 eV. However, the resulting solar cells only gave reasonable PV performance when an
intermediate Cd(1\ZnxTe layer was incorporated between the Cd(1.4ZnxS/CdTe interface. Irvine et
al. [5] were able to show the benefit of the window layer (reporting E4 ~2.7 eV) for Cd(1.4ZnxS/CdTe
cell structures, using a baseline absorber thickness of 2.25 um. The inclusion of a CdZnS
window layer by Jones et al. [3] adopting the method of Irvine et al. [5] resulted in improved cell
performance for a 1 um thick CdTe device. Herein, a systematic comparison is made between
MOCVD ultra-thin devices utilising CdS and Cd1.4ZnxS window layers, with characterisation of cell
performance as a function of CdTe absorber thickness.

2. Experimental

2.1. MOCVD growth process

Cd(1-0ZnxS/CdTe solar cells were deposited onto commercial ITO coated aluminosilicate glass
substrates using MOCVD at atmospheric pressure (AP-MOCVD). The substrates for the ultra-thin
devices were 2.5 x 5.0 cm® with ITO sheet resistance 5 - 15 Q/.1 supplied by Delta-Technologies Ltd.
and were static within the reactor chamber. The deposition used a horizontal configuration and
purified H, as carrier gas with growth temperatures in the range 200 - 420 °C. The Cd, Zn, S, Te, As
and CI precursors were dimethylcadmium, diethylzinc, ditertiarybutylsulphide, diisopropyltelluride,
trisdimethylaminoarsine and tertiarybutylchloride, respectively. An in situ triple wavelength laser
reflectometer manufactured by ORS Ltd. was used to monitor the growing layer thickness and
deposition rate for all window and absorber layers.

The baseline process utilises an As concentratlon of 2 x 10" atoms/cm? for the bulk CdTe absorber
layer, W|th increased As-doping at 1 x 10" atoms/cm? for the back contact layer (BCL) giving the cells
a npp’ type structure [6] improving the ohmic characteristics of the Au back contact, which may be
due to a reduction of carrier recombination in this region [11]. CdCI, treatment was carried out in situ
after growth of the CdTe layers [7], which comprised of a CdCl, deposition followed by an anneal
under H, at 420°C. Therefore the MOCVD process for producing the thin film solar cells was
continuous, using a single growth chamber.

A constant window layer thickness of 0.24 um was used for all baseline and ultra-thin devices. This
thickness has been shown [12, 13] by triple wavelength laser beam induced current (LBIC)
measurements to give optimum photo-current generation in CdTe. Thinner window layers resulted in
a more variable nucleation of MOCVD Cd(y.,Zn,S and were more susceptible to formation of
localised ITO/CdTe junctions, with |nfer|or characteristics to Cd1.,ZnS/CdTe Junct|ons

The baseline device was 5.0 x 7.5 cm? with sixteen Au contacts each of 0.25 cm in area, whereas
the devices with CdTe thickness 0.5 and 1 um were grown over two 2.5 x 5.0 cm? substrates placed
side-by-side with eight Au contacts on each also having 0.25 cm? in area for direct comparison to
baseline cell results. Mean results have been used from J-V measurements taken from the sixteen
cells. Only one 2.5 x 5.0 cm? substrate was used for the thinnest device with 0.2 um thick CdTe due
to increased and non-negligible variation in CdTe thickness (with distance from the precursor inlet)
over two substrates. Mean J-V results for the thinnest device were therefore taken from eight cells.

2.2. Characterisation and cell details

Combined thickness of the window and treated absorber layers was measured near each cell for the
series of devices using a Veeco Dektak stylus 150 profilometer after exposing the indium tin oxide
(ITO) front contact to verify thickness measured by the in situ laser reflectometer. The J-V
measurements were carried out with only front (junction-side) illumination under AM1. 5 using an Abet
Technologies Ltd. solar simulator with light power density output equal to 100 mW/cm? measured with
a broadband thermopile power meter calibrated using a mono-FZ-Si reference cell. External quantum
efficiency (EQE) measurements were carried out using a Bentham spectral response spectrometer
under unbiased conditions over the spectral range 0.3 - 1 um. Secondary ion mass spectroscopy
(SIMS) was carried out at Loughborough Surface Analysis Ltd. using a Cameca ims 4f instrument
with O," as the primary ion using a current of 500 nA and energy of 10 keV for positive secondary ion
detection. The raster area over the samples was 200 um?” with an analysed area of 60 um?’.



A previous investigation [3] reported that the BCL was not necessary for a CdS/CdTe cell with
absorber thickness of 1 um to overcome rollover behaviour in J-V measurements, enabling use of a
simplified np type cell structure. Therefore, cell performance of a series of ultra-thin Cd..
»ZNxS/CdTe devices with np type structure having CdTe thickness ranging from 0.2 to 1 um has
been investigated in comparison to equivalent CdS/CdTe devices. For the thin cell structures with
CdTe thickness < 1 um the CdCl, deposition time was reduced by half relative to the baseline process
which used the npp” cell structure with total CdTe absorber thickness of 2.25 pm.

3. Results & Discussion
3.1. J-Vresults

Mean results for PV performance of the ultra-thin cells displayed in Table 1 show an evident
deterioration in all J-V parameters as the CdTe thickness was reduced. This is due, in part, to
reducing photo-current generation as the absorber layer thickness became much smaller than the
photon absorption length, which was the case for cells with either a CdS or Cdy.ZnS window layer.
However, the wider band gap Cd(1.xZnxS window layer increased short current density (Js) for all cell
thicknesses as expected from the increased photo-generation from the blue region.

Table 1: Mean J-V results with standard deviation for CdS/CdTe and Cd.yZnyS/CdTe cells with
CdTe absorber thicknesses ranging from 2.25 to 0.2 um.

Window CdTe (um) Eff(%) J..(mA/cm?) Vi (mV) FF (%)
Cds 2.25+-015 9.0+-07 214 +-08 656 +-82 64.1+-37
1.0+-010 6.8+-12 20.0 +-0.4 564 +-54 59.0+-6.4
0.5+-007 58+-15 18.0 +-1.1 548 +-54 57.3 +-103
0.2+-004 23+-08 11.9+-03 445 +-12 43.0+-93
CdZnS 2.25+-015 10.9+-05 23.3+-03 665+-26 T0.4+-13
1.0+-013 8.9+-02 21.5+-04 622 +-8 66.1+-1.0
0.5+-007 6.9+-05 19.4 +-05 579 +-10 61.5+-35
02+-003 22+-12 156 +-08 370+-100 35.1+/-93

The series resistance (Rs) and shunt resistance (Rg,) calculated as an average from the J-V curves
for different CdS/CdTe and Cd.4ZnxS/CdTe cell thicknesses are shown in Table 2. It can be seen
that R is not affected, in agreement with Ref. 3, by the shorter distance between the back contact and
p-n junction with reduced absorber thickness.

Table 2: Mean series (Rs) and shunt resistance (Rs,) values with standard deviation for cells with
CdTe absorber thicknesses ranging from 2.25 to 0.2 um calculated from J-V curves for CdS/CdTe
and Cd(1_X)Zn(X)S/CdTe PV cells.

Window CdTe (pm) R, (Q-cm?) Rg,(Q-cm?)
Cds 2.25+-0.15 38+-09 1684 +-968
1.0 +-0.10 3.7 +w-07 684 +/- 229

0.5+-007 2.1+-04 389 +-207

0.2 +-0.04 2.1 +-0.1 109 +-62

CdzZnS 2.25+-0.15 2.6+-0.1 1573 +/- 458
1.0 +-0.13 2.1+-02 1087 +/-122

0.5 +-0.07 2.0+-04 453 +/- 116

0.2 +/-0.03 2.1+-02 56 +/- 43

With the exception of the thinnest cell structure, all J-V parameters were increased for the Cd;.
»ZNxS/CdTe cells relative to the CdS/CdTe cells. J-V parameters for the Cd1.,Zn,S/CdTe cells with
1 um thick CdTe are comparable to the CdS/CdTe cells with baseline CdTe thickness of 2.25 um.



At each absorber thickness, for the two cell structures, there is a direct correlation between V., and
FF, where both decrease for thinner absorbers. The Cd.4ZnxS/CdTe cell structure had higher V.
and FF for the majority of absorber thicknesses, with the exception of the thinnest device where
values dropped relative to the CdS/CdTe cell structure. This reflects the poor overall performance of
the thinnest devices, with little difference between the Cd1.,ZnS/CdTe and CdS/CdTe counterpart,
despite enhancement in Jg. for the former cell structure.

The cause for the deterioration in the J-V parameters could be explained by the presence of micro-
shorts [8, 12, 13] in the cells due to incomplete coverage of the CdTe, becoming more prominent as
absorber thickness is reduced and being most severe at 0.2 um. The presence of micro-shorts is
supported by the significant fall in Rq, for the ultra-thin cells with CdTe absorber < 1 um. For the
baseline CdS/CdTe cells, the larger R; may be contributing to the reduced FF relative to the Cd..
»ZNxS/CdTe cells, where Rg, for both cell structures is > 1500 Q.cm?. Table 1 shows that whilst the
Cd(1-0ZNnxS/CdTe cells with 0.2 pm thick CdTe seem to have suffered more with non-uniformities
across the device, with a resulting fall in V.. and FF, there is a dramatic drop in Js. for the equivalent
CdS/CdTe cells. The Jg is still relatively high at 15.6 mA/cm? for the Cd(1-¢ZnxS/CdTe cells, even
though the absorber is reduced in thickness tenfold from the baseline device. Therefore, a small gain
in photo-current can still be observed even for these ultra-thin cells with the use of the wider band gap
Cd(1-0ZnxS window layer. This clearly illustrates the benefit of the improved blue response and is an
exciting result demonstrating the potential for using less CdTe in PV cells.

Fig. 1 shows dark J-V curves for the Cd1.4ZnxS/CdTe structures, where the cells with absorber
thicknesses down to 0.5 um show good rectification. The cell with 0.2 um thick CdTe, however, is
showing poorer diode characteristics with a strong shunted behaviour. This further supports the
presence of micro-shorting correlating with the low Rg,. A similar trend for the CdS/CdTe cells was
observed in the J-V curves.

200
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(\‘E -4
o -
g 100 A
S 1
) 1
50 1
SCE o5 &
50 J
Voltage (mV)

Fig. 1. Dark J-V curves for Cd(1.,ZnxS /CdTe cells with CdTe absorber thicknesses ranging from 2.25
to 0.2 um.

The decrease in cell efficiency as the CdTe layer thickness was reduced is illustrated in Fig. 2 with a
gradual change from the baseline device down to the devices with 0.5 um CdTe absorber for both
Cd(1-9ZnxS/CdTe and CdS/CdTe cell structures, with a more rapid fall when the absorber was 0.2 um
in thickness. The loss in cell efficiency is greater than that expected from just optical absorption
limited performance where 8% efficiency was predicted for a 0.5 pm thick CdTe cell [3]. This is
explained by electrical degradation in performance due to the presence of micro-shorts in the ultra-
thin cells. Degradation of Cd.\ZnS/CdTe cell performance as the CdTe thickness was reduced
follows a similar pattern to that observed by Jones et al. [3] for CdS/CdTe solar cell devices.
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Fig. 2. Mean and best efficiencies with standard deviation error for Cd1.9ZnS/CdTe and CdS/CdTe
cell for CdTe absorber thicknesses ranging from 2.25 to 0.2 um.

3.2. Spectral response

External quantum efficiency (EQE) of the Cd(.4Zn,S/CdTe PV cells was observed (Fig. 3) to
decrease with CdTe thickness over the main photon absorption range. Previous reports [1, 10]
however, discussed a large loss at longer wavelengths due to decreasing photon absorption for
increasing wavelength up to the band edge. This expected optical absorption related EQE behaviour
has not been observed here. The uniform reduction in EQE over the red and near infrared
wavelengths (Figs. 3 and 4) as the CdTe absorber thickness was reduced is consistent with the
presence of micro-shorts that increase in density with thinner CdTe.

100 4 —-CdTe=0.2um
90 1 —-CdTe=0.5um
80 1 it =\ —-CdTe=1.0um
70 A : —CdTe = 2.25um
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Fig. 3. Spectral response in terms of EQE for Cd.ZnS/CdTe cells as function of CdTe absorber
thickness between 0.2 and 2.25 um.

The EQE data in Fig. 3 also exhibits a clear red-shift in the short wavelength absorption edge (due
to the window layer) as the CdTe absorber layer thickness was reduced. This result is found to be
reproducible both among different cells on the same sample and specimens produced from different
growth runs. Interestingly, however, the EQE curves of the equivalent CdS/CdTe cells (Fig. 4) did not
show any shift in window layer absorption edge with absorber thickness. However, the EQE curves
for these cells showed the same behaviour in the red and infrared for decreasing absorber thickness
as for the Cdy.4ZnS/CdTe cells.
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Fig. 4. Spectral response spectra showing EQE curves for CdS/CdTe cells with CdTe absorber
thicknesses ranging from 2.25 um to 0.2 um.

During CdCl, treatment and post-anneal, it is known that an intermixed alloy layer of CdS,Te
forms [14, 15] at the interface, with Te diffusing into the CdS layer and S diffusing into the CdTe layer,
and has been reported to occur more quickly in cells with thin CdTe [10]. If the level of intermixing
varied for cells with different CdTe thicknesses, EQE of both CdS/CdTe and Cd1.,ZnS/CdTe cells
would show an increase in EQE in the blue region due to the effective decrease in window layer
thickness. This is not observed for either cell structure (Figs. 3 and 4) ruling out significant intermixing
between the Cd(1.4ZnxS and CdTe layer interface as the cause of shift in window layer absorption
edge towards longer wavelengths.

Therefore, based on the evidence, the shift in EQE short wavelength edge for the Cd.,ZnxS/CdTe
cells is more likely due to diffusion of the Zn out of the window layer at the junction interface, leading
to the observed red-shift. This will result in the overall window layer having less Zn content, giving the
shift of the absorption edge towards that expected for CdS (comparing Figs. 3 and 4). The
mechanism for Zn diffusion from the window layer maybe related to the CdCl, anneal step. As
mentioned in section 2.2, CdCl, deposition time was reduced by half for all ultra-thin devices from the
parameters used for the baseline cells (irrespective of the absorber layer thickness), keeping the
thermal anneal the same at 10 min. As the CdTe absorber thickness is reduced, the extent of Zn
leaching out of the window layer is increasing at the same time as the Cl concentration is increasing.
Additionally, over-treatment with CdCl, has been reported by Burgelman et al. [16] to introduce a high
density of deep acceptor states having a profound effect on measured spectral response. By keeping
a constant thickness and anneal time for the CdCl, treatment, the ultra-thin CdTe layers would have
had an increasing concentration of Cl as the possible cause for Zn leaching. To summarise, the EQE
curves for the ultra-thin cells support the following traits:

i. The decrease in EQE in the red and near infrared was uniform across this wavelength range and
did not follow the expected loss of absorption with wavelength;

ii. The additional effects of micro-shorts caused by an increased number of pin-holes, as the CdTe
absorber thickness was reduced, resulted in performance of the ultra-thin cells being lower than
the optically limited performance;

iii. Window layer thickness did not vary as the CdTe absorber layer thickness was reduced;

iv. The clear red-shift of the window layer absorption edge for Cd1.,ZnxS/CdTe cells with
decreasing CdTe absorber layer thickness has been attributed to CdCl, treatment leaching out
Zn from the Cd(1.0ZnxS window layer.

3.3. Investigation of CdClI, treatment

In order to investigate the Zn leaching effect, CdCl, deposition thickness and anneal time were
varied for the treatment of Cd(1.,ZnxS/CdS cells, with CdTe absorber thickness of 0.5 um; these cells
showed good back contact quality without roll-over in the J-V curves as well as having a clearly
identifiable shift in the front absorption edge (see Figs. 1 and 3). Spectral response of the Cd.
0ZNxS/CdS cells with 0.5 pm thick CdTe are shown in Fig. 5 with the details of the different CdCl,



deposition and anneal parameters for the different devices, labelled Sample A — D, displayed in Table
3 (Sample A being the Cd(1.4ZnxS/CdTe device from the results discussed earlier in this paper). A
device without any post-growth treatment (labelled Control) was also produced to compare EQE with
no Cl at the Cd14ZnS/CdTe interface.
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70 —-Sample D
< 60 4 ----Control

w 40 A
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Fig. 5. Spectral response (EQE) for Cd(.»ZnS/CdTe cells with 0.5 um CdTe absorber and different
post-growth CdCl, and anneal treatment, with Control cell having no post-growth treatment and
baseline cell with standard post-growth treatment.

Table 3: Mean results with standard deviation error from J-V measurements for Cd1.yZnyS/CdTe
cells with 0.5 um thick CdTe absorber with different post-growth CdCl, and anneal treatment.

sample I:::;;I(T;) Eff (%) Joo (mAfem?) Vee (MV)  FF (%)
A 179/600 6.9 +-05 19.4 +-05 579 +-10 61.5+-35
B 179/120 4.3 +-21 18.8 +-0.4 467 +-126 46.3 +-142
C 80 /600 6.2 +-05 18.3 +-05 548 +-17  60.1 +-4.7
D 80/120 6.8 +-0.2 19.6 +-0.3 545 +-11 63.4 +-1.1

Control zero/zero 2.6 +-05 111 +-07 483 +-7 479 +-42

The EQE curves in Fig. 5 show that there was no change in window layer absorption edge for
Sample B (compared to Sample A), which only had a reduction in anneal time from 10 to 2 min. For
Sample C, the CdCI, deposition time (and hence thickness) was reduced in proportion to the CdTe
thickness with regards to the baseline sample parameters, but the anneal time was held at 10 min.
Fig. 5 clearly shows that the reduction of CdCl, deposition time (i.e. CdCl, thickness) resulted in a
reduction in the red-shift observed for Sample C. The window layer absorption edge is comparable to
that of the ‘Control’ sample demonstrating that the reduced CdCl, deposition has diminished the effect
of Cl leaching out the Zn from the Cdy.Zn S layer.

Sample D represents post-growth treatment using both the reduction in CdCl, deposition time and
duration of anneal. Table 3 shows that J-V results for Samples A and D are comparable, despite the
gain of blue photon conversion in Sample D, which is compensated by the reduced photo-current
generated in the red region. The shorter anneal time has improved J-V parameters relative to Sample
C, but there is no clear trend that can be obtained from these results. Both the amount of CdCl,
deposited and the CI diffusion time during anneal are having an effect on spectral response of the
cells but further optimisation will be required. The results do, however, show clearly that the
parameters of the post-growth treatment process have had a major effect on the cell performances of
the ultra-thin Cd;.4ZnS/CdTe cells, explaining why the window absorption edge shifts towards
longer wavelengths as the CdTe absorber thickness reduces.

SIMS was carried out (Fig. 6) on Sample A and Sample C to assess differences in Zn content
between the CdTe and Cd(1.4ZnxS layers for the two samples as a ratio of intensity (counts/second)
in each layer.
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Fig. 6: SIMS traces of Samples A and C showing Zn depth profiles through the device structure.

The Zn secondary ion count for Sample A as a ratio in the Cd(1,0ZnS and CdTe layers was
calculated to be 3583:1, whereas this ratio was found to be 11352:1 for Sample C, thus
demonstrating that the Zn content had reduced by more than threefold in the window layer for Sample
A relative to Sample C due to greater CdCl, treatment. Further investigation of the post-growth
treatment is required in order to improve ultra-thin cell performances, which will be an ongoing study
for future work.

4. Conclusions

Solar cell performance improved with CdTe absorber thicknesses down to 0.5 um when using the
wider band gap Cd1.xZnS window layer in comparison to equivalent CdS/CdTe structures due to
better response in the blue region. All J-V parameters, with exception of Rs, degraded with CdTe
thickness, being more pronounced than if cell performance was only optically limited, resulting in the
loss of photo-current generation becoming more and more significant as CdTe became thinner. In
particular, Rs, became very low for the thinnest cells due to greater lateral non-uniformity across the
device creating a larger number of pin-holes resulting in increased micro-shorts. Ultra-thin cells using
the Cd(1-.ZnxS/CdTe structure lost the benefit of improved blue response due to leaching of Zn from
the window layer associated with the CdCl, treatment process. Reduction of the CdCl, layer
thickness has been shown to recover blue-response in the ultra-thin Cd.ZnS/CdTe cells, which
should result in higher conversion efficiencies for the Cd;.ZnS/CdTe PV cells once optimised.
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