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The distribution of impurities in the interfaces and window layers
of thin-film solar cells
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We report a systematic multielement study of impurities in CdS window layers by dynamic and
quantitative secondary-ion-mass spectrometrysSIMSd with high depth resolution. The study was
carried out on CdTe/CdS solar cell structures, with the glass substrate removed. The analysis
proceeded from the transparent conductive oxide free surface to the CdTe absorbing layer with a
view to examining the influence of the CdCl2 heat treatment on the distribution and concentration
of impurities in the structures. Special attention was paid to the impurities present in the CdS
window layer that may be electrically active, and therefore affect the characteristics of the CdTe/
CdS device. It was shown that Cl, Na, and Sb impurities had higher concentrations in CdS following
cadmium chloride sCdCl2d heat treatment while Pb, O, Sn, and Cu conserved the same
concentration. Furthermore, Zn, Si, and In showed slightly lower concentrations on CdCl2

treatment. Possible explanations of these changes are discussed and the results compared with
previous SIMS measurements from the “back wall”si.e., from the CdTe free surface through the
glass substrated obtained from the same structures. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1921344g

I. INTRODUCTION

The conventional processing of semiconductors relies on
the ability to control impurities which are usually present in
the devices at higher concentrations than are in the starting
materials. The use of polycrystalline thin films for solar cells
aims to reduce the cost by utilizing lower grade source ma-
terials. The irreproducibility of the characteristics of such
devices and their degradation have yet to be addressed.

Postgrowth annealing-induced activation of thin-film
CdTe/CdS solar cells with CdCl2 represents a crucial step in
the device fabrication process. This treatment has been
shown to affect not only the CdTe absorbing layer but also
the CdS window layer, leading to a change in the cell
characteristics.1 It is the impurities in the window layer that
are the subject of this paper.

The effect of impurities present in the CdS window layer
on CdTe-based solar cell devices has not been thoroughly
investigated, and it is not yet fully understood in terms of
their influence on the efficiency, stability, and lifetime of
these devices.2 Nevertheless, some particular studies point to
the importance of impurities in this context. For example, the
photovoltaic characteristics of CdTe/CdS solar cells fabri-
cated using boron-doped CdS were shown to improve due to
the increase of the electrical conductivity and the optical
band gap of the CdS with doping.3 Also, some test cells
composed ofp-type Cu-doped CdS andn-type CdS layers
were fabricated and their photovoltaic response attributed to
a homojunction.4 Indirect effects have also been noted: for
example, CdS surface contamination and chemical composi-

tion were shown to depend on the growth method used.5

Additionally, the surface morphology and pretreatment of the
transparent conductive oxidesTCOd have been found to af-
fect the physical properties of the CdS film subsequently
deposited on it, eventually changing the performance of
CdTe/CdS solar cells.6

Despite the importance of impurities in semiconductors,
few attempts to measure them in CdTe/CdS devices have
been reported in the literature. In particular, there is little
systematic or quantitative work, with secondary-ion-mass
spectroscopysSIMSd, profiles on entire device structures be-
ing generally restricted to a few impurity elements and done
through the “back wall,” i.e., proceeding from the CdTe sur-
face. This back wall approach has limitations—principally a
poor depth resolution due to the roughness of the back sur-
face and the large depth that has to be profiled to get to the
buried CdTe/CdS interface. To overcome this difficulty, pol-
ished CdTe surfaces were used,7 but only one SIMS analysis
from the “front wall,” i.e., by sputtering from the TCO to the
semiconductors, has been reported.8

This paper reports a systematic quantitative study of im-
purities in the window layers of CdTe/CdS/TCO/glass solar
cells, this also being done with sufficient depth resolution to
identify interface effects. This was achieved by dynamic and
quantitative SIMS of CdTe/CdS/TCO/glass structures in the
front wall geometry after the removal of the glass substrate.
The analysis was then performed from thesflatd TCO free
surface through the CdTe absorbing layer. Particular empha-
sis was placed on the potentially electrically active impuri-
ties present in the CdS window layer especially those likely
to originate from the CdCl2 heat treatment; it is these impu-
rities that are likely to affect the device performance.adElectronic mail: m.emziane@dur.ac.uk
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In this way the distributions and concentrations of a
number of impurities in the window layer of CdTe/CdS/
TCO/glass cells were determined with higher precision than
before.

It was found that Cl, Na, and Sb impurities had higher
concentrations in CdS following CdCl2 heat treatment while
Pb, O, and Cu conserved the same concentration. While Na
and Si were apparently concentrated at the CdS interfaces in
the as-grown structures, they had a concentration peak in the
CdS after treatment. Also, Zn, Si, and In showed slightly
reduced concentrations on the CdCl2 heat treatment. Te dif-
fusion into the CdS layer on the CdCl2 heat treatment was
also measured.

The potential origins of these impurities and their con-
centration changes are discussed. For instance, it was shown
that Si and Na were originating mainly from the glass sub-
strate during the growth and/or processing steps, and that In
and O were due mostly to the TCO. A useful comparison was
made between the present results and the SIMS measure-
ments previously obtained on similar structures from the
back wall.9 Moreover, the displacement of the positive- and
negative-ion concentration peaks reported earlier10 and the
accumulation of Sb at the CdS/TCO interface11 are called
into question.

II. EXPERIMENT

The TCO sIn2O3:F, nominally 800 nm thickd and CdS
snominally 150 nm thickd layers were grown by sputtering
with a typical substrate temperature of 500 and 200 °C, re-
spectively. The target purity was 99.999% for In2O3 and
99.99% for CdS. We used two uncontacted CdTe/CdS/TCO/
glass solar cell-like structures fabricated separately using
nominally identical conditions. The deposition and process-
ing conditions were the same as reported earlier in more
detail.9 Polycrystalline CdTe films were deposited on the
CdS/TCO/glass substrates by close-space sublimationsCCSd
technique. The substrate and source temperatures during the
deposition were kept at 500 and 650 °C, respectively. The
deposition rate was adjusted at about 2µm/min and the
thickness of the CdTe films was approximately 8–10µm.
Both structures had their CdTe layer deposited using a start-
ing CdTe material of 7N puritysi.e., 99.999 99%d and one of
them only was then heat treated with CdCl2 sthermally
evaporated 150-nm-thick CdCl2 layer, 99.9% pured at 400 °C
in air for 30 min, and subsequently chemically etched with
Br2-methanol solution. This was carried out in order to study
the effect of the CdCl2 and chemical etching process on the
impurity distribution in the whole solar cell structure. To
enable a SIMS investigation of both samples from the front
wall side, i.e., from the TCO layer through the CdS and CdTe
layers, the glass substrates were removed by a combined
mechanical and chemical polishing procedure. To do so, the
CdTe surfaces of the 1-cm2 samples were stuck to aluminum
plates using conductive epoxy to avoid charging during the
SIMS measurements. Most of the glass was removed by me-
chanical polishing and during the removal of the remainder
with 40% HF acid, the TCO layer acts as an etch-stop bar-
rier.

The SIMS depth profiles were performed using a Cam-
eca ims-4f system on both the untreated and CdCl2 heat-
treated CdTe/CdS/TCO structures. Profiles of208Pb, 128Te,
121Sb, 118Sn, 115In, 66Zn, 63Cu, 37Cl, 34S, 28Si, 23Na, and18O
were recorded. Ion-implanted undoped CdS standards were
depth profiled to determine the “useful ion yields” of the
elements and were used to perform quantitative interpreta-
tion of the raw data recorded through the use of relative
sensitivity factorssRSFsd. Implantations were performed at
room temperature using a 200-keV implanter and low doses
were used to obtain a maximum concentration level of
1018 cm−3 for all the species considered. An oxygen primary
beam was used to determine the positive-ion yield and a
cesium primary beam for the negative ions. Energies and
analyzed crater areas were as follows: 14.5 keV and,60
360 mm2 for Cs+, and 8 keV and,1503150 mm2 for O2+.

III. RESULTS

During the SIMS profiling it became clear that although
the layers were nominally identical, the thicknesses of both
the TCO and CdS layers were thinner in the processed
sample than in the as-grown one. For ease of comparison, the
SIMS data presented in Figs. 1–4 are therefore shifted so that
pairs of profiles are aligned at the CdS/TCO interface. More-
over, it should be noted that for some SIMS runs presented
here, the complete structure was profiled, i.e., from the TCO
all the way through the back wall of the CdTe. These profiles

FIG. 1. Impurity species showing an increased concentration following the
CdCl2 heat treatment. The SIMS depth profiles of Cl, Na, and Sb impurity
atoms for the CdTe/CdS/TCO structures untreatedsad and CdCl2 heat treated
sbd. The TCO free surface is nearest the zero end, and the approximate
locations of the interfaces are shown by the vertical solid lines. The profiles
of the treated structure were shifted forward to align with those of the
untreated sample at the CdS/TCO interface.
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may be recognized since the apparent concentrations of the
elements profiled rise slightly as the back wall of the CdTe is
approachedfe.g., as for Na in Fig. 1sbdg.

The SIMS depth profiles of Na, Sb, and Cl atoms in the
untreatedsi.e., as-grownd and CdCl2 heat-treated CdTe/CdS/
TCO structures are shown in Fig. 1. These three species ex-
hibit an increased concentration in the treated sample as
compared to the untreated one. In the CdS layer, the concen-
tration increases from 2.831018 to 1020 cm−3 for Cl and
from 231018 to 1019 cm−3 for Sb. Na shows a very slight
increase, from 331019 to 431019 cm−3. Similar results were
obtained when the same elements were investigated from the
CdTe free surface through the glass substrate9 si.e., from the
back wall of the structuresd. However, additional precision is
obtained in the front wall geometry—the structure of the Na
profile is discussed in Sec. IV.

Figure 2 displays the SIMS depth profiles of Pb, O, and
Cu atoms in the untreated and CdCl2 heat-treated CdTe/CdS/
TCO structures. These three species have their concentration
profile largely unchanged following the CdCl2 heat treat-
ment. The concentrations are 1017 and 331017 cm−3 for Pb
and Cu, respectively. For O, the concentration decreases
from s3–6d31022 cm−3 near the CdS/TCO interface to
s3–6d31019 cm−3 near the CdTe/CdS interface, the trend be-
ing the same before and after the heat treatment. Profiles of
Sn are not shown because they overlap each other, do not
show any peaks, and are noisy around 1017 cm−3, below the
Sn detection limit. In our previous SIMS study from the back

wall,9 these four impurity elements showed a constant con-
centration in CdTe on the CdCl2 heat treatment.

The SIMS depth profiles of Zn, Si, and In atoms are
shown in Fig. 3 for both the untreated and CdCl2 heat-treated
CdTe/CdS/TCO structures. Surprisingly, Zn, Si, and In show
apparent small decreases in concentration in CdS upon the
CdCl2 heat treatment in comparison to the untreated samples.
Within CdS, the concentrations ares2–5d31019 cm−3 for Zn,
s1–2d31018 cm−3 for Si, and 1019–1022 cm−3 for In. The de-
tection of Zn and Cu in CdTe and the TCO was limited by
the detection limit in these layers, with the profiles being
characteristically noisy and flat.

The SIMS profiles for Te and S atoms in both CdTe/CdS/
TCO structures are shown in Fig. 4. The different layers and
approximate interfaces are shown in all the figures. The
depth scale is accurate from the TCO free surface to the
CdS/TCO interface as the sputtering rate of TCO was used to
generate the depth scale. Since the TCO sputtering rate is
different from the CdS and CdTe rates, the total depth sput-
tered in the CdS and CdTe layers is therefore different from
that shown in all the figures.

Overall, the front wall SIMS profiles shown in the fig-
ures exhibit less surface tailing compared to the profiles re-
corded for two similar structures from the CdTe back surface
and reported earlier.9 An additional advantage is that the po-
sitions and widths of the buried CdS/TCO and CdTe/CdS
interfaces, together with the approximate thickness of the
different layers, are more accurately determined here in com-

FIG. 2. Impurity species which have an unchanged concentration after
CdCl2 heat treatment. The SIMS depth profiles of Pb, O, and Cu impurity
atoms for the CdTe/CdS/TCO structures untreatedsad and CdCl2 heat treated
sbd. The profiles of the treated structure were shifted forward to match those
of the untreated sample at the CdS/TCO interface. The TCO free surface is
taken as depth zero and the approximate locations of the interfaces are
shown by the vertical solid lines.

FIG. 3. Impurity species showing a reduced concentration after the CdCl2

heat treatment. The SIMS depth profiles of Zn, Si, and In impurity atoms for
the untreated and CdCl2 heat treated CdTe/CdS/TCO structures. The profiles
of the treated structure were shifted to match those of the untreated sample
at the CdS/TCO interface. Since the CdS layer is thinner in the treated
structure compared to the untreated one, an additional vertical line shows
the approximate CdTe/CdS interface for the treated structure.
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parison with those extracted from the back wall SIMS.9 This
can be attributed to SIMS profiling commencing from the flat
TCO free surfaces that are exposed by the glass removal
process, while in our previous study, the CdTe surfacessi.e.,
starting point for SIMS measurements from back walld were
rough and were not polished.9 Moreover, sputtering in the
front wall geometry, i.e., through,950 nm of TCO and
CdS, is not subject to the crater roughening that inevitably
happens during sputtering through 8–10µm of CdTe.9 Hence
front wall SIMS provides superior spatial definition of impu-
rities in the CdS window layer and its interfaces than does
back wall SIMS.

In a recent study using inductively coupled plasma mass
spectrometrysICPMSd,12 we have carried out a chemical
analysis of the CdCl2 powder used in this study. For the
impurity species considered in the present investigation, the
concentrations recorded in the CdCl2 are summarized in
Table I. Note that In and Te concentrations represent the
maximum values, i.e., the actual ones may well be lower due
to the possible spectral interferences occurring in ICPMS as
previously discussed in detail.12

IV. DISCUSSION

In discussing the SIMS results, it should be emphasized
that for all the profiles shown in the present study, the analy-
sis isquantitativefor the CdS layers only and qualitative for
the other layers, i.e., TCO and CdTe, as only RSFs for CdS

were used for the quantification of the SIMS data throughout
the structures.

The purpose of this study was to focus on the impurities
that have a known effect on the electricalsand most probably
on the opticald properties of the CdS window layer and that
may therefore affect the CdTe/CdS device characteristics. By
using CdTe source material of 7N purity to grow CdTe/CdS/
TCO/glass structures and treating part of them with CdCl2,
we were able to distinguish not only the impurities that are
related to the CdCl2 process, but also those due to the differ-
ent layers in the structure.

Na, Sb, and Cl impurities shown in Fig. 1 might be
considered to originate from the postgrowth processing as
they are present in the CdCl2 powder used. However, as
shown in Table I, Na and Sb are present in the CdCl2 powder
with concentrations of 5.26 and 0.21 ppm, i.e., about 1017

and 531015 cm−3, respectively. These concentrations are
more than two to three orders of magnitude lower in the
CdCl2 starting powder compared to those for the same ele-
ments measured in the CdS matrix by SIMSsFig. 1d. It is
clearly the case that if Na and Sb arise solely from the CdCl2

then eithersad these elements are enriched in the CdS during
the treatment, perhaps by preferential evaporation onto the
cells when they are coated with CdCl2 before heating, orsbd
these elements are not uniformly distributed throughout the
CdTe/CdS layer stack, and that there is some preferred seg-
regation at the CdS layer and/or its interfaces. One or both of
sad and sbd are credible in that the concentration of Na, and
most notably of Sb, increase during the treatment. However,
as the levels of both of these elements are already high in the
as-grown structures, they may well have multiple origins.
For Na, the glass is the most obvious source, with incorpo-
ration of glass components in the CdS being a possibility
during the growth of the TCO and CdTe layers at a relatively
high temperature. For Sb, a contamination from the CdS tar-
get during the sputter deposition of CdS layer is more likely
as the target used is 99.99% pure.

The present findings for Pb, O, Cu, and Sn in CdS are
consistent with those measured for CdTe from the back wall
si.e., invariant concentration profile on CdCl2 heat
treatmentd,9 and these four impurity elements are therefore
not considered due to the CdCl2 heat treatment as they con-
serve the same concentration for both samples.

It is interesting to compare the impurity concentrations
we recorded by SIMS with some data available in the litera-
ture. The only quantitative SIMS analysis performed on

FIG. 4. Te diffusion at the CdTe/CdS interface. The SIMS depth profiles of
Te and S atoms for the CdTe/CdS/TCO structures untreated and CdCl2 heat
treated. The profiles of the treated structure were shifted to align with the
profiles of the untreated sample at the CdS/TCO interface, and an additional
vertical line shows the approximate CdTe/CdS interface for the treated struc-
ture. Note also that S concentration in CdS is in a. u. instead of cm−3.

TABLE I. Concentrations, in ppm units, of impurity species detected by
ICPMS in the CdCl2 powder used in the heat treatment of one of the
samples.

Impurity species Concentrationsppmd

Pb 116.59
Na 5.26
Te 2.51
In 0.94
Cu 0.28
Sb 0.21

Si, Sn, O, S, and Zn Not detected

114910-4 Emziane et al. J. Appl. Phys. 97, 114910 ~2005!
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CdTe/CdS solar cell devices from the TCO side with the
glass substrate removed was mainly dedicated to the deter-
mination of Cu profile.8 The Cu concentrations recorded in
CdS were ranging from 231018 to 531019 cm−3, i.e., about
one to two orders of magnitude higher than the Cu concen-
trations we measured in CdSs331017 cm−3, Fig. 2d. The
higher Cu concentrations in those structures were caused by
the Cu diffusion from the Cu-containing back contact while
our solar cell-like structures were uncontacted and contained
no intentional Cu.

N, C, and O were also profiled in another quantitative
SIMS analysis on CdTe/CdS solar cell devices fabricated us-
ing wet chemical methods.13 O concentrations were found to
be in the range of 1020–1021 cm−3 throughout all the struc-
tures investigated, which is slightly higher than the O con-
centrations we obtained. This is because, in that study, the
CdS layers were bath depositedsthus readily O contami-
natedd and air annealed prior to the CdTe growth. In our
case, CdS was sputtered and was not air processed before the
subsequent CdTe deposition by CSS. More importantly, that
investigation concluded that there was neither an obvious
correlation between the SIMS data and the device character-
istics nor a simple relationship between the reagent concen-
trations in the CdS bath and the solar cell efficiency.13 For
our structures, the O concentration in CdS ranged from
,s3–6d31022 to ,s3–6d31019 cm−3 while only 4
31018 cm−3 was measured in CdTe from the back wall.9

This indicates that O found in CdS may be coming from the
In2O3:F TCO although incorporation from the growthssput-
tering and CSSd and/or processing environments should not
be excluded.

It was suggested that thethicknessof the CdS window
layer influences the formation of the CdTe1−xSx layer at the
CdTe/CdS interface, as well as the CdTe grain growthsi.e.,
grain size and orientationd, affecting the photovoltaic perfor-
mance of the CdTe/CdS solar cell.14 Therefore, in discussing
Zn, Si, and In concentrations in the untreated and CdCl2

heat-treated structures shown in Fig. 3, it would be appropri-
ate to take into account the difference in thickness forboth
TCO and CdS layers in the two structures. As mentioned
above, these two layers are much thinner in the treated
sample compared to the untreated one, and this may affect
the comparison in terms of concentrations for these three
impurity species. In order to check this behavior, normalized
profiles snot shown hered were plotted for Zn, Si, and In
assuming the same thickness for the CdS layer in both struc-
tures. This normalization confirmed the slight decrease of the
concentration of the three elements following treatment. The
SIMS data from the back wall showed that Zn conserved its
concentration in the CdTe layer on the CdCl2 heat treatment
while Si and In concentrations increased following treat-
ment. During the CdCl2 treatment done at 400 °C, com-
pounds such as ZnCl2, InCl3, and SiCl4 may form, and while
SiCl4 is gasious at this temperature, ZnCl2 and InCl3 have
higher vapor pressure compared to CdCl2. This is the most
likely explanation of the decrease recorded in the concentra-
tion of Zn, Si, and InsFig. 3d after the CdCl2 treatment. Si
fs1–2d31018 cm−3, Fig. 3g was not detected in the CdCl2

powdersTable Id and its concentration is much higher than in

the CdTe layer as measured from the back walls331015–4
31016 cm−3, below the detection limitd,9 corroborating our
previous interpretation that Si is mostly diffusing from the
soda-lime glass substrate during the growth and/or the treat-
ment of the structures, or else being transferred into the lay-
ers during sputter growth. As discussed above for Na, the
diffusion of Si from glass is likely to take place since while
the heat treatment is done at 400 °C for 30 min, the growth
of the TCO and CdTe layers is performed at 500 °C. This
temperature is sufficently high, compared to the softening
point of the glass, to enable the diffusion of Si and Na. In has
a high concentrationsbetween 1019 and 1022 cm−3, Fig. 3d
compared to its concentration in the CdCl2 powder s0.94
ppm or about 2.531016 cm−3d and also to its concentration
in the CdTe layer measured from the back walls331016–6
31016 cm−3d.9 From these comparisons, we can deduce that
In is mainly originating from the In2O3:F TCO used and that
the contribution from CdCl2 is negligible. As for Zn, which
was not detected in the CdCl2 powdersTable Id, the concen-
tration recorded in CdSfs2–5d31019 cm−3, Fig. 3g is at least
one order of magnitude higher than that measured in CdTe
from the back wall.9 This difference is most likely due to the
fact that different isotopes were monitored for the CdS layer
s66Zn for this studyd and the CdTe layers64Zn for the back
wall SIMSd. The above quantitative comparisons between
the impurity concentrations measured in CdS from the front
wall and in CdTe from the back wall are valid regardless of
the difference in the diffusion coefficient that these impurity
species may have in CdS versus CdTe.

Te depth profiles shown in Fig. 4sbd highlight the migra-
tion of Te from CdTe into the CdS layer following the CdCl2

heat treatment, since the concentration of Te in CdS is
slightly higher for the treated structure compared to the un-
treated one. Similar observations were reported by many au-
thors, and, in particular, recently by Kimet al.15

The profiles of NafFig. 1sadg, S fFig. 4sadg, and SifFig.
3sbdg for the untreated sample show a double peak in the CdS
layer, which disappears becoming a single peak in the treated
sample. This observation was repeated several times in dif-
ferent areas of the untreated sample. The most likely expla-
nation of this behavior is that, for some reason, the ion yields
at the CdS/TCO and CdTe/CdS interfaces were enhanced for
these species in the untreated structure.

In studying the distribution of impurities in the CdS,
particular care was taken to establish the positions of the
concentration peaks for Cl, Na, and S. In a previous report,10

these elements had been reported as having peaks that were
displaced with respect to one another, the cations being
closer to the TCO than the anions. The displacement had
been attributed to the field structure at the interfaces.10 Other
authors had also reported SIMS evidence of the segregation
of Sb to the CdS/TCO interface in support of an electrical
measurement of impurity distribution.11 In the present work,
however, the peaks for Cl, Na, and S were located at a depth
of 0.86 µm from the TCO free surface, this being a repro-
ducible finding. Since the earlier work was done in the back
wall SIMS geometry, a small error in the sputter rates deter-
mined for positive and negative SIMS would result in a sig-
nificant registration error between the two profiles. There
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could also be uncertainty about the exact location of peaks
with respect to the interfaces. We conclude that there is no
displacement between the positive- and negative-ion concen-
tration peaks and that the previous work was likely to be in
error.10,11

V. CONCLUSIONS AND SUMMARY

Using SIMS, we quantitatively studied the concentration
and distribution of impurity species in uncontacted CdTe/
CdS/TCO/glass solar cell-like structures. The SIMS depth
profiling proceeded from the TCO free surface through the
CdS and CdTe layers, after the glass substrate was removed.
Two structures were investigated, and only one of them was
postgrowth CdCl2 heat treated in order to determine the in-
fluence of the CdCl2 heat treatment on the distribution and
concentration of impurities in the structures. The focus was
on the impurity species present in the CdS layer that may
have an electrical activity ultimately affecting the perfor-
mance of the CdTe/CdS device. Potential origins of such
impurities and their concentration changes were discussed
and compared to the SIMS measurements previously ob-
tained on the same structures from the “back wall.”

The findings of the present study can be summarized as
follows.

s1d Following the CdCl2 heat treatment, Cl and Sb im-
purities had higher concentrations in CdS, with Na being
slightly increased. For the as-grown samples, Na was con-
centrated at the CdTe/CdS and the CdS/TCO interfaces,
while processing caused the peak concentrations to shift to
the CdS layer itself.

s2d Pb, O, Sn, and Cu conserved their concentration in
CdS on the CdCl2 treatment.

s3d Zn, Si, and In showed slightly lower concentrations
in CdS after the CdCl2 heat treatment, this reduction being
explained by the volatility of the chlorides of these elements.

s4d Si and Na were mainly originating from the glass
substrate during the growth and/or treatment steps.

s5d In and O were mostly due to the In2O3:F layer used
as TCO.

s6d After processing with CdCl2 the concentration peaks
of Cl, Na, and S were positioned at the same point in the CdS
layer, regardless of whether they are positive or negative
species. Earlier reports of an ion displacement effect10,11 are
attributed to an error of measurement.

This study shows the advantages of using “front wall”
SIMS geometry for the superior and reliable resolution it
provides. It also shows the direct implication that the fabri-
cation stepssi.e., growth and treatmentd and their reproduc-
ibility may have on the concentration and distribution of im-
purities in the solar cell structures. The possible relationship
between the impurity profiles in the structures and the device
performance, its reproducibility and stability needs to be fur-
ther investigated.

ACKNOWLEDGMENTS

The authors would like to thank A. J. Pidduck and A. J.
Simons for SIMS measurements, and C. Jeynes and N. Peng
sIon Beam Centre, the University of Surreyd for CdS im-
plants. They are also thankful to the EPSRC for financial
support under Grant No. GR/R39283/01.

1J. Kokaj and A. E. Rakhshani, J. Phys. D37, 1970s2004d.
2D. L. Batzner, A. Romeo, M. Terheggen, M. Dobeli, H. Zogg, and A. N.
Tiwari, Thin Solid Films 451–452, 536 s2004d.

3J. H. Lee, J. S. Yi, K. J. Yang, J. H. Park, and R. D. Oh, Thin Solid Films
431–432, 344 s2003d.

4Y. Kashiwaba, K. Isojima, and K. Ohta, Sol. Energy Mater. Sol. Cells75,
253 s2003d.

5A. I. Oliva, R. Castro-Rodriguez, O. Solis-Canto, V. Sosa, P. Quintana,
and J. L. Pena, Appl. Surf. Sci.205, 56 s2003d.

6J. Heo, H. Ahn, R. Lee, Y. Han, and D. Kim, Sol. Energy Mater. Sol. Cells
75, 193 s2003d, and references therein.

7R. Dhereet al., Proceedings of the 26th Photovoltaic Specialists Confer-
ence, Anaheim, CA, 30 September–3 October 1997sIEEE, New York,
1997d, p. 435.

8S. E. Asher, F. S. Hasoon, T. A. Gessert, M. R. Young, P. Sheldon, J.
Hiltner, and J. Sites,Proceedings of the 28th Photovoltaic Specialists Con-
ference, Anchorage, AK, 15–22 September 2000sIEEE, New York, 2000d,
p. 479.

9M. Emziane, K. Durose, N. Romeo, A. Bosio, and D. P. Halliday, Thin
Solid Films 480–481, 377 s2005d.

10K. Durose, M. A. Cousins, D. S. Boyle, J. Beier, and D. Bonnet, Thin
Solid Films 403–404, 396 s2002d.

11D. L. Batzner, G. Agostinelli, M. Campo, A. Romeo, J. Beier, H. Zogg,
and A. N. Tiwari, Thin Solid Films431–432, 421 s2003d.

12M. Emziane, C. J. Ottley, K. Durose, and D. P. Halliday, J. Phys. D37,
2962 s2004d.

13D. S. Boyle, S. Hearne, D. R. Johnson, and P. O’Brien, J. Mater. Chem.9,
2879 s1999d.

14K. Nakamura, M. Gotoh, T. Fujihara, T. Toyama, and H. Okamoto, Sol.
Energy Mater. Sol. Cells75, 185 s2003d.

15S. Kim, Y. L. Soo, G. Kioseoglou, Y. H. Kao, and A. D. Compaan, J. Appl.
Phys. 96, 1007s2004d.

114910-6 Emziane et al. J. Appl. Phys. 97, 114910 ~2005!

Downloaded 26 Apr 2011 to 129.234.252.66. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


