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We have investigated CdTe/CdS/In,O3:F/glass solar cell structures using quantitative SIMS
for profiling the impurity distribution from the CdTe free surface through to the glass
substrate. lon implanted CdTe standards were used. The effect of the purity of the CdTe
starting material was determined by studying two structures grown from 7N and 5N source
materials. Particular emphasis was placed on the potentially electrically active impurities
that may originate from the CdTe starting material, and are likely to affect the CdTe/CdS
solar cell performance. It was shown that Cu, Zn, Sn, Sb and Pb profiles had the same level
and shape in the CdTe layer regardless of the purity of the starting material used, and were
therefore not originating from the starting material. Cl, O, Na and Si showed higher levels
for structures grown using 5N purity CdTe compared to those from 7N, and may, at least in
part, be due to the CdTe starting material used. It was also postulated that at least some
impurities (in addition to Cl) may partially come from the CdCl, treatment, and/or from the
TCO (In) and glass (for Si and Na). Te and S interdiffusion at the CdTe/CdS interface was
also shown to be enhanced when 5N CdTe source material is used as compared to 7N.
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1. Introduction

In order to improve the stability and lifetime of
CdTe/CdS solar cells, intrinsic material properties as
well as external influences need to be addressed. A deep
understanding of the relationship between electrically
active impurities and device performance is also of great
importance for the sake of achieving efficiencies higher
than those demonstrated so far. The investigation of the
impurities originating from the source materials has re-
ceived very little interest despite its potentially crucial
impact on the performance of polycrystalline thin film
solar cells. It was reported [1] that nominally identical
cells made from SN CdTe sources of slightly different
purity lead to devices with different grain size, Vi, FF
and efficiency. Furthermore, the same study showed
that cells fabricated with the less pure starting CdTe
have lower doping at the back contact than those made
with pure material, as shown by quantum efficiency and
C-V measurements [1]. These effects were attributed to
impurity compensation and/or grain size though the lat-
ter itself is affected by the presence of impurities. It is
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also well known that the distribution of Cu influences
the performance and stability of CdTe/CdS solar cells
[2].

Because of its high sensitivity, secondary ion mass
spectrometry (SIMS) is one of the most powerful
analytical techniques and is used extensively for the
characterisation of device structures [3]. A review of
SIMS capabilities in investigating thin film solar cells
was published recently [4]. A literature survey regard-
ing CdTe-based solar cells shows a noticeable lack of
quantitative SIMS analysis on entire device structures
through to the glass substrate, and there is no compre-
hensive study of impurity level and distribution within
the structures. Also the effect of the purity of CdTe
starting material on the impurity distribution within the
structure has not been studied.

Stability aspects in CdTe/CdS solar cells were exten-
sively investigated in recent years by means of quali-
tative SIMS [5-7] where Cu and/or Cl diffusion into
the cell structure for cells back-contacted with Cu-
containing material were observed. More recently, it
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was shown that a cause of degradation of the cells is
the diffusion of back contact materials into the active
layer, with the diffused impurities tending to accumu-
late in CdS and at the front contact CdS/TCO interface
[2]. Other qualitative SIMS studies on CdTe based solar
cells were also reported [8—12].

Some quantitative analyses on CdTe/CdS structures
were reported by Durose et al. [1, 13]. They in-
vestigated structures in their fresh, light-soaked and
bake-tested states where several impurities were depth-
profiled [13], and studied the diffusion from Sb-Te back
contacts to CdTe in as-deposited as well as air annealed
test structures [1]. A more recent quantitative SIMS
study of CdTe/CdS/SnO;:F structures grown by pulsed
laser ablation and ion sputtering deposition was pub-
lished [14]. However, this study used either HgCdTe
relative sensitivity factors (RSFs) or a model for the
quantification and was restricted to impurities that were
mainly due to the adsorption from the residual gas at-
mosphere during the growth (H, C and O).

In this study, a dynamic and quantitative SIMS anal-
ysis was performed to determine the impurity species
present together with their distribution and level in
CdTe/CdS/In,03:F/glass solar cell structures. Particu-
lar emphasis is made on the potentially electrically ac-
tive impurities present in the CdTe source material, and
which are therefore more likely to affect the CdTe/CdS
solar device performance.

2. Experimental details

We used two CdTe/CdS solar cell structures that were
fabricated using the same process. Two types of start-
ing CdTe material of either 7N (99.99999%) or 5N
(99.999%) purity were used in order to distinguish the
effect of the starting material purity on the impurity pro-
file in the whole solar cell structure. The 7N CdTe was
synthesised directly from the elements under high pu-
rity conditions at GEC-Marconi Infra-Red and the SN
material was purchased from Cerac. These structures
without contact to CdTe were grown in the University of
Parma (Italy). They were deposited on fluorine-doped
indium oxide (In,O3:F) coated soda lime glass as it was
shown that this transparent conducting oxide (TCO)
gives the best efficiency for solar cells grown using this
process [15]. In,O3:F (800 nm thick @ 0.5-1 nm/s)
and CdS (150 nm thick @ 1 nm/s) layers were grown
by sputtering with a typical substrate temperature of
500 and 200°C respectively at an argon partial pres-
sure of 10~3 mbar. The CdTe layer (8—10 um thick @
2 pm/min) was deposited using close-space sublima-
tion (CSS) with an argon partial pressure of 1 mbar
and a source to substrate distance of about 4 mm. The
temperatures were 500°C for the substrate and 650°C
for the source. Prior to the CdTe deposition, the CSS
chamber was cleaned up by heating the crucible and the
substrate holder at 800°C for at least 30 min. Both struc-
tures were then heat-treated with CdCl, at 400°C in air
for 30 min and chemically etched with Br-methanol
for few seconds. The CdCl, used was the subject of
a separate study by a chemical analysis carried out
using inductively-coupled plasma mass spectrometry
(ICPMS) [16].

1328

A set of ion-implanted standards was depth profiled
to determine the relative sensitivity factors (RSFs) of
the elements, and these were used to perform quan-
titative SIMS analysis. Implantation was carried out
at room temperature using a 200 keV implanter. De-
pending on the species implanted, low doses between
1.6 x 10'? and 5 x 10" cm~2 were used to reach a
maximum concentration level of 10'® cm™ for all the
implants. The SIMS standards were undoped CdTe
(Japan Energy) single crystals, the implantation be-
ing done at the University of Surrey Ion Beam Centre
with Cl, O, Cu, Na, In, Sb, Sn, Si, Zn, Pb, and S. The
depth profiles were performed at QinetiQ (U.K.) us-
ing a CAMECA ims-4f SIMS. The cesium (14.5 keV)
and oxygen (8 keV) primary ion beams were used to
determine the negative and the positive ion yield, re-
spectively. The size of the raster on the samples was
~60 x 60 um? for Cs* and ~150 x 150 pum? for
O;“. In order to distinguish the effect of the purity of
the CdTe source material, depth profiles of 2°*Pb, 28Si,
11511’1, 37C1, 23Na, 18()7 63CU, 121 Sb, 64211, 121 Sn, 34S and
128Te were recorded for each of the two structures from
the CdTe free surface through to the glass substrate and
performed twice to confirm repeatability. The CdTe sur-
faces of the structures investigated in this work were not
pre-smoothed, either mechanically or chemically, so as
not to introduce extraneous contaminants that may af-
fect the SIMS data. In order to get accurate quantifica-
tion, the samples were profiled under conditions similar
to the standard implants.

3. Results

Fig. 1 shows the quantitative SIMS depth profiles of
Zn, Pb, Cu, Sn and Sb for the CdTe/CdS/In,O5:F/glass
solar cell structures grown using CdTe starting mate-
rial of 5N (a) and 7N (b) purity. For both purities of
the starting material, these impurity elements have es-
sentially a flat and constant level throughout the CdTe
layer. The corresponding concentrations in both struc-
tures are about 4 x 10'8 cm™3 for Zn, 2 x 10 cm~3 for
Pb, 10'7 ¢cm—3 for Cu, 10'* cm~3 for Sn and 10'° cm—3
for Sb. One can notice that in the case of Sb the char-
acter of the signal indicates that the detection limit is
reached.

For the other layers of the structures (i.e. CdS and
TCO), the profiles of Zn and Pb conserve the same level
and shape regardless of the purity used for the CdTe
starting material. However, comparison of Fig. 1(a) and
(b) indicates that Cu, Sb and Sn show higher levels in
CdS layer when 5N CdTe is used as compared to 7N.

The quantitative depth profiles of CI, O, Na and Si
in the CdTe/CdS/In,O3:F/glass solar cell structures are
shown in Fig. 2(a) (SN CdTe) and (b) (7N CdTe). For
these four impurity elements, the concentration in the
CdTe layer is higher when 5N purity source material
is used compared to 7N. The increase in impurity con-
centration is particularly substantial for Si and O. Si is
raised from a plateau at 4 x 10'® cm~3 to a maximum
of about 3 x 10! cm~3, while O is raised from around
3 x 10" ecm™ to 2 x 10" cm™3. For both Si and O
impurities alike, the profiles from 7N source material
have a quite uniform level in CdTe layer.
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Figure 1 Species in the CdTe layer that are independent of the starting
material purity: Quantitative SIMS depth profiles of Zn, Pb, Sn, Cu, and
Sb impurity atoms for the CdTe/CdS/InyO3:F/glass structures grown
using 5N (a) and 7N (b) starting material. The free surface of the CdTe is
at depth zero and the approximate positions of the interfaces are shown
in Fig. 1(b). While all of the impurities are present at similar levels in
the CdTe of both structures, there is an increase in Cu, Sb and Sn in the
CdS for the sample made with SN CdTe.
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Figure 2 Impurities in the CdTe layer that are probably in part originat-
ing from the CdTe starting material: Quantitative SIMS depth profiles
of Cl, Na, Si and O impurity atoms for the CdTe/CdS/In,O3:F/glass
structures grown using SN (a) and 7N (b) starting material.

For both the 7N and 5N samples the O level in the
CdTe is approximately flat, there being a slight rise with
depth into the CdTe for the SN sample. For Si in the
CdTe however, there is a more marked difference: while
the profile is flat in the 7N sample, there is a marked
decrease in the SN sample, with the highest Si levels
appearing as the free surface of the CdTe is approached,
and again nearer the glass substrate.

The increase in impurity level in the CdTe active layer
is relatively moderate for Cl and Na compared to O and
Si, and both CI and Na depth profiles exhibit a plateau
in this layer regardless of the starting material purity
used. The changes are from a concentration of about
3 x 10" to 5 x 10" cm~3 for Cl, and from a level of
8 x 10'® cm™3 to nearly 107 cm™3 for Na, when 7N
and 5N purity were used, respectively. In the CdS layer,
however, the levels of Na and O do not seem to change
by using 5N or 7N source CdTe but those of Si and Cl
increase when 5N purity is used in the growth of CdTe
instead of 7N.

Fig. 3 shows the quantitative SIMS depth profiles of
S, Te and In for the CdTe/CdS/In,O3:F/glass solar cell
structures grown using CdTe starting material of SN
and 7N purity. For Te, the concentration is shown on an
arbitrary scale rather than cm™3. In this fi gure, the 7N
depth profiles have been shifted forward so that they co-
incide with and overlap the SN profiles at the CdTe/CdS
interface. This will also make it easier to compare the
actual thickness of the CdTe, CdS and In,O3:F layers in
the 7N structure versus the SN one. S in CdTe as well as
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Figure 3 Species from the cell layers: Quantitative SIMS depth profiles
of S, Te and In impurity atoms for the CdTe/CdS/In, O3:F/glass structures
grown using 5N (a) and 7N (b) starting material. Note that for Te the
concentration is in arbitrary units (a.u.) instead of cm~3. Note also that
the 7N depth profiles have been shifted forward so that they coincide
with and overlap the 5N profiles at the CdTe/CdS interface, allowing a
thickness comparison for the structure layers.
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Te in CdS profiles have slightly higher concentrations
in layers for the 5N structure compared to the 7N
one. Within the CdTe layer, In depth profiles exhibit
a plateau with a concentration of about 6 x 10'°
cm™> (for 7N) and about 1 x 10'® cm™3 (for 5N).
At the CdTe/CdS interface, these profiles cross each
other as the In level steadily increases (for SN) and
decreases (for 7N) to reach a flat level and almost
the same concentration in the CdS layer for both
structures.

4. Discussion

Within the SIMS depth resolution, the CdS and TCO
layers under the CdTe appear reasonably well resolved
for both structures and the approximate locations of the
interfaces (i.e. CdTe/CdS, CdS/TCO and TCO/glass)
are clearly apparent in the figures. The depth profiling
reached the glass substrate for all the impurity elements
investigated except Cl, O, S and Te where it has been
stopped at a depth of about 8 um. The depth scales
shown in all the figures are approximate since they
were calculated assuming a constant sputter rate that
is, in fact, much higher in CdTe than in CdS, TCO and
glass, and thus the CdTe thickness is significantly un-
derestimated. The figures also indicate that the actual
thickness of the layers is different from the nominal
one, and also from one structure to the other. It is par-
ticularly interesting to notice that, in the 5N structure,
the CdTe layer is at least about 1.7 pm thicker that in the
7N one (see shifts in Fig. 3), and this is mainly due to
errors in thickness control at the very high CSS growth
rate (2 um/min) of CdTe.

As mentioned in Section 2, the CdTe free surfaces of
the structures studied here were not pre-smoothed so as
not to introduce extraneous contaminants that may dis-
tort the SIMS analysis. These surfaces appeared rough
for both structures and the profiles of some elements
like Na, S, O, and Si (7N profile only in the latter) ex-
hibit a surface tailing which mainly results from the
CdTe surface roughness and probably also from an in-
crease in crater bottom roughness while sputtering fur-
ther in depth. Furthermore, the CdTe layer thickness
and crystallinity, as well as the roughness of the in-
terfaces are also known to have an effect on the depth
resolution.

With this SIMS investigation, we focussed on the
impurities coming from the CdTe source material that
are crucial to CdTe/CdS solar devices. The aim was to
identify those impurities that may come from the CSS
source material by using both 7N and 5N feedstock.
Such impurities can be expected to act as dopants in
the CdTe active layer affecting therefore its physico-
chemical properties and, ultimately, the CdTe/CdS solar
cell characteristics. We will limit our discussion of the
quantitative SIMS data from the CdTe layer of the struc-
tures, although a qualitative description of the results
for the CdS layer is given in the previous section. Fig. 1
shows clearly that Pb, Sn, Zn, Sb and Cu have invariant
levels in the CdTe layer for both types of structure (SN
and 7N), and suggests therefore that these impurity ele-
ments are not originating from the CdTe starting mate-
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rial alone. Te and S interdiffusion at the CdTe/CdS inter-
face was shown to be enhanced slightly when SN CdTe
is used as compared to 7N (Fig. 3). Cl, O, Na and Si
(Fig. 2) showed higher levels for structures grown using
5N purity CdTe compared to those from 7N, meaning
that, at least in part, these impurity elements are likely
to be due to the CdTe starting material used. Alterna-
tively some other aspect of the materials quality (e.g.
grain size and diffusion related effects) may be influen-
tial in bringing impurities to the CdTe layer in the SN
structure.

It should be emphasised that, except for Sn and Pb,
the impurity concentrations recorded in the structure
grown with 7N CdTe are well above the total impu-
rity level of 2 x 10" cm? expected in material of this
grade. Some of the concentrations (Zn, O, and espe-
cially Cl from processing) are even higher than the
2x 10" em™3 total that can be anticipated in the case of
5N purity source material. Since both structures have
undergone identical preparation steps, we can conclude
from this result that at least some of these foreign im-
purities are mostly incorporated during the post-growth
treatment. This comprises CdCl, heat treatment in air
for half an hour at 400°C and Br,/methanol etching.
An ICPMS study of the CdCl; starting material used in
this work is published in [16]. The levels recorded in
the powder were Na (5.26 ppm), In (~0.94 ppm) and
Sb (0.21 ppm). The presence of high levels of Si in both
samples, together with the observed increase in the SN
sample indicate that Si may originate from both impure
source material and from some aspect of the growth or
processing.

As no trace of Si was detected in the CdCl, starting
material used [16], migration from the glass substrate or
incorporation from the reactor environment should be
considered. Namay reasonably be expected to originate
from the glass substrate and/or from the CdCl,, and that
may account for the similarities in the profiles in both
structures (Fig. 2). Fig. 3 shows a rather unexpected
finding for In, namely that higher levels were recorded
in the CdTe of the 7N structure compared to those for
the 5N structure. It is unlikely that this excess of In
results from the 7N CdTe directly. Instead, we propose
that it is from the In,O3:F TCO, and that out-diffusion
of In into the CdTe is influenced by the thickness of
the CdS layer: from the S profiles in Fig. 3(a), it can be
seen that the CdS layer in the 7N sample is thinner than
that in the 5N structure.

For O, the profiles in the CdTe of both samples are
flat, there being a slightly higher level in the SN sample.
This does not show the character of a diffusion profile.

It has recently been shown that CdTe surface com-
position has a strong effect on the device performance
[17]. We therefore note that for the structure deposited
using 5N purity, the profiles from the CdTe surface and
down to about 1 um depth show levels around 10 times
higher than in the bulk for the cases of Pb and Sn (Fig.
1(a)), Na (Fig. 2(a)) and S (Fig. 3). On the other hand,
the structures show an accumulation of In (Fig. 3) as
well as an impoverishment of Cl (Fig. 2) near the CdTe
surface region regardless of the source material purity
used.
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The metallurgical junctions in polycrystalline
CdTe/CdS solar cells were recently reported to coin-
cide with the electronic junctions [18]. The electroni-
cally active layers and interfaces were also investigated
and their properties were correlated to the solar cell
efficiency [19]. In particular, it was shown that high ef-
ficiency cells have usually relatively graded interfaces
while cells with low efficiency exhibit abrupt interfaces
[19].

In our case, the surface roughness of the struc-
tures limited the assessment of interface sharpness by
SIMS. It appears, nevertheless, that for both structures
the CdTe/CdS active interface is smoother than the
CdS/In,03:F interface. More importantly, In, Si, Pb,
Zn and Sn depth profiles recorded seem to suggest that
the CdTe/CdS interface is slightly graded when 5N pu-
rity is used compared to 7N. S and Te profiles, however,
show that this interface has the same shape regardless
of the purity of the source material used.

5. Conclusions

In conclusion, quantitative and dynamic SIMS mea-
surements were carried out to study the concentration
and distribution of impurity elements all the way across
CdTe/CdS/In,O3:F/glass solar cell structures in order
to distinguish the effect of the purity of the CdTe start-
ing material. A set of ion-implanted single crystal CdTe
standards was depth profiled for this purpose, and 7N
and 5N CdTe source materials were used to grow the
CdTe active layer of these structures. It was demon-
strated that Cu, Zn, Sn, Sb and Pb had similar profiles
in the CdTe layer regardless of the purity of the starting
material used, and were therefore not originating from
the starting material. Cl, O, Na and Si showed higher
levels for structures grown using SN purity CdTe com-
pared to those from 7N, meaning that, at least in part,
these impurity elements are likely to be enhanced as a
direct or indirect result of using SN feedstock. Since
most impurities exhibited concentrations much higher
than can be expected from the 7N and 5N purity CdTe
starting materials used, the impurities must originate
from the other cell components or from processing.
Some impurities may partially come from the CdCl,
activation process performed in air at 400°C (e.g., Cl
itself, Na and Sb), and/or from the TCO (like In) and
glass substrates or reactors (for Si and Na). Te and S in-
terdiffusion at the CdTe/CdS interface was also shown
to be slightly enhanced when SN CdTe source material
is used as compared to 7N.
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