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A B S T R A C T

Oxygenated cadmium sulfide (CdS:O) is often used as the n-type window layer in high-performance CdTe het-
erojunction solar cells. The as-deposited layer prepared by reactive sputtering is XRD amorphous, with a bulk
composition of CdS0.8O1.2. Recently it was shown that this layer undergoes significant transformation during
device fabrication, but the roles of the individual high temperature processing steps was unclear. In this work
high resolution transmission electron microscopy coupled to elemental analysis was used to understand the
evolution of the heterojunction region through the individual high temperature fabrication steps of CdTe de-
position, CdCl2 activation, and back contact activation. It is found that during CdTe deposition by close spaced
sublimation at 600 °C the CdS:O film undergoes recrystallization, accompanied by a significant (∼30%) re-
duction in thickness. It is observed that oxygen segregates during this step, forming a bi-layer morphology
consisting of nanocrystalline CdS adjacent to the tin oxide contact and an oxygen-rich layer adjacent to the CdTe
absorber. This bilayer structure is then lost during the 400 °C CdCl2 treatment where the film transforms into a
heterogeneous structure with cadmium sulfate clusters distributed randomly throughout the window layer. The
thickness of window layer remains essentially unchanged after CdCl2 treatment, but a∼25 nm graded interfacial
layer between CdTe and the window region is formed. Finally, the rapid thermal processing step used to activate
the back contact was found to have a negligible impact on the structure or composition of the heterojunction
region.

1. Introduction

Cadmium telluride (CdTe) has emerged as the leading thin-film
photovoltaic (PV) technology and is poised to reach grid parity soon
with record device efficiency currently at 22.1% (Green et al., 2017).
Cadmium sulfide (CdS) is the most commonly used window layer in
CdTe photovoltaic devices (McCandless and Sites, 2003). This layer
provides a receptive surface for CdTe nucleation and growth, and forms
a high quality heterojunction with the absorber. However, light ab-
sorbed by CdS generates negligible photocurrent, so quantum efficiency
(QE) is attenuated at wavelengths below the CdS band gap (520 nm)
(Sites, 2003). Photocurrent losses can be decreased by reducing thick-
ness, but only to a degree. As the CdS thickness is reduced efficiency can
decline due to deterioration in both open circuit voltage (Voc) and fill
factor (FF) (Nakamura et al., 2003; Hädrich et al., 2009). To circumvent
this trade off there has been intensive work to develop alternative
window layers (Kartopu et al., 2014), with one of the most successful
being oxygenated cadmium sulfide (CdS:O) which was originally

introduced by Wu and co-workers (Wu et al., 2002).
CdS:O is typically deposited by reactive sputtering of CdS at low

temperature using a dilute O2/Ar mixture (Kephart et al., 2012, 2015;
Paudel and Yan, 2013; Paudel et al., 2014; Klein, 2015; Meysing et al.,
2015a). As the fraction of oxygen in the sputter ambient increases film
crystallinity is reduced and the optical band gap increases. Performance
gradually improves with increasing optical band gap, reaches a max-
imum, and then drops dramatically (Paudel and Yan, 2013; Kephart
et al., 2015; Meysing et al., 2015b). The oxygen content in as-deposited
CdS:O can reach 45 at.% via sulfate group (CdSO4) incorporation (Soo
et al., 2006; Kephart et al., 2015; Klein, 2015; Meysing et al., 2015b).
Efficiency gains are achieved primarily through increases in Jsc due to
improvements in short-wavelength quantum efficiency without com-
promising Voc or FF. The successful use of CdS:O requires careful op-
timization of sputter conditions, but high performance devices with
power conversion efficiencies ranging from 15.2 to 16.4% have been
achieved independently by several groups (Wu et al., 2004; Paudel and
Yan, 2013; Kephart et al., 2015; Mahabaduge et al., 2015; Turck et al.,
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2016).
In the conventional superstrate architecture, the CdTe absorber is

deposited directly on CdS:O at high temperature (500–600 °C) by close
spaced sublimation (CSS) or vapor transport deposition (VTD), which is
followed by an annealing step in the presence of CdCl2 at T∼ 400 °C.
Lastly, the back contact is either applied at elevated temperature or
subjected to a thermal activation step (200–400 °C). These high-tem-
perature, reactive environments likely cause significant changes to the
underlying CdS:O material (Paudel et al., 2014; Kephart et al., 2015).
For example, in the case of the conventional CdS/CdTe solar cells it has
been demonstrated that there is considerable interdiffusion, with sulfur
substituting into the CdTe zinc blende structure (CdTe1-xSx) and con-
versely Te substituting into the CdS wurtzite structure (CdSyTe1-y)
(McCandless et al., 2001). Lane and co-workers (Lane et al., 2000)
performed a detailed microstructural analysis and found that the
composition on both sides of the interface reach their respective equi-
librium alloy composition based on the process temperature. A sulfur
gradient then extends into the CdTe absorber. In the case of the thin
window layer there may be a Te gradient present or the layer may be
fully transformed into the equilibrium alloy composition, depending on
temperature and duration of processing (Lane et al., 2000). This in-
terdiffusion process is now quite well understood for conventional CdS/
CdTe heterojunctions, but a similar examination of CdS:O/CdTe-based
devices has not been reported.

Direct characterization of the window region with high fidelity in
completed devices is extraordinarily difficult because this ∼100 nm
layer is sandwiched between a TCO-coated glass superstrate and several
microns of the CdTe absorber. Using two approaches to isolate the
window layer in completed devices (Meysing et al., 2015a) and a suite
of complementary characterization we were able to reveal the sig-
nificant changes that occur to the CdS:O window layer during device
processing (Meysing et al., 2016). It was shown that CdS:O is trans-
formed into a nanocrystalline CdS1–yTey alloy whose composition ap-
proaches solubility limits (y∼ 0.1). A substantial fraction of oxygen

remains after device processing, segregated into cadmium sulfate
(CdSO4) clusters distributed throughout the window layer. The pre-
vious studies revealed the cumulative transformation that occurs during
device fabrication, but the impact of individual processing steps re-
mains unknown. After CdS:O deposition there are three high tempera-
ture fabrication steps: CdTe deposition, CdCl2 treatment, and back
contact activation. In this paper we use high resolution transmission
electron microscopy (HR-TEM) and chemical mapping to assess the
changes induced to the structure and composition of the window layer
by these individual processes. It is shown that the first two steps both
induce substantial changes, whereas the latter does not.

2. Experimental

Devices in this work were fabricated in the superstrate configuration
using Corning 7059 glass coated with a fluorinated and intrinsic tin
oxide bilayer using chemical vapor deposition. In previous studies, it
was found that the 2.8 eV CdS:O produced optimal device performance
using our process (Meysing et al., 2015b). Films were deposited at
ambient temperature by rf magnetron sputtering using a stoichiometric
CdS target (Materion, 99.99% purity) in a Unifilm PVD-300 sputtering
system. A 4% O2/Ar mixture was used to produce the 2.8 eV CdS:O, and
the film thickness was fixed at 100 nm as confirmed by ellipsometry.
Approximately 4 µm of CdTe was deposited on CdS:O layers using CSS.
The source and substrate temperatures were held at 660 and 600 °C,
respectively, for 150 s in an oxygen/helium ambient at 16 Torr. Vapor-
phase CdCl2 annealing was also performed in a CSS configuration with
source and substrate temperatures fixed at 400 °C for 10min in an
oxygen/helium ambient at 400 Torr. To complete fabrication the device
was contacted with an evaporated ZnTe:Cu/Au and activated using 60 s
rapid thermal processing step at T=330 °C (Li et al., 2015).

In this work we compare the morphology and composition of the
heterojunction region from a matrix of four complete devices with
different thermal histories:

• Device 1: No CdCl2 treatment, no RTP activation

• Device 2: CdCl2 treatment, no RTP activation

• Device 3: RTP activation, no CdCl2 treatment

• Device 4: Complete device with both CdCl2 treatment and RTP ac-
tivation

Table 1 provides representative device parameters for the 4 condi-
tions, which were obtained by averaging several devices from fabri-
cated from each sample. Devices 1–3 exhibited poor rectification with
efficiency’s< 2%, illustrating that both CdCl2 and back contact acti-
vation, which provides Cu, are critical to performance as observed in

Table 1
Representative device parameters for the four processing combinations.

# Processing Jsc (mA/cm2) VOC (mV) FF (%) η (%)

1 No CdCl2
No RTP

4 450 25 0.45

2 CdCl2
No RTP

7 463 47 1.53

3 No CdCl2
RTP

4.7 480 46 1.03

4 CdCl2
RTP

25 853 75 16.0

100 nm bars

Fig. 1. TEM images of the heterojunction region
of device 1 at low and high magnification
showing the reduction in film thickness and evi-
dence of polycrystalline grain morphology.

A. Abbas et al. Solar Energy 159 (2018) 940–946

941



many studies (Poplawsky et al., 2014). CdCl2 treatment alone results in
modest improvements in Jsc, while RTP alone made minor improve-
ments to the fill factor. However, there are tremendous synergies when
both are applied and the fully processed devices displayed ∼16% ef-
ficiency. Device 1 provides an evaluation of the changes that occur to
amorphous CdS:O during CdTe deposition. Devices 2–4 were used to
isolate the individual contributions of CdCl2 treatment and back contact
activation. TEM samples were prepared by focused ion beam (FIB)
milling using a dual beam FEI Nova 600 nanolab. A standard in situ lift
out method described previously (Abbas et al., 2014) was employed for
sample preparation. HR-TEM imaging was carried out in a FEI Technai
F20 equipped with an Oxford Instruments X-Max 80 silicon drift de-
tector (SDD) energy dispersive X-ray detector (EDX). EDX was used to
produce chemical distribution maps of the cells as well as line scans.
The spatial resolution of the EDX measurements was ∼5 nm. Due to the
absence of calibration standards quantification relied on standard sen-
sitivity factors. This was found to over-predict the density of lighter

elements (O, S) that emit X-rays at low energy and as such we use EDX
for relative quantification.

3. Results and discussion

3.1. Changes resulting from CdTe deposition

Fig. 1 displays a high-angle annular dark-field (HAADF) image at
modest magnification and a bright field image at high resolution of the
window layer region after CSS deposition of CdTe with no further
thermal treatments. Examination of the HAADF image shows that the
window layer is a distinct, contiguous layer. In the HAADF image the
dark regions indicate areas of low density and/or the presence of low
molecular weight compounds (i.e. oxygen). In the bright field image
(Fig. 1b) areas of lower density appear white. The high resolution image
include 100 nm vertical scale bars that are indicative of the original
thickness of the as-deposited, amorphous CdS:O layer. Taking into

Image     Te Cd

O                                    S Si

Fig. 2. Bright field TEM image and associated elemental maps from device #1 without CdCl2 treatment or RTP activation.

(a) (b) CdTe (c) Window 
CdTe

CdS

Fig. 3. (a) HR-TEM images of the interface region in device 1 showing the lattice fringes of the two crystalline phases and the abrupt transition between them. Selected area diffraction
(SAD) images obtained from (b) the CdTe region and (c) the window region.
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account the roughness of the FTO substrate it is clear that the thickness
has been reduced substantially, to around ∼70 nm across the substrate.
In addition, clear grains may be distinguished, indicating re-
crystallization during this step.

Elemental mapping was then performed to better understand the
composition of the heterojunction region after CdTe deposition. Fig. 2
provides a TEM image and associated elemental maps. These images
provide a qualitative measure of the composition, as the intensity was

arbitrarily adjusted to maximize contrast. Perhaps the most striking
map is the oxygen profile. The uniform yellow region at the bottom is
the glass superstrate (see Si profile), followed by a uniform but less
intense region that is the tin oxide front contact. Examination of the
window layer region suggests a bilayer structure, with oxygen pre-
ferentially segregated to the interface with CdTe and diminished in the
layer adjacent to the tin oxide. It is suggested that the oxygen present in
the as-deposited layer is retained, but aggregates and segregates in
clusters that are likely CdSO4 as discussed below. The other elemental
maps are consistent with this image. The sulfur signal is most intense in
the region adjacent to the tin oxide. Likewise, close inspection of the Cd
map reveals that its intensity is reduced immediately adjacent to the
CdTe before becoming more intense adjacent to the tin oxide. Though
difficult to resolve, similar features are observed in the Te map.

Fig. 3 provides a high resolution TEM of the interface between the
window layer and CdTe as well as selected area diffraction (SAD) pat-
terns obtained from the CdTe region and the window the layer, re-
spectively. The TEM image shows that the interface is abrupt and well
defined. The presence of clear lattice fringes in this image and selected
area diffraction further confirm recrystallization of the window layer.
The SAD pattern obtained from the CdTe region (Fig. 2b) shows the
periodic array of distinct spots expected for the zinc blende crystal
structure of CdTe. The SAD pattern obtained from the window region
(Fig. 2c) is substantially more complicated, and it is difficult to un-
ambiguously the crystalline phase(s) present. However, it is clearly
distinct from the CdTe region, and the presence of distinct spots cou-
pled with the absence of rings indicates that this layer consists of well-
defined crystals as opposed to amorphous or highly nanocrystalline
material. Aspects of the second pattern are not inconsistent with the
hexagonal wurtzite structure expected for CdS and related alloys. A
distinct CdSO4 phase, if present, is difficult to identify as reference
patterns are only available for this compound in its various hydrate
forms (i.e. CdSO4: H2Ox).

To summarize, dramatic changes to the window layer occur during

100 nm bars
CdTe

TCO

CdS

Fig. 4. Bright field TEM of the window layer from the device #2, which received CdCl2
treatment but no RTP back contact activation.

Image

O S Cd

TeCl

Fig. 5. HAADF TEM image and elemental mapping of the window layer from the Device #2 that received CdCl2 treatment but no RTP activation.
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the 2.5 min deposition of CdTe at 600 °C. The amorphous CdS:O
structure is transformed into a crystalline layer whose thickness is re-
duced ∼30% from its initial 100 nm. During CdTe deposition a bilayer
structure forms consisting of a CdSO4 adjacent to the CdTe and a CdS1-
yTey alloy adjacent to the tin oxide. Despite these dramatic changes the
window layer remains contiguous, exhibiting abrupt interfaces with
both CdTe and tin oxide.

3.2. Changes resulting from CdCl2 treatment

Device 2 received the standard CdCl2 treatment but no back contact
activation. Fig. 4 displays a bright field TEM image of the device
showing the thickness and nanocrystalline nature of the window layer.
Vertical 100 nm scale bars are again added for perspective. Compar-
isons of Figs. 1 and 4 show that the window layer thickness is nominally
unchanged by the CdCl2 treatment and the abrupt structural interface

with CdTe is retained.
Fig. 5 displays an HAADF TEM image and elemental mapping of the

window layer from device #2. The bilayer structure observed after
CdTe deposition is lost. Significant oxygen remains but is now the
oxygen-rich clusters are found predominantly along the interface with
tin oxide. Substantial chlorine accumulation is observed in the window
layer, preferentially decorating grain boundaries and the interfaces
with tin oxide and CdTe. Recent XPS profiling has shown that Cl pre-
ferentially accumulates in CdS at levels of ∼1 at.% after CdCl2 treat-
ment (Williams et al., 2015), and the EDX mapping is consistent with
this expectation.

3.3. Changes resulting from RTP back contact activation

Our back contact consists of a co-evaporated ZnTe:Cu buffer layer
followed by a gold metallization layer. The final step of device pro-
cessing is activating the contact using RTP for 30 s at a set point tem-
perature of 330 °C (Li et al., 2015). As described previously (Wolden
et al., 2016) this step induces several changes in the back contact region
including substantial Cu re-distribution and extensive CdTe-ZnTe in-
terdiffusion/alloy formation. However a goal of this low thermal budget
step was to restrict the impact of this step to Cu and the back contact
region, leaving the bulk of the CdTe solar cell unchanged. As docu-
mented in the micrographs below, this is indeed the case. Device #3
received RTP activation but no CdCl2 activation, and the structure and
composition of the heterojunction region is nominally identical to De-
vice #1 (Figs. 1–3). Fig. 6 displays a TEM and elemental mapping of
Device #3. In all respects these images look nominally identical to
Device #1 which did not receive RTP activation (Fig. 3). Again a bilayer
structure is observed with oxygen preferentially segregated to the CdTe
interface and the CdS1-yTey alloy adjacent to the tin oxide. The structure
of this bilayer is shown more clearly in the high resolution HAADF
image in Fig. 7.

Lastly, Fig. 8 displays TEM imaging, elemental mapping and line
scans from Device #4, which received complete device processing. To

O S                                     Sn

Image Te Cd

Fig. 6. HAADF TEM image and associated elemental maps from device #3 that received RTP activation but no CdCl2 treatment.

Fig. 7. High resolution image of the window layer from Device #3 with RTP activation
but no CdCl2 treatment.
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first order Device #4 appears to be identical to Device #2, which re-
ceived CdCl2 treatment but no RTP activation (Figs. 4 and 5). The
HAADF image shows that the window layer remains well-defined,
forming rather abrupt interfaces with both tin oxide and CdTe. Com-
parison with the 100 nm vertical scale bars clearly shows that the
thickness of the window layer varies from 50–80 nm across the sample,
consistent with previous images. Chlorine is dispersed throughout the
cross section, most prominently at grain boundaries in the window
layer and CdTe. Decoration of these locations has been well-docu-
mented in the literature (Kranz et al., 2014; Li et al., 2014). Similar to
Device #2 the bilayer structure is disrupted, with oxygen-rich clusters
are found predominantly along the interface with tin oxide. The S and
Cd maps confirm this, as close comparison among these three elements
shows that regions of elevated O density are well correlated to regions
where both the S and Cd signals are attenuated. Note that we also at-
tempted to detect and map Cu, as migration of Cu to the front contact
region has been implicated with stability issues (Wolden et al., 2016).

However, no copper was detected in the front contact region of any of
the four samples, indicating that if present it was well below the de-
tection limits of EDX (∼0.1 at.%)

For quantitative analysis, EDX line scans were performed across the
window layer at positions with and without significant O present at the
positions indicated in the O contour map (Fig. 8a). In addition to dis-
rupting the bilayer structure, the CdCl2 treatment also promotes inter-
diffusion between CdTe and the window layer. Across the region
without oxygen present (Fig. 8b) there is a ∼25 nm region character-
ized by strong S-Te interdiffusion as one moves out of CdTe, followed
by ∼80 nm of a CdS1–yTey phase where the alloy composition is es-
sentially constant throughout until abruptly ending at the TO interface.
Note that O was only detected in the tin oxide layer in this scan. The
scan across the O-rich region (Fig. 8c) is initially quite similar, with a
∼25 nm of Te-S interdiffusion followed by ∼40 nm of a homogeneous
alloy phase. However at this point a large fraction of O abruptly ap-
pears, Te falls below detection limits, and for the next 40 nm until the

O

S

Cd

Te

Sn

(b) No oxygen 

O

S

Cd

Te

Sn

(c) Oxygen-rich Cluster

(b) (c)

(a)

Fig. 8. (a) HR-TEM image and associated elemental maps obtained from the heterojunction region of Device #4, fully processed after both CdCl2 and RTP activation. EDX line scans
across window layer at positions (b) where O is not present and (c) crossing an O-rich cluster as indicated in O atom contour map.
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TO interface the composition is characteristic of cadmium sulfate
(CdSO4).

The findings here are in some ways similar and some different than
those reported by Klein, who used XPS to study the composition of
CdS:O exposed to heat treatment but no CdTe deposition(Klein, 2015).
In that study they identified signatures ascribed to CdS, CdSO4, and
CdO and proposed that the three phases were interspersed among each
other. The significant difference here is that no regions of CdO were
observed in this work. In all EDX line scans of oxygen-rich regions
within the window layer both Cd and S were found to be present in
significant and comparable densities, similar to what is shown in
Fig. 8c. These difference in part may reflect that annealing CdS:O is not
sufficient to represent the changes that occur during CdTe processing as
demonstrated previously (Meysing et al., 2016). Both CdTe deposition
and CdCl2 treatment steps significantly impact the structure and com-
position of the window layer. The former leads to CdS1-yTey alloy for-
mation and segregation of oxygen into cadmium sulfate clusters that are
found along the interface with CdTe. CdCl2 treatment disrupts the bi-
layer structure and afterwards cadmium sulfate are found to migrate
towards the interface with tin oxide. While these observations are
clearly documented the underlying mechanism(s) remains unclear. The
presence of the ternary CdS1-yTey alloy is unsurprising since the Te
fraction approaches solubility limits expected at the deposition tem-
perature. Likewise it is postulated that CdSO4 is the most thermo-
dynamically stable state for oxygen in this reactive environment re-
lative to alternatives such as CdO. During CdCl2 treatment significant
amounts of Cl migrate through the window layer to the tin oxide in-
terface and this action may help facilitate redistribution of CdSO4

clusters observed after this step. Additional work will be needed to
further test and better understand these and other potential mechan-
isms.

4. Conclusions

The evolution of the heterojunction region in CdS:O/CdTe solar
cells during device processing was systematically investigated using
TEM imaging and elemental analysis. It is shown that high temperature
deposition processes used for both CdTe deposition and CdCl2 activa-
tion dramatically alter the structure of this region. In the first step the
overall window layer thickness is reduced and a bi-layer structure is
formed consisting of a nanocrystalline CdS1-yTe layer adjacent to the tin
oxide and a cadmium sulfate region that segregates to the interface with
CdTe. The CdCl2 activation step does not alter the overall thickness but
disrupts the bilayer structure and results in CdSO4 clusters migrating
towards the tin oxide interface. Chlorine preferentially segregates to the
window layer, concentrated at grain boundaries and interfaces. In ad-
dition, the CdCl2 treatment promotes interdiffusion with CdTe, re-
sulting in a ∼25 nm thick graded interface between the absorber and
window layer. Finally it was shown that the RTP step used to activate
the back contact had a negligible impact on the heterojunction region.
These findings present further insight for individual process optimiza-
tion.
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