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ABSTRACT: Recent advances in design and processing technol-
ogy have made possible commercialization of polycrystalline (px)-
CdTe as a photovoltaic absorber. Grain boundaries (GBs) are the
most prominent structural defects in these devices and undergo
significant changes during device fabrication. However, the effects
of device fabrication processes on these GBs are not entirely
understood. Prevailing models of GBs in thin-film photovoltaics
consider individual GBs to have homogeneous properties in their
area. Here, using an aberration-corrected scanning transmission
electron microscope (STEM)-based low-loss and core-loss electron
energy-loss spectroscopy (EELS), we show that back-surface
etching of CdTe leads to inhomogeneity within individual grain
boundaries. We observe that etching the back surface leads to the
conversion of a region of GBs from CdTe to an elemental Te, which has an only 0.33 eV band gap, as deep as 1 μm from the back
surface. The presence of elemental Te in GBs this deep into the absorber layer will increase recombination in the absorber layer and
limit the extractable open-circuit voltage, thus reducing device efficiency. However, additive methods for back contact formation
such as deposition of Te, ZnTe, or other materials preserve the CdTe stoichiometry of the GBs. Thus, especially for the next
generations of CdTe-based cells having longer minority carrier diffusion length and/or thinner absorber layers, additive back
contacting methods are superior.

KEYWORDS: polycrystalline CdTe, thin-film solar cell, grain boundary, wet etching, aberration-corrected STEM,
electron energy-loss spectroscopy

■ INTRODUCTION

Solar cells of polycrystalline CdTe are the leading commer-
cialized thin-film photovoltaic (TFPV) technology for utility-
scale electricity generation. CdTe was the first PV technology
to achieve manufacturing costs below $1/Wp (earlier than
even Si), thus ushering in the current era of PV proliferation.
The high absorption coefficient (>105/cm) for photon
energies above its 1.5 eV band gap allows CdTe absorber
layers only a few μm thick to absorb its usable portion of the
solar spectrum completely. CdTe cell efficiencies greater than
22% and module efficiencies greater than 18% have been
reported.1,2 However, a significant gap still exists between these
efficiencies and CdTe’s maximum theoretical efficiency of
∼32%.1,3 Increasing the open-circuit voltage (Voc) to over 1 V
by increasing lifetime and doping are the current crucial
challenges for pushing CdTe device efficiency over 25%.
However, high Voc cannot be achieved only by improving
absorber doping and lifetimereducing the interface recombi-
nation velocities at the front and back interfaces will become

more and more vital as minority carrier diffusion length
increases.4−6

Rapid improvements in CdTe TFPV efficiency were
achieved in the past decade, primarily by improving short-
circuit current density (Jsc). These improvements in Jsc were
achieved by replacing the conventional CdS n-type buffer layer
with broader gap buffer layers and by alloying CdTe with Se
near the front junction to reduce the band gap by
approximately 100 meV.7−10 Very recently, the additional
roles of Se in improving intragrain lifetime as well as helping to
passivate grain boundaries have been elucidated.11−13 As the
technology moves toward 25% efficiency and Voc approaches
greater than 1 V, increases in bulk minority carrier lifetimes
and higher doping will allow thinner cells. Thus, in the near
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future, any mechanism causing either nonradiative recombi-
nation or radiative recombination in a lower band gap phase
(as we describe herein) at or near the back contact will
continue to rise toward the top of the Pareto list of factors
limiting Voc.
Grain boundaries (GBs) are the most prominent structural

defects in CdTe thin-films after the nearly ubiquitous CdCl2
treatment, which largely removes stacking faults and twin
boundaries. Charged grain boundaries and their associated
potential result in a high density of midgap states in the band
gap (1011−1012/cm3 required to produce higher than 50 mV
potential for grains with typical doping higher than 1015/cm3),
as opposed to being caused by shallow dopant states. Such
intragap charge transition levels will participate in defect-
assisted recombination and generation. The effects of vertical
(through-thickness) GBs have been computationally explored;
in forward bias, GBs result in increased recombination at their
intersection with the nominally planar junction depletion
width increasing Jo(V).

14−22 A helpful device physics insight is
that the GB potential only exists in the quasineutral region.
Within the main junction depletion width, the intragap GB
states behave as recombination−generation centers just as they
would if uniformly distributed. Thus, despite widespread
discussion of beneficial effects of GB potentials separating
photocarriers and increasing Jlight(V) near Jsc, unless the GB
states have zero recombination activity, the increased Jo(V) in
forward bias outweighs such supposed benefits and always
reduces photovoltaic conversion efficiency. The best passivated
GBs in CdTe to date is still estimated to have recombination
velocity higher than 104 cm/s. Summarizing, charged vertical
GBs may be beneficial for polycrystalline thin-film photo-
detectors or radiation detectors operated in zero to reverse bias
but are unequivocally deleterious to thin-film photovoltaics
operated in forward bias.
The existing literature has assumed the structure and

properties of GBs to be homogeneous across their surface
area. GBs are generally classified in terms of their coincident
site lattice character. While this description is sufficient to
distinguish individual grains, it is insufficient to describe their
interfacial atomic arrangement and thus their electronic
structure.15,17,22−27 Our past work on laser annealing of the
CdTe back surface and our work on the investigation of GB
chemistry near the back contact have demonstrated chemical
inhomogeneity within a GB.28,29 These investigations have
opened an avenue of exploration in TFPV on the variation in
GB properties with position along their surface and its
implications on device physics. Especially given historical
low-doping in CdTe grains and the propensity of surfaces and
interfaces to form intragap states, the formation of Ohmic
contacts has been challenging and led to efficiency losses. A
widely practiced historical approach has been to etch the back
surface to form an elemental Te layer before deposition of a
metallic back contact.30−36 More recent approaches have
deposited doped ZnTe or Te to aid in the ohmic back contact
formation.37,38 Additionally, chemical etching is the preferred
method to create a Te back layer in solution-deposited and
flexible CdTe TFPV devices.39−42 Within 1D slab-on-slab
device physics analysis, these approaches should be equivalent.
We have shown here that the presence of GBs makes etching
and additive deposition processes inequivalent to CdTe TFPV
performance.
Understanding the effects of etching on the chemical

composition, electronic structure, and valence states of the

GB region is quite challenging and requires the latest
innovations in high-resolution valence electron energy-loss
spectroscopy (V-EELS).43,44 Combining the spatial and energy
resolution involves using aberration-corrected scanning trans-
mission electron microscopy (STEM) and V-EELS to correlate
physical defects and structure with local changes in atomic
bonding and configuration below the core-loss regime.45,46

While core-loss electron energy-loss spectroscopy (CL-EELS)
provides element-specific electronic structure information with
limited energy resolution, overlapping edges, plasmonic
features, and spurious X-ray signals make extraction of such
information more complex below ∼150 eV, in the valence
regime.45 V-EELS enables spatially resolved detection of band
gaps and the broadening at near edge joint density of states just
above the Fermi energy in semiconductors, which in principle
includes measurements of band gap and the dielectric response
of the bulk.
Herein, we present first-of-its-kind direct evidence from

high-resolution transmission electron microscope-based core-
and valence-EELS data that commonly used etching processes
used to prepare a Cd-poor layer for improved Ohmic back
contacts results in phase transformation of 1.5 eV CdTe to a
smaller band gap, 0.33 eV, Te along GBs near their intersection
with the back surface. We utilized CL-EELS to measure
compositional changes and low-loss (valence) EELS to
characterize phases present. Elemental spatial chemical
composition extracted from CL-EELS is correlated with V-
EELS spectral imaging to reveal a direct relation between
elemental chemical composition and low lying energy loss
features, which are indicative of changes in electronic band
structure.47,48 Kramers−Kronig (KK) analysis and electron
density functional theory (DFT) are used to reveal trends in
the measurable differences in the electronic states and relate it
to dielectric properties. KK analysis reveals the spatially
coordinated complex dielectric function. We have compared
and integrated high-resolution imaging and spectroscopy to
reveal the underlying origins associated with Cd depletion and
Te enrichment in Br:MeOH etched px-CdTe TFPV devices.
Additionally, we show that additive back contact processes
such as deposition of Te or ZnTe layers, which to our
knowledge are used, at least coincidentally, in all cells to date
exhibiting AM1.5 efficiencies above 17%, do not induce such
phase changes. Our study is also potentially applicable to other
thin-film material applications where chemical etching is used
to modify or change the surface chemistry.49−51

■ RESULTS AND DISCUSSION
The CdTe electron-transparent lamella lift outs (thinned to
approximately 60−100 nm) were characterized using STEM
and EELS in both the core-loss and low-loss energy ranges to
study the chemical compositional variation at the back surface
of CdTe layers and along GBs intersecting the back surface.
Three sample stacks of CdTe thin-films (ITO/MZO/CdS/
CdTe) are used in this comparative study. Two samples are
Br:MeOH etched at the back surface of CdTe to create the Te
back layer. After etching, a ZnTe layer is deposited at the back
surface. This sample is used in the study as ZnTe is commonly
deposited at the back surface of CdTe after bromine etching to
create an electron-reflector layer. Finally, to ensure that the
changes in chemical composition observed at the back surface
of CdTe are an artifact of etching and not due to CdTe film
growth, a third sample (ITO/MZO/CdS/CdTe/Te) depos-
ited by vacuum deposition is used. This sample did not
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undergo any etching; instead a 30 nm layer of Te is deposited
at the back surface of CdTe.
Figure 1 shows the STEM-EELS chemical maps (Cd and

Te) of a GB at the back surface of bromine etched lamella
from a cell with layer structure ITO/MZO/CdS/CdTe. In the
Cd compositional map (Figure 1b), the back surface and the
GB region have relatively low Cd CL-EELS counts as
compared to the grain bulk region on either side of the
boundary while the same region has higher Te CL-EELS
counts (Figure 1c). This chemical variation shows that while

the GB is poor in Cd, there is a higher concentration of Te in
this region as compared to the bulk of the grain. The lack of
Cd implies that, after etching the sample with Br:MeOH, Cd2+

is selectively removed from the GB leaving behind a region
that has a relatively higher concentration of Te. We believe
that the GB exhibits excess Te as compared to the grain
interior as a result of film growth conditions. This selective
removal of Cd reduces the atomic density of the GB relative to
the grain interior in the etch-affected area. This low-density

Figure 1. STEM-EELS chemical map of a bromine etched back surface of BrMeOH etched Glass/ITO/MZO/CdS/CdTe lamella. (a) HAADF-
STEM image of back surface of CdTe. (b) Cd and (c) Te EELS chemical maps of the highlighted region in part a showing Cd-poor and Te-rich
grain boundary. Color bar in units of atoms/nm2.

Figure 2. (a) HAADF-STEM image of back surface of BrMeOH etched Glass/MZO/CdS/CdTe:ZnTe. (b) Cd and (c) Te EELS chemical maps
of the highlighted region in part a. (d) HAADF-STEM image of the same GB approximately 1 μm deeper into the sample. (e) Cd and (f) Te EELS
chemical maps of the highlighted region in part d. The grain boundary is Cd-depleted and rich in Te. White regions in the chemical maps are areas
where the Cd and Te signal was below background EELS level. Color bar in units of atoms/nm2.
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region shows up as darker GB regions in the high-angle annular
dark-field STEM (HAADF-STEM) image (Figure 1a).
Figure 2 is the STEM-EELS chemical map of a GB region of

Br-etched CdTe back surface from a cell with a layer structure
ITO/MZO/CdS/CdTe/ZnTe. The ZnTe layer was deposited
at the back after the Br:MeOH etching. Figure 2d−f are the
HAADF-STEM image and Cd and Te EELS compositional
maps, respectively, approximately 1 μm deep into the same
GB. The chemical maps show that the GB region is deficient in
Cd (Figure 2b,d) and has higher Te (Figure 2c,e) as compared
to the adjacent grain bulk regions. Additionally, some regions
in the GB are found to be devoid of Cd while very high in Te
content compared to the grain interior. These pockets of no

detectable Cd and high Te in the GB indicate that the etching
process completely removes Cd2+ ions from the structure
leaving behind Te. The observation of higher Te concen-
tration, in the GB compared to the grain interior region, this
deep into the CdTe layer shows the extent of etching on GBs
near the CdTe back surface.
Figure 3 compares the core-loss spectrum of the GB region

with that of the spectrum in the grain interior region. The
normalized spectra in Figure 3b show that the signal from the
GB region starts to rise at the onset of the Te M edge, and
there is a negligible signal response at the Cd M edge. This
absence of the Cd M edge indicates that the Cd signal was not
detected above the EELS background level in this region of the

Figure 3. (a) HAADF-STEM image of back surface of BrMeOH etched Glass/MZO/CdS/CdTe:ZnTe. (b) Integrated normalized core-loss EEL
spectra of grain interior and grain boundary region showing no detectable Cd in the grain boundary region. Cd M4,5 and Te M4,5 onset lines are also
shown on the energy loss axis.

Figure 4. Component maps extracted from low-loss valence EELS spectral maps. (a) MLLS fit of the three components (Pt, CdTe, and Te) adding
up to the averaged spectra. (b) Pt top metal layer, (c) CdTe bulk grain, and (d) Te-rich layer at the near back-surface region of bromine etched
Glass/ITO/MZO/CdTe:ZnTe film. Color bars show the fit coefficients of each component, respectively.
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GB. This observation warrants further investigation into the
nature of the Te in the GB region; is it a region of highly Cd-
poor CdTe, or is it a region of elemental Te?
In order to determine whether the higher concentration of

Te observed at the GB is pure Te (Te bonded to Te) or a
region of CdTe with extreme Cd vacancies (Cd-poor CdTe), it
is crucial to investigate the valence state of the high Te
concentration observed in the GB region. Valence low-loss
spectral imaging was performed over the same region as in
Figure 2. V-EELS spectra were collected at each pixel spanning
from the Pt top layer through the CdTe bulk region. The
spectra shown in Figure 4a were utilized as reference spectra
for the Pt top layer, CdTe bulk region, and elemental Te.
Then, the spectrum from each pixel was analyzed to determine
the principal components. Individual weighted components
were extracted by multiple linear least-squares (MLLS) fitting,
where each spectrum was normalized and fitted with scaling
coefficients adding up to one at each pixel forming maps of
each of the phase components. Figure 4 shows these coefficient
maps for the Pt (Figure 4b), CdTe bulk (Figure 4c), and Te
GB (Figure 4d) components. These maps reveal that the back
surface of CdTe is Te-rich with no CdTe and with minimal
overlap of the Pt deposited layer. Principle component maps
using the CdTe bulk grain and elemental Te spectra were also
extracted along the same GB approximately 1 μm deep into the
CdTe layer and are shown as Figure 5a,b, respectively. The Te

component map (Figure 5b) shows that, even at this depth
(∼1 μm) from the back surface into the film, some regions of
the GB have elemental Te with no detectable Cd. The fact that
some GB regions correlate strongly with the elemental Te
component spectrum and not the CdTe component
demonstrates that these GB regions have elemental Te. It is
also observed that only some regions of the etch-affected area
of the GB are elemental Te. Therefore, the etch-affected region
of the GB has both Cd-poor CdTe as well as regions of
elemental Te.
V-EELS spectra at each pixel were processed, and KK

analysis was performed to correlate the observed chemical
changes at the GB with the measured loss function (complex
dielectric function). The required steps to perform the analysis
included aligning to the zero-loss energy, minimizing plural
scattering with the measured zero-loss peak, and tabulating the

zero-loss full-width half-maximum (fwhm) at each pixel.45

Following KK analysis, the real and imaginary parts of the
dielectric function were recorded at each point. Elemental Te,
stoichiometric CdTe, and CdTe containing different concen-
trations of stoichiometry-changing point defects will all exhibit
differences in their valence electron structure, thus resulting in
shifts in their bulk plasmon spectra. Mapping the plasmon peak
and comparing these peak positions with standard peaks
recorded in EELS databases of the corresponding elements or
compounds would point toward the bonding nature of the
corresponding elements at each pixel. There is a direct
correlation at the GB region of the Te-rich GB (Figure 5b) and
the change in the bulk volume plasmon peak position (Figure
5c). Additionally, upon a comparison to reference elemental
Te spectra, the shift to higher energy is consistent with the
presence of elemental Te. Experimentally measured V-EELS
spectra published in the reference Gatan EELS Atlas database
for elemental Te show a reference peak at ∼17 eV, whereas for
CdTe the peak is centered at ∼10.5 eV.52 These reference
spectra in the Gatan EELS Atlas were not minimized for plural
scattering or analyzed with KK analysis; however, performing
the same analysis on these reference spectra places the Te
plasmon peak at the same energy (14 eV as shown in Figure
5c). This evidence validates our earlier hypotheses that the
etching process not only produces a thin Te layer across the
back surface but also converts CdTe to elemental Te in the
near back-surface region of grain boundaries, sometimes
extending as deep as 1 μm (nearly 33% into the film toward
the front junction).
To thoroughly explore the issue of whether or not we can

distinguish V-EELS spectra from Te-rich CdTe, Cd-poor
CdTe, and elemental Te, we computed the bulk plasmon
spectra using all-electron density functional theory (DFT).
Figure 6 compares a representative experimental V-EELS
spectrum from a Te-rich GB region with computed spectra for

Figure 5. Component maps extracted from low-loss valence EELS
spectral maps for components: (a) CdTe bulk grain, (b) elemental Te
components, respectively, of the same GB as in Figure 4
approximately 1 μm deeper in the sample. (c) Imaginary part of
the refractive index extracted from the low-loss valence EELS by
Kramers−Kronig analysis.

Figure 6. Comparison of theoretical EEL spectra obtained by DFT
simulations of various defect conditions from stoichiometric CdTe
with the experimental spectra of the components’ CdTe bulk grain
and Te-rich grain boundary, respectively.
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elemental Te, and CdTe containing various densities of Cd
vacancies and Te interstitials. We note that these V-EELS
spectra are sensitive to the area density of atoms but are rather
insensitive to the crystallographic locations of atoms. Thus, we
have confidence that any differences in the exact location and
structure of atoms in the computed and experimental materials
would not change the overall conclusions. The simulated
spectra were smeared using a 1 eV Gaussian window to match
our experimental parameters. The simulated spectra exhibit a
monotonic shift in the peak position to higher energy going
from stoichiometric CdTe to defective structures with a higher
Te:Cd ratio, to elemental Te. The computed spectra for pure
Te have the best match with the experimental data, thus also
supporting the hypothesis of etching-induced conversion to
elemental Te.
In our prior work using STEM-based EDS, the X-ray

generation and interaction volume were sufficiently large that
X-rays from the adjacent CdTe grains were contained in the
data, making it challenging to accurately determine whether
the high concentration of Te observed in GBs is a region of
Cd-poor CdTe or elemental Te. Additionally, comparing
measured Te:Cd ratio in the chemical maps is not sufficient to
distinguish elemental Te from stoichiometric CdTe. A region
of Cd-poor CdTe and a region of high Te would both yield a
Te:Cd ratio greater than one, making it impossible to
determine the valence nature of the Te in the GB regions.
Here, using EELS, the smaller lateral resolution allows the
presence of elemental Te in the affected regions of the GB to
be determined conclusively. We conclude that the composition
more closely resembles elemental Te than any defective CdTe,
and thus, its chemical, electronic, and optical properties should
also be expected to resemble elemental Te more closely. We
cannot comment on whether or not the elemental Te in the
GB is doped. However, its narrow band gap of 0.33 eV (barely
larger than the detailed balance mandated difference between
Eg and Voc) and high radiative recombination coefficient

(∼10−8 cm3/s) ensure that the quasi-Fermi levels will remain
very closely separated within Te regions turning the affected
GB regions into an extension of the back contact.
To ensure that the Te-rich GB regions are not formed

during CdTe film deposition or CdCl2 annealing processes but
rather as a side-effect of the Br:MeOH etching, another lamella
from the film stack (ITO/MZO/CdS/CdTe/Te) was
analyzed. Instead of using etching to create a Te layer, a 30
nm Te layer was evaporated on top of the CdTe film. Figure 7
shows the STEM-EELS chemical map for a GB region near the
back surface of this film stack. In Figure 7b,c, the GBs have
barely discernible contrast change indicating lower Cd
concentration in the GB and even slighter hints of lower Te
concentration. Both are only slightly above the signal
fluctuation levels in the grains, with this statistical noise level
being higher for the Te data. The HAADF-STEM data also
shows a brighter contrast in the GB, which is an imaging
artifact due to the thickness of the TEM lamella. Thus, the
only justifiable statement we can make about the composition
of this GB is that there is no appreciable observable change in
the stoichiometry of the GB. The Te chemical map (Figure 7c)
of this lamella shows a Te back surface but shows no
detectable changes in Te composition along the GB region as
compared to the adjacent grain interior regions. This lack of
excess Te in the GB region indicates that the GB retains the
same CdTe composition as the neighboring grains. Therefore,
the evaporative deposition of Te at the back surface of CdTe
preserves GB homogeneity while the high Te concentration
found in GBs of the Br:MeOH etched films are due to the
etching process and not an artifact of CdTe thin-film growth.
We turn now to a discussion of context and implications of

the finding that Cd-selective etching processes can convert
regions of grain boundaries from CdTe to elemental Te. It is
evident from crystallographic considerations that, in a
compound crystal like CdTe, the bonds cut by a single GB
may vary across its surface area if the GB is not strictly planar.

Figure 7. (a) HAADF-STEM image of back surface of an unetched Te-deposited Glass/ITO/MZO/CdS/CdTe. (b) Cd and (c) Te EELS
chemical maps of the highlighted region in part a. No phase change of the GB is observed. Color bar in units of atoms/nm2.
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Thus, it should be expected that optoelectronic properties such
as doping, recombination velocity, and band gap may also vary.
Also, different GBs described by the same grain misorientation
and coincident site lattice (CSL) description may exhibit
different optoelectronic properties because their surfaces may
cut different sets of bonds. These two phenomena arise
because five degrees of freedom are required to completely
describe the local position (down to atomic scale) and
orientation of the GB surface as well as the relative orientations
of the two grains comprising a GB. Only the two angular
variables describing the orientation of the lattice are obtained
from each point in electron backscatter diffraction (EBSD).
The position of a GB cannot be resolved at atomic resolution,
given the relatively larger interaction volume for EBSD. Thus,
only the relative rotation of the two lattices may be determined
at a GB. The three “missing” variables are the inclination of the
GB plane with respect to the surface and absolute position of
the GB in the surface plane which cannot be resolved at atomic
resolution except by scanning transmission electron micros-
copy (STEM). These considerations are analogous to
discussions of optoelectronic properties along a curvilinear
dislocation which will exhibit different screw and edge
components and thus different properties along its line.
In our earlier work, we carried out benchmark-quality two-

dimensional device simulations on a representative CdTe
device structure with representative absorber thickness and
lateral grain size. Although we did not carry out full sweeps of
CdTe thickness, doping, and lifetime along with GB lateral
spacing, intragap defect density, and recombination activity,
simple arguments about whether or not minority carriers can
reach affected GB regions before recombining radiatively in
CdTe can yield qualitative trends. First, unlike the case of
intragap defect recombination at GBs, the conversion of the
band gap from that of CdTe (1.5 eV) to that of Te (0.33 eV)
means that even radiative recombination will result in smaller
quasi-Fermi level splitting resulting in Voc losses. As long as the
absorber layer is thick enough that negligible photocarriers
reach areas of lower band gap or higher recombination near
the back contact, recombination at or near the back contact
will not have a significant effect on Voc or efficiency (Figure
8a). A reasonable criterion for the effects of recombination at
regions of reduced band gap or increased nonradiative
recombination near the back contact remaining insignificant
is that such regions should be at least three minority carrier
diffusion lengths from the edge of the front junction depletion
region. If either minority carrier diffusion length increases
(Figure 8b) or thickness of the quasi-neutral region of the
absorber decreases (Figure 8c), these types of recombination
including any induced at GBs will need to be minimized in

order to allow high Voc and efficiency. The importance of band
structure and doping at the back contact and strategies such as
minority carrier reflector layers or back-surface fields have long
been recognized from 1D device physics considerations.4,5

However, our observations indicate that GBs affected by
etching intersecting the back surface introduce at least 2D
band structure changes. The same arguments for back-surface
fields and minority carrier reflectors could in principle be
implemented within the etch-affected regions of GBs in order
to mitigate effects. However, in our opinion, it is better to
avoid their formation by avoiding Cd-selective etching
processes. Just as for unpassivated grain boundary regions
having a high effective recombination velocity, the lateral
spacing of grain boundaries compared to both the Debye and
minority carrier diffusion lengths will help to determine the
severity of impacts. Larger grains, higher intragrain doping, and
a reduced number density and recombination activity of
intragap defect states will all mitigate any effects.

■ CONCLUSION

Chemical etching of the back-surface of CdTe leads to
inhomogeneity within grain boundaries. The etching process
affects the grain boundaries as deep as 1 μm into the absorber
layer, nearly a third of the CdTe absorber layer. In addition to
Cd-poor CdTe, the presence of elemental Te is confirmed in
the etch-affected region of the grain boundary by correlating
chemical compositions from CL-EELS with low-loss V-EELS
and DFT-based numerically predicted V-EELS spectra.
Importantly, chemical etching leads to phase transformation
within the grain boundaries from 1.5 eV CdTe to a lower band
gap 0.33 eV Te. Contrary to the currently accepted hypothesis
that etching is beneficial to device efficiency, this observation
of elemental Te as deep as 1 μm into the grain boundary from
the back surface of CdTe is highly deleterious to extractable
Voc and device efficiency. However, additive deposition
processes to form the Te back layer preserve the chemical
composition of the grain boundary.
Recent and continued improvements in minority carrier

lifetime, diffusion lengths, and p-type doping in the absorber
layer (CdTe) push toward creating thinner devices. The
increased recombination due to the presence of lower band
gap Te in the grain boundaries of CdTe would lead to Voc
losses and thus limits the efficiency of CdTe TFPV devices. In
light of this, it becomes crucial to avoid any form of wet-
etching of CdTe back surface to aid in formation of an Ohmic
back contact. Therefore, additive methods to create a Te back
surface that preserves the chemical composition of the grain
boundaries is a better alternative to wet etching processes.

Figure 8. Illustration showing the effect of elemental Te in GB near the back surface of CdTe having (a) low minority carrier diffusion length, (b)
large minority carrier diffusion length, and (c) a lower than standard CdTe layer thickness.
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■ MATERIALS AND METHODS
Sample Fabrication. All samples used in this study are of

superstrate architecture without the back metal contact. Borosilicate
glass (Corning 7059) was used as the substrate. A brief etching in
dilute hydrofluoric acid was used to clean the glass. A 300 nm indium
doped tin oxide (ITO) layer was deposited on the glass by RF
sputtering followed by a 100 nm layer of MgxZn1−xO (MZO). A
600−1000 Å of CdS was grown on the MZO layer by chemical bath
deposition. A 3−5 μm thick layer of CdTe was deposited by
sublimation. This sample is then annealed at 410 °C in the presence
of CdCl2 to passivate the grain boundaries of the CdTe layer. Two of
these samples were grown, and this is followed by a Br:MeOH etch
(0.1% volumetric solution) for 10 s. On one of the samples, a 30 nm
ZnTe layer is deposited by RF sputtering. The thickness of the CdTe
absorber layer was ∼3 μm.
To compare the etched process with that of a Te deposited back

layer, another CdTe film stack is grown but without the Br:MeOH
etching step. Instead, a 30 nm Te layer was evaporated at the back
surface.
Sample Preparation for Scanning Transmission Electron

Microscopy (STEM). Electron-transparent cross-sectional lamella
were obtained from all the three processed samples using the
standardized focused ion beam lift-out process. Following lift-out, a
well-focused thinning of the lamella was performed (2 kV accelerating
voltage and 12 pA beam current). Low accelerating voltage was used
to clean the lamella of any residual material redeposition and remove
any damages from the lamella during the initial lift-out process (30 kV
accelerating voltage). To further thin the samples without damaging
the lamellas, a rethinning was performed on the samples using helium
ion milling (Fischione 1040 NanoMill). Successive milling was done
on the FIB lift-outs at 1 kV and 500 eV for 4 min on each side of the
lamella. The rethinning was done to bring the thickness of the lamella
closer to 60 nm while maintaining the surface integrity.
Scanning Transmission Electron Microscopy Character-

ization. Annular dark-field images of the three lamellas were
obtained using an aberration-corrected Nion UltraSTEM 100
microscope operated at 100 kV. The EELS measurements were
done on the same system using Gatan Enfina EELS to obtain EELS
spectrum images of the three lamellas at the back surface. The half
convergence angle was set to 30 mrad and the collection inner half
angle to 50 mrad. Before STEM characterization, the samples were
baked overnight at 160 °C in a vacuum. The STEM was operated in
annular bright-field and high-angle annular dark-field (HAADF)
imaging modes, with a calculated final probe diameter of 0.87 Å,
based on the measured aberration coefficients. For quantifying the
EELS chemical maps, Cd and Te component signals (M4,5 edge) were
extracted by fitting to the experimental spectra (in the range 350−800
eV) and deconvoluting the spectrum to account for the background
signal, including removal of plural scattering effects due to thickness
variations.
DFT Calculations. The addition and subtraction of Cd or Te

effect on the joint density of states (DOS), low-loss valence electron
energy-loss spectrum, and dielectric was predicted using first-
principles density functional theory (DFT). Supercells were
constructed on a 2 × 2 × 1 basis and sampled in reciprocal space
using the 4 × 4 × 4 k-point method, implemented in fully relativistic
all-electron linear augmented plane wave plus local orbital approach
(LAPW+lo) employed in Wien2k version 18.2 (Release 7/17/
2018).53 Defect cells were constructed inside a primitive structure
geometry where the addition or subtraction of Cd and Te atoms were
constructed by hand and visualized inside the commercial software
Crystal Maker version 9.2. With a varying amount of Cd and Te
content, the subsequent atomic coordinates were allowed to relaxed
until self-convergence was achieved to less than 0.001 Ry and 0.001
total charges forming an initial lattice structure of a = b = 6.629 Å and
c = 13.2581 Å. The electron energy loss (EEL) spectra were calculated
using the joint and TELNES3 submodules implemented in Wien2k,
that readily converted the finite joint DOS to a comparable spectrum
with an input broadening of 0.10 eV. The valence electron energy-loss
spectra were subsequently plotted and fitted using Matlab, and the

qualitative shifts in the spectra were compared with varying atomic
content.
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