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ABSTRACT: The effect of grain boundaries (GBs) especially twin boundaries
(TBs) on the performance of polycrystalline CdTe thin film (1−2 μm in thickness)
solar cells remains largely controversial. Understanding the GB’s microstructure and
physical property and their impact on the photovoltaic efficiency is critically
important to the optimization of the solar cell performance. In this work, we present
a systematic study of GBs in CdTe thin film solar cells of different efficiencies in the
range of 1.97−9.68%, aiming to elucidate a quantitative correlation of GBs especially
TBs with the solar cell charge transport by integrating several advanced approaches
including electron backscattering diffraction, transmission electron microscopy,
conductive atomic force microscopy, and scanning Kelvin probe force microscopy.
Importantly, we have confirmed {111} Σ3 TBs form in the PLD CdTe solar cells
and are beneficial by providing an efficient channel for charge transport. The
percentage of {111} Σ3 TBs was found to be correlated quantitatively with the solar
cell power-conversion efficiency and a higher percentage led to a higher efficiency. In addition, a built-in field was observed
between the random-angle GBs with respect to the grain interior, which may enhance exciton dissociation. This study provides
a critical insight into the role of GBs in the polycrystalline CdTe thin film solar cells and is important to further improvement of
their performance.

KEYWORDS: electron backscattering diffraction, photovoltaic, twin boundaries, conductive atomic force microscopy,
thin film solar cells, CdTe solar cells, charge transport, twin boundaries enhanced current transport

Polycrystalline thin (1−2 μm) and thick (up to 8−10 μm)
film solar cells of cadmium telluride (CdTe), Cu-

(In1−xGax)Se2 (CIGS), and perovskite have been attracting
intense attention both in basic research and industrial
development due to their high efficiency and low cost.1−8,21

The champion efficiencies for the CdTe, CIGS, and perovskite
solar cells have reached to 22.1%, 22.6%, and 22.1%,
respectively.5 In these polycrystalline thin film solar cells, a
large number of grain boundaries (GBs) are present.1−8,21 It is
well-known that GBs are rich in defects including dangling
bonds, dislocations, and impurities. Therefore, most GBs are
regarded as detrimental to solar cell performance since they
may serve as charge carrier traps and recombination
centers.9−14 Understanding the GB’s microstructure and
physical property and their impact on the photovoltaic
efficiency is therefore important to the optimization of the
solar cell performance.
The GBs can be sensitively affected by the processing

conditions. For example, in the CdTe thick film solar cells
fabricated using a high-temperature method such as close space
sublimation (CSS) and vapor transport deposition (VTD)

with the substrate temperature higher than 500 °C for larger
grain sizes and therefore a smaller concentration of GBs indeed
exhibit much higher efficiency of >20% in laboratory cells and
18.6% on module cells.15−20 Considerably lower efficiency was
reported on CdTe thin film solar cells fabricated by a low-
temperature method with a substrate temperature lower than
500 °C such as pulsed laser deposition (PLD), radio frequency
(RF) magnetic sputtering, electrodeposition, and screen-print
deposition.15−20 Consequently, the efficiency of PLD CdTe
thin film solar cells is considerably lower than that of the CSS
or VTD thick film counterparts.15−20

A major difference between the lower-temperature PLD and
higher-temperature CSS CdTe films is the much smaller grain
size in the former as compared to that in the latter. This means
that a significantly larger concentration of GBs is present in the
PLD CdTe thin film solar cells. Understanding the GB effect is
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therefore important to further enhance the efficiency of the
CdTe thin film solar cells. In fact, the CdTe solar cell currently
takes the second largest market share after the silicon
counterpart in the U.S. Especially, CdTe has a high absorption
coefficient in exceeding 105 cm−1 in the visible spectrum,
which means that a CdTe thin film of ∼1 μm in thickness can
absorb ∼90% of photons with energy larger than its band gap
of 1.45 eV.6 This makes CdTe thin film solar cells promising
for commercial applications. The cost of CdTe solar cells has
been reduced recently to $0.40/Wp, making them competitive
in large-scale commercialization.4−8

A few recent studies revealed that the GBs in CdTe
polycrystalline films are not necessarily detrimental univer-
sally.22,27,33,47,48 Instead, GBs especially twin boundaries (TBs)

assisted electrical current transport were reported.21−27

However, a quantitative correlation between TBs and solar
cell performance is lacking. Therefore, some questions are
needed to further explore to clarify the formation and effect of
GBs, especially TBs, on the performance of CdTe solar cells,
which is also important to other polycrystalline thin films solar
cells such as CIGS, perovskite for TBs’ existence in these solar
cells.28 First of all, how does the synthesis method, such as CSS
vs PLD or sputtering, affect the GB microstructures? Second, is
the substrate temperature the most relevant parameter that
determines the specific types of GBs formed in the polycrystal-
line CdTe films? Finally, how do the GBs especially TBs
quantitatively impact with the performance of CdTe thin film
solar cells? Answering these questions is important to

Figure 1. (a) Schematic illustration of a PLD CdTe solar cell and photographs of an as-grown CdTe, Cl-treated CdTe, and CdTe solar cell,
respectively. (b) XRD θ−2θ spectrum of a Cl-treated CdTe thin film. (c) Dark and illuminated J−V curves for the CdTe solar cell with an
efficiency of 9.68%. (d) Illuminated J−V curves for the CdTe solar cells with an efficiency of 1.97% and 2.87%, respectively. (e) EBSD images of the
CdTe solar cells with efficiencies of 9.68%, 2.87%, and 1.97%, respectively. The scale bar is 2 μm. The lower right side insets are the chaotic
assortment of colors for the different crystallographic orientations of the corresponding EBSD image. (f) Relationship between percentage of {111}
Σ3 CSL TBs and efficiency of CdTe solar cell. (g) Bright-field TEM image of the cross-section of a CdTe solar cell. The scale bar is 0.5 μm. (h)
HRTEM image of a CdTe solar cell. (i) SAED pattern on dotted red rectangle in panel h. The stacking sequence is mirror-symmetric and the type
of bonds remains the same, referring to a coherent {111} Σ3 CSL TBs.
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optimization of the CdTe solar cell performance, which is
challenging since multiscale characterization is required to
correlate the GB microstructures and electrical properties at a
nanoscale with the charge transport at a device scale.
Motivated by this, we have carried out a quantitative study

of the GBs in PLD CdTe thin film solar cells of different
efficiencies of 1.97%, 2.87%, to 9.68% employing several
advanced approaches including electron backscattering dif-
fraction, transmission electron microscopy, conductive atomic
force microscopy, and scanning Kelvin probe force micros-
copy. Interestingly, we have observed the {111} Σ3 TBs, for
the first time to our knowledge, in the PLD CdTe thin film
solar cells, similar to that in the CSS CdTe thick film solar
cells. The percentage of the {111} Σ3 TBs correlate closely
with the processing conditions and are beneficial to exciton
separation and charge transport. In particular, the solar cell
efficiency increases monotonically with the percentage of
{111} Σ3 TBs. These results are therefore important to
performance improvement of the CdTe polycrystalline thin
film solar cells made by PLD and other low-temperature
processes and other polycrystalline thin film solar cells.

■ RESULTS AND DISCUSSION
The CdTe solar cell structure of TEC15 (glass/FTO)/CdS/
CdTe/Cu/Au is schematically illustrated in Figure 1a. The
thicknesses of the CdS and CdTe are ∼100 nm and ∼1.5−2
μm, respectively, measured using a Tencor P16 step profiler
(Supporting Information Figure S1a) and confirmed by the
cross-sectional SEM (Figure S1b). After the Cl treatment, the
color of the CdTe surface changed from black into white color
(Figure 1a), indicative of improvement in microstructure due
to recrystallization of the CdTe and, hence, in the electrical
performance of the CdTe solar cells.24−27,29−31 In the case of
the PLD CdTe thin film solar cells, the lateral grain size of Cl-
treated CdTe is in the range of 850 nm to ∼4 μm, much larger
than that of the as-grown PLD CdTe with the grain size
distributing in the range of 300−500 nm (Figure S1b−f). After
the Cl treatment, no obvious cracks and voids were observable
in the Cl-treated CdTe thin films, suggesting a low reverse
leakage current in the obtained CdTe solar cells. X-ray
diffraction (XRD) θ−2θ spectra further confirm high
crystalline quality of the CdTe. The majority of XRD
diffraction peaks in the Cl-treated (Figure 1b) and as-grown
CdTe (Figure S2) can be indexed to the cubic CdTe with a
reference ICDD card no. of 15-0770. The other diffraction
peaks are indexed to SnO2 with an ICDD card no. of 41-1445.
However, after the Cl treatment, the preferred orientation
changed from (220) to (111) (Figure S2 and Figure 1b). The
full width at a half-maximum (fwhm) of the (111) peak is
∼0.292° after the Cl treatment, in contrast to a slightly higher
fwhm ∼0.307° of the (220) peak for the as-grown PLD CdTe
films, further indicating higher crystalline quality.
Importantly, the surface of the Cl-treated CdTe surface is

quite clean (Figure S1d,e) and Te-rich with a Cd and Te
atomic ratio of 45.40:47.83 (Figure S3a,b), which may be due
to the target Cd and Te atomic ratio of 49.98:50.02 (EDX,
Figure S3c,d). CdTe after the Cl treatment has usually
undergone the bromine treatment in order to form a Te-rich
surface, which will introduce a wet chemical process and is not
benign to the optoelectronic properties of CdTe.30 This is not
suitable to large-scale solar cell production. Since the surface of
the PLD CdTe is naturally Te-rich, no bromine treatment is
needed in the PLD solar cell fabrication process, leading to a

simplified, low-cost process in our fabrication method. After
the Cl treatment, an array of Cu (4 nm)/Au (50 nm) electrode
was evaporated on the CdTe surface with a shadow mask. A 60
min postannealing was carried out at 170 °C in the Ar/O2
atmosphere with an atomic ratio of 4:1 to facilitate Cu
diffusion. The current density−voltage (J−V) curves were
measured. Panels c and d of Figure 1 show the J−V curves of
the three CdTe solar cells with efficiency of 9.68% (open
circuit voltage (Voc) = 670 mV, short circuit current density
(Jsc) = 25.47 mA/cm2, fill factor (FF) = 57.08%), 2.87% (Voc =
439 mV, Jsc = 16.76 mA/cm2, FF = 38.96%), and 1.97% (Voc =
318 mV, Jsc = 18.73 mA/cm2, FF = 33.07%). To understand
the correlation between the efficiency and microstructure,
electron backscattering diffraction (EBSD) was conducted on
the area cut by a FIB (Figure S4a) in the PLD CdTe solar cells
with different efficiencies to quantify the GBs. The results for
the three samples of different efficiencies of 9.68%, 2.87%, and
1.97% are shown in Figure 1e and Figures S4−S7. On the
9.68%-efficient sample, the EBSD revealed that the majority of
GBs are large angle GBs have rotation angles in the range of
15−180°. Importantly, among the large-angle GBs, 57.3%,
46.0%, and 40.5% are coherent, or coincidence site lattice
(CSL), while 40.9%, 52.8%, and 57.8% are incoherent with
random angles in the CdTe solar cells with efficiencies of
9.68%, 2.87%, and 1.97%, respectively (Figures S5−S7). This
means incoherent large-angle GBs are unfavorable.31 Among
the CSL TBs, most of them are misoriented at 60° ⟨111⟩
(Figure S5), indicating most of the CSL TBs are prevalent Σ3
{111} TBs in CdTe films.26,27,31 Besides the {111} Σ3 CSL
coherent TBs, some incoherent TBs, i.e., boundaries with twin
misorientation but a boundary plane different from the
coherent {111} mirror plane was also observed (Figures S5−
S7). These incoherent TBs were found to be electrically active
due to presence of massive defects, resulting in detrimental
charge recombination.30 Transmission electron microscopy
(TEM) was further conducted to characterize the CdTe solar
cells. It is seen from the bright-field TEM image (Figure 1g)
and high-resolution TEM (HRTEM) images (Figure 1h) that
the stacking sequence is mirror-symmetric (ABC|CBA), which
is referred to as a coherent Σ3 CSL TBs.32 The calculated d
value is 0.38 nm, consistent with the {111} space of CdTe (d =
0.37 nm; Figure 1i), which demonstrates that the CSL
boundaries are indeed Σ3 CSL {111} TBs. To our knowledge,
this is the first observation of {111} Σ3 CSL TBs in the PLD
CdTe thin films, while TBs are popular in CSS CdTe.26 The
formation of {111} Σ3 CSL TBs is due to its low formation
energy of about 9.0 ± 1 mJ/m2.27 As shown in the EBSD
image (Figure 1e and Figure S4b), the fraction of the Σ3 CSL
{111} TBs is higher at the CdTe film thickness closer to the
CdTe/CdS pn junction, which is consistent with a prior
report.31 On the 1.97%, 2.87%, and 9.68% efficiency samples,
the {111} Σ3 CSL TBs are 10.09%, 16.69%, to 27.55%,
respectively, out of the total amount of the large-angle GBs
(Figures 1e,f and S5−S7). This indicates that the percentage of
{111} Σ3 CSL TBs increases with the efficiency (Figure 1f),
implying the beneficial effect of {111} Σ3 CSL TBs on the
performance of CdTe solar cells. The percentages of
incoherence with random angles on the 1.97%, 2.87%, and
9.68% efficiency samples are 40.9%, 52.8%, and 57.8%,
respectively, as shown in Figure 1e,f and Figures S5−S7. In
addition, the direction of {111} boundaries changes from
[100] in CdTe with an efficiency of 9.68% to [001] in CdTe
with an efficiency of 2.87% (Figures S5 and S6). Finally, in
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CdTe with an efficiency of 1.97%, the [001] direction of {111}
boundaries becomes quite weak (Figure S7). The decreasing
solar cell efficiency with the fraction of the [100] growth
direction of the {111} boundaries suggests that the [100]
growth direction is favorable for the Σ3 CSL TBs to provide
beneficial effect to charge transport.
The beneficial effect of GBs especially CSL TBs in the CdTe

solar cell is further confirmed by the conductive−atomic force
microscopy (C-AFM) measurement using a Pt/Ir-coated
conductive probe in contact mode with a 0 V DC voltage
applied to the tip.27 The result for the CdTe solar cell with an
efficiency of 9.68% is shown in Figure 2. It is seen from the

cross-section lines of the CdTe height and C-AFM images
(Figure 2a−c) that the current induced by the 633 nm laser of
the scanning probe microscopy (SPM) value is significantly
larger at the GBs as compared with that on the grain interiors
(GIs). In addition, the current value at the TBs of the CdTe
polycrystalline thin film is much larger than that at the GBs of
random GB angles (Figure 2d). Therefore, in CdTe solar cells,
GBs, especially the {111} Σ3 CSL TBs, are electrically
beneficial to enhanced charge transport. This observation is
important to further improvement of the PLD CdTe thin film
solar cell performance.30 Furthermore, the Σ3 CSL TBs with
[100] growth direction indeed has much better effect on the
microcurrent transport as illustrated in the C-AFM image in
Figure 2b, which is consistent with the reported results.27

To explain the reason for the current difference between the
GBs, including TBs and GIs, we conducted TEM analysis and
the results are depicted in Figure 3 on GBs of random angles
and in Figure 4 on {111} Σ3 CSL TBs. We also have measured
the elemental distribution across random GBs and {111} Σ3
CSL TBs at both grains (Figure 3) and tilted edges (Figure
S8). Similar properties of the Cl were observed (Figure S8).
Interestingly, the neighboring two grains across the former

have different elements compositions. One of the grains is Cl,
O-rich CdTe and the other is Cu, Te-rich CdTe (Figure 3).
The CdTe grain with Cl, O-rich commonly shows n-type while
the CdTe grain with Cu, Te-rich commonly shows p-type,34

leading to formation of a local p−n junction between the
neighboring CdTe grains. The electrical field is the biggest in
proximity of the GBs, leading to the photogenerated electron
following to the proximity of the GBs. This is proved by the
SKPFM measurement, as shown in Figure 5. When conducting
SKPFM measurement, the distance between the CdTe surface
and tip was maintained at 50 nm. In addition, the oscillating
electrostatic forces were minimized by applying a compensat-
ing VDC to the tip. From the SKPFM mapping and the
corresponding cross-section lines (Figure 5), the contact

Figure 2. (a) AFM image of a Cl-treated CdTe film. (b) Conductive
AFM (C-AFM) current map with DC tip voltage (TV) of 0 V. (c)
AFM line scan (red) and C-AFM line scan (green) on a Cl-treated
CdTe, showing GBs especially TB-enhanced current transport. (d)
Current value at the {111} Σ3 CSL TBs and random GBs of Cl-
treated CdTe. The numbers in the horizontal axis present the number
of GBs and TBs along the cross-section line shown in panels a and b.
The scale bars in panels a and b are 5 μm.

Figure 3. (a) Bright-field TEM image of a random GB in a CdTe film
after Cl treatment. (b) Cd, (c) Cl, (d) O, (e) Cu, and (f) Te element
maps of the area shown in panel a. The scale bar is 200 nm.

Figure 4. (a) Bright-field TEM image of a TB in a CdTe film after Cl
treatment. (b) Cd, (c) Cl, (d) O, (e) Cu, and (f) Te element maps
over the area shown in panel a. The scale bar is 200 nm.

ACS Applied Energy Materials Article

DOI: 10.1021/acsaem.8b00382
ACS Appl. Energy Mater. 2018, 1, 3646−3653

3649

http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b00382/suppl_file/ae8b00382_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b00382/suppl_file/ae8b00382_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b00382/suppl_file/ae8b00382_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b00382/suppl_file/ae8b00382_si_001.pdf
http://dx.doi.org/10.1021/acsaem.8b00382


potential difference (CPD) is observed between the GIs and
GBs (Figure 5). Thus, the CPD induces a local electric field,
which facilitates separation of electrons and holes during light
absorption in the lateral direction of the CdTe polycrystalline
thin film. The CPD can be determined from VCPD = −VDC =
e(Wsample − Wtip), where W is the work function and e is the
electron charge. Thus, the work function is the smallest at the
GBs, leading to the photogenerated electron following to the
proximity of the GBs. However, no element difference is found
in the CdTe grains with TBs (Figure 4). In addition, the
potential difference between TBs and GIs is quite small as
expected (Figure 5). The TBs’ enhanced current transport is
therefore most probably due to its lower resistivity than that of
the GIs.35

Capacitance−voltage (C−V) characterization was conducted
in the frequency range of 1 kHz to 6 MHz in the dark, and the
result is illustrated in Figure S9a. The measured capacitance
(Cm) shows no change when the frequency is between 1 and
10 kHz. Compared with the Cm values measured at the
frequency range of 1 kHz to 6 MHz, the Cm values become
smaller at the frequency range of 50−800 kHz. The Cm values
of the CdTe solar cells with efficiencies of 2.87% and 9.68%
further become smaller when the frequency is higher than 800
kHz (Figure 6a). The measured Cm mainly consist of junction
capacitance (Cj) and trap capacitance (Ct). Cj is frequency
independent while Ct changes with frequency because traps
generally only follow the external AC signal at low and
intermediate frequencies.36 The decrease of Cm at higher

Figure 5. (a) AFM image of a Cl-treated PLD CdTe film and (b) a corresponding SKPFM image of the same sample in panel a. (c) AFM line scan
(red) and SKPFM line scan (green) of the Cl-treated CdTe. Magnified AFM image (d) and SKPFM image (e) of the Cl-treated CdTe in panel a.
(f) Schematic description of the beneficial effect of GBs, especially TBs, in the CdTe solar cell. The CBM and the VBM are the conduction band
minima and valence band maxima, respectively.

Figure 6. (a) C−f curves and (b) C−V curves at 800 kHz.for the CdTe solar cells with 9.68% and 2.87% efficiency, respectively. C−2−V curve at
frequencies of 800 kHz for the CdTe solar cell with (c) a 2.87% efficiency, giving an internal electrical field (Vbi) value of 0.463 V, and (d) a 9.68%
efficiency, giving a Vbi value of 0.784 V.
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frequencies (Figure S9a,c) indicates that the Cm consists of Cj
and Ct at low and intermediate frequency while the Cm is
dominated by the Cj at higher frequency.36 Thus, we can
calculate the carrier density in the CdTe solar cells with
efficiencies of 2.87% and 9.68% based on the Cm−V curves
measured at higher frequencies of 800 kHz (Figure 6b)
according to the following eq 1:37

N a
qE C V

( )
2

d( )/ds
2=

[ ]−
(1)

where N(a) is the carrier density (1/cm3), q is the electron
charge (1.60219 × 10−19 C), Es is the semiconductor
permittivity (1.034 × 10−12 F/cm for CdTe), C is the
measured capacitance (F), and V is the applied DC voltage
(V). The value of the d(C−2)/dV can be obtained from the
slope of the curve of C−2−V, as shown in Figure 6c,d. The
calculated carrier densities for the CdTe solar cell with
efficiencies of 2.87% and 9.68% are about 9.8 × 1012 and 2.4 ×
1013 cm−3, respectively, smaller than that of CSS CdTe.38 The
low hole density results in a low Voc value of 670 mV, which
may be a critical limitation of the CdTe solar cells
performance.39 Thus, it is seen that the carrier density
increases with the efficiency, corresponding to increasing
with the percentage of {111} Σ3 TBs. This may be due to the
enhanced carrier collection ability of {111} Σ3 TBs, leading to
more carrier reach to the electrodes. The built-in voltage (Vbi)
of the cell junction was derived from the intersection of the 1/
C2 curve and the horizontal axis (Figure S9b), which yielded a
Vbi ∼ 0.463 V (CdTe solar cell with efficiency of 2.87%) and
Vbi ∼ 0.784 V (CdTe solar cell with efficiency of 9.68%), as
shown in Figure 6c,d.
Therefore, by increasing the percentage of {111} Σ3 TBs, an

efficiency of 9.68% has been achieved, which is ∼45%
improvement over the best previously reported on the CdTe
solar cells fabricated by the PLD method. This solar cell was
further characterized. The dark and illumination J−V curves of
CdTe solar cell with an efficiency of 9.68% (Figure 1c) are
crossed above the Voc, indicating an electron barrier in the
conduction band which is possibly due to a high density of
acceptors in the CdTe absorber, near the p−n interface region.
Upon illumination, the absorber acceptors are filled with holes
which are photogenerated in the buffer layers. As a result, the
acceptor charge is reduced and so is the electron barrier,
resulting in the crossed point above the Voc. It has been well-
documented that a mixed CdSxTe1−x crystal is typically formed
at the CdTe/CdS interface due to the chemical interdiffusion
during the fabrication process. The formation of a CdSxTe1−x
interfacial layer is thought to be responsible for decreasing
structural defects due to the lattice mismatch (about 10%)
between CdS and CdTe, leading to a lower defect density at
this critical part of the device.39,40 The formation of CdS1−xTex
alloy can be determined from the external quantum efficiency
(EQE) curve. As shown in Figure S10, the absence of a distinct
cutoff at 510 nm in the response of the CdTe solar cells
indicates the formation of a CdS1−xTex alloy due to the Te
diffusion into the CdS films.41 The EQE curve further shows
that the absorption loss in the CdTe solar cell is mainly due to
the absorption loss of glass and CdS.42 The result indicates
that a considerable Jsc enhancement is possible in this case by
employing a thinner CdS window and using a different glass.
The band gap of CdTe determined from the EQE and
differential EQE curve is 1.47 eV (Figure S10), which is

consistent with that of CdTe fabricated by another deposition
method such as CSS method.36

Panels a−d of Figure S11 show the relationship of Eff, VOC,
FF, and Jsc between light intensity for the CdTe solar cell. As
shown in Figure S11, the Eff values increase with the decrease
of the light intensity in the range of 100 to 20 mW/cm2,
indicating good weak light effect of the PLD CdTe solar cell. It
is well-known that some parameters such as the ideality factor
(A) can be deduced from the following eqs 2−5:37
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where T is the temperature, K is the Boltzmann constant, JL is
the photogenerated current density, A is the ideality factor, Rs
is the series resistance, G is the parallel conductance, and J0 is
the diode reverse saturation current density.
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Thus, G is about 5 and 0.01 mS cm−2 obtained from the
dependence of dJ/dV on the voltage curve (Figure S12).38 The
value of A is about 1.4 obtained from the dependence of dV/dJ
on the (J + Jsc)

−1 curve (Figure S12), showing that the
recombination is dominated by the space-charge region.43,44

The second recombination is the interface recombination,
which is maybe coexisting with the recombination in the space-
charge region.

■ CONCLUSIONS
In conclusion, a systematic study of the GBs in polycrystalline
CdTe thin film solar cells made with low-temperature PLD
method has been carried out to elucidate the quantitative
correlation between microstructure and electric properties of
the GBs with the solar cell performance. Several important
insights have been obtained. First, a high concentration of the
{111} CSL Σ3 TBs was observed in the PLD CdTe thin films.
These TBs are significantly more conductive than the GBs of
random GB angles and are therefore beneficial to the charge
carrier transport. Second, the percentage of {111} Σ3 TBs was
found to correlate quantitatively with the solar cell perform-
ance. Specifically, the efficiency of CdTe solar cells increases
monotonically with the percentage of {111} Σ3 TBs, further
confirming the beneficial effect of the {111} Σ3 TBs on the
performance of CdTe solar cells. A power conversion efficiency
up to 9.68% has been obtained on PLD CdTe thin film solar
cells with higher {111} Σ3 TB concentration of 27.55%, in
contrast to the lower {111} Σ3 TB of 10.09% in a cell of 1.97%
efficiency. The carrier density is also increased with the
percentage of {111} Σ3 TBs due to the enhanced carrier
transport ability with the {111} Σ3 TBs percentage enhance-
ment. Finally, a local electrical field between the different GIs
and the random GBs may provide a built-in electric field for
exciton separation and charge transfer. This result therefore
suggests GBs, especially {111} Σ3 TBs, can be beneficial in
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PLD CdTe thin film solar cells and optimization of the GBs is
important to further improve the solar cell performance.

■ METHODS
Experiments. TEC15 substrates from Pilkington Inc. were

ultrasonicated for 10 min each in acetone and isopropyl alcohol,
respectively, before being mounted into the PLD system for in situ
growth of CdS and CdTe polycrystalline thin films. The details of the
PLD procedure have been published elsewhere.45,46 After the PLD
growth, the CdTe/CdS samples underwent Cl treatment in a tube
furnace under the Ar/O2 atmosphere with ratios of 0:1−1:0 at 390−
410 °C for about 40−60 min. To conduct the Cl treatment, the
CdCl2 and methanol mixed solution was dip-coated onto a glass slide
and placed on a heating stage until the methanol was completely
vaporized. In the processing window of this work, the best crystalline
quality of the PLD CdTe polycrystalline thin film was observed using
the Cl treatment at 400 °C for 60 min under the 4:1 Ar/O2
atmosphere.
XRD was carried out using a PANalytical X’Pert PRO

diffractometer equipped with Cu Kα radiation (λ = 1.54050 Å).
For EBSD sample preparation, a FEI Helio Nano Lab Nova200 dual
beam system (FEI Co., Hillsboro, OR, USA), equipped with both
electron and focused Ga+ ion beams (FIBs), was used to cut a flat
analysis plane at 1.5° with respect to the film surface for EBSD. A mill
box of 30 μm × 20 μm × 1.5 μm was positioned on the film surfaces
and milled at 30 kV beam energy and 1 nA of beam current for about
10 min. The EBSD was conducted in a PHI 710 Auger electron
spectrometer (AES) equipped with an EBSD detector. The FIB cut
SEM image and the corresponding EBSD images are shown in Figure
S4 and Figure 1e, respectively. Specifically, as shown in Figure S4b,
the EBSD study can be carried out through the CdTe film
continuously from the bottom near CdS to the surface near the
back-contact. All C-AFM and SKPFM analyses were performed
directly on the CdTe surface instead of the area cut by FIB using
scanning probe microscopy (ICON2-SYS, Bruker Nano Inc., Ewing,
NJ, USA). This is because the Ga+ ion beam altered the surface layer
(typically 1−2 nm in thickness) of the cut area for EBSD. The
modified layer Ga doping acted like a tunnel barrier to prevent
electron transport in C-AFM measurement. J−V curves were recorded
using a Keithley 2636A source meter under simulated solar light
illumination (1 sun, 100 mW cm−2) generated by a Newport 96000
solar simulator equipped with an AM 1.5G filter. The light intensity
was calibrated with a Newport 91150 V reference cell before each
measurement. J−V characterization of the synthesized cells was
conducted under standard test condition. A Newport Oriel 91159A
solar simulator (Newport Corp., CA, USA) was used to generate an
AM 1.5 irradiance of 100 mW cm−2. The surface topography and
composition analyses of the samples were conducted on a Zeiss σ-type
scanning electron microscope (Carl Zeiss Corp, Oberkochen,
Germany), which was also used for EDX analysis. The C−V data
were collected using 4200-SCS Keithley, Tektronix. The transmission
electron microscope (TEM) characterizations were performed on
Tecnai G2 F20 S-Twin (the spot and line resolution are 0.24 and
0.102 nm, respectively) with a voltage of 200 kV. For preparing the
sample for TEM characterization, the sample was mechanically
thinned and then thinned using a Gatan691 precision ion polishing
system.
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