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ABSTRACT
The nanoscale electrical and mechanical properties in the CdTe thin films solar cells were investigated using the scanning probe microscopy.
The comparative localized electrical and mechanical properties between as-grown and CdCl2 treated CdTe thin films for the grain and grain
boundaries were studied using the conductive atomic force microscopy (cAFM) and force modulation microscopy (FMM). An increased
electrical behavior and decreased elastic stiffness in the CdCl2 treated thin films were recorded to elucidate the impact from the grain growth
of CdTe grains. On applying a simulated working electrical bias into the CdTe thin-film solar cells, the electric field across the CdTe film
can increase the softness of CdTe thin film. The results imply the presence of a potential mechanical failure site in the CdTe grain boundary,
which may lead to device degradation.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5093906., s

Thin film solar cells have a growing interest in the solar energy
market because of their low-cost production processes and oppor-
tunity for flexible cell applications.1–3 The power conversion effi-
ciency (PCE) of thin film solar cells (e.g., CdTe, CuInGaSe, and Per-
ovskites) have been improved to 22% via engineering the electronic
and optical properties.4–7 CdTe technology is the most successful
commercial thin-film solar cell. For example, First Solar has manu-
factured more than 17 GW CdTe solar modules by 2018.7 To under-
stand the mechanisms of efficiency loss in the CdTe solar cells, the
nanoscale charge transport and grain boundaries behaviors in CdTe
were systematically investigated using photon excitation microscopy
and scanning probe microscopy.7–9 The local charge transport in
CdTe film is significantly impacted by the grain size, grain bound-
ary passivation, and CdCl2 heat treatment history. Meanwhile, var-
ious macroscopic mechanical properties of the bulk and thin film
CdTe have also been reported in both experimental and theoretical
understanding.10–12 For example, a significant increase of yield stress
was observed in the CdTe crystal while comparing the mechanical
measurements performed in the dark and under illumination,

suggesting that its mechanical properties are sensitive to light.10

Also, the mechanical characterization using the nanoindentation
technique indicates that the substrate temperature during a depo-
sition could also influence the elastic modulus of the CdTe thin
film.4

For the flexible electronics applications, CdTe as a soft semi-
conductor with large lattice mismatch between windows layer CdS
may limit the reliability of the flexible CdTe solar cells.13 In partic-
ular, a large amount of dislocation and stack faults in the CdTe film
may generate considerable irreversible deformation.14 However, lit-
tle experimental investigation is reported on how the nanoscale
mechanical reliability in polycrystalline CdTe solar cells impacted by
the microstructures. In particular, the nanoscale mechanical behav-
ior of CdTe thin films during solar module working status is lack-
ing, i.e., with the existence of the built-in electric field across the
CdTe film, which may contribute to the device degradation besides
the well-known ion electromigration induced degradation.15 The
missing knowledge of mechanical degradation makes it difficult to
troubleshoot working thin film solar cells reliability issues, create a
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target lifespan for the cell, or suggest an enhanced lifetime of solar
modules. However, decoupling these mechanical and electrical phe-
nomena can prove to be a challenge. Therefore, the advanced tech-
nique of scanning probe microscopy was employed to achieve a high
resolution on the intrinsic level of these thin films.16 It is known that
the grain boundary of CdTe plays as the recommendation sites dur-
ing the carrier transport.17 In this work, the nanoscale mechanical
and electrical properties across the grains and grain boundaries for
the as-grown and CdCl2 treated CdTe were systematically investi-
gated to understand the role of grains and grain boundaries in the
CdTe solar cells. Meanwhile, the correlation between the electri-
cal field and the localized mechanical response of grain and grain
boundary was also characterized to address the potential mechanical
deformation induced device degradation. This study could provide
an additional view to addressing the thin film solar cells reliability
issues within the 25 years warranty.

CdTe thin film solar cells were deposited on sputtered CdS
window layer coated F: SnO2 glass substrate via close-space sub-
limation, followed by CdCl2 heat treatment.6,18 The CdCl2 heat
treatment was conducted at 430○C for 30 min. Additionally, Cop-
per treatment was performed via a wet process using CuCl2 solu-
tion.19 The solar cell had a superstrate structure as fluorine-doped
SnO2 (FTO)/CdS/CdTe/graphite. Conductive AFM (cAFM) was
used to characterize the intrinsic electrical properties of the CdTe
thin films with conductive AFM Tips (Cr/Au coated Si Tips). To
ascertain the role of grain and grain boundaries in the mechani-
cal performance, a force modulation microscopy (FMM) was used.
The correlation between the localized electrical and mechanical
response was investigated using a marked area on the CdTe film
surface.

Figure 1a shows the XRD spectra indicating the CdTe with zinc
blende cubic structure post the CdCl2 treatment, which is a critical

process for the CdTe solar cells. Figure 1b shows the SEM image
depicting that the chloride activation treatment increases the grain
size to 2∼3 μm from the grain size of about 1 μm of the as-grown
film as shown in the AFM topography image Figure 2a. The devices
used for the scanning probe microscopy had a power conversion effi-
ciency ∼ 15% represented through the current-voltage (J-V) curve
shown in Figure 1c. The solar cells current-voltage (J-V) curve was
characterized using a solar simulator (Newport, Oriel Class AAA
94063A, 1000 Watt Xenon light source) with a source meter (Keith-
ley 2420) at 100 mW/cm2 AM 1.5G irradiation. A calibrated Si-
reference cell and meter (Newport, 91150V, certificated by National
Renewable Energy Lab) was used to calibrate the solar simulator
before each measurement. This decent device performance provides
us with a good platform to perform the nanoscale characterization
of the correlation between localized mechanical and electrical trans-
port behavior. Figure 1d shows the AFM experimental setup for this
work, where the FTO substrate was grounded using the silver paste,
and the cAFM tips were used for the electrical characterization,
and the FMM tips were used to characterize the local mechanical
response on the surface of the CdTe films. Both the cAFM and FMM
scanning was conducted in the contact mode. Meanwhile, an exter-
nal electrical field can be applied to the CdTe films to investigate
electrical field impacts on the mechanical properties.

Figure 2a and 2d are AFM topography images of as-grown,
and CdCl2 treated CdTe thin films, respectively. The grain size was
about 1 μm for the as-grown CdTe films, which increased to ∼ 3
μm with CdCl2 treatment, which is similar to the SEM image as
shown in Fig. 1b. Figure 2b and 2e show the cAFM images for the
as-grown and the CdCl2 treated CdTe thin films, respectively. The
current images are not limited by the topography images and show
nonuniform electrical conductivity. Particularly, the CdCl2 treated
CdTe films demonstrates this in several grains. Meanwhile, there is

FIG. 1. CdTe devices with 15% power
conversion efficiency: (a) X-ray diffrac-
tion (XRD) spectrum of the CdTe thin
film after CdCl2 treatment. (b) SEM of
the CdTe final device, (c) the current
density-voltage (J-V) curve, and (d) the
schematic diagram of the conductive
AFM and FMM on CdTe films.
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FIG. 2. (a) and (d) AFM topography, (b) and (e) cAFM image, and (c) and (f) localized I-V curve in the grain and boundary for the as-grown and post CdCl2 treated CdTe,
respectively. The scan size is 10×10 μm2.

a conductivity difference between grain boundaries and intragrains
for both the as-grown and CdCl2 treated CdTe films. In general,
CdCl2 treated CdTe thin films have an increased conductivity, which
is in agreement with the previous observation in CdCl2 treated CdTe
since the Cl will segregate along the grain boundary and promote the
photogenerated carrier transport along the grain boundary.7 One
explanation of this phenomena is that the grain boundaries become
more resistive because the Cl- ions segregate along the grain bound-
aries and reduce the carrier concentrations at grain boundaries for
CdTe.8,20

To identify the localized conductivity, the cAFM conductive tip
was located at the grain and grain boundaries to form a closed cir-
cuit for characterizing local current-voltage (I-V) curve, where the
conductive tip acted as the top electrode of the CdTe solar cells. The
I-V curves were generated by measuring the current while sweep-
ing the probe bias between -8 to 8 V. The dark current measure-
ments at nanoscale are shown in Fig. 2c and 2f for the as-grown and
CdCl2 treated CdTe films, respectively. Each sample has two sep-
arate areas scanned for the cAFM images (red for grain and blue
for grain boundaries, and repeated at 4 different sites respectively).
It was found that the grains show high conductivity than that of
the grain boundaries. Additionally, the CdCl2 treatment increased
the conductivity of the CdTe film further by one order of magni-
tude compared to the as-grown CdTe, which could contribute to
the improved carrier transport during the working status of a solar
cell.7

To understand the nanoscale mechanical properties of the
CdTe thin films, FMM is performed on the CdTe surface. During

the FMM scanning, the film stiffness due to the elastic deformation
could be imaged using the AFM tip-tapping on the CdTe surface.
The AFM tip collects the topographic image and the elastic prop-
erties of the CdTe surface simultaneously using the DC and AC
signals applied to the tips, respectively. The amplitude and phase
images from the FMM scanning can be directly used to analyze the
elastic properties (e.g., stiffness vs. softness) of the film. Figure 3a
and 3e show the topography of the as-grown and CdCl2 treated
CdTe thin films, and the corresponding FMM phase and amplitude
images are shown in Fig. 3b, 3f, and Fig. 3c, 3g, respectively. It is
observed that the as-grown CdTe film’s grain and grain boundaries
have varied stiffness properties (e.g., bright grain boundary vs. dark
grain in Fig. 3b), while the CdCl2 treated CdTe shows more uniform
FMM amplitude between grain and grain boundaries as shown in
Fig. 3f. The variant stiffness between the as-grown and the CdCl2
treated CdTe film may be attributed to that Cl presents on the grain
boundary would fill the dangled bond in the grain boundary, e.g.,
passivation of the grain boundary.21,22 Using the AFM force-distance
curve, it is possible to quantify the localized stiffness of the grain and
grain boundary for these CdTe films. As shown in Fig. 3d and 3h, the
grain-interior is harder than the grain boundaries in both specimens,
which could be due to the presence of defects in the grain boundary
areas for the as-grown CdTe films, or due to excess chemical segre-
gation in the CdCl2 treated CdTe films. Overall, the CdCl2 treated
CdTe film is softer than the as-grown film, which can be evident
from the differences between AFM cantilever deflection distance
and the piezo-extension. The displacement doubled from 0.25 μm
to 0.5 μm from the as-grown film to the CdCl2 treated film for the
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FIG. 3. (a) and (e) The AFM tomography, (b) and (f) force modulation microscopy (FMM) phase image, (c) and (g) amplitude images (10×10 μm2) and, (d) and (h) localized
force-distance curve in the grain and boundary for the as-grown and CdCl2 treated CdTe, respectively.

same applied force (2 nN), confirming that the CdCl2 treatment
softens the as-grown CdTe films. In addition, it is found that the
grain boundaries in as-grown CdTe film have an adhesion force
between the tip and the grain boundaries (as depicted by the red
dashed line in Fig. 3d) which is negligible in the CdTe post the
CdCl2 treatment (Fig. 3h). This indicates that for the same amount
of applied force of 2 nN, the grain boundaries deform more than the

grains, and in other words, the grain boundaries can be the initial
site for the mechanical deformation failure in the CdTe thin film.

To study the impact of the electric field on the stiffness of the
grain and grain boundary in the CdTe film, a 2 V DC bias was
applied to the CdCl2 treated CdTe sample. This applied voltage is
similar to the current-voltage measurement range of CdTe thin-
film solar cells to simulate the working status of the solar cell (from

FIG. 4. (a) AFM tomography, (b) the conductive AFM,
(c) Force modulus microscopy (FMM) and (d) the force-
distance curve under +2 V bias on the CdCl2 treated CdTe
films (5×5 μm2).
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-0.5 to 1V). The topography of the film did not change with the
applied bias as shown in Fig. 4. However, the cAFM image (Fig. 4b)
and the FMM images (Fig. 4c) suggests distinct grain and grain
boundary behavior. The grain boundary becomes a larger contrast
than that of the intragrain on applying the bias, as shown in Fig. 4c,
suggesting that the grain boundary becomes softer than the grain
with the existence of the built-in electric field. The potential rea-
son for this electric field induced mechanical deformation is that
the ions migration at the grain boundaries is higher than that of
the grain, such as the Cl- or Cu+ ions during Cl treatment and Cu
doping process. Since these ions are easy to form the defect com-
plexes, such as Cli-VCd and ClTe-VCd and CuCd-Cui, the built-in
electrical field could break the defect complex at the grain bound-
aries area and generate more vacancies. Also, the dislocation and
twin boundaries could also be moved and pin at the grain bound-
aries as the molecular dynamics simulated previously, where the
interfacial misfit dislocation formed to accommodate the lattice
mismatch.21

In summary, this study explored the nanoscale electrical and
mechanical properties and their correlation in the CdTe thin films
solar cells. This work showed that there is a significant difference
in the mechanical and electrical properties between the as-grown
CdTe and CdCl2 treated CdTe thin films. There is an increased
electrical behavior and a decreased elastic stiffness in the CdCl2
treated thin films characterized using the cAFM and FMM. These
observations suggest that the CdCl2 treatment could contribute to
improved device performance. However, they can also lead to easier
mechanical deformation in the CdTe solar cells. By applying a DC
bias across the CdTe device, it is observed that the electric field can
decrease the stiffness of CdTe thin film. This decrease in stiffness
could lead to mechanical deformations in the solar cell and possi-
bly result in mechanical failure along the grain boundary. Thus, any
such treatment may need to be addressed during a flexible solar cell
application.
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