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ABSTRACT: Copper (Cu) incorporation is a key process for fabricating efficient CdTe- 0 2 D:g's o 5 6
based thin-film solar cells and has been used in CdTe-based solar cell module 6 PR N W N 16
manufacturing. Here, we investigate the effects of different Cu precursors on the et
performance of CdTe-based thin-film solar cells by incorporating Cu using a metallic Cu

source (evaporated Cu) and ionic Cu sources (solution-processed cuprous chloride
(CuCl) and copper chloride (CuCl,)). We find that ionic Cu precursors offer much better
control in Cu diffusion than the metallic Cu precursor, producing better front junction
quality, lower back-barrier heights, and better bulk defect property. Finally, outperforming
power conversion efficiencies of 17.2 and 17.5% are obtained for devices with cadmium
sulfide and zinc magnesium oxide as the front window layers, respectively, which are
among the highest reported CdTe solar cells efficiencies. Our results suggest that an ionic [ R ALiAia
Cu precursor is preferred as the dopant to fabricate efficient CdTe thin-film solar cells and 13 14 16 7
modules.
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B INTRODUCTION

to minimize the nonradiative recombination related to Cu

Cadmium telluride (CdTe) solar cell technology has been
attracting extensive attention due to its low cost and ideal band
gap for high-efficiency photovoltaics." First solar, limited liability
company (LLC) has reported the highest power conversion
efficiencies (PCEs) of 22.1% for small area cells and 19% for
modules, providing a competitive alternative for traditional
silicon photovoltaics.” For most efficient CdTe solar cells and
modules, copper (Cu) is applied as a dopant to improve the p-
type conductivity of the CdTe absorber and to reduce the
Schottky barrier height between the CdTe and the back
contact.”~® The Cu incorporation is typically done via the post-
deposition of a thin layer of Cu source material on CdCl,-treated
CdTe thin films. The Cu concentration (N,) and distribution
in the CdTe absorber layer can significantly influence the
performance of CdTe solar cells.” For example, excessive Cu
incorporation can introduce interstitial defects (Cu;) and other
Cu related compensation complexes, e.g., Cu;-Cucy,® which
would limit the hole density in CdTe films. Additionally, Cu;
ions can diffuse at a high speed due to its high solubility at grain
boundaries,”~"? which adversely affects the long-term stability of
CdTe solar cells."*™"* More importantly, Cu at the front
interfaces (e.g, the cadmium sulfide (CdS)-CdTe and zinc
magnesium oxide (ZMO)-CdTe interfaces) has been thought to
form recombination centers and shunting pathways, leading to
the degradation of device performance.”'® Therefore, the Cu
dosage and distribution in CdTe films should be well controlled
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doping and maximize the device performance and long-term
stability.

In this regard, various Cu precursors have been used as the Cu
source to fabricate CdTe thin-film solar cells. In general, two
kinds of Cu precursors, including metallic Cu,'” covalent Cu
compounds, e.g., Cu,Te,'® Cu doped ZnTe," and ionic Cu
compounds, e.g,, CuSCN,***" cuprous chloride (CuCl),”*° and
copper chloride (CuCl,).””*> Among them, CuCl and CuCl,
have attracted extensive attention due to its outstanding
performance. Recently, CuCl, was incorporated in the CdTe
absorber as the Cu precursor to eliminate the diffusion of Cu
into the front junction, achieving a maximum PCE of ~16%.
Sites and coworkers have demonstrated a record PCE of 19.1%
for CdSeTe solar cells using the CuCl precursor deposited by
close space sublimation (CSS).>** We previously reported a
PCE of 17.5% for CdTe solar cells (no selenium) using a
solution-processed CuCl treatment with rapid thermal anneal-
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Figure 1. (a, ¢) J-V curves and (b, d) EQE spectra of representative (a, b) CdS-CdTe and (¢, d) ZMO-CdTe devices treated with different Cu

precursors.

ing process.3 However, to date, comparative investigations on
the impact of Cu precursors have rarely been reported.

Here, we report on a comparative study of the effects of Cu
precursors on the performance of CdTe-based thin-film solar
cells. Please note that no etching treatment is performed on the
chlorinated CdTe film in this work. We fabricate CdTe thin film
solar cells using a metallic Cu source (evaporated Cu) and ionic
Cu sources (solution-processed CuCl and CuCl,). We find that
the ionic Cu precursors offer much better control of Cu diffusion
than the metallic Cu precursor. The statistical analysis of a large
number of CdTe solar cells shows that the cells fabricated using
the ionic Cu source show better front junction quality, lower
back barrier heights, and better bulk defect property than the
cells fabricated using the metallic Cu source. CuCl and CuCl,,
with different oxidation states of Cu, deliver almost the same
performance for CdTe solar cells, which are much better than
the cells that with the metallic Cu source. Our results show that
the ionic Cu precursor plays a critical role in controlling the Cu
dosage and establishing a desired Cu distribution profile.

B EXPERIMENTAL SECTION

CdTe solar cells with two kinds of electron transport layers, i.e., CdS
and ZMO, were fabricated. For the CdS-CdTe devices, fluorine-doped
tin oxide (FTO) coated glass (TEC 12D; NSG, US) with a 30 nm
intrinsic SnO, layer was used as the substrate. First, an oxygenated
cadmium sulfide (CdS:0) window layer with a thickness of 60 nm was
deposited by radio-frequency (RF) magnetic sputtering using a 2-in.
CdS target in a 2% oxygen and 98% argon environment at room
temperature under 10 mTorr pressure and SO W power. A 4-uym CdTe
absorber was deposited by close-space sublimation (CSS) at the source
and substrate temperatures of 660 and 590 °C, respectively, at 10 Torr
pressure, followed by a wet cadmium chloride (CdCl,) treatment at 390
°C for 30 min in dry air.”®

For the ZMO-CdTe devices, FTO-coated glass (TEC 12; NSG, US)
was used as the substrate according to our previous work.> A 80 nm
ZMO window layer was deposited using a commercial ZMO target (8
wt % MgO) by RF sputtering with a flow gas of 16 sccm of pure argon
and 24 sccm mixture gas of 95% argon and 5% oxygen. After a 10 min
UV-ozone treatment for the as-deposited ZMO window layer, a 3.5 ym
CdTe film was deposited by CSS with a source temperature of 560 °C
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and a substrate temperature of 495 °C under 1 Torr. Then, a CdCl,
treatment was carried out at 420 °C for 20 min with a helium (He) flow
(500 sccm) at 500 Torr.

After CdCl, treatment, the samples were rinsed with methanol to
remove the residual CdCl, from the back surface. Then, three different
Cu precursors were used to incorporate Cu for both CdS-CdTe and
ZMO-CdTe devices. It is noted that no etching treatment was
performed after CdCl, treatment for all the devices. The first Cu
precursor was metallic Cu: a bilayer electrode of Cu (4 nm for CdS-
CdTe and 3 nm for ZMO-CdTe devices) and Au (40 nm) was
deposited by thermal evaporation with an individual cell area of 0.08
cm? followed by an activation treatment at 200 °C for 20 min. The
second precursor was CuCl: a saturated CuCl (100 L for CdS-CdTe
and 80 uL for ZMO-CdTe devices) solution in ethanol was used to
drop and spread on a 1.5” X 1.5” CdTe surface. After drying naturally,
the samples were treated through rapid thermal annealing (RTA) (at
200 °C for CdS-CdTe and 160 °C for ZMO-CdTe devices) with a
ramping speed of ~60 °C/min without dwelling time in a 500 sccm He
flow. The third precursor was CuCl,: a CuCl, solution (with a Cu
concentration of 3.10 pg/mL, 100 uL for CdS-CdTe and 80 uL for
ZMO-CdTe devices) solution in ethanol was used to drop and spread
onal.5” X 1.5” CdTe surface. After drying naturally, the samples were
treated through RTA (at 200 °C for CdS-CdTe and 160 °C for ZMO-
CdTe devices) with a ramping speed of ~60 °C/min without dwelling
time in a 500 sccm He flow. Note that the Cu ion concentration in both
CuCl and CuCl, solution was 3.10 ug/mL. After the Cu activation
annealing treatment, a 40 nm Au layer was deposited on the back
surface with an individual device area of 0.08 cm?” No further annealing
treatment was taken after the Au deposition. Finally, a 120 nm
magnesium fluoride (MgF,) anti-reflective layer was deposited on the
glass side of the FTO substrate in an e-beam evaporation system.

Hall effect measurements were performed for our as-deposited,
CdCl,-treated, and CuCl-treated CdTe films (~3 pm) deposited on
soda lime glass using a M91Fast Hall measurement system (LakeShore
Cryotronics Advancing Science). All the as-deposited, CdCl,-treated,
and CuCl-treated CdTe films show p-type conductivity with hole
concentrations in the order of 10'%, 10", and 10" cm™, respectively.
Solar cell performance was characterized by measuring current
density—voltage (J—V) curves under AM1.5G illumination using a
solar simulator and a source meter (Keithley 2400) and the external
quantum efficiency (EQE) spectra using an EQE system (pv
Measurements Inc.). Dynamic secondary ion mass spectrometry
(SIMS) was performed using Dynamic-SIMSS from ION-TOF

https://doi.org/10.1021/acsami.1c11784
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Table 1. Photovoltaic Parameters for the Best CdS-CdTe and ZMO-CdTe Devices with Different Precursors

samples Voc (V) Jsc (mA/cm?)
CdS-CdTe-Cu 0.833 25.5
CdS-CdTe-CuCl 0.870 26.4
CdS-CdTe-CuCl, 0.854 26.3
ZMO-CdTe-Cu 0.837 25.9
ZMO-CdTe-CuCl 0.862 26.9
ZMO-CdTe-CuCl, 0.851 26.6

FF (%) PCE (%) R (Q cm?) Rgy (Q cm?)
71.7 152 3.8 1140
75.1 17.2 1.7 1421
74.3 16.7 2.1 1209
61.8 134 9.8 1297
75.5 17.5 1.7 1455
73.3 16.7 2.6 1548

GmbH (Munster, Germany). The samples were analyzed in dual-beam
profiling mode and the primary ion for analysis was 30 keV Bi** (Bi
liquid metal ion source). This ion beam was applied over a 100 ym X
100 pum area at the center of the sputter crater (400 gm X 400 ym). The
spectral data was acquired in high mass-resolution mode. The energy of
the sputtered ion was 1 keV Ar" (Ar, electron impact ion source).
Room-temperature capacitance—voltage (C—V), temperature-depend-
ent current—voltage (J—V—T), thermal admittance spectroscopy
(TAS), and impedance spectroscopy (IS) measurements were
performed using a Solartron Modulab potentiostat equipped with a
frequency response analyzer (Ametek Inc.). Photoluminescence (PL)
characteristics were investigated utilizing steady-state and time-
resolved PL. The detail of the electrical characterizations and PL
measurement can be found in our previous publication.®

B RESULTS

The representative device performance of CdTe solar cells with
different Cu precursors (i.e., metallic Cu, CuCl, and CuCl,,
named CdTe-Cu, CdTe-CuCl, and CdTe-CuCl, hereafter,
respectively) is shown in Figure 1. A detailed statistical
comparison of all the photovoltaic parameters for the CdS-
CdTe and ZMO-CdTe devices is shown in Figures S1 and S2,
respectively. The best J—V parameters for each type of device are
tabulated in Table 1. For the devices with CdS as the front
window layer (Figure 1a,b), the best CdTe-Cu device shows a
PCE of 15.20%, with a Vo of 833 mV, Jsc of 25.5 mA/cm?, and
FF of 71.7%, while the CdTe-CuCl device demonstrates an
overall improved performance with a Vo of 870 mV, Jg of 26.4
mA/cm? and FF of 75.1%, yielding a PCE of 17.2%. The CdTe-
CuCl, device exhibits a similar performance to the CdTe-CuCl
device with a Vo of 854 mV, Jsc of 26.3 mA/cm?, and FF of
74.3%, yielding a PCE of 16.7%. When comparing the EQE
results, the CdS-CdTe-CuCl and CdS-CdTe-CuCl, devices
show a significantly increased spectral response in the
wavelength range from 350 to 550 nm with respect to the
CdS-CdTe-Cu device (Figure 1b) and deliver integrated current
densities of 26.7 and 26.4 mA/cm?, respectively, higher than that
in the CdS-CdTe-Cu device (25.5 mA/cm?®). The significant
improvement of EQE in the whole wavelength range for the
CuCl- and CuCl,-treated devices suggests better carrier
separation and transport properties, especially at the front
interface. This can be attributed to the reduced Cu diffusion to
the front junction, which will be discussed later.

The performance of ZMO-CdTe solar cells with CuCl and
CuCl, (Figure 1c) is also significantly improved compared with
that of the metallic Cu-treated device (Figure 1c). The devices
treated with solution-processed CuCl and CuCl, show higher
quantum efficiencies of ~90% from 500 to 600 nm, yielding an
integrated current of 26.2 and 25.9 mA/ cm?, respectively, which
are higher than the Jqc of 25.5 mA/cm? in the ZMO-CdTe-Cu
device (Figure 1b). The statistical comparison in Figures S1 and
S2 also show the same improvements for the devices with the
CdS and ZMO front window layers, especially the V¢ and FF,
suggesting a better front main junction and a reduced back
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barrier height. Interestingly, the Jsc values in the CdS-CdTe
devices are higher than those in the ZMO-CdTe devices
although ZMO has a larger band gap than CdS. One reason is
that the CdS film in this work is thinner (60 nm) than the ZMO
film (80 nm), resulting in higher transmittance at the range of
300—380 nm (Figure S3). The other reason is the interdiffusion
between CdS and CdTe at the front interface, resulting in the
formation of CdSTe alloy, which has a slightly smaller band
gap.”® Therefore, the light absorption of the CdS-CdTe device
extended to longer wavelengths at the range of 840—880 nm as
shown in the EQE curves (Figure S3). Please note that the
etching treatment after CdCl, treatment is excluded due to its
incompatibility with the ZMO-CdTe devices. Nonetheless, both
metallic Cu and CuCl treatment are also applied on the CdS-
CdTe device with and without hydroiodic (HI) acid etching
treatment according to our previous procedure.'” The results
(Figure S4) further demonstrate that CdTe devices with CuCl
treatment show better performance than those with metallic Cu
treatment.

Note that the J—V curves of the ZMO-CdTe device with Cu
metal (Figure 1c) show clear distortion under a forward bias
near Voc (ie, an S-kink), indicating poor heterojunction
properties at the ZMO-CdTe interface. According to our
SCAPS simulation results,”” the S-kink can be attributed to the
low ZMO film conductivity and the high acceptor-like defect
trap concentration at the front interface, both of which are
caused by the over diffusion of Cu. The diffusion of Cu into the
ZMO film and the ZMO-CdTe interface can significantly
decrease the ZMO conductivity”* " and form recombination
centers at the front interface.”'® The aggregation of Cu at the
front interface and in the ZMO layer is identified by the
dynamic-SIMS measurements (Figure SS). Note that in the
CdTe-CuCl devices, the Cu activation can be performed by an
RTA process at 160 °C with ~150 times less Cu dosage than the
treatment using metallic Cu, as reported in our previous work.”
The RTA process has also been tried for the devices with
metallic Cu doping. However, the traditional Cu activation
process (200 °C for 20 min) always shows higher device
performance than that treated with the RTA process when
metallic Cu is used as the Cu source (Figure S6). In comparison,
the CdS-CdTe devices treated with metallic Cu show no S-kink.
This is probably because CdS is not as sensitive to Cu as ZMO.

To further investigate the effect of different Cu precursors on
the optoelectronic properties of CdTe films, a suite of
characterizations was performed. Note that the CdTe-CuCl
devices show similar performances to the CdTe-CuCl, devices,
implying the nonessential effect of the oxidation state of ionic
Cu. The slightly lower performance of the CdTe-CuCl, devices
than the CdTe-CuCl devices may be attributed to experimental
deviation and the film inhomogeneity. However, the devices
treated with metallic Cu show much lower device performance
than those with the solution processed CuCl and CuCl,
treatments, suggesting a more significant effect of the ionic
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Figure 2. (a) PL and (b) TRPL spectra for CdTe-Cu and CdTe-CuCl devices with CdS as the front window layer. For each sample, PL spectra were
excited through the FTO glass side and CdTe film side with a 633 nm laser excitation.
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Figure 3. (a) Mott—Schottky plots measured at room temperature for devices with Cu and CuCl treatment. Inset: Mott—Schottky plots measured
from —3.0 to 1.0 V bias voltage. (b) Calculated carrier densities extracted from C—V measurements.
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Figure 4. Differential capacitance spectra (—wdC/dw) extracted from the capacitance spectra in Figure S9 for (a) CdTe-Cu and (b) CdTe-CuCl
devices. (c) Arrhenius plots and (d) defect distribution in CdTe-Cu and CdTe-CuCl devices obtained from (a) and (b). The trap defect activation
energies (E,), defect capture cross section (6,), and trap state densities (V) are tabulated in the inset.

versus metallic Cu sources. In addition, changing the front
window layer, e.g., CdS and ZMO, does not affect the influence
of different Cu precursors. Therefore, CdS-CdTe-CuCl was
chosen as the representative of ionic Cu treatment to make
comparison with the devices with metallic Cu in the character-
ization hereafter.

Figure 2a shows the PL measurements of CdTe-Cu and
CdTe-CuCl devices with CdS as the front window layer. Both
samples show PL spectra with an emission peak centered at
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1.501 + 0.003 eV when excited through the FTO glass side and
1.537 £ 0.002 eV when excited from the film side but with
different emission intensities. The variation of the emission
peaks is due to the interdiffusion of CdS and CdTe at the front

. 31
interface.

Higher PL intensity generally suggests a lower
nonradiative recombination rate and a higher carrier lifetime.
For both glass and film side excitations, the CdTe-CuCl device
shows higher PL intensities than the CdTe-Cu device, indicating

lower recombination rates at the CdS-CdTe and CdTe-Au
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Figure S. Degradation tests in ambient air for 60 days for devices with different window layers and Cu precursors. Each group includes 6 cells. The
degradation of the (a) efficiency, (b) Vo, and (c) FF was plotted individually. (d) Low-temperature steady-state PL measurement of CdTe-Cu and
CdTe-CuCl devices excited from the back side at 9 K performed with a 532 nm laser at 25 mW/cm?.

interfaces in the CdTe-CuCl device.”” The TRPL results in
Figure 2b further confirm this conclusion by showing a much
higher carrier lifetime of 9.7 ns in the CdTe-CuCl device than
that of 7.4 ns in the CdTe-Cu device when excited from the glass
side. When excited from the film side, same lifetime is obtained
due to the severe recombination at the back surfaces and the
equipment detection limit. The same PL and TRPL measure-
ments were also carried out for ZMO-CdTe devices, and similar
trends can be observed with higher PL intensity and lifetime in
the ZMO-CdTe films, as shown in Figure S7.
C—Vmeasurement was used to investigate the apparent build-
in potential (V};) at the front junction and extract the doping
density in the CdTe absorber layer (Figure 3a). From the
intercept of the linear fit of the Mott—Schottky plot (1/C* vs
bias) with the bias axis, the V}; across the depletion region
formed by the CdS-CdTe junction was extracted. The CdTe-
CuCl device shows a higher V;; (0.58 V) than the CdTe-Cu
device (0.42 V) (Figure 3a). The improvement of V},; suggests an
improved front junction at the CdS and CdTe interface of the
CdTe-CuCl device, which plays the most important role in Vi
and final device performance. The improvement of Vy; in the
CdTe-CuCl device can be attributed to the improvement of hole
density in the bulk CdTe absorber, the reduction of the interface
trap state concentration, and higher n-type conductivity of the
CdS film due to well-controlled Cu diffusion into the front
interface and CdS film.*” The apparent hole density N, in the
CdTe layer is calculated using the Mott—Schottky plot
according to the following equation:'”
-1

_ 2
geeoA’ (1)

where ¢ is the relative dielectric constant of CdTe, ¢, is the
absolute permittivity of vacuum, A is the surface area of a cell, C
is the junction capacitance, and Vis the bias voltage. As shown in
Figure 3b, the hole carrier concentration taken from the lowest
point of its depth profile of the CdTe-CuCl device is 5.33 x 10"
cm™>, which is higher than the carrier concentration in the

dc™3(v)

N, =
A av
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CdTe-Cu device (8.63 X 10" cm™®). C—V measurements for
the ZMO-CdTe devices with varied Cu precursors were also
performed and similar changes of the carrier concentration can
be observed (Figure S8). The improvement of hole density in
the CdTe bulk is beneficial to the improvement of Vi; as
discussed above and the reduction of the back-barrier height,
which will be discussed later.

Thermal admittance spectroscopy is an effective method to
study the defect properties in CdTe solar cells.'”** The
capacitance spectra (C—w) measured at various temperatures
(T) for CdTe-Cu and CdTe-CuCl devices are shown in Figure
S9. From the peaks of the derivative of capacitance spectra
(—wdC/dw), Figure 4a,b, the defect characteristic frequencies
as indicated by arrows were extracted and used to build the
Arrhenius plots (Figure 4c). From the linear fit of the Arrhenius
plots, the trap defect states in the CdTe-Cu and CdTe-CuCl
devices were calculated. Here, three characteristic activation
energies, E,; = 0.398 + 0.006 eV, E,, = 0.358 + 0.011 eV, and
Ej3=0.354 +0.031 eV, for CdTe-Cu devices and two activation
energies, Ey; =0.323 +0.016 eV and E,3 = 0.306 + 0.005 eV, for
CdTe-CuCl devices were detected. According to our previous
investigation about the TAS measurements performed at various
DC biases with constant AC modulation,'” E,, corresponds to
the back contact barrier, while E,, and E,; are considered as
deep acceptor-like trap states.'”***> For the CdTe-Cu device, a
back-barrier height of 0.398 + 0.006 eV is obtained, which is
higher than the 0.323 + 0.016 eV obtained in the CdTe-CuCl
devices. This can be further demonstrated by the J—V—T
measurements as shown in Figure S10. The reduction of the
back-barrier height is attributed to the improvement of hole
density adjacent to the electrode as shown in the C-V
measurement. Besides the improvement of back-barrier height,
the CdTe-CuCl devices show much shallower defect levels than
the CdTe-Cu devices. In the CdTe-Cu device, two defects with
depth of E;, =0.358 + 0.011 eV and E,; = 0.354 + 0.031 eV are
detected. While in the CdTe-CuCl devices, E,, disappeared
according to the change of the features in the differential
capacitance spectra (Figure 4a,b), and only one defect E,; =
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0.306 & 0.005 eV is obtained, which is shallower than the defects
in the CdTe-Cu devices. The density (N,) and capture cross
section (o,) of all the defects are also calculated as shown in
Figure 4d and the inset. The defect E,; in the CdTe-CuCl device
has much lower N, (2.69 X 10'* cm™) than that in the CdTe-Cu
device (6.45 x 10" cm™ and 8.78 X 10" cm™ for E,, and E,;,
respectively). In addition, the defects with a depth of E,,, which
exists in CdTe-Cu but is missing in the CdTe-CuCl device, show
a much higher o, value of 4.83 X 107! cm™ than the other two
defects of 2.33 X 107" and 8.34 X 1077 cm ™ for CdTe-Cu and
CdTe-CuCl devices, respectively. The elimination of defects
with high concentration and capture cross section in the CdTe-
CuCl device can reduce the nonradiative recombination loss and
improve device performance.

It is well known that Cu ions in CdTe have a high migration
rate, which is the culprit of the long-term stability issue for CdTe
modules. It is worth mentioning that the CuCl treatment was
performed using an RTA process owing to the ionic state of
CuCl, which generated a desired Cu distribution profile, i.e., a
high N, at the back surface and a low N, at the front interface.’
At first glance, this kind of Cu distribution profile can be double-
edged, ie., higher initial performance but lower long-term
stability due to the gradient N, profile that can promote the
diffusion of Cu from the region with high N, to the region with
low N¢,. To study the degradation induced by the different Cu
distributions, a stability test (6 cells for each group) was carried
out in ambient air for 60 days (Figure S). For the CdTe-Cu
devices, the average V5 decreases by 6—7%, and the average FF
decreases by 5%, yielding an average PCE relative degradation
by ~14% within 60 days. Meanwhile, the CdTe-CuCl devices
show negligible degradation by ~1 to 2%. To confirm this result,
the same degradation test was also performed for another CuCl-
treated device with ZMO as the front window layer instead of
CdS, which shows similar stability with the CdTe-CuCl devices
with CdS as the front window layer. These results further
indicate that the gradient of N, does notlead to poor stability in
the CdTe-CuCl devices. The robust long-term stability
performance can be attributed to the low Cu dosage in the
CuCl treated devices, which results in a relatively low Cu;
concentration. Cu; has been correlated to the fast Cu
redistribution in the CdTe film and at the heterojunction,
while the desired Cucy and complexes have a relatively low
diffusion rate.*>*’

This prediction can be further demonstrated by the PL
measurement at a low temperature (Figure 5d) and the SIMS
measurements (Figure SS). The low-temperature PL spectra of
the CdTe-Cu and CdTe-CuCl devices show similar peaks, such
as a free excitonic peak at 1.39 €V,”® a donor-acceptor pair
(DAP) peak at 1.55 eV (recombination of some donor state to
the V¢4 acceptor) and its phonon replicas,” and a 1.45 eV DAP
peak (a DAP peak due to the recombination of Cl donor to Cugg
acceptor) and its phonon replicas at ~20 meV.*>*' The higher
PL intensity at ~1.45 eV in the CdTe-CuCl device is the
consequence of the presence of a higher number of Cucy
acceptors at the back surface than that in the device treated
with the thermally evaporated Cu. It is worth mentioning that
the SIMS results suggest a lower N, at the back surface in the
CdTe-CuCl device. The low N¢, and high Cucq acceptor
concentration in the CdTe-CuCl device conjointly suggest a
higher formation rate of desired Cucy substitution and a lower
formation rate of compensative Cu,, thereby enabling better
long-term stability.
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B DISCUSSIONS

According to the device performance and characterization of the
devices with different Cu precursors, the following discussions
are made to understand the importance of Cu precursor in
fabricating eflicient CdTe solar cells.

(1) Cu diffusion. CdTe solar cells show similar performances
when CuCl and CuCl, are used as the Cu precursors, with
either CdS or ZMO as the front window layers. This result
implies that the oxidation state of Cu in CuCl and CuCl,
shows a negligible effect on the Cu incorporation. In
comparison, the device with metallic Cu shows much
worse device performances. These results suggest that Cu
diffusion from CuCl and CuCl, into the CdTe absorber
has a similar diffusion behavior and defect properties in
CdTe solar cells. This is because both CuCl and CuCl, are
ionic compounds and Cu ions exist naturally in these two
materials; thus, no extra energy for Cu ionization is
required for the Cu diffusion into CdTe. This
phenomenon has recently been demonstrated in group
V-doped CdTe solar cells.”” After the diffusion into the
CdTe absorber, first-principles-based analysis indicates
that Cu-related defects Cu; and Cugg, both of which have
the Cu" oxidation state, have relatively low formation
energies.'””” We assume that Cu®** would change to Cu*
and show the same diffusion rate. When metallic Cu is
used as the Cu precursor, an oxidation process is needed;
thus, extra energy is required to form Cu ions that can
subsequently diffuse into CdTe. We suspect that this is
the reason why the CuCl treatment needed lower
annealing temperatures or shorter annealing duration
than the metallic Cu treatment.

(2) Cu dosage and distribution. The Cu ion concentrations in

both CuCl and CuCl, solutions are identical (3.10 ug/

mL). Due to the difference of the CdTe layer thickness

(3.5 and 4 pum for the CdS-CdTe and ZMO-CdTe,

respectively), 100 uL of chloride solution is applied to

1.5” X 1.5” CdS-CdTe devices and 80 uL of chloride

solution is applied to 1.5” X 1.5” ZMO-CdTe devices,

which are equivalent to ~0.24 and 0.19 A Cu layer,
respectively. Meanwhile, in the CdTe-Cu devices, the
optimal Cu metal thicknesses applied in ZMO-CdTe and

CdS-CdTe devices are 3 and 4 nm, respectively, which are

much thicker than the equivalent Cu thickness in the

CdTe-CuCl and CdTe-CuCl, devices. Nonetheless, the

devices with the chloride treatment show a much higher

carrier density than that with the metallic Cu treatment,
suggesting that the Cu source in the chloride condition
has a lower Cu dosage but a higher activation ratio

(defined as the hole density relative to the incorporated

dopant density) than metallic Cu.

Defect properties and long-term stability. Benefiting from
the low Cu dosage, the devices treated with CuCl and
CuCl, possess a higher carrier density, suppressed bulk
defects with shallower levels, and lower trap state capture
cross section and smaller back barrier height and
improved stability, simultaneously. This is because the
device with a lower Cu dosage through the chloride
treatment has more desired Cugq acceptors, while the
device with higher Cu dosage through metallic Cu
treatment has more detrimental Cu; donors. When the
Cu dosage increases, more Cucq will be ionized, leading to
the downshift of the Fermi level toward the valence band

)

https://doi.org/10.1021/acsami.1c11784
ACS Appl. Mater. Interfaces 2021, 13, 38432—38440


https://pubs.acs.org/doi/suppl/10.1021/acsami.1c11784/suppl_file/am1c11784_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c11784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

maximum. In such a case, the formation energy of the
charged donor defect Cu;* (a compensating donor)
decreases linearly as a function of Fermi energy, therefore,
resulting in more shallow compensating Cu;" donors and
lower hole concentration. Due to the formation of
compensating Cu;" donors, the CdTe devices with
thermally evaporated Cu treatment show a larger back-
barrier and a more pronounced nonradiative recombina-
tion rate at the back interface. Therefore, the device
performances, specifically Vo and FF, are significantly
limited. In addition, the formation of Cy;" also introduces
fast Cu ion migration throughout the CdTe film, which is
the culprit of the long-term stability issue for CdTe
production facilities.
(4) Effect on the devices with different front window layers.
Besides the effect at the absorber bulk and device back
interface, the diffusion of copper into the front interface
has been widely reported in CdTe devices, which can
induce deep donor defect complexes at the front
interface’*’ and decrease the n-type conductivity of
the front window layer.”'®*** This effect became more
notorious in CdTe solar cells with ZMO as the front
window layer due to its sensitivity to Cu (with several
orders of magnitude reduction of conductivity).”* " In
the devices with CdS as the n-type window layer, the effect
of Cu at the CdS-CdTe interface is weaker than that at the
ZMO-CdTe interface. The solution-processed chlorine
treatment successfully reduces the Cu penetration into
the front interface and constructs the desired Cu
distribution throughout the device; thus, the diode
quality of the front main junction is improved.

B CONCLUSIONS

A comparison among different Cu precursors (i.e., metallic Cu,
CuCl, and CuCl, solutions) as the doping source is performed
on CdTe solar cells. The similar performance of the devices with
CuCl and CuCl, suggests that the oxidation states of Cu* and
Cu’* show a negligible difference on device performance. Both
of them show a significant improvement in device performance
compared to the devices treated with the metallic Cu. The
comparison of Cu activation temperature/time, dosage, and
device performance and characterization results concomitantly
suggest that the solution-processed Cu treatment using a Cu
ionic compound enables lower dopant diffusion and activation
temperature/duration, less Cu dosage, more efficient Cu
incorporation, and a desired gradient Cu profile in the CdTe
film, resulting in improved electrical properties at both the front
and back interfaces and the bulk of the absorber, leading to
higher device performances than the conventional devices
doped with metallic Cu. Finally, decent PCEs of 17.2% and
17.5% are obtained for the devices with CdS and ZMO as the
front window layers, respectively, which are among the most
efficient CdTe solar cells without Se incorporation.
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