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conversion efficiency of 20.6% and open-
circuit voltages over 900 mV. Ex situ Bi
doping is simple and can be processed in
the air.
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EXx situ bismuth doping for efficient CdSeTe
thin-film solar cells with open-circuit

voltages exceeding 900 mV
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CONTEXT & SCALE Doping with group V elements has become widely recognized as a key strategy for
enhancing power conversion efficiency and operational stability of CdSeTe solar cells. In situ group-V-doped
CdSeTe solar cells have achieved a record power conversion efficiency of 23.1%. In this study, we introduce
an ex situ bismuth (Bi)-doping method to fabricate efficient CdSeTe solar cells. This doping technique is
straightforward and highly resilient to air processing conditions. The best-performing ex situ Bi-doped
CdSeTe solar cell reached a power conversion efficiency of 20.6%. Notably, the cells also exhibited open-cir-
cuit voltages surpassing the 900 mV threshold, which was previously attained by in situ group V doping.

SUMMARY

The focus of CdSeTe thin-film solar cell doping has transitioned from copper (Cu) doping to group V doping.
In situ group V doping has resulted in a new record power conversion efficiency (PCE) of 23.1%, with open-
circuit voltages (Vocs) exceeding the 900 mV mark. Here, we report that ex situ bismuth (Bi)-doped CdSeTe
thin-film solar cells show Vocs exceeding 900 mV and a champion PCE of 20.6%. Characterizations revealed
that the Se-rich CdSeTe region near the front junction promotes Bi ions to occupy the anion sites and dope
this region weakly p-type. Biions in the CdTe-dominating back surface region occupy the cation sites and are
oxidized. This ex situ Bi doping with BiF; as a dopant precursor offers several advantages, including
simplicity, high tolerance to the processing environment, and no requirement of additional Cd vapor or spe-
cial activation processes, making it highly adaptable for researchers to explore efficient Bi-doped CdSeTe

thin-film solar cells.

INTRODUCTION

CdSeTe thin-film solar cells are a highly competitive photovoltaic
(PV) technology due to their low cost, high stability, and short en-
ergy payback time. As of 2023, more than 50 GW of CdTe solar
modules have been installed worldwide, and the fabrication ca-
pacity is predicted to increase to 25 GW by 2026 from the current
9 GW."® Notably, CdSeTe thin-film PV has demonstrated a new
record power conversion efficiency (PCE) of 23.1% for small
cells and 19.7% for modules.”* Despite this remarkable prog-
ress, CdSeTe thin-film PV still has considerable room for further
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PCE improvement that could further reduce its levelized cost of
energy. Among all PV parameters, reducing open-circuit voltage
(Vo) deficit and improving long-term stability are the two most
critical topics in CdSeTe thin-film PV research.®®

In recent years, the CdSeTe thin-film PV research community
has reached a consensus that shifting the dopant from the tradi-
tional copper (Cu) to group V elements is a viable strategy to
reduce the Vg deficit and improve stability.>'* Group V dop-
ants are expected to have less self-doping compensations and
lower diffusion coefficients than Cu dopants.'*'> While the
less self-doping compensations can help increase the hole
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density, reducing the V¢ deficit, the lower diffusion coefficients
should improve the device stability. Previous studies on group-
V-doped CdTe single crystals have demonstrated a 100-fold in-
crease in hole density and cells with Voc exceeding 1 V.° Daniel-
son et al. demonstrated a hole density of 7 x 10'%/cm?®through in
situ arsenic (As) doping combined with an additional CdCl, treat-
ment.'® Other studies have also shown much-improved p-type
conductivity and device stability using group V doping.''~"*
However, for a long time, the substantial absorber quality
improvement through group V doping did not translate into ex-
pected Voc and PCE improvements as compared with Cu
doping.'®?? It was only that recently First Solar, the leading
CdSeTe solar panel manufacturer, reported a PCE of 22.3%
with a Voc exceeding the 900 mV mark through in situ As
doping.”®

So far, most reported efficient group-V-doped CdSeTe solar
cells are based on in situ As doping.>'° It has been reported
that in situ As doping requires carefully controlled processes
and special dopant activation, such as steps to crack As clus-
ters, avoiding oxidation, and providing excessive Cd vapor,
etc., to achieve high Voss and PCEs.®'*?® Advanced equip-
ment, such as specially designed vapor transport deposition
system and As cracking supplier, is often needed to meet these
requirements, prohibiting many research groups from fabricating
efficient and stable CdSeTe thin-film solar cells using in situ As
doping. We recently developed an ex situ doping method to
incorporate group V dopants in CdSeTe solar cells. By using
AsCl; as a dopant source, we successfully fabricated CdSeTe
thin-film solar cells with 18% PCE and 863 mV Vpc."" This strat-
egy introduced a desired gradient dopant profile, i.e., a higher
concentration in the back surface region and a lower concentra-
tion in the region near the front junction, helping reduce the front
interfacial recombination velocity and revealing a potential
method for further improvement of device performance. Howev-
er, the use of AsCl; as a doping source faces several challenges.
AsClj is highly volatile (boiling point 130.2°C), oxygen sensitive,
and toxic. As a result, the doping process must be conducted in
an inert-gas-filled glovebox. Additionally, successful ex situ As
doping using AsCl3 source requires a porous carbon paste elec-
trode to serve as a “reservoir” to prohibit the loss of AsClz from
the back surface. The high resistivity of the mesoporous carbon
paste limits the fill factor (FF) of CdSeTe thin-film solar cells to
below 72%. Therefore, implementing AsCl; as an As source still
limits its widespread adoption by other research groups.

In this work, we report a strategy to overcome the abovemen-
tioned issues related to ex situ As doping. Instead of AsCl3, we
use more stable and less toxic BiF; as the dopant source for
ex situ doping. One benefit of this approach is that the doping
process can be conducted in ambient air and no inert gas pro-
tection is required, avoiding the need for a glovebox. Addition-
ally, due to the less volatile and high ionic characteristics of
BiF3, the doping process does not require a resistive mesopo-
rous carbon paste electrode to serve as the dopant reservoir,
nor does it require excessive Cd vapor or additional high-tem-
perature activation processes. The facile doping process signif-
icantly improved the reproducibility of efficient Bi-doped
CdSeTe solar cell fabrication. Using CdSeTe film stacks pro-
vided by First Solar, our ex situ Bi-doped CdSeTe thin-film solar
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cells showed Vs exceeding the 900 mV mark and a champion
PCE of 20.6% without the application of an anti-reflection
coating. Our characterization and analysis revealed that despite
a larger ionic size than the As ion, Bi ions can diffuse to the Se-
rich CdSeTe region near the front junction and occupy the anion
sites, doping this region weakly p-type. In the CdTe-dominating
back surface region, Bi ions occupy the cation sites and are
oxidized. The formation of Bi,O3 layer may reduce the quality
of the back surface and limit the FF and PCE of the devices.
This issue may be overcome in future studies by developing
methods to better control the quantity and uniformity of the
dopant source.

RESULTS AND DISCUSSION

For ex situ Bi doping, BiF3 solution was prepared by dissolving
99.6% pure BiF3 in HCI (14 wt %) to make a concentration of
6 x 10* mg/L. 150 uL BiF5 solution was spin coated on top of
a CdCl,-treated CdSeTe surface at a spin speed of 7,000 rpm
for 30 s. Then, the sample was annealed for 10 min at 310°C
on a hot plate in air. The annealing temperature and duration
significantly influence the final performance of Bi-doped devices
(Figures S1 and S2). For devices with poly[bis(4-phenyl) (2,4,6-
trimethylphenyl) amine] (PTAA), 20 mg/mL PTAA solution dis-
solved in toluene was spin coated on top of BiFs-doped samples
at a speed of 3,000 rpm for 20 s, followed by annealing on a hot
plate at 150°C for 10 min. 50 nm gold (Au) back electrodes were
deposited by thermal evaporation. The details of CdSeTe solar
cell fabrication process at the University of Toledo were
described elsewhere.?”?®

Figure 1A and Table 1 show the current density-voltage (J-V)
curves of the champion CdSeTe thin-film solar cells using ex
situ Cu and Bi doping using the CdSeTe film stacks provided
by First Solar Inc. CuSCN was used as a hole transfer material
(HTM) and the Cu dopant source for the Cu-doped CdSeTe solar
cells. The details of Cu doping are described in our earlier publi-
cations.?”*° The champion Cu-doped device shows a PCE of
20.4% with a Vo of 857 mV, whereas the Bi-doped champion
device without an HTM shows a comparable PCE of 20.6% but
with a higher Vo¢ of 874 mV. The undoped champion CdSeTe
cell shows a PCE below 5%, with a Voc lower than 500 mV.
The significant Voc improvement from 857 to 874 mV indicates
improved front junction quality and demonstrates the effective
doping effect of BiFs;. The external quantum efficiency (EQE)
curves of these devices, shownin Figure 1B, reveal improved car-
rier collections in the short wavelength regions for the Bi-doped
device, confirming a higher quality of both the front junction
and the absorber region near this junction and yielding an inte-
grated short-circuit current density (Jsc) of 29.97 mA/cm?, within
5% variation of the Jg¢ obtained from the J-V measurement. It is
noted that the champion Bi-doped device exhibits a higher Voc
but a slightly lower FF than the champion Cu-doped cell. The
slightly reduced FF is due to the slightly larger series resistances
(Rs) (3.51 @ cm?) in the Bi-doped device than those (1.9 Q cm?) in
the Cu-doped device, with the underlying reason being dis-
cussed later. We fabricated 20 Cu-doped and 20 Bi-doped
CdSeTe thin-film solar cells. The statistics of the performance
of these cells are shown in Table S1 and Figure S3. The results



Joule

¢? CellPress

A B 100 Figure 1. Device performance
30 (A) J-V curves of champion CdSeTe solar cells
€ undoped 80 - with ex situ Cu and Bi doping.
§ 204 g_uddopzd undoped (B) EQE curves of champion CdSeTe solar cells
§ L | — B: dgg:d & PTAA 3 60+ Cu doped with ex situ Cu and Bi doping. For comparison, the
210+ < —Bidoped J-V and EQE curves of typical undoped samples
§ & 40 Bi doped & PTAA and a representative Bi-doped solar cell with PTAA
= 0 R o = HTM are plotted.
2 > N
3-10+ \ RN 204
\‘ \ A \
20 ; . X — 0 — ——— :
0.0 0.2 0.4 ()J.S 0.8 1.0 300 400 500 600 700 800 900

Voliage [\

clearly show that Bi doping yields higher Vocs and smaller devi-
ations than Cu doping. Whereas the Bi-doped cells demon-
strated an average Voc of 878 mV with a deviation of 5.5 mV,
the Cu-doped devices presented a lower average Voc of
858 mV with a higher deviation of 6.5 mV.

We have previously observed that using CuSCN as an HTM
can improve the Voc of our Cu-doped CdSeTe solar cells due
to the passivation effect of HTMs on the back surface.®® There-
fore, we employed HTMs to further improve the Vo of Bi-doped
CdSeTe thin-film solar cells. To avoid the potential unintentional
Cu doping from Cu-containing HTMs, several Cu-free organic
HTMs, such as PTAA, Spiro-OMeTAD, and poly(3,4-ethylene-
dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), which
are widely used in organic and hybrid perovskite solar cells,
were applied in our Bi-doped devices. Our quick screening re-
vealed that PTAA led to the best device performance. Therefore,
only the results with PTAA are discussed in this paper. The sta-
tistical performance of 20 Bi-doped cells, with and without
PTAA, is shown in Figure S4. As expected, employing PTAA as
HTM led to additional improvements in Voc. The average Vo
is further increased to 892 from 878 mV. It is noteworthy that 4
out of 20 measured cells showed Vo > 900 mV, with a champion
Voc of 907 mV. However, due to the reduced FF, this Voc
improvement induced by employing a PTAA HTM did not trans-
late into further improvement in PCE. The improvement in Voc
can be primarily attributed to the electron-blocking effect of
PTAA, whereas the reduction of FF is likely caused by the
PTAA layer, which has a poor electrical conductivity. Given the
rough surface of CdSeTe films, a relatively thick PTAA layer
(~50 nm, Figure S5) was employed to ensure full coverage of
the CdSeTe surface. Mitigating the issues of conductivity and
thickness conformity of the HTM layer may result in higher device
performance.

To understand the origin of the improved PCE and Vo of our
Bi-doped CdSeTe thin-film solar cells, cross-sectional Kelvin
probe force microscopy (KPFM) was conducted to examine
the junction properties of the cells by imaging the electrical po-
tential across the devices. The details of cross-sectional KPFM
were described elsewhere.®’ Figures 2A and 2B show the
cross-sectional potential images of an undoped and a Bi-doped
CdSeTe solar cell, respectively, under a —1.5 V reverse bias
applied to the devices, revealing the physical locations of the
junctions. Figures 2C and 2D show the electric field difference
profiles of the corresponding devices under different applied
bias, —1.0 and —1.5V, derived from the KPFM potential images

Wavelength (nm)

and profiles under 0, —1.0, and —1.5 V
bias (Figure S6). The undoped CdSeTe
solar cell shows a very narrow electric
field near the front junction, indicating the lack of efficient charge
separation, accounting for the low PCE. The presence of an elec-
tric field near the back contact is likely attributed to the formation
of a Schottky junction that indicates a potential barrier to hole
extraction. Upon Bi doping, the electric field at the front junction
extends into the CdSeTe absorber region, with an estimated
depth of 2.4 um. This electric field can help separate photogen-
erated electron and hole pairs, leading to reduced nonradiative
recombination in this region and, therefore, much-improved de-
vice performance. The feature of this electric field is very similar
to those observed in Cu-doped CdSeTe thin-film solar
cells,?®°"*2 verifying that our ex situ doping creates a high-qual-
ity p-n junction near the front junction. Additionally, the Bi doping
removes the electric field at the back contact, accounting for
improved hole extraction. The KPFM results suggest that ex
situ Bi doping increased the hole density in the CdSeTe
absorber.

Scanning electron microscopy (SEM) analysis indicates that
after Bi doping, the CdTe film surface reacted with the BiF3
dopant source (Figures 3A and S7). As indicated by the arrow
in Figure 3A, after Bi doping, small particles aggregate at grain
boundary regions. X-ray energy dispersive spectroscopy (EDS)
shows higher Bi concentration at grain boundary regions than
grain surfaces (Figure S7). We anticipate that Bi ions diffuse pref-
erentially through gain boundaries. Besides Bi, the EDS in Fig-
ure S7 also shows higher oxygen concentration at the grain
boundary than in the grain interior, suggesting the formation of
Bi»O3 at grain boundaries. We conducted time-of-flight second-
ary ion mass spectrometry (ToF-SIMS) measurement to examine
the depth profile of Bi throughout the device. It is noted that the
CdSeTe film stack used for the ToF-SIMS measurement was
fabricated at the University of Toledo. It has a slightly different
Se depth profile than the CdSeTe film fabricated at First Solar.
A Bi-doped CdSeTe film was peeled off from the FTO substrate
using the thermomechanical method. The ToF-SIMS measure-
ment was conducted from the front junction side to avoid poten-
tial artificial effects induced by the rough back surface. As
depicted in Figure 3B, the ex situ doping introduced a Bi concen-
tration gradient, i.e., the Bi concentration near the back surface
is 3—4 orders of magnitude higher than that in the middle region.
The Bi concentration in the built-in region near the front junction
is nearly below the ToF-SIMS detection limit, ~2 x 10"7/cm?.
However, an accumulation of Bi near the front interface is clearly
observed adjacent to the FTO substrate, suggesting grain-
boundary-assisted Bi diffusion. We also conducted ToF-SIMS
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Table 1. J-V parameters for the champion CdSeTe solar cells
with ex situ Cu and Bi doping

Devices Voc (mV) Jsc (MA/cm?) FF (%) PCE (%)
Undoped 451 10.8 54.8 2.67
Cu-doped 857 30.3 78.3 20.4
Bi-doped 874 30.9 76.2 20.6
Bi-doped 907 29.8 73.3 19.8
and PTAA

For comparison, a typical undoped cell and a representative Bi-doped
solar cell with PTAA hole transport material are also included.

analysis to examine the Cu profiles in Bi-doped, Cu-doped, and
undoped CdSeTe samples. We did not detect noticeable unin-
tentional Cu contaminations in Bi-doped and undoped samples.
The results confirm that the p-type doping effects in Bi-doped
CdSeTe cells are not caused by unintentional Cu doping. X-ray
photoelectron spectroscopy (XPS) mapping (Figure 3C) on a
Bi-doped CdSeTe surface shows inhomogeneity of Bi distribu-
tion. The feature is very similar to that of the grain boundary dis-
tribution, confirming that Bi atoms diffused primarily through
grain boundaries.

We performed depth-dependent XPS measurements to un-
derstand the doping mechanism. The spectrum of Bi 4f states
obtained from the back surface (0 s of sputtering, Figure 3D)
shows two sets of peaks with binding energies, of which 159.7
and 165.1 eV correspond to Bi-O bonding and 158.2 and 163.6
eV correspond to Bi-Te bonding. The high intensity of Bi-O
bonding at the surface suggests that Bi atoms on the surface
are partially oxidized due to the annealing in air, similar to the ox-
idization of Cd at the back surface (Figure S8A). Meanwhile, the
presence of Bi-Te bonding reveals that some Bi atoms can
occupy Cd site. When the surface was sputtered by Ar ions for
300 s, the Bi-Te bonding peaks became more pronounced.
This suggests that more Bi atoms occupy Cd sites rather than
being oxidized in the region below the surface. Meanwhile,
another peak appeared with a binding energy of 169.4 eV
when the film was milled deeper from the back surface, which
can be assigned to the Cd-Bi bonding. As the sputtering time
increased, the intensities of the peaks associated with Bi-Te
bonding decreased but the intensity of the peak associated
Cd-Bi bonding did not. Therefore, as the depth increased from
the film surface, the density of Bi atoms on Cd sites decreased,
and the density of Bi atoms on Te sites increased, which is
consistent with the gradient profile of Se. We also peeled off a
Bi-doped CdSeTe film and conducted depth-dependent XPS
measurements from the front side (Figure 3E). The XPS spectra
showed three peaks, with binding energies of 159.1, 164.5,
and 167.2 eV corresponding to Bi-Se (first two peaks) and Cd-
Bi bonding, respectively. We noted that the Cd-Bi bonding en-
ergy gradually increased from 167.2 eV at the front surface to
167.8 eV as the depth increased after etching for 20 min. This
change can be attributed to the gradient change of S, Se, and
Te in the absorber, which can be demonstrated from the binding
energy shift of Cd at the front interface (Figure S8C). After Ar ion
sputtering for 20 min, these peaks remained, confirming that
upon annealing Bi atoms diffuse into the front junction through

4 Joule 9, 101766, January 15, 2025

Joule

grain boundaries. The Bi-related XPS data with depth are consis-
tent with those obtained from ToF-SIMS. However, the XPS re-
sults revealed that Bi atoms can occupy both Cd and Te sites.
Density functional theory calculations (Figure S9) demonstrated
that a shallow donor is formed when Bi is at a Cd site, whereas an
acceptor is formed when Bi occupies a Te site. The net conduc-
tivity and carrier density depend on the ratio of these occu-
pancies. Currently, there is no technique available to measure
the ratio accurately. Therefore, we measured the net hole density
profiles of the ex situ Bi-doped CdSeTe thin-film solar cell via
capacitance-voltage (C-V) measurement. As shown in Figure 3F,
the hole density in the Bi-doped device is about 1.75 x 10'%/cm?
at the minimum point of the C-V curve, which is slightly lower
than that of the Cu-doped device (5.27 x 10'%/cm®) and ex situ
As-doped device (2.51 x 10'%/cm®). Based on the Bi concentra-
tion of about 2 x 10""/cm® obtained from ToF-SIMS measure-
ment, the Bi activation ratio is calculated to be lower than
0.09%. Such a low activation ratio is consistent with Bi aggrega-
tion at the front interface and grain boundaries. To further
improve the activation ratio, further optimization of the annealing
conditions and improvement on the CdTe film quality with larger
grain sizes that can reduce Bi aggregation at the front interface
and grain boundaries are needed. Furthermore, supplying Cd
vapor during the doping process may also help increase the acti-
vation ratio.

Steady-state photoluminescence (PL) and time-resolved PL
(TRPL) measurements confirm that ex situ Bi doping reduces
the nonradiative recombination in the absorber region near the
front junction. Figure 4A shows two PL spectra measured
from the glass sides of undoped and Bi-doped CdSeTe sam-
ples. It is seen that after Bi doping, the PL intensity increased
by more than three times, even higher than the PL spectra
measured from Cu-doped samples. The increased PL intensity
indicates the reduced density of nonradiative centers in the front
region. The TRPL curve (Figure 4B), measured from the glass
side of a Bi-doped CdSeTe film, shows a Tau, lifetime of
219 ns and a Taus, lifetime of 801 ns, which are longer than those
in the undoped (68 and 281 ns, respectively) and Cu-doped
CdSeTe film (157 and 645 ns, respectively). The TRPL results
confirm that Bi doping improves the quality in the front junction
region. We also measured TRPL curves from the film side of un-
doped and Bi-doped CdSeTe films but could not measure any
meaningful lifetime due to the high nonradiative recombination
caused by the back surface. For Bi-doped films, the high dopant
density and remnant Bi,O3 are expected to create a high density
of defects, leading to low quality of the back surface, which is
responsible for the relatively low FF of Bi-doped devices. This
is consistent with our J-V-T measurements of ex situ Cu- and
Bi-doped CdSeTe solar cells (Figures 4C and S10). Whereas
the measured back barrier height is 0.384 +0.018 eV for the
Bi-doped cell, it is 0.318 + 0.010 eV for a Cu-doped cell. In
our doping process, the BiF3; dopant source was applied by so-
lution process. However, this process does not provide an ac-
curate control of the amount and the uniformity of BiFs. Further
development of the process with improved control of the dopant
source would help improve the quality of the back surface,
which will further improve the Voc and FF of ex situ Bi-doped
CdSeTe thin-film solar cells.
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Figure 2. Heterojunction characterization
(A) Cross-sectional Kelvin probe force microscopy
(KPFM) images from undoped CdSeTe thin-film
solar cells.

(B) Cross-sectional Kelvin probe force microscopy
(KPFM) images from Bi-doped CdSeTe thin-film
solar cells.

(C) Electric field difference profiles under different
bias (-1 and —1.5 V) from undoped CdSeTe thin-
film solar cells.

(D) Electric field difference profiles under different
bias (—1 and —1.5 V) from ex situ Bi-doped CdSeTe
thin-film solar cells.
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The 99.6% purity BiF3 source used in this study contains a
higher concentration of Ag than Cu. To exclude the impact of un-
intentional Ag doping, we fabricated CdSeTe thin-film solar cells
using a 99.99% pure BiF3; source. The Ag concentration in the
high-purity BiF3 source is three orders of magnitude lower than
that in the 99.6% pure BiF3. The annealing process was modified
to rapidly ramp up the temperature to 320°C, then slowly cool it
down to room temperature, to optimize the device performance.
As shown in Figure S11, the Vocs of ex situ Bi-doped CdSeTe
cells using this high-purity BiF; source can also reach the
900-mV mark. We also purposely added various amounts
(0.00025, 0.00040, 0.00050, and 0.00057 wt %) of AGSCN in
the 99.99% high-purity BiF3 source to evaluate the impact of un-
intentional Ag doping. As shown in Figure S12, adding Ag led to
lower Vocs and PCEs. We have also fabricated Ag-doped
CdSeTe solar cells using AgGSCN as the doping source and
HTM. Both Cu-doped and Ag-doped CdSeTe solar cells showed
lower Vocs and PCEs than Bi-doped cells. Our results confirm
that the high Vocs and PCEs of ex situ Bi-doped CdSeTe solar
cells cannot be attributed to unintentional Cu or Ag doping.

Conclusions

In conclusion, we have demonstrated CdSeTe thin-films solar
cells achieving a champion PCE of 20.6% and Vocs exceeding
the 900-mV mark using ex situ Bi doping with BiF3; as a dopant
source. The self-compensation of Bi dopants at cation and anion
sites limited the net hole density, but it did not limit the Vo of the
device. Oxidation of Bi atoms at the back surface was identified
as a limiting factor for the FF of the devices. Therefore, precise
control of the amount and uniformity of the applied dopant
source is necessary to enhance the performance of ex situ Bi-
doped CdSeTe solar cells. The facile process of ex situ group
V doping by utilizing BiF3 as a dopant source opens an opportu-

Distance (um)

6 8 The 99.6% purity BiF; powders were purchased

from Alfa Aesar and the 99.99% purity BiF; pow-
ders were purchased from Sigma Aldrich. HCI
was purchased from Fisher Chemical, HNO3; was
purchased from VWR Chemicals, and Li-TFSI
was purchased from Thermo Fisher. PTAA, tBP solution, toulene, and aceto-
nitrile were purchased from Sigma-Aldrich.

Device fabrication

In this work, two kinds of CdTe stack were used for device fabrication and the
subsequent characterizations. One is the CdCl,-treated CdSeTe stacks sup-
plied by First Solar Inc., which were used for the optimization of Bi doping
as well as the PL, capacitance-voltage, temperature-dependent J-V charac-
terizations. Other than that, CdSSeTe devices fabricated in University of
Toledo were applied using our reported method.?”**® BiF; solution was pre-
pared by dissolving the BiF3; powder in HCI (14 wt %). PTAA solution was pre-
pared by dissolving 20 mg PTAA in 1 mL toluene, followed by adding 15 uL
Li-TFSi (170 mg/mL in acetonitrile) and 10 L tBP solution. Then, the BiF3 so-
lution was spin coated on CdCl,-treated stacks at 7,000 rpm, followed by heat
treatment at 310°C for 10 min on a hotplate in ambient air. After that, the
sample was spin coated with 50 uL. PTAA solution followed by 10 min heat
treatment at 150°C on a hotplate in ambient air. Finally, 50 nm gold (Au) was
evaporated as electrode with 0.08 cm? shadow mask. The Cu doping for our
reference devices was conducted using our reported procedure.?%2°

Device characterization

The solar cell performance was characterized at room temperature in air by
measuring current density-voltage (J-V) curves, with a scanning speed of
200 mV/s under AM1.5G illumination using a solar simulator (PV Measure-
ments Inc.) and a source meter (Keithley 2400). The light intensity for the J-V
measurements was calibrated by a standard silicon wafer solar cell certified
by Newport. Before J-V measurement, light soaking treatment was carried
out for all the devices at 85°C under AM1.5G illumination for 15 min. A quantum
efficiency system (model IVQE8-C, PV Measurements Inc.) was used to mea-
sure the quantum efficiency of the PSCs. A standard silicon wafer solar cell
was used as the reference for the EQE measurement. KPFM measurements
were performed on a home-built KPFM system based on a Vecco D3100
atomic force microscope. A PPP-EFM (nanosensors) tip was operated in tap-
ping mode for the cross-sectional potential distribution using second har-
monic oscillation of the cantilever. The electrical resolution was ~10 mV. In
the junction measurement, we cleaved and carefully ion milled the solar cell
to expose the cross-sectional surface, following the conditions mentioned in
Jiang et al.*" and Moutinho et al.*” the FTO was grounded, and various bias
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Figure 3. Distribution of Bi in CdSeTe films

(A) SEM image of the back surface of a Bi-doped CdSeTe sample.
(B) ToF-SIMS depth profiles for a Bi-doped CdSeTe device.

(C) XPS Bi mapping of the surface of a Bi-doped CdSeTe film.

(D) Depth-dependent XPS spectra measured from the back surface.
(E) Depth-dependent XPS spectra measured from the front surface.
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obtained at the lowest point of the curves.

voltages (0, —1, and —1.5 V) were applied to the Au side. Surface imaging
and X-ray EDS measurements were performed using a Hitachi-4800S SEM.
The ToF-SIMS analyses were performed on a Cameca IMF-6f (810 Kifer
Road, Sunnyvale, CA) double-focusing magnetic sector instrument. The sam-
ples were bombarded by a focused Cs* primary ion beam with a net impact
energy of 5 keV and about 100 nA of beam current. The beam is rastered
over a square area of 200 um on a side. The secondary ions formed from
the sputtering process are accelerated away from the sample surface by a
nominal sample voltage of 5 kV. A fraction of secondary ions are collected
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from a circular region centered in the rastered area. The steady-state PL
spectra were measured in a custom-built system, equipped with Horiba
Symphony-Il CCD detector and Horiba iHR320 monochromator, exciting the
samples with 633 nm continuous wave lasers (2.5 x 10" cm™2 S"). The
time-resolved PL measurements were done with a Becker & Hickl TCSPC
(HPM100-50, SPM130)-based system equipped with Fianium supercontin-
uum laser exciting the sample at 633 nm (1,011 cm 2 pulse ). High-resolution
XPS was measured with a monochromatic aluminum X-ray source (model
5600, PerkinElmer). The C-V measurements were performed in the dark with
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Figure 4. Carrier lifetime and back-barrier height

(A) PL spectrum measured from the glass side of undoped, Cu-doped, and Bi-doped CdSeTe thin films using a 632 nm excitation laser.
(B) TRPL curves measured from the glass side of undoped, Cu-doped, and Bi-doped CdSeTe thin films using a 632 nm excitation laser.
(C) The back barrier heights of Cu- and Bi-doped CdSeTe solar cells derived from J-V-T curves of Cu- and Bi-doped CdSeTe solar cells.

a constant 45-mV r.m.s. 10 kHz AC signal superimposed on a DC bias voltage
varying from 2.5t0 0.5 V.

DFT calculation

The Bicq and Bire point defects were obtained by manual structural modifica-
tionina 2 x 2 x 2 cubic CdTe supercell with lattice constant of 13.27 A that
contains 32 Cd atoms and 32 Te atoms, followed by atomic position relaxation.
The self-consistent partial density of states (PDOSs) calculations of the defec-
tive configurations were performed with the Vienna Ab-initio Simulation
Package (VASP) code at the HSE06 + SOC level, where the fraction of exact
exchange was set to 0.37, yielding a calculated band gap of pristine CdTe
supercell of 1.44 eV.***® The wavefunctions were expanded by adopting an
energy cutoff value of 300 eV. A3 x 3 x 3 k-point mesh grid was employed
to sample the Brillouin zone.*”
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