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Arsenic-Doped CdSeTe Solar Cells Achieve World
Record 22.3% Efficiency
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Abstract—For more than three decades, Cu has been critical
to dope CdSeTe solar cells, form effective contacts, and maximize
efficiency. At the same time, Cu defect chemistry has limited stabil-
ity, carrier concentration, and further efficiency improvements. In
this article, 22.3% world record efficiency is demonstrated without
Cu by implementing As doping, which also improves stability,
temperature coefficient, and energy yield. The efficiency crossing
point of Group V technology relative to Cu has been driven by
steady improvements in the open-circuit voltage. Here, the certified
record cell reaches open-circuit voltage of 899 mV while retaining
high photocurrent values of 31.4 mA/cm?; the fill factor is relatively
low at 78.9 %. Coupling 80 % fill factor with top open-circuit voltage
values of 917 mV reported here offers a near-term path to 23%
efficiency. Characterization indicates reducing recombination and
improving activation provide viable paths to 25% efficiency.

Index Terms—CdTe thin film solar cells, characterization of PV,
semiconductor devices, solar energy.

I. INTRODUCTION

dSeTe solar technology has surpassed 50 GW of total

deployment as its corresponding levelized cost of elec-
tricity has decreased below conventional fuels [1]. First Solar
is projected to reach 20 GW annual production in just a few
years [2]. For the past 30 years, production has used Cu to
form effective back contacts and absorber doping to achieve
high efficiency. However, the useful carrier concentration from
Cu doping alone across diverse research institutions has been
limited to mid-10"* cm~2 due to fundamental material carrier
compensation limits that have contributed to a record efficiency
plateau dating back to 2016 [3], [4], [5]. In addition, Cu can eas-
ily diffuse or migrate, thereby requiring careful doping control
to achieve 30-year product lifetime [5], [6], [7], [8], [9].
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A shift to Group V (GrV) doping has offered a path to high
carrier concentration, efficiency, and energy yield. Recent work
demonstrated greater doping stability, a 100-fold increase in
carrier concentration, and single-crystal V. greater than 1 V
in 2016 [9], [10], [11], [12], [13], [14]. The greater stability is
in part related to the slower diffusion of GrV dopants relative to
Cu [15]. Implementing GrV dopants in polycrystalline CdSeTe
solar cells did not immediately translate to improvements in
either open-circuit voltage or efficiency [10], [16], [17], [18],
[19], [20]. Itis difficult for a relatively new technology to surpass
longstanding and highly optimized processes.

In 2019, polycrystalline As-doped CdSeTe solar cells
achieved open-circuit voltage of 857 mV [10]. More recent
results indicated independently certified open-circuit voltage of
870 mV [21]. Here, we report certified results of 899 mV and
internal results as high as 917 mV (Fig. 1) with an open-circuit
voltage difference from band gap of 479 mV. The shift to
As doping, which has overcome fundamental Cu-based defect
chemistry limits to increase carrier concentration, has ultimately
led to open-circuit voltage advances that have increased cell
efficiency to a new record of 22.3%.

II. EXPERIMENT

The National Renewable Energy Laboratory (NREL) mea-
sured the current-voltage curve at 25 °C under 1000 W/m?
ASTM global spectrum with its standard solar cell certification
protocol. This included quantum efficiency (QE) measurements,
spectral mismatch corrections, and aperture tests to rule out light
piping. The cell area was determined to be 0.4491 cm? + 0.2%.

Devices were fabricated on commercial soda-lime glass
coated with fluorine-doped tin oxide. Vapor transport deposition
was implemented to form a 3-4 pum CdSe,Te;_, absorber
layer. The samples were annealed in a CdCl,-vapor environment
between 400 °C and 500 °C. This introduces C1 at levels on the
order of 10'"® cm™ and results in a graded CdSeTe layer with
predominantly CdTe at the back surface. As was incorporated
during absorber semiconductor fabrication. The back contact
includes a thin ZnTe layer capped with a metal stack to form an
electrode [10], [11]. An anti-reflection coating was added to the
glass side to minimize frontside reflectance.

Capacitance-voltage (CV) characteristics were measured at
different temperatures with an Agilent E4980A impedance ana-
lyzer. Voltage was scanned from —2 to +0.5 Vin 0.1 V steps in
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Fig. 1.
solar cell with 917-mV V,,. measured at First Solar.

the dark, with ameasurement frequency of 40 kHz. Electrochem-
ical capacitance-voltage (ECV) characteristics were collected
with a WEP Wafer Profiler CVP21, using dilute HCI in IPA to
contact the back of the sample and the transparent conducting
oxide to contact the front [22]. Voltage was scanned from 0.5
to —4.5 V in 0.15 V steps in the dark, with a measurement
frequency of 2.3 kHz.

Bevels for cathodoluminescence (CL) measurements were
prepared by focused-ion-beam milling in a Helios Nanolab
600i dual beam scanning electron microscope. A ~1-um-thick
layer of protective Pt was deposited above the eventual beveled
surface. The primary focused ion-beam mill was conducted at
30kV to shape the bevel at 10°; afterwards, a low current was
applied for a fine polish to remove curtaining effects. CL was
collected with the Gatan Monarc system with electron-beam
excitation conditions at 5kV voltage and 1.5 nA current. To make
false-color images, the CL spectrum of each pixel was fit with
multiple Gaussians and the bandgap was determined from the
high energy peak.

Time-resolved photoluminescence (TRPL) was measured by
a PicoQuant Fluotime 300 spectrometer by applying time-
correlated single photon counting [23], [24]. The laser excitation
was a series of 640-nm laser pulses with 10'* photons/cm?
incident either through the glass of fully completed devices or
on the back of the CdSeTe absorber layer of partially formed
devices. The external radiative efficiency (ERE) was measured
with a constant white light-emitting diode source for 1-sun
light bias and a low-excitation (<0.05 suns) 670-nm CW laser
passed through a chopper for lock-in amplifier signal detection
[25], [26].

Photoluminescence was detected by an InGaAs detector fitted
with along-pass filter. Diffuse 2% and 99% reflectance standards
were used to calibrate the measurement to determine absolute
ERE values. Secondary-ion mass spectrometry (SIMS) data
were collected using a TOFSIMS-5 instrument with O»-negative
profiling.
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(a) Current—voltage and quantum efficiency for 22.3% efficiency solar cell certified at NREL. (b) Current density—voltage and quantum efficiency for a

III. RESULTS

Fig. 1(a) illustrates the NREL current—voltage (IV) curve
of the 22.3% As-doped cell. The curve indicates robust IV
characteristics free of anomalies. The spectral QE in the inset of
Fig. 1(a) shows low reflectance and parasitic absorption losses
corresponding to the high short-circuit current density. The
absence of CdS or similar intermediate bandgap buffers enables
high current collection to wavelengths less than 400 nm. At
the same time, the CdSeTe alloying enables current collection
extending to wavelengths greater than 850 nm. The open-circuit
voltage (Vo) of 899 mV is among the highest values reported in
polycrystalline CdSeTe, and it is a key enabler for the record cell
efficiency of 22.3%. The fill factor of 78.9% is lower than the
previous record cell and partially due to higher series resistance
[21]. Fig. 1(b) shows the JV and QE curves of a device with
Voe of 917 mV. This device demonstrates a V,. deficiency
from the bandgap of 479 mV, which is the smallest among all
published CdSeTe devices. Combining 917 mV V. and a fill
factor of 80% provides a path toward 23% efficiency. In addition,
the higher carrier concentration from As doping provides a
platform for further increases toward 25% efficiency [13], [27].
The increase in efficiency using As doping is accompanied by
greater long-term stability and relatively better high-temperature
performance than Cu-based solar cells [11], [21].

Fig. 2(a) illustrates representative CV curves as a function of
temperature. The measured net carrier concentration is given by
the acceptor density subtracted by the donor density. At room
temperature, itis 1-2 x 10'6 cm3 at zero bias and varies little as
the depletion width is increased in reverse bias. Because CdSeTe
can form complex defects and compensation, it is plausible that
deep defects could be manifested in net carrier concentration
changes with temperature. However, Fig. 2(a) illustrates that
the defect chemistry does not indicate any appreciable freeze-
out over the measured temperature range. This is consistent
with shallow dopant states and As substituting on Te sites,
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(a) Capacitance-voltage data indicating net acceptor density vs. depletion width at the front interface as a function of temperature and (b) electrochemical

capacitance-voltage data indicating net acceptor density as a function of depletion width at the back surface of the CdSeTe absorber.
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Fig. 3. SIMS As profile vs. absorber depth from back to front interface.

which is observed in photoluminescence and CL spectra [9],
[10], [28].

Fig. 2(b) shows an electrochemical capacitance voltage
(ECV) curve at room temperature. ECV is used to probe the
carrier concentration at the back of the device by forming a
semiconductor-electrolyte junction there that dominates the total
capacitance response for select frequencies and voltages [22],
[29]. Though the ECV data are noisier, the measurements indi-
cate that the carrier concentration is similar (1-2 x 10'® cm™)
in the back and front absorber regions. While neither frontside
nor backside measurements penetrate throughout the entire ab-
sorber, the agreement in magnitude suggests the average car-
rier concentration is similar across the depth of the absorber
layer.

Fig. 3 illustrates the arsenic concentration as measured by
SIMS through the absorber layer of the completed device. The
As concentration is approximately 5-6 x 107 cm™ in the

bulk of the absorber away from the interfaces, corresponding
to an activation ratio of ~2% to 3%. A large As spike can be
seen at the front interface. X-ray photoelectron spectroscopy
and SIMS (not shown) after cleaving the front interface indicate
As accumulation above 0.5% levels immediately adjacent to the
transparent conducting oxide and little or no accumulation at the
front adjacent to the absorber. This is consistent with oxidative
segregation of As catalyzed by tin oxide [30], [31]. The degree
that this may impact performance is not clear. Here, cells are
still able to achieve high open-circuit voltage.

Fig. 4(a) illustrates photoluminescence decay curves collected
by time-correlated single photon counting. The average lifetime
is 5.7 ns, with 72 and 73 components of 11 and 52 ns, respec-
tively. The average lifetime is 80% greater than results with
857 mV presented in 2019, while the carrier concentration is
about the same, so it is plausible that increased lifetime has
contributed to greater open-circuit voltage. Yet, the lifetime
remains orders of magnitude less than state-of-the-art GaAs,
CulnGaSes, and perovskites, indicating substantive room for
future improvement [32], [33], [34], [35]. Fig. 4(b) illustrates
the same measurements performed on the film side of sister
samples. Characteristic of CdTe in general, the decay is much
faster than the front side. The deconvoluted average decay time
is 180 ps. Such short decay times have been observed on the
back of the CdTe polycrystalline absorber across many insti-
tutions for decades and indicate another fundamental material
challenge. Modeling and analysis indicate that this recombina-
tion velocity is not significantly limiting open-circuit voltage,
however, it can cap future efficiency gains as absorber quality
is improved, and it already is a key obstacle to achieving high
bifaciality when transparent contacts are applied. Consequently,
back surface passivation is an intensive area of research. In
double heterostructures, effective back surface passivation has
been achieved with alumina or other oxides, such as MgZnO.
The CdCls treatment with the back contact present is critical to
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achieve this passivation [36], [37], [38]. Here, ZnTe is used as
the back contact, which is well aligned with the CdTe valence
band [39]. However, the ZnTe is not exposed to CdCls because
it is not compatible due to the formation of ZnCl, [40]. Future
work may benefit from implementing different back contact
materials exposed to CdCl, treatments to passivate the back
surface.

Fig. 5(a) indicates the CL on beveled material adjacent to the
record cell. The graded bandgap, taken from the peak emission
energy, varies from approximately 1.4 eV at the front of the
cell to 1.5 eV near the back. The lifetime varies systematically
with the Se level. This is observed in experiments where Se
level is varied (not shown), and it is manifested in the bevel,
where the spectrally integrated room-temperature CL intensity
in Fig. 5(b) decreases from front to back. Consequently, whereas
the average carrier concentration appears to not vary appreciably
as a function of depth based on CV and ECV, the lifetime
decreases systematically as a function of distance from the front
interface throughout the absorber.
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The front-side ERE for these samples is 0.1%. Computa-
tional modeling indicates that the ERE values are consistent
with 1x10'¢ carrier concentrations and an average lifetime of
5-10 ns. Fig. 6 shows the decreases from the ERE analysis from
the Shockley—Quessier limit. The ideal V,,. based on the emis-
sion spectrum corresponds to 1.10 V. The implied V. indicates
nonradiative recombination reduces the attainable V,. by 180
to 920 mV. This is consistent with the lifetime measurements
relative to the radiative recombination limit of 1 s at 10'® cm—3
hole density levels. The 21-mV difference between implied V.
and the measured V,, indicates high carrier selectivity with some
but relatively limited room for improvement [25]. While this
may at first seem contradictory to the 78.9% fill factor values,
reducing series resistance and differences between internal and
external measurements can enable >80% fill factor, and these
do not factor into ERE measurements. The TRPL and ERE data
indicate 180 mV in V. and substantive corresponding efficiency
gains are possible by improving carrier lifetime to much higher
values. In fact, by increasing Se levels in the CdSeTe absorber,
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we have demonstrated >1% ERE for CdCl; -treated absorbers
before back contact deposition and >0.4% ERE for finished
devices. The latter leads to implied V,. beyond 940 mV, thereby
significantly increasing headroom for further V,,. improvement.
Relative to earlier results that achieved 857 mV [10], here
the carrier concentration is similar and recombination is less.
Other contributing factors to performance are inhomogeneity
and electrostatic fluctuations. As has been demonstrated to form
electrostatic fluctuations [10], [41]. These fluctuations are pro-
portional to the total acceptor and donor density [41]. A two-fold
reduction in As incorporation level is sufficient by analytical es-
timates to describe a 40-50 mV increase in open-circuit voltage.
In single crystals, it is possible to achieve 50% activation
[13], [14], [42]. However, here and throughout the community,
chlorinated polycrystalline films remain limited to several per-
cent activation [10], [19], [20]. Consequently, a path for further
improving performance is to enhance activation by modifying
the As and Cl defect chemistry or by using different dopants.
Carrier lifetime can be increased with increasing Se levels,
but this also tends to shift the equilibrium Fermi less p-type.
Consequently, increasing Se in practice will often incur tradeoffs
in activation and carrier concentration, limiting the ability to
increase hole density and lifetime simultaneously to achieve
greater efficiency. In parallel, attempting to dope high Se regions
with increasing dopant levels due to decreasing activation can
induce greater voltage losses from electrostatic fluctuations.
Further work is needed to better understand, characterize, and
manipulate CdSeTe defect chemistry to advance the technology.

IV. CONCLUSION

We demonstrate record cell efficiency of 22.3% using arsenic
doping. This represents the first CdSeTe record solar cell that has
not used Cu. The eventual shift in record technology has been
driven by the steady increase in open-circuit voltage to values
now reaching and exceeding the 900-mV mark, which brings the
Voc to bandgap deficit below 500 mV. Stable higher carrier con-
centration has helped achieve this. Coupling fill factor greater

IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 13, NO. 4, JULY 2023

than 80% with recent open-circuit voltage values of 917 mV
offers a near-term path to 23% efficiency. Characterization and
analysis indicate that improving recombination and activation
provide viable paths to increase efficiency toward 25%.
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