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1. Introduction

Sb2Se3 has gained substantial attention in
recent years as a promising optoelectronic
material for several applications including
photocatalysis,[1] photodetectors,[2] thermo-
electrics,[3] and phase-change materials.[4]

In particular, solar cells with an Sb2Se3
absorber have shown promise, having sur-
passed 10% power conversion efficiency
(PCE) despite relatively little research
effort.[5,6] The practical limits of current
density (Jsc) achievable with Sb2Se3 with
its 1.18 eV band gap have already been
approached, considering the expected
losses from reflection and parasitic absorp-
tion. As shown in Table 1, the primary bar-
rier to higher efficiencies is a stubbornly
low open-circuit voltage (Voc), which is only
around half of the Shockley Queisser (SQ)
limit, while the record fill factor (FF) is
already reasonably high and would be
expected to increase with improved Voc.
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Achieving controlled p-type doping in Sb2Se3 is critical for its development as a
photovoltaic absorber. In this work, the incorporation of Cd and Zn as extrinsic
dopants in Sb2Se3 single crystals and thin films, with concentrations ranging
from 1016 to 1020 cm�3, is investigated. Both dopants successfully induce p-type
conductivity, but Cd consistently yields lower resistivities and avoids compen-
sation over a wider range of dopant concentrations. Cd-doped Sb2Se3 single
crystals exhibit hole densities exceeding 1015 cm�3, while thin films achieve over
1016 cm�3, values suitable for efficient solar cell operation. A shallow 22meV
CdSb acceptor level appears to be compensated by a deeper lying state around
389 meV, which is intrinsic to Sb2Se3 and limits the achievable free hole
concentration. Despite this, solar cells fabricated using Cd-doped Sb2Se3
(at 1018 cm�3) show enhancements in open-circuit voltage by �60 and �20 mV
for devices prepared via thermal evaporation and close-spaced sublimation
respectively, relative to n-type Cl-doped Sb2Se3. These results establish Cd as a
promising dopant for enabling robust p-type conductivity and enhancing the
photovoltaic performance of Sb2Se3-based devices.
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A key route to improved Voc in Sb2Se3 is to control the doping
density of both the absorber layer as well as the transport layers
either side. A p-type doping density of around 1016cm�3 is ideal
for an absorber layer[7] to sustain a large quasi-Fermi level split-
ting and enable a large built-in voltage to assist in carrier sepa-
ration and collection. Doping of Sb2Se3 via native defects is
unlikely to produce suitable doping densities, and instead extrin-
sic p-type dopants are seemingly required.[8] Despite this, there is
limited research into the intentional use of extrinsic dopants to
control conductivity and hole concentrations in Sb2Se3. Instead,
n-type Sb2Se3 absorber layers are commonly reported due to
unintentional presence of impurities such as chlorine and iron
in commercially supplied material.[9,10] Whereas iron seems to
introduce deep trap states in Sb2Se3, chlorine incorporation is
comparatively benign in terms of defect formation, demonstrat-
ing carrier concentrations in excess of 1016cm�3 and resistivities
of the order 10Ω cm. Intentionally doping Sb2Se3 with Cl has
proven effective, especially in combination with Mg, simulta-
neously having an impact on defect passivation due to Cl occu-
pying vacant Se sites, as well facilitating recrystallization.[11]

However, such doping strategies are not optimal from a device
design perspective, where a p-type absorber paired with an n-type
partner layer is preferred to form a heterojunction that facilitates
a strong internal electric field and efficient charge separation.

Intentional p-type doping of Sb2Se3 has tended to focus mainly
on Sn,[12] and to a lesser extent Pb.[13] This is understandable
given their proximity to Sb in the periodic table, however both
Sn and Pb can be found in both the þ2 or þ4 oxidation state.
When substituted for Sb3þ, this would then provide either an
additional hole or electron to the lattice respectively, depending
on the oxidation state of the dopant. The addition of electrons to
the lattice from þ4 dopants is an obvious source of carrier com-
pensation which may explain the limited carrier densities
achieved to date for Sn and Pb-doped Sb2Se3.

Instead, for effective p-type doping on the cation site the
substituted atom should exist strictly in the þ2 oxidation state,
such as the Group IIB elements Zn and Cd. The effect of these
impurities in Sb2Se3 has not been thoroughly investigated
despite the clear technological relevance given the widespread
use of Cd and Zn based electron transport layers. By comparing
a series of single crystals grown with a wide range of either Cd or
Zn dopant incorporation (1016–1020 cm�3), we demonstrate that
while both elements act as p-type dopants in Sb2Se3, cadmium

appears to be the more promising of two candidates. To verify the
conductivity type and carrier concentration, a range of techniques
are employed, including photoemission, hot-probe, Hall effect,
and capacitance–voltage (CV) profiling. Cadmium-doped Sb2Se3
layers are then incorporated into thin-film solar cells, demon-
strating hole densities above 1016 cm�3 and promising improve-
ments to the Voc compared to baseline (Cl-doped) devices.
Finally, we undertake defect analysis to ensure cadmium inclu-
sion does not introduce a large number of new deep trap states in
Sb2Se3, and identify a shallow acceptor level, which has not been
previously observed which is tentatively attributed to CdSb.

2. Results

2.1. Single Crystals

Figure 1 shows two-terminal resistivity measurements between
Ohmic contacts on the cleaved (010) plane of Sb2Se3 single crys-
tals, with conduction along the [001] direction. The single crys-
talline nature and orientation of the samples were confirmed by
Laue X-ray diffraction (Figure S1, Supporting Information).
In Figure 1a, a series of crystals with varied Sb/Se ratios are pre-
sented ranging from slightly Se rich (Sb1.99Se3) to slightly Se

Table 1. Summary of performance parameters for Sb2Se3 solar cells in the
idealized SQ limit, compared to those of the experimental record device.
The percentage deficit between the record device and SQ limit is also
shown.

SQ limita) Record deviceb) [%] deficit

PCE [%] 33.5 10.6 68.4

Voc [mV] 934 467 50.0

Jsc [mA cm�2] 41.0 33.5 18.2

FF [%] 87.6 67.6 22.8

a)Taken for a 1.18 eV absorber assuming a perfect rear reflector from ref. [40];
b)Ref. [6].

Figure 1. Two-terminal resistivity measurements of single crystals.
a) Samples with varying Se content between Sb1.99Se3 (Se rich) and
Sb2.01Se3 (Se poor). b) Measurements of nominally stoichiometric crystals
doped with varied Cd and Zn atomic concentrations between 1016 and
1020cm�3.

www.advancedsciencenews.com www.advenergysustres.com

Adv. Energy Sustainability Res. 2025, e202500386 e202500386 (2 of 11) © 2025 The Author(s). Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advenergysustres.com


poor (Sb2.01Se3), without the intentional inclusion of impurities.
A substantial decrease in resistivity by a factor of 102 is observed
in Se-rich crystals, whereas samples that are stoichiometric or Se-
deficient exhibit a resistivity plateau slightly below 108Ω cm. This
behavior aligns with theoretical predictions that VSe defects are
particularly harmful,[14] and experimental observations that high
Voc in excess of 500mV for Sb2Se3 may be achieved by postde-
position selenization.[15] Despite the improved conductivity in
Se-rich compositions, this high-purity undoped Sb2Se3 neverthe-
less remains highly resistive across a wide range of stoichiome-
tries, particularly in Se deficient samples. As a result, further
electrical characterization beyond simple resistivity measure-
ments has not been feasible for these samples.

Control over stoichiometry has previously been suggested as a
strategy for controlling both the carrier concentration and con-
ductivity type in Sb2Se3.

[16] While Se-rich compositions show
greater potential for PV applications, Se-poor films are frequently
reported due to chalcogen loss during device processing, partic-
ularly using scalable physical vapor deposition methods. Despite
the tuneability offered by controlling the stoichiometry, the resis-
tivity of all undoped samples remains above 105Ω cm. This sug-
gests that reports of strong p-type conductivity in “intrinsically”
doped Sb2Se3 material may be a result of unidentified impurities
acting as unintentional extrinsic p-type dopants. Similar to how
we previously attributed n-type doping in our devices to residual
chlorine impurities,[9] it is plausible that material sourced from
other manufacturers contains different electrically active impu-
rities that result in p-type conductivity. Consequently, it has been
suggested that the conductivity of undoped Sb2Se3 is primarily
influenced by controlling the defect concentration, with the
Fermi level remaining close to mid-gap.[8]

To improve the conductivity of Sb2Se3 beyondwhat is achievable
through stoichiometric tuning alone, extrinsic doping is required.
A series of crystals were doped with either cadmium (Cd) or
zinc (Zn) across a wide concentration range (1016–1020 cm�3),
resulting in the resistivity trends shown in Figure 1b. The resis-
tivity behavior reveals markedly different trends for the two dop-
ants. Cd-doping leads to a substantial and consistent reduction
in resistivity throughout the entire doping range, which is
decreased by 2–3 orders of magnitude compared to the undoped
material. This suggests that Cd is an effective dopant in Sb2Se3,
likely substituting onto Sb sites, introducing shallow acceptor
levels. In contrast, Zn-doping yields a more complex trend: resis-
tivity remains high at both low and very high Zn concentrations,
with significant reduction observed only at intermediate levels
(1018�1019 cm�3). This nonmonotonic resistivity trend for
Zn-doped crystals likely reflects multiple competing compensa-
tion mechanisms. For example, at low Zn concentrations it is
plausible that a high density of native defects compensate poorly
activated Zn acceptors, resulting in high resistivity. As the
Zn concentration increases, more ZnSb substitutional defects
form, contributing sufficiency hole density to reduce the resistiv-
ity. However, once the solubility limit for substitutional incorpo-
ration is approached, additional Zn atoms may form extrinsic
compensating defects such as Zni or defect complexes which
introduce deep traps and increase the resistivity once again.
Similar compensation effects have been reported in p-type dop-
ing of Sb2Se3 with Sn,[12] where interstitial defects readily form.

Huang et al. have also argued that interstitial formation is par-
ticularly favorable in van der Waals materials such as Sb2Se3, and
that dopants with larger atomic radii are less likely to occupy inter-
stitial sites.[13] This is consistent with the observations for group IV
dopants, where Pb is seemingly more effective than Sn, and aligns
with our findings here that the larger Cd atom acts across a wider
incorporation range to produce low resistivity Sb2Se3 compared
to Zn. The contrasting behavior between Cd and Zn underscores
the importance of both dopant selection and concentration, dem-
onstrating Cd as a particularly promising dopant element for
achieving low-resistivity p-type Sb2Se3.

Given both Cd and Zn appear to be capable of producing low-
resistivity Sb2Se3, we went on to confirm the carrier type and con-
centration of Cd and Zn-doped material. Figure 2a shows the
valence band edge (determined by photoemission) for Cd and
Zn-doped Sb2Se3 samples, with dopant concentrations of 1018

and 1020 cm�3 for each dopant type, compared to an undoped
reference sample. In each case, the valence band maximum
(VBM) is observed very close to the Fermi level, indicating p-type
character at the surface. Although photoemission probes only the
near-surface region and can therefore be affected by surface band
bending, in Sb2Se3 the near-surface doping type has typically
been found to match the bulk doping.[9,12] For 1018 cm�3 doped
samples, a simple linear extrapolation of the valence band edge
would imply degenerate p-type doping (i.e., Fermi level inside
the valence band). However, this method is strongly influenced
by instrumental broadening, which artificially extends the appar-
ent density of states (DoS) into the band gap and makes the
Fermi level appear deeper into the valence band than it truly is.

A more comprehensive approach is to fit the measured spectra
using the density functional theory (DFT)-calculated DoS for
Sb2Se3, including both Gaussian instrumental and Lorentzian
lifetime broadening. Whereas the DFT DoS is calculated with
the VBM arbitrarily set to 0 eV, in the photoemission measure-
ments 0 eV corresponds to the Fermi level, and therefore an off-
set is required to align the two spectra. The size of the required
offset is therefore the VBM-EF separation, and can be a more
reliable method than linear extrapolation of the VBM as demon-
strated by Hobson et al. for Sn-doped Sb2Se3.

[12] This method has
been applied to the samples shown in Figure 2a, with an example
of the fitting process shown in Figure S2, Supporting
Information, which yields the band alignments presented in
Figure 2b. The results imply p-type doping for all samples, in
contrast to commercially sourced Sb2Se3, which can contain
n-type dopants such as Cl and show a much larger VBM-EF sep-
aration.[9] Both the reference (undoped) sample, and samples
doped with 1020 cm�3 of either Cd or Zn show weak p-type char-
acter at the surface, with the Fermi level close to the mid-gap.
Samples doped with 1018 cm�3 Cd or Zn on the other hand show
much smaller VBM-EF separations, indicating a more strongly
doped p-type surface. However, given the surface sensitivity of
ray photoemission spectroscopy (XPS), especially in the case
of surface band bending observed previously for Sb2Se3,

[12] we
cannot directly infer the bulk doping densities of these samples.
Nonetheless, this observation provides evidence of p-type doping
in Cd- and Zn-doped Sb2Se3 samples at the surface.

Another way to verify p-type doping is the hot-probe method,
which has previously been demonstrated as a reliable indicator of
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the carrier type in Sb2Se3.
[12] In this technique, a thermovoltage

is induced by establishing a temperature gradient between adja-
cent Ohmic contacts. The induced voltages for Cd and Zn-doped
Sb2Se3 are shown in Figure 2c,d, respectively. The polarity of the
thermovoltage indicates the carrier type, with p-type material pro-
ducing a positive voltage when heat is applied to the negative
terminal. To confirm this interpretation, measurements were
compared against reference samples of p-CdTe and n-InSb,
which showed the expected thermovoltage polarities under iden-
tical measurement conditions.

The measured thermovoltage was positive for all doped Sb2Se3
samples measured, resulting in positive Seebeck coefficients,
which indicate p-type conductivity. This confirms that both Cd
and Zn act as acceptor dopants in Sb2Se3. However, measure-
ments could only be obtained for Zn-doped samples at interme-
diate concentrations (1017–1019 cm�3), consistent with the
resistivity trends. This further supports the conclusion that Zn
is only an effective p-type dopant over a limited concentration

window, whereas Cd yields consistently p-type material across
a broader doping range.

The Seebeck coefficients for each sample (shown in Figure S3,
Supporting Information) were determined by calculating the
gradient of the thermovoltage with respect to the temperature
difference, using data within the range ΔT< 4 K. In this range,
voltage-temperature relationship remains approximately linear,
and the absolute sample temperature remains close to room
temperature. For Cd-doped samples, the Seebeck coefficient
decreases consistently with increasing dopant concentration,
as expected for a progressively increasing carrier concentration.
In contrast, Zn-doped samples exhibit a minimum Seebeck coef-
ficient near 1018 cm�3, with higher values observed at both lower
and higher doping levels. Since the Seebeck coefficient is
strongly dependent on carrier concentration, the two can be
quantitatively linked via the Pisarenko relation.[17] Estimated car-
rier concentrations derived from Seebeck measurements using
the Pisarenko relation for both Cd and Zn doping are shown

Figure 2. a) Photoemission spectra of the valence band for selected Sb2Se3 samples doped with Cd or Zn, compared to an undoped reference.
Experimental spectra were fitted to DFT-calculated valence band profiles to more accurately extract the VBM relative to the Fermi level (EF), with
b) showing the relative band positions derived from these fits. c,d) Hot-probe measurements of thermoelectric voltage for Cd- and Zn-doped samples,
respectively, confirming p-type conductivity. e) Carrier concentration for different dopant concentrations of both Cd and Zn, determined from Seebeck
coefficients extracted from hot-probe data which were fitted to the Pisarenko relation.[17] f ) Estimated dopant activation ratios calculated from carrier
concentrations. Dashed lines are included in (e,f ) as a guide to the eye.
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in Figure 2e. Estimated in this way, the hole concentration in
Cd-doped Sb2Se3 increases monotonically with dopant incorpo-
ration, indicating efficient activation of Cd as an acceptor. In con-
trast, Zn-doped Sb2Se3 shows a pronounced peak in carrier
concentration at �1018 cm�3, with rapid declines on either side.
This suggests strong compensation effects at both high and low
Zn concentrations, consistent with the resistivity data and con-
firming that Zn acts as an effective dopant only within a relatively
narrow concentration window.

The activation ratio, which represents the proportion of dop-
ant atoms which contribute free carriers in Sb2Se3, is shown in
Figure 2f. For Cd-doped Sb2Se3, the activation ratio decreases
gradually with increasing Cd concentration. As a result, although
carrier concentration continues to increase with Cd concentra-
tion, each additional Cd atom becomes progressively less likely
to act as an acceptor. In contrast, Zn-doped samples exhibit very
low activation ratios both above and below the 1018 cm�3 incor-
poration levels, meaning very few Zn atoms actually contribute
free carriers. Presumably the remaining nonactivated dopant
atoms will instead sit on an alternative lattice site rather than
substituting for Sb, introducing defect levels which can reduce
the carrier mobility.

Hall effect measurements were employed as an additional
method to determine the doping density and type in Cd-doped
Sb2Se3 crystals, as illustrated in Figure 3. Reliable measurements
were only achieved at the highest levels of Cd incorporation, how-
ever, these results confirm that Cd doping induces p-type con-
ductivity in Sb2Se3. The mobility, and therefore the resistivity,
is strongly dependent on the crystal orientation, with conductivity
across the nanoribbons a factor of �5 lower compared to along
them. This ratio aligns closely with the predicted mobility anisot-
ropy in Sb2Se3.

[18] The mobility of Cd-doped Sb2Se3 is notably

lower than previously reported values for n-type, Cl-doped
Sb2Se3, by approximately an order of magnitude.[9] While this
reduction may partly arise from the high Cd incorporation
and low activation fraction of acceptors, the observed tempera-
ture dependence of the mobility indicates that phonon scattering
is the dominant transport-limiting mechanism.[19] While theoret-
ical studies have indicated optical phonon scattering is expected
to be the primary limit on the mobility in Sb2Se3,

[18] an exponent
of �1.5 in the temperature dependence is more consistent with
acoustic phonon scattering, although its validity as an indicator
for dominant scattering mechanism has been disputed.[20]

Irrespective of the specific phonon scattering mechanism, the
significantly lower mobility is likely a consequence of the large
hole effective mass in p-type Sb2Se3, as compared to the electron
effective mass in n-type material.[18] This suggests the reduced
mobility is to some extent related to the majority carrier type
rather than to the Cd dopant specifically, although scattering
due to extrinsic impurities could further lower the mobility.

The measured carrier concentration at room temperature is
�4� 1015 cm�3, which was significantly lower than values esti-
mated from thermovoltage measurements. However, the free
carrier concentration exhibits an exponential increase with
temperature, reaching up to �1017 cm�3 at 110 °C without
showing signs of saturation. This implies a net acceptor den-
sity ðNA � NDÞ exceeding 1017 cm�3.[21] An activation energy
of (371� 4) meV determined via Arrhenius fitting of the
temperature-dependent free hole concentration could indicate
a deep lying acceptor type defect that is not fully ionized at room
temperature. For effective doping, the Cd atoms should incorpo-
rate substitutionally onto the Sb site contributing one hole per
dopant atom provided the energy level lies close enough to
the VBM to be ionized. The strong temperature dependence
and low free hole density could therefore be interpreted as solely
due to thermal ionization of a CdSb acceptor state deep in the
band gap, however this is likely an oversimplification since
the presence of compensating donor levels and additional defect
states can steepen the temperature dependence and therefore
increase the calculated activation energy.[21–23] Although the
exact nature of the compensating defect is not clear at present,
such behavior might arise due to self-compensation (e.g., Cdi
interstitials), the formation of defect complexes such asCdSb � VSe

(AX center), or from changes in the formation energy of native
defects due to a shift in the Fermi level. The absence of published
temperature dependent Hall effect data of Sb2Se3 for comparison
makes it unclear whether such a large activation energy of carrier
concentration is unique to Cd doping, however we note that sim-
ilar activation energies determined from temperature dependent
electrical measurements on high-purity Sb2Se3 have previously
been reported.[24,25]

To further investigate the carrier concentration across the
sample set, CV profiling was used. Figure 4 shows the doping
density as a function of cadmium concentration in Sb2Se3 crys-
tals, determined via Mott–Schottky analysis of CV measure-
ments. A general increase in doping density is observed with
increasing Cd concentration, with no indication of saturation
up to the maximum tested concentration of �1020 cm�3. This
trend is qualitatively consistent with the Seebeck-based carrier
concentrations shown in Figure 2e, although the absolute values

Figure 3. Mobility and free carrier concentration of a Sb2Se3:Cd
(1020 cm�3)-doped crystal measured via Hall effect at temperatures
between 25 and 11 °C.
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derived from CV analysis are systematically lower, and roughly in
agreement with Hall effect data for samples where both techni-
ques were possible. Still, there is a large variation in the apparent
doping dependency depending on the measurement frequency.
Data acquired at 100, 250, and 500 kHz illustrate this frequency
sensitivity. Ideally, high-frequency (�1MHz) measurements are
preferred to suppress the contribution of deep traps and accu-
rately capture the shallow doping profile. However, the high
resistivity of these samples leads to a significant RC time
constant, which causes capacitive “roll-off” at higher frequencies,
as demonstrated in the capacitance–frequency (Cf ) plots in the
Supporting Information (Figure S4a, Supporting Information).
This RC roll-off acts as a low-pass filter, reducing the measured
capacitance proportional to ω�2.[21] Consequently, the distorted
CV profiles result in a frequency-dependent apparent doping
density, and in turn, similarly frequency dependent activation
ratios. Nonetheless, they show a decreasing activation ratio
with increased Cd content, in qualitative agreement with the
Seebeck-based activation ratios presented above. Therefore,
while it is clearly possible to control the carrier concentration
in Sb2Se3:Cd over a wide range, higher Cd content leads to pro-
gressively lower proportion of the dopant atoms contributing
free carriers.

2.2. Solar Cells

Having established that both Cd and Zn can produce p-type
Sb2Se3, we next compare their performance in a solar cell device
structure. To enable a systematic comparison across multiple
dopant types and concentrations, a relatively thin (50 nm)
Sb2Se3 layer was deposited by thermal evaporation (TE). This
approach minimizes source material consumption, making it
feasible to compare a wide range of doped Sb2Se3. In addition
to Cd and Zn-doped Sb2Se3, we also fabricated devices from com-
mercially available Sb2Se3 (5N purity, Alfa Aesar), which is

known to contain Cl impurities, and to Sn-doped (�1018 cm�3)
Sb2Se3, which was grown in-house as reported previously.[12]

Although thermally evaporated Sb2Se3 typically results in lower
device performance compared to our higher efficiency close
spaced sublimation (CSS) grown films, the large volumes of
material required for CSS deposition make it impractical for this
broad comparative study.

Figure 5 shows the Voc of devices fabricated with otherwise
identical structures, differing only in the dopant element and
concentration used in the Sb2Se3 source material. The Voc is par-
ticularly sensitive to absorber layer doping, as well as to defect
states introduced by extrinsic impurities. The Cl-doped Sb2Se3
produces an average Voc of �350mV and serves as a reference
device, since commercially available Sb2Se3 is used by the major-
ity of groups as standard, including our own. This reliance on
material with varying (and often unknown) impurities frequently
results in an n-type absorber layer which is not ideal for device
performance. Sn, the most commonly studied p-type dopant for
Sb2Se3, yields a �50mV lower Voc than the Cl-doped reference.
Although Sn induces p-type conductivity, which should be bene-
ficial, it likely also introduces additional defect states that offset
the advantages of p-type doping, ultimately reducing the Voc.

Both Cd- and Zn-doped Sb2Se3 devices exhibit a similar over-
all trend in Voc as a function of dopant concentration, with values
roughly comparable to the Cl-doped reference at both low and
high incorporation levels. However, in both cases, a clear peak
in Voc is observed at intermediate doping concentrations. This
peak is more pronounced for Cd-doped samples and reaches a
maximum Voc slightly above 400mV, exceeding the perfor-
mance of the Cl-doped reference and highlighting the potential
of Cd as an effective p-type dopant. In contrast, the Voc of Zn-
doped samples is less consistent with more spread in the data at
each incorporation level. Similar to the Cd-doped devices, there is
a peak in Voc around 1018 cm�3 but the improvement over the
Cl-doped reference device is smaller, indicating Zn is a less effec-
tive dopant in agreement with earlier electrical measurements.
One Zn-doped device at 1017 cm�3 appears as an outlier with
notably reduced Voc; this is attributed to reduced absorber

Figure 5. Voc of thermally evaporated Sb2Se3 solar cells fabricated from
different source materials. Cd and Zn-doped Sb2Se3 at varying incorpo-
ration levels are compared with Sb2Se3 from commercial 5N purity mate-
rial, which is known to contain Cl impurities (unknown concentration)
and typically yields n-type behavior. For comparison, Sb2Se3-doped with
1018 cm�3 of Sn (a more conventional p-type dopant) is also included.

Figure 4. Carrier densities estimated from CV profiling for Cd-doped
Sb2Se3 crystals with doping concentrations ranging from 1016 cm�3 to
1020 cm�3 (top). The corresponding activation ratios are shown below.
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thickness due to insufficient source material during deposition,
rather than a fundamental limitation of Zn at this concentration.

Given the promising Voc improvement for the Cd (1018 cm�3)
source material, a larger batch was prepared for deposition via
CSS. This results in a large grained Sb2Se3 absorber with thick-
ness �1.1 μm. Unlike the 50 nm absorbers used in the TE devi-
ces, the thicker CSS films are not fully depleted, allowing reliable
CV measurements of doping density. An example is given in
Figure 6a, showing the acceptor density at different measure-
ment frequencies.

Cf profiles (Figure S4b) still exhibit a distinct step above
�100 kHz, however, this is attributed to a real trap response
rather than the capacitive roll-off observed previously. This is evi-
denced by the deviation from the expected ω�2 dependence, and
results from the lower resistance introduced by the �1 μm film
compared to the single crystals. This highlights the importance
of high-frequency measurements for accurately probing shallow
doping levels, given this capacitance step was previously
obscured in single-crystal measurements due to resistive limita-
tions and roll-off effects.

As the measurement frequency increases from 1 kHz to
1MHz, the apparent doping density reduces from �1�1017

cm�3 to �2�1016 cm�3, consistent with trap freeze-out. The
shallow doping density in these thin films is therefore higher
than that observed in crystals with equivalent nominal doping
concentrations, which may result from differences in stoichiom-
etry or growth kinetics between the sample types. Notably, this
suggests that grain boundaries in polycrystalline Sb2Se3 films do

not significantly limit dopant activation. A hole concentration on
the order of �1016 cm�3 is considered optimal for solar absorb-
ers,[26] whereas higher doping levels would further reduce the
activation ratio and adversely impact carrier collection efficiency.

Figure 6b shows histograms of the Voc of all previously fabri-
cated cells via CSS with our standard source material (uninten-
tionally Cl-doped) compared to the Cd-doped material prepared
for this study. In both instances, we obtain a favorable micro-
structure with large, vertically oriented grains, and XRD con-
firms that Cd doping does not measurably alter the lattice
parameters or preferred orientation of CSS-grown Sb2Se3
(Figure S5, Supporting Information). The Cl-doped devices dis-
play a clear peak centered around �420mV, with a skew toward
lower Voc resulting from occasional contact failure. The Cd-
doped devices show a similarly shaped, albeit noisier distribution
due to the smaller sample size. Although the overall efficiency is
generally poorer for the Cd-doped devices, indicating the depo-
sition process requires further reoptimization, a small but con-
sistent improvement in Voc to around �440mV is observed. A
Mann–WhitneyU test revealed a statistically significant improve-
ment in Voc for Cd-doped Sb2Se3 devices compared to Cl-doped
(median difference = 20.02mV, 95% CI: 16.72 to 23.22mV,
p< 0.001). Notably, this enhancement is smaller than the
increase observed in the equivalent thermally evaporated devices,
likely because Voc in this case is limited by different factors such
as intrinsic defect levels, rather than doping. This reflects the fact
that Voc is typically constrained by the most severe limiting factor
in a given device structure, and improvements from doping may
be less pronounced when other limitations dominate.

2.3. Defect Analysis

To investigate the defect content of these devices, and to attempt
to observe any Cd-induced trap levels, we performed deep level
transient spectroscopy (DLTS) measurements. Figure 7 presents
a DLTS spectrum of a Cd-doped Sb2Se3 device grown by CSS,
with the extracted trap parameters given in Table 2. The spec-
trum is dominated by two prominent negative peaks centered
around 210 and 300 K, corresponding to two hole traps, H1

Figure 6. a) Carrier concentration as a function of depletion width, calcu-
lated from CV profiling of a Sb2Se3 solar cell doped with 1018 cm�3 of Cd,
deposited via CSS. b) Histograms comparing the Voc of CSS devices fab-
ricated from commercially available Cl-doped Sb2Se3 material to Cd-doped
Sb2Se3 prepared in-house.

Figure 7. DLTS spectrum of a Sb2Se3:Cd solar cell deposited via CSS, with
the approximate position of peaks relating to electron (E1–E4) and hole
(H1–H3) traps. The reconstructed spectrum using the fitted trap param-
eters in Table 2 is overlaid onto the experimental data.
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and H2, located 680 and 389meV above the valence band respec-
tively. A third hole trap, H3, situated at 164meV above the
valence band is also present, with a corresponding negative peak
around 150 K; however, given the much lower concentration, it is
largely obscured in the presented spectrum.

Four electron traps E1, E2, E3, and E4 are also identified,
appearing as positive peaks corresponding to trap levels at
146, 266, 331, and 487meV below the conduction band. Like
H3, these traps are also present in very low concentrations
and therefore cannot be easily seen in the presented spectrum.
Due to the differing sensitivities of the correlator functions used
in this DLTS analysis, no single spectrum can unambiguously
resolve all trap states. However, by evaluating all correlator
responses, each trap can be confidently identified. Additional
spectra where these low concentration traps are more easily
observed can be found in Figure S6, Supporting Information.
The observation of minority carrier traps (positive peaks) without
intentional injection, such as by optical or forward-bias voltage
pulses, is somewhat uncommon but has been reported in
literature.[27]

Notably, the traps H3 and E1–E3 are relatively shallow and low
in concentration, in contrast to deeper traps such as H1 and H2
which are expected to be far more influential on carrier dynamics
and recombination behavior. Comparison with previous DLTS[28]

and thermal admittance spectroscopy[29] studies on Sb2Se3 shows
that traps H1 and H2 are typical dominant features in most sam-
ples irrespective of doping, suggesting they are native to the
material. In particular, the hole trap H2 located 389meV above
the valence band is notably close to the 371meV activation
energy observed in temperature-dependent Hall effect measure-
ments. This correspondence suggests that H2 could play a key
role in limiting the free hole concentration in Sb2Se3. In contrast,
traps H3 and E1–E4 are more ambiguous. Given their much
lower concentrations it remains unclear whether they are related
to Cd doping or have simply gone unreported in previous work.
The exact microscopic origins of the trap levels observed here
remain uncertain owing to the complex defect structure of
Sb2Se3, and specific DLTS signals are therefore not assigned
to individual defect types at this stage.

Further defect analysis was conducted using low-temperature
photoluminescence (PL) spectroscopy, which allows us to probe
shallower states compared to DLTS. Figure 8a shows an example
spectrum for a doped crystal with high Cd content (1020 cm�3),

for which any Cd induced defects would be most likely to appear.
Additional spectra from samples with varying Cd content are
given in Figure S7a, Supporting Information. Similar to the
DLTS results, the PL spectrum shows a substantial defect-related
signal, with prominent peaks located at 0.847, 1.085, 1.280, and
1.302 eV. These peaks are attributed to sub-band gap transitions,
since the band-to-band peak (expected around 1.33 eV at 8 K) is
not observed, consistent with previous reports below 15 K.[30] To
identify the origin of the four PL bands, which are detected for all
samples but with varying relative intensities across the Cd con-
centration series, temperature and laser power dependent meas-
urements were performed. These revealed a shallow acceptor
defect with an ionization energy EA ¼ 21.7� 0.5meV (see
Arrhenius plot in Figure 8b) involved in the donor–acceptor pair
recombination together with a shallow donor defect �11meV
(which is responsible for the blueshift of the PL band position
Emax at low temperatures as shown in Figure S6b) behind the
PL band at 1.280 eV. The Arrhenius plot was fitted with the the-
oretical expression: IðTÞ ¼ I0=½1þ αexpðEA=kTÞ�, where I is the
integrated intensity of the PL peak, α is a process rate parameter
and EA is the thermal activation energy.[31] Whereas the other
three PL bands (0.847, 1.085, and 1.302 eV) are broadly consis-
tent with previously reported features,[30,32] the newly observed
shallow acceptor responsible for the 1.280 eV band has not been
detected in the previous PL studies of undoped Sb2Se3 crystals
and thin films. Due to its exclusive appearance in Cd-doped

Table 2. Summary of trap parameters extracted from DLTS
measurements of Sb2Se3:Cd devices. Trap energies are referenced to
the VBM.

Level ET [meV] σ [cm�2] NT [cm�3]

H1 680� 3 (2.0� 0.2)� 10�14 (4.1� 0.5)� 1016

H2 389� 4 (1.9� 0.4)� 10�16 (4.2� 0.2)� 1016

H3 164� 7 (8.1� 3)� 10�20 (1.2� 0.06)� 1014

E1 1034� 9 (3.1� 3)� 10�19 (1.8� 0.01)� 1014

E2 914� 40 (1.9� 0.1)� 10�17 (4.9� 0.4)� 1013

E3 849� 23 (4.4� 0.3)� 10�17 (5.6� 0.8)� 1015

E4 693� 28 (2.9� 0.7)� 10�16 (9.1� 0.9)� 1014

Figure 8. a) PL spectrum of a Sb2Se3:Cd single crystal (Cd concentration:
1020 cm�3) acquired at 8 K, deconvoluted to show contributions from four
distinct sub-band gap peaks. b) Temperature-dependent analysis of the
deconvoluted 1.280 eV emission peak showing thermally activated behav-
ior via an Arrhenius-type plot.
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Sb2Se3, it is tentatively attributed to the CdSb substitutional defect
and may be responsible for the p-type conductivity in these sam-
ples, although this assignment remains speculative at this stage
and requires further corroboration. Given the shallow nature of
this defect, it should be fully ionized near room temperature and
therefore result in high free hole concentrations. However, the
large intrinsic defect content of Sb2Se3 indicated by DLTS and PL
suggests the presence of defect complexes and/or strong com-
pensation effects near room temperature. Combined, these
observations would be consistent with a scenario in which the
interaction between the shallow Cd-induced acceptor state and
native defects ultimately determines the extent of p-type conduc-
tivity and the achievable hole density in Sb2Se3.

3. Discussion

Effective p-type doping is required for solar absorbers in most
conventional device architectures. This need is particularly acute
for emerging absorbers such as Sb2Se3, which are at an early
stage in their development and typically rely more on built-in
electric fields from p–n junctions for carrier separation, unlike
more mature absorbers with long diffusion lengths.[33]

Previous computational studies have shown that intrinsic defects
are insufficient to move the Fermi level of Sb2Se3 far from mid-
gap.[8,14] This is supported by the resistive nature of high-purity
Sb2Se3 material irrespective of stoichiometry, which has been
observed in this work and elsewhere. This underscores the
importance of identifying effective p-type extrinsic dopants,
which can be used to reliably tune the Fermi level position in
Sb2Se3.

While group IV elements have typically been considered for
p-type doping of Sb2Se3, they are unlikely to be ideally suited
and may inherently limit the achievable hole density. This limi-
tation arises from the þ3 oxidation state of Sb, requiring substi-
tution by elements with a lower oxidation state for effective p-type
doping. Group IV elements, which are typically stable in the þ4
oxidation state, must adopt the less common þ2 state to act as
acceptors. This may explain the difference in doping efficacy
between Sn, which favors the þ4 state, compared to Pb, which
more readily adopts the þ2 state due to its lone pair. In contrast,
group II elements, which are exclusively found asþ2, are a more
natural choice for acceptor doping of Sb2Se3. Despite this, they
have not been considered to date.

Both Cd and Zn merit particular attention for Sb2Se3 solar
cells, not only as potential dopants but also due to their relevance
in common device architectures. CdS and ZnO are widely used
as window layers in Sb2Se3 devices, and interdiffusion between
CdS and Sb2Se3 is frequently reported.[34,35] A previous report
suggesting that Cd acts as an n-type dopant in Sb2Se3 is primarily
based on Hall effect measurements of a Sb2Se3/CdS/Sb2Se3 film
stack.[36] However, these results could be influenced by a residual
n-type CdS layer, or impurities from the chemical bath deposi-
tion process, and thus may not reliably reflect the intrinsic dop-
ing behavior of Cd in Sb2Se3. Interestingly, the current record
Voc Sb2Se3 device has been obtained through heterojunction
annealing with a CdS window layer, with Cd diffusion into
the Sb2Se3 absorber onto the Sb site observed via transmission
electron microscopy with energy-dispersive X-ray spectroscopy

(TEM-EDX).[15] More recently, a record-efficiency-equaling
Sb2Se3 device employing photothermal annealing attributed part
of its performance improvement to Cd diffusion, suggesting pos-
sible defect passivation effects.[37] Similarly, CdCl2 treatment of
TiO2 window layers has been shown to markedly improve device
performance.[38] While Cl treatment is well established in such
contexts, the role of Cd as an impurity in Sb2Se3 may be
underappreciated.

These results clearly demonstrate that both Cd and Zn act as p-
type dopants in Sb2Se3, with Cd seemingly more effective. This
may be due to the atomic radius of Cd being closer to Sb than that
of Zn, resulting in more favorable lattice incorporation. By vary-
ing the Cd concentration, we can control the acceptor density of
Sb2Se3 over several orders of magnitude with limited compensa-
tion effects, albeit with a gradually decreasing activation ratio.
Crucially, we have been able to reach, and comfortably exceed,
the 1016cm�3 hole density required for a thin-film absorber, with
no evidence of additional deep Cd-induced defects observed in
DLTS or PL. This control over doping has led to an improvement
in the Voc of devices, particularly for thermally evaporated
absorber layers. While a significant Voc improvement is still
observed for CSS deposited films, the effect is less pronounced.
This implies that while suitable p-type doping of Sb2Se3 is both
beneficial and necessary, it is not the primary limit to higher
Voc in this device structure. Instead, several mid-gap defect states
have been identified through a combination of DLTS and low tem-
perature PL analysis. These states are likely intrinsic to Sb2Se3 and
unrelated to the doping strategies explored here, yet their high
density imposes a significant performance limit. In particular,
the prominent hole trap level located 389meV from the VBM
identified in DLTS measurements could be related to the carrier
compensation observed in temperature dependent Hall effect
measurements, which limits hole density with an activation
energy of 371meV. Understanding the interplay between native
defects and extrinsic dopants is therefore essential, and these
harmful trap levels must be removed or passivated to achieve
higher hole densities and for further gains in Voc to be achieved.

4. Conclusions

This study demonstrates that Cd and Zn can effectively dope
Sb2Se3 p-type, with Cd showing greater potential for controllably
increasing hole density. Cd doping at concentrations near
1018 cm�3 produces hole densities appropriate for solar absorber
layers, with activation fraction on the order �1% and leads to
significant improvements in device open-circuit voltage. While
the presence of deep intrinsic defect states and a low hole mobil-
ity remain challenges, the demonstrated gains in photovoltaic
performance indicate that Cd doping is a viable strategy for
achieving p-type Sb2Se3. Future work will focus on optimizing
dopant incorporation, mitigating compensation effects, and
improving carrier mobility to further enhance the functionality
of Sb2Se3 in thin-film solar cells.

5. Experimental Section

Crystal Growth: Sb2Se3 source material was prepared from high purity
elemental Sb (6N, Alfa Aesar) and Se (5N, Alfa Aesar) shots in a quartz
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tubes, which were sealed under vacuum (<10�5 mbar). The evacuated
ampoules were placed in a single-zone tube furnace which was held at
630 °C for 2 days to allow the materials to react and form a homogeneous
mixture. The temperature was then lowered to 350 °C at a rate of
90 °C hr�1, before the furnace was switched off and left to cool naturally,
forming a polycrystalline Sb2Se3 ingot. Initially, large batches of Se-rich
(Sb1.99Se3) and Se-poor (Sb2.01Se3) material were prepared, which were
then mixed in varying ratios to allow systematic control over the stoichi-
ometry of the resulting Sb2Se3 across a narrow range. For Zn and
Cd-doped source material, a large batch of stoichiometric Sb2Se3 was pre-
pared, to which either ZnSe or CdSe powder was added corresponding to
Zn or Cd incorporation levels of 1020 cm�3 (which has a negligible effect
on Se content). After preparation of the doped source material at the high-
est incorporation level (1020 cm�3), portions of these were then mixed
with the undoped Sb2Se3 to dilute the Cd or Zn level down through
to 1016 cm�3. In this way, precise, systematic control over both the stoi-
chiometry, and dopant incorporation level was possible in polycrystalline
Sb2Se3 source material.

This source material was then used to grow single crystals of Sb2Se3
using the Bridgman melt-growth technique in a single-zone vertical fur-
nace. The Sb2Se3 was placed into 4mm internal diameter quartz tubes
and sealed under vacuum. A single-zone vertical furnace was maintained
with a peak temperature of 630 °C, with which the bottom tip of the Sb2Se3
filled-tubes was aligned. The tubes were then lowered through the natural
temperature gradient of the open-ended furnace at a rate of 1.15mm h�1

for 7 days, corresponding to a cooling rate of �0.7C hr�1. The ampoules
rotated at 0.2 Hz throughout the growth to ensure homogenous heating.
Further details on the crystal growth process have been described
previously.[12]

Device Fabrication: Sb2Se3 thin films were deposited via TE and CSS,
from which full solar cells were fabricated. Deposition of Sb2Se3 via TE
requires only a small amount of source material, allowing both Cd and
Zn-doped Sb2Se3 to be tested in full device stacks across a wide range
of incorporation levels, as well as against commercially available Cl-doped
Sb2Se3 used in high efficiency devices,[9] and against Sn-doped Sb2Se3,
which is the most commonly reported p-type dopant.[12] The TE-Sb2Se3
films were evaporated onto CdS coated TEC15 glass substrates in a
Moorfield MiniLab 080 thermal evaporator at a rate of 0.2 Å s�1. The
source material comprised of small Bridgman-grown crystal fragments
that were unsuitable for singe-crystal device fabrication. An Sb2Se3 thick-
ness of 50 nm was maintained for all TE devices. Although thinner than
optimal, this makes efficient use of the limited source material allowing a
broad range compositions to be studied. After deposition, the TE-Sb2Se3
layers were annealed in an N2 filled glovebox at 350 °C for 10min, forming
crystalline Sb2Se3 thin films. A 10mgml�1 solution of P3HT in chloroben-
zene was spin coated onto the back surface at 3000 rpm as a hole trans-
port layer, before 50 nm Au electrodes were evaporated onto the back
surface (0.1 cm2). For CSS-Sb2Se3 devices, 25 g of Sb2Se3:Cd (1018 cm�3)
source material was prepared by reacting Sb, Se, and CdSe in a quartz tube
at 630 °C for 2 days as described above. The resulting ingot, comprising of
large polycrystals, was crushed into small lumps and placed into the
source tray of a CSS chamber. A TiO2-coated TEC15 glass substrate
was loaded into the substrate holder, 10 mm above the source tray.
Sb2Se3 growth was carried out in two stages, with a low substrate temper-
ature seed layer (Tsub = 400 °C) to ensure coverage followed by a higher
temperature growth step (Tsub = 480 °C) to encourage the formation of
large, well aligned grains. The process has been described in more detail
elsewhere.[39] After CSS deposition of the Sb2Se3 layer, deposition of the
P3HT hole transport layer and Au electrodes was carried out in the same
was as for TE-Sb2Se3 devices.

Measurement: Sb2Se3 crystals were prepared for electrical characteriza-
tion by cleaving with a sharp blade to expose the (010) crystal plane (Pbnm
setting) as described previously.[9] Two 100 nm-thick metal electrodes
were thermally evaporated onto the surface through a shadow mask to
form 2mm diameter circular contacts centered 4mm apart, with In
and Au used to form Schottky and Ohmic contacts, respectively. Two-
probe resistivity measurements were performed using a Keithley 2400

SMU with probes placed onto adjacent Au contacts on the Sb2Se3 crystals.
Measurements were taken at room temperature under ambient condi-
tions, and Ohmic behavior was verified from a linear current–voltage
response between�1 V. The same setup was adapted to measure the ther-
movoltage for hot-probe measurements by additionally placing a thermo-
couple on each contact pad and monitoring the temperature differential,
while one side was locally heated using a soldering iron. From this, the
majority carrier type and Seebeck coefficients could be determined.

XPS was performed using a monochromated Al Kα X-ray source
(hν= 1486.6 eV) operating at 250W and a PSP Vacuum Systems hemi-
spherical analyzer at a constant pass energy of 10 eV. The energy resolution
was determined to be 0.4 eV by fitting a Gaussian broadened Fermi–Dirac
distribution to the Fermi edge of a silver reference sample.

Current density–voltage (JV) measurements were taken under simu-
lated AM1.5 G illumination using a TS Space Systems solar simulator
(class AAA), calibrated to 1000Wm�2 with a Si reference cell. The JV
curves were recorded with a Keithley 2400 SMU. CV and Cf measurements
were taken in the dark using a Solartron SI1260 impedance analyzer and a
1296 A dielectric interface, with an AC perturbation amplitude of 10mV.
DLTS was performed using a Phystech FT1230 HERA DLTS system with a
Linkam HFSX350 liquid nitrogen fed cryostat.

PL measurements were performed at T= 8 K in a closed-cycle helium
cryostat (Janis CCS-150) using a LakeShore Model 335 temperature con-
troller. The sample was glued with cryogenic grease onto a copper plate
and mounted on the cold finger of the cryostat. The excitation source was
the second harmonic of a pulsed Q-switched CryLaS FQSS266-Q2Nd:YAG
laser (532 nm) with a maximum average power Pmax= 7.5 mW, peak
energy 1.1 μJ, and a pulse width<1 ns at 10 kHz repetition rate. The result-
ing luminescence was filtered through a low-pass cut-off filter and then
directed toward a computer-controlled single grating (600 lines mm�1)
monochromator (focal length= 0.64m; Horiba Jobin Yvon FHR640).
The PL signal was amplified using a Stanford SR810 DSP lock-in amplifier
and detected by a Hamamatsu InGaAs photomultiplier tube. For Hall-
effect measurements, homogeneous square-shaped samples with a thick-
ness of�0.5 mm and lateral dimensions of about 4mmwere cleaved from
larger Sb2Se3 single crystals. Gold contacts with dimension of about
0.1 mm3 were thermally evaporated onto the sample surfaces in a van
der Pauw configuration. Four-terminal resistances were measured in a
custom-built Hall-effect setup using a Keithley 224 source-measure unit
and a Keithley 196 digital voltmeter, with magnetic fields up to 0.91 T
applied perpendicular to the sample plane. The magnetic field and excita-
tion current were swept in both positive and negative directions to elimi-
nate offset voltages. Measurements were performed over a temperature
range from 22 °C to 110 °C. Excitation currents were carefully chosen to
avoid non-Ohmic behavior and to minimize self-heating effects.
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