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CONTEXT & SCALE

When exposed to light, excess

charge carriers in a solar cell

should be collected at the

electrical contacts to generate a

photocurrent. Any failure in this

collection process results in

energy losses. The practical

performance of solar cells is

significantly influenced by trap-

mediated electron-hole

recombination in the bulk of the

absorber layers. However, it is

often unclear which defects serve

as the active sites, or ‘‘killer

centers,’’ for electron-hole

recombination. We showcase an
SUMMARY

Antimony selenide (Sb2Se3) is at the forefront of an emerging class
of sustainable photovoltaic materials. Despite notable develop-
ments over the past decade, the light-to-electricity conversion effi-
ciency of Sb2Se3 has reached a plateau of �10%. Is this an intrinsic
limitation of the material, or is there scope to rival the success of
metal halide perovskite solar cells? Here, we assess the trap-limited
conversion efficiency of Sb2Se3. First-principles analysis of the hole
and electron capture rates for point defects in the bulk material
demonstrates the critical role of vacancies as active recombination
centers. We predict an upper limit of 26% efficiency in Sb2Se3 grown
under optimal equilibrium conditions where the concentrations of
charged vacancies are minimized. We further reveal how the detri-
mental effect of Se vacancies can be reduced by extrinsic oxygen
passivation, highlighting a pathway to achieve high-performance
metal selenide solar cells close to the single-junction thermody-
namic limit.
approach that considers the range

of defects that can form in a

material and that predicts their

abundance, trap levels, capture

cross-sections, and ultimately the

non-radiative recombination

rates. Application to Sb2Se3
predicts that high efficiencies,

comparable with the best thin-film

photovoltaic absorbers, are

possible.
INTRODUCTION

Antimony selenide (Sb2Se3) has attracted interest as an earth-abundant and environ-

mental-friendly alternative among thin-film photovoltaic light absorbers, owing to

its suitable electronic and optical properties.1 Sb2Se3 solar cells have achieved

considerable progress since they were first reported,2,3 with a record conversion ef-

ficiency of 10.57%.4 Nevertheless, the achieved efficiency falls far below the

detailed-balance limit of �30%5 and lags behind the performance of other estab-

lished commercial solar cells.

Similar to other emerging photovoltaic compounds, the conversion efficiency of

Sb2Se3 is primarily limited by the large open-circuit voltage (VOC) deficit.
6 Based

on the detailed-balance principle,5 the unavoidable VOC deficit at 300 K due to radi-

ative recombination is 0.2–0.3 V when the band-gap ranges from 1.0 to 1.5 eV.7 A

wide range of architectures (sensitized-8/planar-9type; substrate10/superstrate4 con-

figurations), fabrication methods (rapid thermal evaporation [RTE],11 close space

sublimation [CSS],12 vapor transport deposition [VTD],13 chemical bath deposition

[CBD],4 etc.), and special treatments (post-selenization14,15 and air exposure16,17)

have been attempted to improve the quality of Sb2Se3 devices. However, VOC im-

provements have remained sluggish, with a VOC deficit >0.7 V for the highest-effi-

ciency Sb2Se3 solar cell.4

The origin of the VOC bottleneck remains under debate. One potential cause is the

considerable trap density in Sb2Se3. Defects in the absorber material reduce device

performance through trap-assisted carrier recombination (Shockley-Read-Hall [SRH]

recombination). Understanding the nature of the active defects is necessary to

design strategies to minimize their impact. Defect characterization techniques,
Joule 8, 2105–2122, July 17, 2024 ª 2024 The Authors. Published by Elsevier Inc.
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such as steady-state photoluminescence (PL) emission, thermal admittance spec-

troscopy (TAS), deep-level transient spectroscopy (DLTS), and optical deep-level

transient spectroscopy (ODLTS) can offer insights into trap levels, trap density,

and defect capture cross-sections. The identification of the defect type, however,

is often difficult for experiments and relies heavily on theoretical results. Point de-

fects in Sb2Se3 have been widely studied by first-principles calculations,18–23 where

thermodynamic transition levels (TLs) were predicted. The community has tried to

identify the most detrimental defect in Sb2Se3 by matching measured defect levels

with theoretical results. Nevertheless, owing to the complexity of defect physics of

Sb2Se3, there has been a debate on whether antisites or vacancies are the most

detrimental ‘‘killer’’ imperfections.4,10,24,25 On the other hand, defects with deep

levels were proposed as potential recombination centers, but the depth alone is

not a sufficient condition for rapid electron and hole capture processes.26,27 More-

over, recent computational work has shown that global optimization of defect

geometries is important to obtain the true ground-state structures and behavior

(e.g., energy levels and recombination activity),23,28 with this being particularly

important in low-symmetry materials, calling into question conclusions based on sin-

gular defect relaxations.

In this work, we have investigated the intrinsic point defects in Sb2Se3 by using a

global structure searching strategy,23,29,30 and we have studied the non-radiative

carrier capture processes by systematic first-principles calculations. The upper limit

to the conversion efficiency in Sb2Se3 is predicted by considering both radiative and

non-radiative processes in the bulk material, acting as a quantitative measure of

defect tolerance. Vacancies are identified as the most detrimental recombination

centers, with the largest contributions coming from VSe and VSb under Se-poor

and Sb-poor conditions, respectively. We conclude that Sb2Se3 solar cells suffer

from significant non-radiative recombination, especially under extreme Sb-rich

growth conditions, and higher conversion efficiencies can be achieved under inter-

mediate growth conditions that minimize vacancy concentrations. The impact of ox-

ygen passivation is further studied, demonstrating its effectiveness in enhancing the

performance of Sb2Se3 by transforming the deep levels associated with detrimental

Se vacancies to shallow ones. These results elucidate the loss mechanisms associ-

ated with intrinsic point defects and provide insights into optimizing the perfor-

mance of Sb2Se3 solar cells.
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RESULTS AND DISCUSSION

Equilibrium point defect population

Sb2Se3 adopts an orthorhombic crystal structure (space group Pnma/Pbnm, no. 62)

(Figure 1). Note that Pnma and Pbnm have the same symmetry but differ in axis def-

initions. In this work, we use the Pnma setting for the Miller indexing of planes in

Sb2Se3. The structure is composed of quasi-one-dimensional (1D) ½Sb4 Se6�n ribbons
arranged together via weak interactions.31 Due to the low crystal symmetry, the

chemical environment for each Sb/Se element in the unit cell is different, leading

to two inequivalent Sb sites and three inequivalent Se sites.

We first investigate all intrinsic point defects (i.e., vacancies, antisites, and interstitials)

in Sb2Se3. The ShakeNBreak29,30 structure searching workflow is applied for each

defect species to identify the ground-state geometries. All inequivalent sites are

considered, giving rise to five types of vacancies (VSbð1Þ, VSbð2Þ, VSeð1Þ, VSeð2Þ, and
VSeð3Þ) and five antisites (SeSbð1Þ, SeSbð2Þ, SbSeð1Þ, SbSeð2Þ, and SbSeð3Þ). Besides, nine in-

equivalent sites for interstitials Sbi=Sei (shown in Figure S1) are considered as initial
2106 Joule 8, 2105–2122, July 17, 2024
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Figure 1. Ground-state crystal structure of Sb2Se3

The crystallographic unit cell (Pnma/Pbnm space group) is represented by a cuboid. Inequivalent

sites are denoted by the atom labels enclosed in parentheses.
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defect configurations by the Voronoi scheme, which is an efficient approach for sam-

pling interstitial sites.32,33 Subsequent geometry relaxation yields six distinct intersti-

tial configurations for both Sbi and Sei. The workflow of generating and optimizing the

defect structures is discussed in experimental procedures. The comparison of en-

ergies, using structure searching and local geometry optimizations, is shown in sup-

plemental information section ‘‘comparison of global and local searches.’’ Formation

energies of all defects are calculated under different equilibrium growth conditions

(Figures 2A and 2B for Sb-/Se-rich conditions and Figure S2 for Se-moderate condi-

tions). We find that no native defects are of high energy in this system, with all being

in the <2.6 eV range, which can be partly attributed to the soft crystal structure and

chemical bonding—akin to lead halide perovskites.34 One unique feature of this sys-

tem is that all intrinsic point defects show amphoteric behavior, with both stable posi-

tively and negatively charged states. For defects with the lowest formation energies,

all thermodynamic TLs are very deep. Moreover, defect behavior can differ signifi-

cantly for different inequivalent sites. For example, VSeð2Þ exhibits an unusual four-elec-
tron negative-U behavior (i.e., negative electron [pair] correlation energy and two

thermodynamically stable charge states differing by four electrons; Dq = 4), whereas

VSeð1Þ and VSeð3Þ only show typical two-electron negative-U transitions (Dq = 2).23

The formation energies of defects change significantly as the growth conditions

change from Sb-rich to Se-rich. The equilibrium defect concentration is further calcu-

lated as a function of the growth condition. As shown in Figure 2C, the dominant de-

fects with high concentrations (>1014 cm�3) under Sb-rich (Se-rich) condition are SbSe

and VSe (SeSb and VSb), while the concentrations of all interstitials are low despite the

open crystal structure, which agree with the previous theoretical study.20 The antisites/

vacancies benefit from energy-lowering reconstructions (valence alternation)23 that in-

crease their concentrations. Heavy charge compensation from the amphoteric defects

results in low carrier concentrations in the dark of around 108 and 1010 cm�3 under Sb-

rich and Se-rich conditions, respectively (Figure S3), which qualitatively match exper-

imental observations of low carrier concentrations in Sb2Se3.
1

The self-consistent Fermi level (EF ) as a function of the growth condition is shown in

Figure 2D, which is pinned close to the middle of the band gap owing to strong

charge compensation from the low-energy defects. With the increase of mSe, the

self-consistent EF decreases from 0.68 eV under Sb-rich conditions to 0.56 eV under
Joule 8, 2105–2122, July 17, 2024 2107
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Figure 2. Calculated intrinsic point defect properties of Sb2Se3

(A and B) Calculated formation energies of intrinsic point defects in Sb2Se3 under chemical

potentials that represent (A) Sb-rich and (B) Se-rich growth conditions. The charge state is denoted

by the slope of the solid line, and the thermodynamic transition level corresponds to the filled

circle. The valence band maximum (VBM) is set to 0 eV, and the conduction band minimum (CBM) is

obtained from the calculated fundamental (indirect) band gap of 1.42 eV by the HSE06 functional.

The self-consistent Fermi levels are indicated by vertical dashed lines. The numbers in the legend

represent different inequivalent sites.

(C and D) (C) Equilibrium defect concentration and (D) self-consistent Fermi level (relative to the

VBM) at 300 K in Sb2Se3 crystals grown at 550 K4,10,22 as a function of the growth condition.
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Se-rich conditions, which is in good agreement with the experimental results of 0.60

and 0.52 eV under Se-poor and Se-rich conditions, respectively.35 Considering the

calculated fundamental band gap of 1.42 eV, this indicates intrinsic weakly p-type

conductivity, which agrees well with the naturally weak p-type behavior in Sb2Se3 re-

ported by most studies.9,36,37

It is worth noting that Huang et al.22 predicted a higher concentration of VSe under

Se-rich compared with Se-poor conditions by first-principles calculations, an unusual

situation driven by the Fermi level changes. The main origin of this difference is our

identification of low-energy positive charge states for VSe, VSb, and SeSb under Se-

rich conditions, using a global structure searching strategy.23,29,30 This results in

strong charge compensation and a self-consistent Fermi level near midgap (0.56

eV), which matches well with the experimental value of 0.60 eV.35 Our predicted

intrinsic midgap Fermi level corresponds to higher formation energies for V2+
Se and

thus much lower predicted VSe concentrations under Se-rich conditions. We there-

fore find that global structure searching is necessary to accurately predict defect

properties in chalcogenide semiconductors.
Non-equilibrium carrier capture

We next consider the kinetics of non-radiative carrier capture and recombination

when Sb2Se3 is subject to above band-gap illumination. A description of the
2108 Joule 8, 2105–2122, July 17, 2024



Figure 3. Charge state transition levels of point defects with high concentrations in Sb2Se3

Metastable charge states (which are not the thermodynamic ground state at any Fermi level;

Figure 2) are indicated with asterisks (*), and the Fermi level is referenced to the valence band

maximum (VBM).
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microscopic processes requires going beyond the static defect properties and

considering the dynamics of transitions between different charge states of a defect.

This is achieved by introducing configuration coordinate (CC) diagrams that connect

the initial (charge q) and final (charge q0) state structures of each defect D. Trap-

mediated electron-hole recombination can be considered in terms of the successive

capture of electrons and holes, i.e.,

Dq#
hn

Dq + e� + h+#
� -u

Dq0
+ h+#

� -u

Dq (Equation 1)

where the excess electronic energy provided by light absorption ðhnÞ is thermally

emitted through phonons ð-uÞ.

We start by considering the single-electron transitions for those defects with high

concentrations (i.e., all vacancies and antisites). The single-electron transition en-

ergy levels are shown in Figure 3. Multiple inequivalent sites and accessible charge

states make the defect levels in Sb2Se3 complex to analyze. Different TLs share

similar energy ranges as shown in Figure 3. Consequently, it is difficult to identify

the defect species solely based on the comparison of energy levels with values

that are measured experimentally. Since our objective is to identify potential recom-

bination centers with both rapid electron and hole capture, shallow defect levels

(i.e., where the defect level and band-edge energy difference is comparable to

the thermal energy kBT ) are excluded from consideration.

The complete pathways for trap-mediated electron and hole capture by point de-

fects, including those introduced by low-energy metastable states (shown to be

important for accurate predictions38), are mapped (shown in Figure S4). The domi-

nant charge capture transition under most growth conditions, having both high

defect concentrations and large electron and hole capture coefficients, is predicted

to be V2+
Seð2Þ 4 V+

Seð2Þ. The corresponding atomic structures and potential energy

surfaces (PESs) are shown in Figure 4. Structures and PESs for other charge capture

transitions can be found in section ‘‘carrier capture processes’’ of supplemental
Joule 8, 2105–2122, July 17, 2024 2109
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Figure 4. Carrier capture process of V2+
Seð2Þ and V+

Seð2Þ
(A) Defect configurations of V2+

Seð2Þ and V+
Seð2Þ. The bond lengths in Å are labeled, and the vacant Se

site is denoted by a dotted circle.

(B) One-dimensional configuration coordinate diagram for charge transitions between V2+
Seð2Þ and

V+
Seð2Þ. Solid circles are data points obtained by DFT calculations and used for fitting, while hollow

circles are discarded for fitting due to charge delocalization (see section ‘‘V2+
Se4V+

Se’’ of

supplemental information). Solid lines represent best fits to the data.
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information. Table 1 shows the carrier capture coefficients and cross-sections at

room temperature and key parameters used in the calculations.

The mass-weighted displacement DQ represents the structural difference between

the two defect charge states involved in the charge capture process. The main

contribution to DQ of 7.52 amu1=2Å for V2+
Seð2Þ and V+

Seð2Þ comes from the short-

ening/lengthening of one Sb–Se bond length beside VSeð2Þ (highlighted in Figure 4A)

during the hole/electron capture process. PESs were mapped by performing single-

point density functional theory (DFT) calculations for interpolated configurations

between the equilibrium structures of V2+
Seð2Þ and V+

Seð2Þ (Figure 4A). The electronic ei-

genstates at each Q were checked (Figure S6) to remove any data points where the

occupation of single-particle defect levels changed due to crossing the band edges

(i.e., charge delocalization) from fitting. The equilibrium structure of V2+
Seð2Þ is set as a

reference with Q = 0 amu1=2Å and E = 0 eV. The equilibrium structure of V+
Seð2Þ is

offset horizontally by DQ and vertically by DE = 1.05 eV (which corresponds to po-

sition of the (+2/+1) TL with respect to the valence band maximum [VBM]). The up-

permost orange curve (V2+
Seð2Þ + e� + h+) is vertically upshifted by the fundamental

band gap Eg, compared with the bottom-most orange curve (V2+
Seð2Þ), corresponding

to the energy of the photo-excited electron-hole pair. Further details regarding the

calculation of carrier capture coefficients via the CC approach are given in experi-

mental procedures.

In the process of non-radiative capture of an electron by V2+
Seð2Þ, the initial (excited)

state is represented by the uppermost orange curve, and the final (ground) state cor-

responds to the blue curve. The two PESs intersect at DEb = 2 meV above the min-

imum of the excited state. The negligible DEb and large phonon overlap result in a

large electron capture coefficient ðCeÞ of 5.633 10�6 cm3 s�1 at room temperature.

In the non-radiative capture of a hole by V+
Seð2Þ, the initial and final states correspond

to the blue and bottom-most orange curves, respectively. A weaker Coulomb repul-

sion of positively charged holes by V+
Seð2Þ (included in the scaling factor s(T)f),

reduced pathway degeneracy g, and larger DEb of 83 meV (Table 1) all contribute

to a smaller hole capture coefficient ðChÞ of 1.22 3 10�8 cm3 s�1 at room tempera-

ture. Therefore, electron-hole carrier recombination at VSeð2Þ is limited by the hole
2110 Joule 8, 2105–2122, July 17, 2024



Table 1. Key parameters used to calculate the carrier capture coefficients in the transition of

V2+
Seð2Þ4V+

Seð2Þ

DQ Capture process DEb g Wif s(T)f C s

7.52 electron 2 4 1.81 3 10�2 2.09 5.63 3 10�6 2.85 3 10�13

hole 83 1 1.76 3 10�2 0.35 1.22 3 10�8 9.89 3 10�16

Mass-weighted distortion DQ (amu1=2Å), energy barrier DEb (meV), degeneracy factor g of the final state,

electron-phonon couplingmatrix elementWif , and scaling factor s(T)f at 300 K, along with calculated cap-

ture coefficient C (cm3 s�1) and cross-section s (cm2) at 300 K.
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capture process V+
Seð2Þ + h+/ V2+

Seð2Þ. The calculated capture cross-sections ðsÞ agree
well with the range of experimental results (10� 17--10� 13 cm2).4,13

Trap-limited conversion efficiency

To directly quantify the impact of electron-hole recombination at point defects on

the Sb2Se3 solar cell performance, the upper limit to efficiency is predicted using

the trap limited conversion (TLC) model.39,40 Detailed equations can be found in

experimental procedures. Current density-voltage ðJ � VÞ curves of Sb2Se3 solar

cells are predicted under different growth conditions including both radiative and

non-radiative recombination (Figure 5A). Directionally averaged optical absorption

coefficients are used when calculating the radiative limit, considering the polycrys-

talline nature of most Sb2Se3 samples from the literature. The film thickness is set

to 500 nm, which has been found to maximize short-circuit current density (JSC)

experimentally.41 As shown in Figure 5A, JSC is predicted to be 26.4 mA/cm2, which

is lower than the JSC of 33.5 mA/cm2 achieved in the highest-efficiency Sb2Se3 solar

cell.4 This difference is due to the neglect of temperature effects, which would

further increase the calculated JSC. VOC deficit (defined as Eg=q � VOC) due to radi-

ative recombination is predicted to be 0.14 V. Non-radiative recombination is found

to significantly contribute to VOC deficit, with predicted total deficits of 0.54 V and

0.35 V under Sb-rich and Se-rich conditions, respectively (Figure 5A).

The vital role of growth conditions in device performance has been widely reported

by experiments, with selenization treatment being proven effective in improving the

conversion efficiency of Sb2Se3 by reducing the concentration of VSe .
14,42 Thus, we

study the VOC loss due to non-radiative recombination (DVnon� rad
OC ) as a function of

the growth condition (Figure 5B). The largest DVnon� rad
OC of 0.41 V is obtained under

Sb-rich/Se-poor conditions. With the increase of the Se chemical potential mSe (cor-

responding tomore Se-rich conditions),DVnon� rad
OC initially decreases until reaching a

minimum (with the lowest DVnon� rad
OC of 0.09 V achieved under intermediate growth

conditions), and then it increases again until reaching the Se-rich limit. Nevertheless,

DVnon� rad
OC is much smaller under Se-rich conditions (0.21 V) than under Sb-rich con-

ditions (0.41 V). This trend agrees well with experimental findings,14,15,42 including

the efficiency decrease that occurs under extremely Sb-/Se-rich conditions.43

To further analyze the most detrimental defect species, we divide the contributions

to DVnon� rad
OC based on each defect. Considering that the total DVnon� rad

OC is not

exactly a simple sum of individual defect contributions (as these depend on the total

recombination rate), we normalize the colored areas in Figure 5B by:

DVnon� rad
OC contribution =

DV non� rad
OC individualP

DV non� rad
OC individual

3DV non� rad
OC total (Equation 2)

As shown in Figure 5B, we find that the conversion efficiency of Sb2Se3 is limited by

vacancies, whereas antisites have a negligible impact on non-radiative
Joule 8, 2105–2122, July 17, 2024 2111



Figure 5. Prediction of first-principles trap-limited conversion efficiency

(A) Calculated current density-voltage ðJ � VÞ curves for Sb2Se3, assuming the radiative limit (only

band-to-band radiative recombination losses) and including defect-induced non-radiative

recombination under Se-/Sb-rich growth conditions. The radiative limit is calculated by averaging

the optical absorption coefficients along [100], [010], and [001] crystallographic directions.

(B) VOC deficit contributed by non-radiative recombination (DVnon� rad
OC ) in undoped Sb2Se3 as a

function of growth condition, decomposed into individual defect contributions. DVnon� rad
OC is

defined as the difference between the values of VOC and V rad

OC. Defect species with DVnon� rad
OC < 0.05 V

are not shown.

(C) Trap-limited conversion efficiency as a function of the growth condition. [100], [010], and [001]

correspond to the crystallographic directions in Sb2Se3. All results shown correspond to a film

thickness of 500 nm and room-temperature defect concentrations assuming an annealing

temperature of 550 K.4,10,22
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recombination. This calls into question the prevailing assumption of antisites being

the most detrimental defects to Sb2Se3 solar cell performance.4,10,19 Indeed, the

concentrations of antisites are highest among all defect species (Figure 2C), and

they do introduce deep defect levels in the band gap (Figure 3). Nevertheless, our

calculated low to moderate non-radiative carrier capture coefficients (Figure S4)

suggest that antisites are benign with low recombination rates.

Among all vacancies, VSeð2Þ and VSbð1Þ contribute most to DVnon� rad
OC under Sb-rich

and Se-rich conditions, respectively (Figure 5B), indicating that these defect spe-

cies should be avoided to improve the photo-conversion efficiency in Sb2Se3.

VSeð2Þ in particular is the most detrimental defect species because of its high defect

concentration and large carrier capture coefficients for both electron and hole cap-

ture (Figure 2C; Table 1), while VSeð1Þ and VSeð3Þ are found to have negligible im-

pacts on efficiency. This highlights the sensitivity of carrier trapping and recombi-

nation to small changes in structures/energetics and, consequently, the significant

variation in behavior that different inequivalent sites of the same nominal defect

(e.g., Se vacancies; VSe) can exhibit. The PESs and calculated capture coefficients

for the other two inequivalent sites of VSe are shown in Figure S5 and Table S2,

respectively.

Using the TLCmodel,39,40 the upper limit to conversion efficiency in Sb2Se3 solar cell

is predicted as shown in Figure 5C. Considering that the control of film orientation

has been widely reported to improve the conversion efficiency of Sb2Se3 solar

cells,11,44,45 the directionally dependent (anisotropic) conversion efficiency is also

calculated based on the respective optical absorption coefficients (Figure S18).

The orientation dependence of efficiency is calculated by considering unpolarized

sunlight incident along each of the three crystallographic axes in Sb2Se3. We predict

that the highest trap-limited conversion efficiency of 26.5% can be achieved along

the [100] direction (which is the direction along the quasi-1D ½Sb4 Se6�n ribbons) un-
der the optimal Se-moderate growth conditions. Experiments have also found

Sb2Se3 films with controlled orientation along this direction to maximize device
2112 Joule 8, 2105–2122, July 17, 2024
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Figure 6. Calculated defect properties of oxygen substitution in Sb2Se3

(A and B) Formation energies of OSeð2Þ in Sb2Se3 under (A) Sb-rich (with Sb2O3 being the oxygen-

limiting phase) and (B) Se-rich (with SbO2 being the oxygen-limiting phase) conditions. The dark

gray lines indicate energetically most favorable charge states.

(C) Defect configuration of O0
Seð2Þ.
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efficiencies.11,46 Under the same conditions, the maximum difference in efficiency

along different directions is 1.6%. These results are calculated based on equilibrium

defect concentrations at an annealing temperature of 550 K, matching previous

theoretical studies22 and representing an average value of the range used in the syn-

thesis of champion Sb2Se3 devices.
4,10 A high annealing temperature of 648 K is re-

ported to benefit the crystalline quality in the highest-efficiency Sb2Se3 solar cell.4

However, a higher annealing temperature will increase defect concentrations

(assuming equilibrium under annealing) and thus further reduce the trap-limited

conversion efficiency (Figure S19).
Extrinsic passivation of deep defects

To investigate potential strategies for reducing the impact of Se vacancies in Sb2Se3,

we further study the effect of oxygen substitution. The focus onOSe is inspired by the

experimental observation that oxygen exposure is beneficial to Sb2Se3 solar cell per-

formance,16,17 as well as our calculated result that the conversion efficiency of

Sb2Se3 is largely limited by VSe. As shown in Figure 5B, VSe is the only intrinsic point

defect species found to significantly lower the efficiency under Sb-rich conditions

and also to play an important role even under Se-rich conditions, owing to its rela-

tively high concentration (>1012 cm�3). Thus, it is intuitive to surmise that detrimental

Se vacancies could be passivated by O2 upon oxygen exposure.

To test our hypothesis and understand the role of oxygen, the structural configura-

tion and energy of OSe formation are studied. Wemainly focus on the second inequi-

valent site of Se as VSeð2Þ is responsible for >99% of the contribution to DVOC among

all Se vacancies. As shown in Figure 6, the neutral state of OSeð2Þ is thermodynami-

cally stable across almost the entire band gap, leading to shallow defect levels—

which are inactive for recombination. Moreover, the formation energies of O0
Seð2Þ un-

der O-poor conditions are relatively low (�0.8 eV, which is similar to the formation

energy of VSeð2Þ). These results suggest the role of oxygen in passivating Se vacancies

and eliminating their detrimental effects by shifting the deep recombination-active

levels of VSeð2Þ (Figure 3) to shallow inactive ones.
Current limitations and future extensions

While our approach improves upon the efficiency limits estimated by established

metrics such as the detailed-balance limit5 and spectroscopic limited maximum ef-

ficiency (SLME),47 we note that there are several limitations:
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(1) The underlying electronic structure calculations are athermal, and effects such as lat-

tice thermal expansion and electron-phonon interactions are currently neglected. One

consequence is that the calculated fundamental band gap of 1.4 eV is larger than the

typical room-temperature experimental values for Sb2Se3 in the 1.0–1.3 eV range.48,49

(2) The carrier mobility is not considered and inherently assumed to be infinite. The

effect of mobility on efficiency is negligible for photovoltaic (PV) absorbers with high

mobility and thin layers.50

(3) The impacts of extrinsic defects and surface/interface electron-hole recombina-

tion, which are determined by specific materials processing and device architec-

tures, have not been considered. We note that these factors could also contribute

to VOC loss in practical devices.

Conclusions

While structurally complex crystals such as Sb2Se3 can support the formation of many

types of charged point defects, we have shown that only a subset will have a significant

equilibriumpopulation. Vacancies and antisites are shown tobe thedominant point de-

fects in Sb2Se3 with high concentrations (>10
12 cm�3), while the concentrations of inter-

stitials are relatively low. Furthermore, by considering the processes of electron and

hole capture, the most detrimental defects can be identified based on first-principles

calculations. This approach yields the ability to predict an upper limit for light-to-elec-

tricity conversion efficiency in a solar cell, based on the bulk properties of the absorber

material. For Sb2Se3, VSe and VSb contribute most to VOC deficit under Sb-rich and Se-

rich conditions, respectively. The largest VOC deficit is predicted to be 0.54 V under Sb-

rich conditions with a conversion efficiency of 18%. Intermediate growth conditions

result in lower concentrations of defects and thus higher conversion efficiency (26%).

Therefore, to improve the device performance, it is critical to suppress vacancy forma-

tion and optimize the growth conditions. As a proof of concept, we showed that the

detrimental effects of Se vacancies can be reduced by oxygen passivation (i.e., the for-

mation of OSe). An alternative passivation strategy is Fermi-level engineering, where an

extrinsic donor dopant is introduced during crystal growth/annealing to push the Fermi

level higher in thegap, increasing the formationenergyofV2+
Se and thus reducing its con-

centration. Considering the similar quasi-1D structures and optoelectronic structures,

the insights gained from Sb2Se3 could be transferable to the Sb2ðS;SeÞ3 system, where

similar defect processes are expected to be at play. In conclusion, our work provides a

microscopic understanding of the efficiency limit of Sb2Se3 solar cells.

EXPERIMENTAL PROCEDURES

Resource availability
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Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Prof. Aron Walsh (a.walsh@imperial.ac.uk).

Materials availability

This study did not generate new unique materials.

Data and code availability

The defect configurations with the lowest energies for each charge state, as well as

corresponding input and output files, have been uploaded to the NOMAD Reposi-

tory and are freely available at https://doi.org/10.17172/NOMAD/2024.04.25-1. All

open-source codes used in the study, including doped, CarrierCapture.ji, and

ShakeNBreak, are referenced in the paper and available on GitHub.
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Computational methods

Trap-limited conversion efficiency

The light-to-electricity conversion efficiency of a solar cell depends on the propor-

tion of electron-hole pairs extracted from the absorber layer and is limited by

different electron-hole recombinationmechanisms. In this work, trap-limited conver-

sion efficiency of a single-junction solar cell is determined by considering radiative

and non-radiative recombination processes, following the methodology proposed

by Kim et al.39 and Kim andWalsh.40 The effects of band gap, (film) thickness-depen-

dent optical absorption, and defect properties are taken into account. The mobility

of electron-hole pairs is assumed to be infinitely high, so scattering mechanisms are

neglected. This assumption can be justified by the relatively high carrier mobility re-

ported in Sb2Se3.
51 Recombination at surfaces and interfaces is beyond the scope of

this work and thus not considered in the following.

Radiative recombination. An excited electron in the conduction band (CB) can re-

combine with a hole in the valence band (VB) and energy is released as photons. This

is an unavoidable process known as radiative recombination, which is an inverse pro-

cess of light absorption.

Under the assumption of ideal reflection at the bottom of the absorber, the photon

absorptivity a is calculated by52

aðE;WÞ = 1 � e� 2aðEÞW (Equation 3)

where E and W are the photon energy and film thickness, respectively, and a is the

optical absorption coefficient.

Assuming that each absorbed photon generates one electron-hole pair, the short-

circuit current JSC is given by39

JSCðWÞ = e

Z N

Eg

aðE;WÞFsunðEÞdE (Equation 4)

where e is the elementary charge; FsunðEÞ is incident spectral photon flux density at

the photon energy E. Here, a standard AM1.5 solar spectrum is considered.

The radiative recombination rate Rrad at temperature T and voltage V is given by39

RradðVÞ =
2p

c2h3

Z N

0

aðE;WÞ
"
e
E� eV
kBT � 1

#� 1

E2dE

z
2p

c2h3
e

eV

kBT
Z N

0

aðE;WÞ
"
e

E
kBT � 1

#� 1

E2dE

(Equation 5)

The net current density Jrad generated under illumination in the radiative limit is

given by39

JradðV ;WÞ = JSCðWÞ+ Jrad0 ðWÞ
�
1 � e

eV
kBT

�
(Equation 6)

where the saturation current is Jrad0 = e Rradð0Þ.

Non-radiative recombination. The main cause of efficiency loss in a solar cell usu-

ally involves non-radiative recombination facilitated by deep-level defects. Identi-

fying the detrimental defect species is thus crucial to improving photovoltaic device

performance.
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Defect formation energy. The formation energy of a point defect D in charge state q

is calculated by the equation53,54

DEf
D;q = ED;q � Ehost �

X
i

nimi +qEF +Ecorr (Equation 7)

where ED;q and Ehost are the total energies of the supercells with and without the defect

D, respectively. ni and mi represent the number and the chemical potential of added

(ni > 0) or removed (ni < 0) atom of type i, respectively. EF is the Fermi level. Ecorr ac-

counts for the finite-size corrections for charged defects under periodic boundary con-

ditions. In this work, the correction scheme developed by Kumagai and Oba,55 which

accounts for anisotropic dielectric screening, is employed and has been extensively

shown to be both accurate and robust.56,57

Defect TL. The thermodynamic charge TL ε(q1=q2) is defined as the Fermi-level po-

sition at which the formation energies of charge states q1 and q2 of a defect are the

same, and it can be obtained from the relation

ε

�
q1

�
q2

�
=

DEf
D;q1

ðEF = 0Þ � DEf
D;q2

ðEF = 0Þ
q2 � q1

(Equation 8)

where DEf
D;q(EF = 0) is the formation energy of a defectD in the charge state qwhen

the Fermi level is at the VBM.

Defect and charge carrier concentration. The self-consistent Fermi level is calculated

by an iterative method58,59 based on the charge neutrality conditionX
D;q

qCD;q � n0 + p0 = 0 (Equation 9)

where CD;q is the defect concentration of a defect D in its accessible charge state q.

n0 and p0 are concentrations of free electrons and holes, respectively.

The defect concentration CD;q is given as

CD;q = gNDe
�DEf

D;q
kBTanneal (Equation 10)

where g is the degeneracy term including spin and geometry degeneracy. ND is the

number of possible sites for defect D to form in the supercell per volume. kB is the

Boltzmann constant, and Tanneal is the temperature at which the host material is an-

nealed/synthesized.

The electron (n0) and hole (p0) concentrations are obtained by

n0 =

Z N

ECBM

rðEÞf ðEÞdE (Equation 11)
p0 =

Z EVBM

�N

rðEÞ½1 � f ðEÞ�dE (Equation 12)

where rðEÞ is the density of states (DOS) per unit volume, and f ðEÞ is the Fermi-Dirac

distribution function that represents the likelihood of an electron occupying an en-

ergy state E

f ðEÞ =
1

e
1+

E�EF
kBT

(Equation 13)

where EF is the Fermi level, and T is the temperature.
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It is worth noting that Tanneal and T are specified as different values in this work. After

rapid quenching, defects usually become ‘‘frozen in’’ at annealing temperature by

kinetic barriers. Therefore, the defect concentrations are fixed at Tanneal, while the

change of charge states of the same defect species is possible, and the concentra-

tions of free electrons and holes re-equilibrate until the charge neutrality condition is

met at the measurement temperature T.

Carrier capture coefficient. The non-radiative carrier capture for deep-level defects

can be simulated via multiphonon emission (MPE) from first-principles calcula-

tions.60 Within the framework of MPE, the transition between a delocalized bulk

state and localized defect state can be treated by considering electron-phonon

coupling as a first-order perturbation. The carrier capture coefficient is determined

using Fermi’s golden rule

C =
2p

-
Vg
X
m

um

X
n

���DHe�ph
im;fn

���2dðEim � EfnÞ (Equation 14)

where V is the volume of the supercell. g is the degeneracy term accounting for the

number of equivalent transition pathways, which includes spin and geometry degener-

acy.38 n and m are quantum numbers of ionic states. um represents the thermal occu-

pation. Efim;fng are total energies. DH
e�ph
im;fn is the electron-phonon coupling matrix

element. Under the linear-coupling approximation, the matrix element is determined

by Taylor expansion in Q around Q0 with only the first-order terms preserved

DHe�ph
im;fn =

X
k

CJijv bH � vQk jJf DCcimjQk � Q0;k jcfnD (Equation 15)

where Jfi;fg are the many-body electronic wave functions, and cfim;fng are the ionic

wave functions. It sums all phonon modes Qk .

Under the effective-1D approximation, one effective phonon mode that represents

the strongest interaction with the deformation of defect configuration is used. Using

Kohn-Sham DFT, many-body Hamiltonian and wave functions are replaced by sin-

gle-particle ones. Thus, the carrier capture coefficient is calculated by

~C =
2p

-
Vg
X
m

umCjijvbh = vQjjf D
X
n

jCcim

���Q � Q0jcfnDj2dðDE + m-Ui � n-Uf Þ

(Equation 16)

where - andjfi;fg are the single-particleHamiltonian and single-particlewave functions,

respectively. Ufi;fg are the phonon frequencies of initial and final states. A 1D general-

ized coordinateQ is used to represent atomic deformation,61 which is defined as

Q2 =
X
a

MaDR
2
a (Equation 17)

where Ma and DRa are the mass and the displacement between the initial and final

states of an atom a, respectively.

Two types of scaling parameters are considered in this work to correct the capture

coefficients when necessary and were calculated using Nonrad.62 In the cases of car-

rier captured by a charged defect, the Sommerfeld parameter s(T)63 is calculated to

account for the Coulombic interaction between the delocalized carrier and charged

defect. When a charged defect supercell is used to calculate the electron-phonon

matrix elements, a scaling factor f is calculated to correct the charge density near

the defect. After taking into account the scaling parameters, the carrier capture co-

efficient is given as
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C = sðTÞf ~C (Equation 18)

The capture cross-section s is given by

s =
C

CvD
(Equation 19)

where CvD =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3kBT=m�p

is the average thermal velocity of the carrier. m� is the

average effective mass, and in this work, m�
e = 0.35 and m�

h = 0.90.31

Non-radiative recombination rate. For non-degenerate semiconductors, non-radia-

tive recombination rate RSRH under steady-state conditions is calculated based on

SRH statistics64,65

RSRH =
np � n0p0

ðn+n1Þtp+
�
p+p1

�
tn

(Equation 20)

where n and p are concentrations of electrons and holes, respectively. n0 and p0 are

concentrations of electrons and holes at thermal equilibrium, respectively. n1 = Nc

exp
�
Et �ECBM

kBT

�
and p1 = Nvexp

�
EVBM �Et

kBT

�
are electron and hole densities when the

Fermi level lies at the trap level Et , and Nc and Nv are effective DOSs for CB and

VB, respectively. tp and tn are lifetime for hole and electron capture, respectively,

which are given by

tp =
1

NTCp

tn =
1

NTCn

(Equation 21)

where Cp and Cn are hole and electron capture coefficients, respectively. NT is the

total defect concentration. The relative defect concentration for a defect D in a

certain charge state q is calculated under kinetic equilibrium. For example, in the

transitions between q, q � 1 and q � 2 charge states:

Dq#
e�

h+
Dq� 1#

e�

h+
Dq� 2 (Equation 22)

Under steady-state conditions (constant illumination), the net electron capture rate

by Dq(Dq� 1) should be equal to the net hole capture rate by Dq� 1(Dq� 2). In Sb2Se3,

the equilibrium carrier density n0 or p0 is much lower than the photo-generated car-

rier density Dn, and carrier emission is assumed to be negligible for deep-level

defects66:

NqCq
nDn = Nq� 1Cq� 1

p Dn

Nq� 1Cq� 1
n Dn = Nq� 2Cq� 2

p Dn
(Equation 23)

The sum of concentrations of Dq, Dq� 1, and Dq� 2 is kept fixed and determined by

the concentration ofD at thermodynamic equilibrium ðNtotÞ. The relative defect con-

centrations are then calculated as

Nq� 1 =
Ntot

1+
Cq� 1

p

Cq
n

+
Cq� 1

n

Cq� 2
p

Nq = Nq� 1C
q� 1
p

Cq
n

Nq� 2 = Nq� 1C
q� 1
n

Cq� 2
p

(Equation 24)
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The total SRH recombination rate RSRH is the sum of recombination rates for all

defect charge states.

Upon illumination, there is an extra contribution of photo-generated carrier concen-

tration Dn, which is given by

Dn =
1

2

	
� n0 � p0 +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
n0+p0

�2 � 4n0p0

�
1 � e

eV
kBT

�r 

(Equation 25)

Consequently, the concentrations of electrons n and holes p are calculated by

n = n0 +Dn
p = p0 +Dn

(Equation 26)

Trap-limited conversion efficiency. By including both radiative and non-radiative

recombination, the net current density J under a bias voltage V is defined as

JðV ;WÞ = JSCðWÞ+ Jrad0 ðWÞ
�
1 � e

eV
kBT

�
� eRSRHðVÞW (Equation 27)

The maximum efficiency is defined as the ratio of the maximum power density to the

incident light power density, which is given by

hmax = maxV

�
JV

e
RN

0 EFsunðEÞdE

�
(Equation 28)

First-principles calculations

All calculations for the underlying total energies were performed based on Kohn-

Sham DFT67,68 as implemented in Vienna Ab initio Simulation Package (VASP).69

The projector augmented-wave (PAW) method70 was employed with converged

plane-wave energy cutoffs of 350 and 400 eV for Sb2Se3 with intrinsic defects

and extrinsic oxygen defects, respectively, which are consistent with previous

studies.19,71,72 Both structural relaxation and static calculations of the pristine struc-

ture and defects in Sb2Se3 were performed using the Heyd-Scuseria-Ernzerhof

hybrid exchange-correlation functional (HSE06)73,74 and the D3 dispersion correc-

tion,75 which have been demonstrated to reproduce the geometric and electronic

properties in Sb2Se3 well.31 Spin-orbit coupling effects were not included owing

to the negligible impact on Sb2Se3.
76

Bulk crystal modeling. The bulk structure calculation of Sb2Se3 was carried out us-

ing a unit cell containing 20 atoms with 153 63 6 G-centered Monkhorst-Pack

k-point mesh. The atomic positions were optimized until the Hellman-Feynman

forces on each atom were below 5 3 10�4 eV/Å.

Defect modeling. The doped Python package (v0.0.7)77 was used for the genera-

tion, parsing, and analysis/plotting of defect supercell calculations. Defects were

simulated using a (11.86 3 11.55 3 11.93 Å) 60-atom supercell, which proved to

be sufficient for this system18,19,21,72,78 considering the relatively small charge cor-

rections due to large dielectric constants in Sb2Se3.
31 The convergence criterion

of forces on each atom was set to 0.01 eV/Å. For both geometry optimization and

static calculations, spin polarization was turned on and a 23232 G-centered k-point

mesh was used. The ShakeNBreak29 global structure searching method was used to

aid the identification of ground-state defect geometries. Initial defect configurations

were obtained by local bond distortions (of both compression and stretching be-

tween 0% and 60% with 10% as an interval) around the defect and random displace-

ment (d) to all atoms in the supercell, which proved to efficiently map complex defect
Joule 8, 2105–2122, July 17, 2024 2119



ll
OPEN ACCESS Article
PESs and to identify ground-state structures.30 d is stochastically selected from a

normal distribution of a standard deviation s,

d)
1

s
ffiffiffiffiffiffi
2p

p exp

 
� d2

2s2

!
(Equation 29)

s = 0.25, 0.20, and 0.15 Å were tested.

The defect and charge carrier concentrations under thermodynamic equilibrium are

calculated using py-sc-fermi.58,59 Anharmonic carrier capture coefficients were

calculated using CarrierCapture.jl.79
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