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Selenium has reemerged as a promising absorber material for tandem and indoor photovoltaic (PV)
devices due to its elemental simplicity, unique structural features, and wide band gap. However, despite
rapid recent improvements, record Se solar cells only reach a third of their achievable efficiencies at the
radiative limit, primarily due to a low open-circuit voltage relative to the band gap. The origins of this
voltage deficit, along with the high doping densities often reported for trigonal selenium (t-Se), remain
unclear. Here, we explore the point defect chemistry of t-Se combining first-principles calculations with
experimental studies of thin-films from state-of-the-art PV devices. Our findings reveal a remarkable
ability of the helical t-Se chains to reconstruct and form low-energy amphoteric defects, particularly in
the case of self-vacancies and hydrogen, pnictogen, and halogen impurities. While chalcogen impurities
and self-interstitials also form low-energy defects, these are electrically neutral. We also find that both
intrinsic and extrinsic point defects do not contribute significantly to doping, either due to electrical

Received 10th October 2024, inactivity (chalcogens) or self-compensation (hydrogen, halogens, pnictogens). Finally, we show that
Accepted 24th March 2025 intrinsic point defects do not form detrimental non-radiative recombination centres and propose that PV
DOI: 10.1039/d4ee04647a performance is instead limited by other factors. These findings highlight the potential of Se as a defect-

tolerant absorber, while optimising interfaces and extended structural imperfections is key to unlocking
rsc.li/ees its full performance potential.

Broader context

Solar energy is a cornerstone of sustainable power generation, critical for reducing reliance on fossil fuels and combating climate change. To meet the growing
global demand for clean energy, there is an urgent need to develop materials that are efficient, scalable, and cost-effective. Traditional photovoltaic (PV) materials,
such as silicon, have dominated the market for decades, but emerging materials offer the potential to unlock higher efficiencies and new applications. One such
material is selenium, which was historically the first material used in solar cells but has recently undergone a resurgence in research. Selenium’s combination of
elemental simplicity, ease of processing, and environmental friendliness makes it particularly well-suited for next-generation PV technologies, including tandem
and indoor devices. Recent breakthroughs have improved selenium-based cell efficiencies. However, challenges remain, particularly in understanding and
mitigating the factors that limit its performance, such as voltage deficits and defect-induced doping. Our study addresses these challenges by investigating the point
defect chemistry of selenium, offering insights that could help unlock its full potential as a high-efficiency solar absorber.
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Elemental selenium (Se) exhibits a number of low-energy
allotropes in the solid state, both crystalline and amorphous,
due to its ability to concatenate and form ring- and chain-like
structures.'™ While amorphous Se has been studied for photo-
detection applications, its crystalline form has received atten-
tion as a candidate absorber material in photovoltaic (PV)
devices, having been used in the first solar cell reported in
1883.° The most stable polymorph at room temperature is the
chain-like trigonal phase (t-Se) with space group P3,21 (shown
in Fig. 1), also termed ‘hexagonal’ (h-Se) or ‘crystalline’ Se (c-Se)
due to the hexagonal lattice system and chain packing.?

Trigonal Se presents a number of advantageous properties
for solar cells: low-temperature solution processing and
vacuum deposition (aided by its low melting point of 220 °C);
good long-term stability in ambient, oxygenated and humid
atmospheres®®; a wide band gap (tunable within 1.2-2.0 eV via
Te alloying”™°) ideally suited for visible-light photodiodes,"*™*?
indoor PV**™"® or top-cells in tandem devices'®'’; a chain-like
crystal structure which is likely to yield benign grain boundaries
for electron-hole recombination, to name a few.>*'”'® Moreover,
the high vapour pressure of Se allows efficient recycling through
closed-space evaporation, as demonstrated for indoor Se PV
devices."* Another benefit is the ‘simple’ chemistry of a single-
element system which, in theory, reduces degrees of freedom in
processing and characterisation. However, the limited chemical
potential space is a double-edged sword, also reducing tunability
and the scope of process engineering—particularly for the intrin-
sic defect chemistry.

The large band gap of t-Se (1.8-2 eV)*'*2° makes it an ideal
absorber for single-junction indoor PV or a tandem PV top-cell,
with theoretical maximum power-conversion efficiencies of
~50% (Fig. S6, ESIT)*® and ~40% (if combined with a suitable
low band gap material such as Si) respectively.'®*” While research
on Se-based tandem PV is still in its infancy,'” a number of recent
studies™*>?* have demonstrated impressive efficiencies up to
18% for single-junction indoor PV devices**—surpassing those of
market-dominant amorphous Si cells and lead-free perovskites.
The first single-junction outdoor Se solar cell achieved a modest
power-conversion efficiency # of less than 1% in 1883.>® Inor-
ganic solar cell research moved on to diamond-like semiconduc-
tors, such as Si, CdTe, Culn,Ga; ,Se, (CIGS), and Cu,ZnSnS,
(CZTS), and the efficiency of selenium solar cells stagnated for
nearly a century. In the mid-1980s, work from two separate
groups in Japan®®*° bumped record efficiencies to just over
5%, with research interest then stalling once again. In 2017,
Todorov et al.*® fabricated t-Se solar cells with # = 6.51% and an
open-circuit voltage V,. = 0.97 V by overhauling the prevailing
device architecture to give improved front and back contacts,
using a FTO/ZnMgO/Se/MoO,/Au heterojunction stack and an
ultra-thin 100 nm Se film.§ Record efficiencies of 7.2% and 8.1%
have since been achieved by Lu et al.?* in 2024 and Liu et al.*>® in
2025, through engineering strategies which boosted short-circuit
current densities Js. without changes to V,.. Respectively, these
included using FTO-coated glass with antireflective coating in the

§ FTO = Fluorine-doped tin oxide.
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Fig. 1 Crystal structure of trigonal selenium (t-Se) along various lattice
directions. Adapted with permission from Kumagai et al.*

device stack, and then a substrate-heating strategy to maximise
c-axis orientation of the t-Se film.

While t-Se is sometimes referred to as a ‘direct’ band gap (Eg)
absorber in the experimental literature—due to a small energy
difference and weak signal of indirect absorption in thin films, it
is in fact a ‘pseudo-direct’” gap material with (AEg girecyindirect =
0.1 eV).»82331733 Taking the experimentally-reported fundamen-
tal band gap of ~1.85 eV and assuming a thin-film architecture
with weak indirect absorption contributions, t-Se has a theore-
tical maximum efficiency of 1 ~ 22.6% and Ve max = 1.56 V for a
single-junction solar cell, under the detailed-balance limit.>* We
see that current record efficiencies of single-junction Se photo-
voltaics (8.1% and 18.0% for solar and indoor PV) stand at
around a third of the theoretical limits (22.6% and ~50%
respectively). As with most emerging solar absorbers,*>>” the
primary origin of efficiency loss relative to the radiative limit is a
relatively low open-circuit voltage V.. The record V,, for selenium
solar cells sits at just under 1 V,*® corresponding to a voltage
deficit (AV,.) of about 0.56 V, or 36%, compared to the ideal value at
the radiative limit. The dominant contribution to this V. deficit,
whether Urbach tailing, limited doping densities, electron-hole
recombination or other mechanisms, has been the focus of several
studies in recent years, however the exact split of the relative
contributions is not yet known.*'"'%2%2%3% Nevertheless, it is
thought that defect-mediated non-radiative electron-hole recombi-
nation is a primary contributor to the V,,. deficit'*—being the typical
limiting factor for emerging solar cell technologies.>>”

A related open question is the origin of the apparent high
doping densities in as-grown t-Se samples. In early research on
crystalline selenium, it was reported that single crystals had hole
densities on the order of 10" cm ™3, while polycrystalline samples
exhibited a wide range of reported hole concentrations between
10"-10" ecm3.*#39*3 Nielsen et al.*® and others®** have reported
doping densities on the order of 10"°-10' em™ in as-grown,
nominally-undoped polycrystalline t-Se samples, using capaci-
tance-voltage (CV) techniques. In contrast, Todorov et al>’
reported a much lower hole concentration of 3 x 10" cm™ in
their polycrystalline t-Se samples using alternating-current (AC)
Hall measurements. The variance in reported values, discrepancies
between measured doping and carrier densities, and atomistic
origins of hole doping in t-Se — whether intrinsic/extrinsic defects,
interfaces or otherwise, have not yet been resolved.

Here, we present a combined theoretical and experimental
investigation of the intrinsic and extrinsic point defect chemistry

This journal is © The Royal Society of Chemistry 2025
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of t-Se. We start by characterising the bulk electronic structure
and allotropic phase behaviour, finding anisotropy and deform-
ability to be key factors connected to PV performance. This is
followed by an analysis of the intrinsic point defect thermody-
namics, along with their impact on non-radiative electron-hole
recombination, revealing the benign nature of intrinsic point
defects. Lastly, we investigate the behaviour of impurity species in
t-Se, through experimental measurements of elemental distribu-
tions in high-quality selenium films, and first-principles predic-
tions of solubility and doping behaviour. We find that point
defects, whether intrinsic or extrinsic, cannot explain the
reported carrier concentrations in Se films. Interpreting our
results in the context of recent experiments,'®** we propose that
extended defects and interfaces are the current limiting factors
for efficiencies in t-Se devices.

Results

t-Se has a quasi-one-dimensional crystal structure, whereby
trigonal helical chains oriented along the c-axis are packed
together to give a trigonal lattice with space group P3;21
(Fig. 1). Our computational setup results in bulk lattice para-
meters of a = 4.34 A and ¢ = 4.96 A, closely matching the room
temperature experimental values of @ = 4.37 A and ¢ = 4.95 A.***
6 Several crystalline and amorphous Se phases exist within room
temperature thermal energy (kgT) of t-Se — see Section S2 (ESIt),
indicating a possible difficulty in obtaining phase-pure samples
due to potential low-energy metastable chain rearrangements or
ring-like formations in the bulk - a point revisited in the
discussion. Notably, van der Waals (vdW) dispersion interactions
are key to the structural parameters and relative energies of these
low-dimensional pure-covalent compounds, compressing unit
cell volumes by ~25% on average (Table S3, ESIt)."
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Bulk electronic structure

The calculated electronic structure of t-Se is shown in Fig. 2,
exhibiting a slightly indirect fundamental band gap due to the
splitting of the valence band maximum about the HG, %, %)
k-point. We calculate an indirect band gap of 1.71 eV and a
direct gap of 1.83 eV, neglecting any electron-phonon coupling
effects. As noted in the introduction, while some confusion has
lingered in the experimental literature, the indirect nature of
the t-Se band gap was observed in low-temperature optical
measurements from the 1960s and 1970s****'%* — with
AEg girectindirece =~ 0.1 €V as predicted here. While the effect
of spin-orbit coupling (SOC) on the fundamental indirect band
gap — and indeed for most electronic states across the Brillouin
zone - is relatively small (AEg soc = —0.02 eV), the effect on the
direct band gap is significant, decreasing it by AEq soc,direct =
—0.14 eV. The primary origin of this difference in direct band
gap is a large upshift in the highest energy valence bands near
the H k-point, due to strong SOC splitting of the band crossing
at this point (Fig. S2, ESIT). Se solar cells typically employ thin
films in the range of a few hundred nm*®>*>*
crystallinity and carrier collection - and so indirect phonon-
assisted absorption is insignificant, translating into a slight
reduction in achievable J;. and thus efficiency (An ~ 1.5%) for
a ~1.85 eV gap absorber.

The calculated and measured natural electronic band align-
ment of t-Se relative to the vacuum level is shown in Fig. 2b,
alongside values of some related materials for comparison. We
see that t-Se exhibits similar band edge positions to the halide
perovskite methylammonium lead iodide (MAPDI3), indicating
that similar choices of carrier transport layers could be made.
t-Se has deeper valence band maximum (VBM) than the emer-
ging PV material Sb,Se;** as expected due to the anti-bonding
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Fig. 2 Bulk electronic structure of t-Se, calculated using hybrid density functional theory (DFT) (HSEO6) including spin—orbit coupling (SOC) and the D3
van der Waals dispersion correction. (a) Electronic band structure alongside the density of states (DOS) — with 0.5 eV Gaussian broadening, see Fig. S3
(ESI¥) — with experimental data from Ultraviolet Photoemission Spectroscopy (UPS) measurements.”” The real-space charge densities of the conduction
band minimum (CBM) and valence band maximum (VBM) are shown on the right-hand side. (b) Electronic band alignment to the vacuum level, calculated
using surface slab calculations with HSE06 + D3 + SOC (see Methods) and showing the direct band gap, while those of F-doped SnO, (FTO),*® Sb,Ses,*°~>* and
MAPbI3°? are taken from the literature for comparison. The experimentally-determined band positions from UPS measurements are overlaid in red. (c) Optical
absorption of single-crystal t-Se, as a function of light propagation direction (ie. perpendicular to polarization direction), with 0.1 eV Gaussian broadening.
Experimental data from spectroscopic ellipsometry with integrating sphere is plotted alongside.” The calculated and experimentally-measured polarisation-
dependent complex dielectric functions are compared in Fig. S5 (ESIT), also showing good agreement.
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Sb s - Se p lone-pair interaction at the VBM in Sb,Ses,
contrasted with the non-bonding/weak inter-chain bonding
Se p interactions at the t-Se upper valence band.

For the optical band gap, values in the range of 1.8-2 eV
have been experimentally reported,”*°>* though a value
around 1.95 eV is most common,"®** which is slightly under-
estimated by our calculated direct gap of 1.83 eV.|| Given the
close match in calculated structural and dielectric parameters
with experiment, it is suggested that this remaining mismatch
is likely due to electron-phonon coupling (band gap renorma-
lisation at room temperature) and/or minor inaccuracies in the
hybrid DFT functional (further discussion in Section $3.3,
ESIt). Notably, along with the low phonon frequencies shown
in Fig. S1 (ESIt), we find quite a small bulk modulus of
15.0 GPa and inter-chain surface energy of 0.177 ] m > for t-Se
(in good agreement with the experimental values of 14.9 GPa*®
and 0.175 J m~? (ref. 54)), indicating the facile compressibility
and weak inter-chain binding. Despite a low enthalpic cost, the
band gap remains sensitive to volume deformation, varying by
£0.25 eV while the energy varies by only 2 meV per atom within
the +5% volume range, as shown in Fig. S7 (ESIt). Strong
temperature effects are common in vdW solids, and this
combination of high deformation potentials and low elastic
constants™**®> ig likely to yield significant thermal fluctua-
tions of the band gap in t-Se. Indeed, this is evidenced by the
close match of the calculated and measured electronic density
of states (DOS) (Fig. 2a) at high levels of thermal broadening
(¢ = 0.5 eV; Fig. S3, ESIt), as well as the broad onset of
absorption - with DFT showing a slightly higher energy onset
despite the slight under-estimation of the band gap discussed
above. Such strong thermal fluctuations are expected to con-
tribute to the moderate Urbach energies (Ey) measured for t-Se
(Ey = 44 meV; Fig. 7¢) and reduced carrier mobilities, along with
the possibility of locally-strained regions near interfaces
with spatially-varying electronic potentials.”® We note that the
impact of strain and anisotropy on electronic properties has
been heavily investigated in the closely-related elemental Te
compound, which is iso-structural and lies one row below Se in
the chalcogen family, with the main difference being the much
smaller band gap (~0.33 eV).>”*®

The combination of low carrier effective masses along the Se
chain direction (||)'*¢ and high band degeneracies at both
band edges for t-Se results in high-frequency dielectric con-
stants of ¢, 1 = 6.71, &, = 10.28, which are large for a
semiconductor with a band gap just under 2 eV, given the

1
VE:
tions to the static dielectric constant are extremely small due to
the covalent bonding, giving an overall dielectric constant of

typical &y, o relation.®® In contrast, the ionic contribu-

| Though notably Lu et al.** found a direct band gap of 1.85 eV following their
critical melting-annealing (CMA) strategy to obtain improved crystallinity for their
t-Se samples.

9 Here , refers to the direction perpendicular to the helical Se chains in t-Se,
equivalent to the a, b lattice directions, while || is parallel to the Se chains,
equivalent to the ¢ direction.
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€,= 7.34, g = 11.22, matching well with the experimental
values of ¢, = 7.43, ¢ = 12.24.%°° As expected given the low-
dimensional connectivity (Fig. 1), significant anisotropy is
found in the physical properties of t-Se, as exemplified by the
€,/L values above and the hole conductivity mass ratio
My, /mn) ~ 4,"*°" along with the absorption profiles shown
in Fig. 2c where light propagating along the Se chain direction
shows greater absorption at energies just above the band gap.
In combination with the fact that t-Se films oriented along the
c-axis (chain direction) are expected to favour benign grain
boundaries®*®* - similar to the case of Sb,Se; solar cells,”*®’
this indicates that t-Se films primarily oriented along the c-axis
should exhibit greater photovoltaic efficiencies due to increases
in both J. and V,..%°

If we account for the finite absorption of t-Se at energies just
above the direct band gap, the short-circuit current density (/) is
still thickness-dependent at typical values of 100-300 nm'®*>°® as
shown in Fig. S6 (ESIT), despite the steep absorption onset (due to
high band edge degeneracies as discussed above). Using the
spectroscopically-limited maximum efficiency (SLME) metric, the
maximum terrestrial solar PV efficiency is predicted to drop from
22.3% at the radiative limit, to 21.1% at absorber thicknesses ¢ =
300 nm and 18.2% at ¢ = 100 nm** under indoor light sources (FL10
or WLED), a higher sensitivity to absorber thickness is found, with
Nmax =~ 51%, 48%, 38% at thicknesses ¢ = 1 m, 300 nm and 100 nm.
Importantly, this metric assumes perfect carrier collection and
neglects non-radiative recombination, and so the optimal absorber
thickness for real-world devices will be a trade-off between J. -
which can be boosted using structured surfaces and/or antireflective
coatings®”®® - and carrier collection. Accounting for the orientation
dependence of optical absorption (Fig. 2c) shows that the SLME
would drop from 21.1% to 18.8% for a 300 nm t-Se film oriented
perpendicular to the chain direction, or from 48.0% to 41.9% under
FL10 indoor light, which in addition to the greater in-chain carrier
mobilities indicates the importance of controlled crystal orientation
for t-Se PV. Indeed the latest efficiency record of 8.1% for t-Se solar
cells reported by Liu et al*® at the start of this year was achieved
through a substrate-heating strategy which maximised the c-axis
orientation of the t-Se film.

Intrinsic defect chemistry

Se has only two possible native point defects: vacancies and
interstitials. The calculated charge-dependent formation ener-
gies are shown in Fig. 3. Briefly, these diagrams plot the
calculated formation energies of defects as a function of the
Fermi level (electronic chemical potential).*>**7" As defects
can adopt various charge states depending on the occupation of
their associated electronic states, and the formation energies
(Ef) of charged defects depend linearly on the Fermi level
position (Ex); Ex q oc gEr - eqn (S1) (ESIt) the formation energy
lines are sloped and only the lowest energy charge state at a
given Fermi level is shown. The Fermi level positions at which

** The = 6.5% and n = 7.2%/8.1% devices reported by Todorov et al.>* and Lu
et al.** /Liu et al.*® employed absorber thicknesses of ¢ = 100 nm and ¢ = 1 um
respectively.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Formation energies of intrinsic point defects in t-Se, as a function of
Fermi level position within the band gap. The corresponding single-charge
transition levels are shown alongside a vertical energy level diagram.

the ground-state defect charge changes are termed thermody-
namic charge transition levels, corresponding to the defect
levels often represented in energy level diagrams as shown on
the right-hand side of Fig. 3.

For most Fermi level positions within the band gap, neutral
interstitials Se{ are found to be the lowest energy native defect,
with a formation energy of 0.82 eV. As shown in Fig. 4, Se{ adopts
a split-interstitial type geometry — as is common for chalcogen/
oxygen interstitials,”*’® where the additional Se inserts itself in
one of the chains and displaces nearby atoms. The Se chain
twists and buckles around this interstitial position, yielding a
local four-fold symmetry helix, where two Se atoms are now split
across one of the original host lattice sites. This results in
minimal disruption to the bonding within the Se chain, with
two compressed Se-Se bond lengths of 2.29 A on either side of
the split-interstitial Se-Se bond of 2.35 A, compared to a bulk
Se-Se bond length of 2.36 A, while the Se bond angles also deviate
by <5 from the bulk value of 103.7°. The retention of the ideal bulk-
like bond lengths and angles - facilitated by the split-interstitial
geometry — and thus minimal strain or bond-breaking energy
penalties results in a low formation energy for this species.

Moreover, the absence of any dangling bonds or excess
charge for this species, with no in-gap single-particle states as
shown in the eigenvalue plots in Fig. S12 (ESIT), renders the
electrically-inactive neutral state quite stable for Se;. Conse-
quently, the —2 charge state is only stabilised at Fermi levels
close to the conduction band, while Se; ! is never the ground-
state charge state (Fig. 3a).t1 As such, there are no defect levels
corresponding to a single charge transition (i.e. ¢ £+ 1, where ¢ is
the defect charge state) for Se; within the band gap - a require-
ment for efficient charge-carrier recombination,”””® and so it is
expected to be recombination-inactive in optoelectronic devices.

Selenium vacancies present significantly different behaviour
to the interstitials, being amphoteric and exhibiting three deep
charge-state transition levels spread throughout the band gap
as shown in Fig. 3a and b.1# The location of these defect levels

+1 Further in-depth analyses of the structural and electronic properties of point
defects in ¢-Se are provided in Section S5 (ESIT).

i% The ¢(+2/+1) defect level for V. is located 5 meV above the VBM and so is not
considered deep.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Geometry of the neutral self-interstitial (Se?) in t-Se, along various
lattice directions. The two Se atoms at the split-interstitial position are
highlighted in midnight blue.

in the mid-gap region suggests they could be active for elec-
tron-hole recombination, potentially harming the efficiency of
t-Se PV devices. The formation energy of the vacancy, though
still relatively low at <1.5 eV, is significantly higher than the
self-interstitial for most Fermi levels and so is expected to only
present in relatively low concentrations. However, the actual
defect concentrations in as-grown samples will depend on
synthesis procedures, which may result in non-equilibrium
defect populations due to kinetic trapping. Beyond the bulk
of the material, a higher prevalence of vacancy-type defects is to
be expected at grain boundaries and interfaces.

The calculated geometries for the various charge states
adopted by Vs are shown in Fig. 5a, with further discussion
given in Section S5 (ESIt). In the neutral state (expected to be
the dominant charge state under the typical weakly p-type
Fermi levels reported in t-Se), the two dangling Se chains on
either side of the vacancy remain separated and slightly con-
tract the terminal Se-Se bonds to 2.25 A (c.f. 2.36 A for bulk t-
Se). This results in a bipolaron state, where two hole polarons
are localised to the Se p orbitals of the terminal atoms at the
vacancy site, akin to the recombination-active p-orbital bipolar-
ons observed for Vg in CdTe” and Vp' in NaP.? Using the
ShakeNBreak®*®' defect structure-searching method, an addi-
tional metastable geometry is also found for the neutral
vacancy V! in which the two dangling Se chains ends displace
toward each other to form a bond across the void, passivating
their dangling bonds. As shown in Fig. 5b, the energy of this
metastable state is predicted to be only 27 meV higher than the
‘bipolaron’ V3. ground state, with a small 65 meV barrier for the
structural transition, indicating that a non-negligible fraction
of neutral Se vacancies will adopt this structure (~25% at T =
300 K) - particularly during annealing and growth.®*

The higher energy of the neutral Se vacancy, along with
unoccupied single-particle states in the band gap, allows the
emergence of charged vacancy species for various Fermi level
positions in the band gap. For Vii which is stable for Fermi
levels close to the VBM, we see that one of the dangling Se
chains bonds with a neighbouring chain, while for Vg.' which is
stable in the upper portion of the band gap, we retain a similar
structure to V3. with the single hole polaron now split across
the two terminating Se atoms, as shown in Fig. 5. Lastly for Vg2
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Fig. 5 (a) Geometries of the intrinsic vacancy (Vse) in t-Se, under various charge states, looking down the®® lattice direction. The two neighbouring Se
atoms to the vacancy site are shown in teal as a guide to the eye. VS;‘ refers to the metastable neutral vacancy, and V2 is additionally shown along the
[110] direction to make the bridging bonds between Se chains visible. (b) Potential energy surface along the lowest energy path between the ground-
state (‘split’/'bipolaron’) V2, and metastable (‘self-healed’) V3 structures, calculated using hybrid DFT including spin—orbit coupling within the nudged

elastic band (NEB) approach.

which becomes stable for n-type Fermi levels near the conduc-
tion band minimum (CBM), the ground-state geometry involves
the ‘self-healed’ vacancy structure as for V2, but with displace-
ment of Se in a neighbouring chain toward the vacancy site.

The structures of both intrinsic point defects in the neutral
state — expected to be their preferred charge state in most samples
- are indicative of low migration barriers along the c-direction,
both involving only relatively small perturbations of the chain (an
extra twist for Sef, a longer bond for ¥2)§§ which are expected to
easily propagate along the chain with acoustic vibrations of the Se
positions. This property, related to the low-dimensional crystal
structure, may allow even lower intrinsic defect concentrations —
particularly for vacancies - with sufficient mobilities to achieve
equilibrium defect distributions at room temperature.® The close
relationships between bond distortions and defect energetics
discussed here, and facile compressibility despite electronic sensi-
tivity, indicate that strain could significantly affect defect beha-
viour in this system, potentially allowing its use as a materials
engineering strategy for t-Se devices.

Overall, for the intrinsic point defect chemistry of t-Se, self-
interstitials are lowest in energy and thus present in relatively
high concentrations due to their split-interstitial type geometry.
However, they are inactive for doping or electron-hole recombi-
nation (the primary mechanisms by which defects impact PV
performance) due to the dominance of the neutral state across
most of the band gap. On the other hand, Se vacancies adopt a
variety of charge states and so can contribute to both doping and
recombination, however, their higher formation energies suggest
that they will be present in much lower concentrations.

Intrinsic defect recombination activity

To investigate the electron-hole recombination activity of
intrinsic point defects in t-Se, we calculate the potential energy
surfaces (PES) between equilibrium defect geometries for a

§§ For Se vacancies the ground-state geometry is the split-chain bipolaron
arrangement (Fig. 5a), but the ‘self-healed’ type metastable V'$; is only slightly
higher in energy with a small transition energy barrier (Fig. 5b).
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given charge transition (i.e. charge states g and g £ 1). From these
PES and the underlying electronic structure calculations, we
compute the nuclear wave function overlaps via the 1D Schrodin-
ger equation and the electron-phonon coupling coefficients via
static coupling perturbation theory, which yields the carrier cap-
ture coefficients C., and cross-sections g¢,. As discussed above,
Se vacancies are the only intrinsic point defect which present
single-charge transition levels (i.e. defect levels) &(g/qg — 1) in the
band gap - a prerequisite for recombination activity. As such, we
calculate the energy surfaces for all possible Vs charge capture
transitions involving deep defect levels, including those involving
the metastable neutral vacancy V' which could accelerate these
processes,”>”®** as shown in Fig. 6.

While several factors enter the final rate equation for defect
charge capture rates, it is predominantly the vibrational overlap
between PES and the corresponding thermal population in the
initial charge state which determines the overall rate. The con-
nection between these PES and the capture cross-sections e
can thus be intuitively understood by considering the classical
energy barrier to the transition (indicated by AE.; in Fig. 6),
upon which the capture rate is inverse-exponentially dependent,
due to the exp(—E/kgT) Boltzmann population factor for the
overlapping states. If no classical barrier exists (i.e. ¢0/—1) &
&(0%*/—1)), then charge capture proceeds primarily via quantum
tunnelling, which is typically slow with weak temperature depen-
dence as seen in the cross-sections in Fig. 6.

The fastest charge capture rate is given by af, (hole capture at
the ¢(+1/0) transition level) as expected, which exhibits a
relatively small classical capture barrier of 135 meV. The large
hole capture cross-section 60=32%x10""em > @ T=300Kis
of similar magnitude to the Se atomic cross-section og. = T(ag)*
~ 4.5 x 10 '® cm 2 94 classifying it as a ‘giant’ hole trap.”>%>8¢
All other capture cross-sections for Vs, however, are >5 orders
of magnitude smaller at room temperature — primarily due to
soft and anharmonic PES, with further discussion in Section
S5.2 (ESIt) - corresponding to weak traps. Overall, while we

99 Here as. is the covalent atomic radius of Se.
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Fig. 6 Potential energy surfaces (PES) and corresponding charge capture cross-sections of vacancy defects in t-Se. Each plot shows Vse PES in two
charge states; X7 in blue, X9 + higm in orange, and X9 again with an electron—hole pair of energy equal to the band gap E4 (upper blue PES); along the
linear path in structural space between their equilibrium configurations, with the corresponding defect level given as the plot title (g/qg —1). The transition
from the upper blue (X9 + e~ + h*) to middle orange (X7~ + h*) PES corresponds to electron capture by X9, while that from middle orange to lower blue
(X9) corresponds to hole capture by X1 The x-axis corresponds to the structural/configurational coordinate Q, given in units of mass-weighted
displacement (Angstrom times the square root of the atomic mass unit; amu®> A). AE,,. denotes the activation energy barrier to hole/electron capture,
here for the two cases which show a crossing between PES and thus a classical capture barrier. Filled circles represent calculated energies, and the solid
lines are spline fits to the data. A portion of the effective vibrational wave functions are also shown for illustration. “0*"” indicates the metastable neutral
vacancy. In the bottom-right plot, the corresponding charge capture cross-sections of each vacancy defect level are plotted as a function of
temperature. The charge of the defect is given by the superscript, and the charge carrier is denoted by the subscript; e/h for electron/hole; ¢g,. For
transitions involving the neutral state, the faster of the Vg, /& rates are shown; which is V2. in all cases except for 2 — which is extremely slow in both
cases. The charge capture coefficients are plotted in Fig. S11 (ESI¥).

find relatively fast hole capture by neutral Se vacancies (oy,)
which may act to impede hole-carrier mobilities, no fast
electron capture transitions are witnessed for Vs.. Thus no
efficient electron-hole recombination cycles can be established
for isolated Se vacancies, meaning they will not contribute
significantly to non-radiative recombination in t-Se. Even if
we assumed a high non-equilibrium vacancy population of 10*®
cm "’ in as-grown t-Se, the limit on carrier lifetime by Vs. would
still be as high as ~100 ps. Thus we conclude that intrinsic
point defects in the bulk material do not limit the efficiencies
of t-Se solar cells.

Doping and extrinsic defect chemistry

Turning our focus to the impact of intrinsic defects on charge-
carrier populations, we can see that there are no charged

This journal is © The Royal Society of Chemistry 2025

defects which are low energy for all Fermi levels in the band
gap in t-Se (i.e. no low energy acceptors near the VBM or donors
near the CBM), as discussed above. Thus, Se; and Vs, on their
own do not contribute significantly to doping in t-Se, as shown
in the thermodynamics analyses in Fig. S8 (ESIt), where calcu-
lated equilibrium hole concentrations in as-grown Se films do
not reach 10'® cm™> even up to the melting temperature
(T = 493 K).*” We note that the typical synthesis procedure for
t-Se, involving crystallisation from the amorphous phase, may
induce higher defect concentrations than equilibrium predic-
tions due to kinetic trapping. However, the approximate orders
of magnitude are still expected to be reliable estimations,
especially given the proximity to the melting temperature and
low expected migration barriers (discussed later) which should
favour rapid equilibration.
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Intrinsic defects may increase the concentration of charge
carriers (doping) or decrease them through charge compensation.
This balance can be described in terms of ‘doping windows’,”"”>%8
which are related to the formation energy of the lowest energy
charge-compensating species at the corresponding band edge (i.e.
the lowest energy intrinsic donor/acceptor at the valence/conduc-
tion band). For t-Se, we have no n-type doping window, with the
formation of the dominant intrinsic acceptor becoming sponta-
neous (Er (Vs.) < 0) at Fermi levels just below the CBM, while we
have an extremely large p-type doping window of 1.29 eV, set by the
formation energy of Vii at the VBM. The presence of this large p-
type doping window can be ascribed to the limited number of
inequivalent intrinsic point defects in this single-element system,
the covalent bonding (and resultant low dielectric constant which
disfavours charged defects), and relatively high energy cost of
breaking the Se chains. Similar behaviour is found in other
covalent semiconductors such as Si and Ge.**" Consequently,
while intrinsic point defects do not directly contribute to doping in
t-Se and n-type doping is mostly prevented by the low energy of
Vs, extrinsic p-type doping should be accessible.

From the above discussions, we see that low carrier lifetimes
in state-of-the-art Se solar cells cannot be explained by

View Article Online
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electron-hole recombination mediated by intrinsic point
defects. Intrinsic defects also fail to explain the reported hole
densities of 10*-10"” em™2 in polycrystalline samples.®**** we
therefore revisit the state-of-the-art photovoltaic device from Niel-
sen et al.'® - exhibiting a record V. of 0.992 V (Fig. 7a), to further
investigate photovoltaic losses and impurity concentrations. In
Fig. 7b, the experimental current-voltage (JV)-curve and the recon-
structed JV-curve from Suns-V,. measurements (which determine
the open-circuit voltage as a function of light intensity) are shown,
illustrating the various contributions to photovoltaic losses. This
includes a fill factor (FF) loss originating from parasitic series
resistance Rs, and a more significant loss in current density due to
incomplete photon absorption and carrier collection - in line with
our optical results (Fig. 2 and Fig. S6, ESIT) and measured external
quantum efficiency (EQE) of ~65% (Fig. S21, ESIY) for a 300 nm-
thick film. While the use of an Au back contact in single-junction
devices already boosts absorption by acting as a reflective surface,
further light-trapping strategies could avoid this loss, as demon-
strated by the visible-light EQEs close to 100% recently reported by
Lu et al.,** using an anti-reflective coating. Fig. 7b also shows the
loss from carrier management (i.e. V,. deficit) which typically
results from non-radiative recombination, but is also influenced
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Fig. 7 Experimental device characterisation of a state-of-the-art selenium thin-film solar cell, and impurity analysis of the absorber. (a) Illumination-
dependent open-circuit voltage (Suns-V,.) demonstrating a record open-circuit voltage.*® (b) Current—voltage (JV) curve of the experimental device, the
reconstructed JV-curve from Suns-V,. assuming the short-circuit current density from experiment (green) or the detailed-balance (DB) limit (blue), and
the DB-limit JV curve — using the photovoltaic band gap of t-Se, ESV,27 obtained from the inflection point of the external quantum efficiency (EQE)
spectrum. The photovoltaic losses which account for the difference between curves have been explicitly highlighted, including parasitic series resistance
(Rs), light management (absorption losses), and carrier management (recombination losses, indirect band edges, etc.). (c) The Urbach band tailing derived
from EQE measurements (Fig. S21, ESI¥). (d) Cross-sectional scanning electron microscopy (SEM) of the thin-film selenium photo-absorber synthesised
on a silicon substrate for impurity analysis. (e) Time-of-flight Secondary lon Mass Spectrometry (ToF-SIMS) results, integrated while sputtering through
the bulk of the selenium thin-film. Among the unintentional impurities, we detect F and Cl, whereas O and Te were only observed at the surface and
interface with the substrate (see Section S7, ESI¥).
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by band tailing - investigated in Fig. 7c. A moderate Urbach energy
of 44 meV is extracted from the fit of the absorption onset in the
EQE spectrum (as elaborated in Section S6, ESIT). However, the
band tailing deviates from a linear trend in the semilog plot,
indicating that standard Urbach behaviour may not fully explain
the observed tailing.

Turning our focus to the chemical purity of our t-Se samples,
we perform time-of-flight secondary ion mass spectrometry
(ToF-SIMS) measurements on photoabsorbers fabricated in
parallel with the absorber of the device to ensure a representa-
tive sample (Fig. 7d). The sputter depth profile is integrated
through the bulk of the crystallised Se absorber layer (Fig. S22,
ESIt) to get a representative measurement of the extrinsic
elements present in the bulk of the thin film. Quantification
of impurity concentrations requires elemental standards,
which were not present, and the results presented in Fig. 7e
should therefore be treated only as a qualitative demonstration
of the presence of F and Cl in the absorber. O and, particularly,
Te are also present, but only at the surface and interface. These
are expected in higher concentrations than the halogens, given
the use of an ultra-thin trigonal Te substrate to favour the
trigonal Se allotrope and aid adhesion, and O from thermal
annealing in air during crystallisation. The halogen impurities
are verified to originate from the Te source material using ToF-
SIMS (Fig. S23, ESIT).”> Moreover, the rich variety of naturally-
occurring isotopes of both Se ("°Se, "’Se, 7®Se and **Se all >5%
natural abundance) and Te (**°Te, "*°Te, **Te, “°Te; >5%
abundance) makes the identification of Br ("’Br/*'Br) and I
(**1) difficult given the strong overlap of masses, and so they
may also be present in significant amounts.>

Given these known impurities, we calculated the formation
energies of their corresponding point defects (substitutions
and interstitials) in t-Se, including H (given its ubiquity and
invisibility to ToF-SIMS) and the pnictogen family (given their
position to the right of selenium on the periodic table, and thus

potential acceptor dopant behaviour)®® as well as the first 4
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rows of chalcogen and halogen groups. From the formation
energy diagrams in Fig. 8, we observe consistent behaviour in
energies and charge states within each periodic group. Within the
same group, there are mostly rigid shifts of formation energies due
to size effects, with larger anions tending to be lower energy as Xs.
substitutions, but higher energy as X; interstitials - as is typically
the case. N is an outlier to these trends, being high energy in both
cases and only stable in the neutral and singly-negative charge
states. Each impurity shows similar electrical behaviour (charge
state preferences) as both substitution and interstitial defects (Xse
& X;), due in part to the neutral oxidation state of the substitutional
site (Se). Each heterovalent impurity species investigated (halo-
gens, pnictogens and hydrogen; with preferred valence differing
from Se by +1) shows amphoteric behaviour, having stable +1 and
—1 charge states - except for nitrogen. X§: and X;* defects exhibit
geometries similar to Vit (Fig. 5 and Fig. S10, ESI), with
bridging bonds between Se chains stabilising the positive charge
states — behaviour which has been termed ‘valence alternation’;””
Section S5.1 (ESIt). Homovalent impurities (chalcogens) adopt
neutral charge states for most Fermi levels in the band gap,
consistent with their covalent nature and dominance of neutral
Se;.

The neutral chalcogen interstitials insert in the Se chains
similar to the split-interstitial Se{ geometry discussed above,
while the neutral substitutions incur minimal bond distortions
around the Xg. site, helping to explain the low formation ener-
gies. Te substitutions are extremely low energy (E¢ (Tese)) =
67 meV), explaining the ready uptake of Te in Se films,""
particularly when grown on trigonal Te substrates as discussed
above. However, the tight in-chain binding of the chalcogen
substitutions and interstitials means their diffusibility is likely
low, while that of the negatively-charged halogen interstitials —
which are essentially free ions between the Se chains - is likely
high. This rationalises the impurity distributions measured by
ToF-SIMS (Fig. S22, ESIt), with Te and O present in high
concentrations but only at the absorber interfaces, while
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(a) Formation energies of extrinsic point defects (impurities) in t-Se, as a function of Fermi level position within the band gap, under X-rich

conditions where X is the impurity species. Substitutions (Xse) are shown on the left and interstitials (X;) are shown on the right. Impurities are coloured
according to their periodic group, with changing linestyle and decreasing opacity as the group is descended. (b) Hole carrier concentrations due to
impurity point defects in t-Se, as output by the doped defect simulation python package using the HSEO6 + D3 + SOC defect formation energies and
electronic density of states. An annealing temperature of 500 K, quenched temperature of 300 K and X-rich conditions (where X is the impurity element)

is assumed, with only a single impurity element present in each case.
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halogens (which originate from the Te substrate; Fig. S23, ESIt)
are present throughout the film - potentially accumulating at
grain boundaries or interfaces. While the formation energies of
all extrinsic point defects here are still relatively low (<2 eV,
except for nitrogen), substitutional defects are found to be lower
energy than interstitials in most cases. For both substitutions and
interstitials, chalcogens tend to be the lowest energy impurities
(though are electrically inactive), while halogen/pnictogen impuri-
ties are highest in energy and H-related defects are intermediate.
Further analysis of defect geometries and electronic structures of
impurities in t-Se is given in Section S5 (ESIT). We note that ref. 38
and 47 also performed initial screenings of some point defects in t-
Se using semi-local DFT, however, we obtain qualitatively different
results for most defect properties. We attribute these discrepancies
to the use of semi-local DFT functionals, strained supercells, and
neglect of vdW interactions and structure-searching (Section S5.5,
ESI),5%°*” giving shallower defect levels, unphysically low capture
coefficients, and negative formation energies.

Once again, no potential impurity species are expected to
contribute significantly to carrier doping in t-Se, as each extrinsic
defect is either low-energy and electrically-neutral, or higher-
energy and amphoteric (i.e. self-compensated). In fact, several
of these impurities are low-energy amphoteric species with ¢(+1/
—1) transition levels near the mid-gap, which will act to compen-
sate both p and n-type doping, including H interstitials, halogen
substitutions and pnictogen substitutions. The most p-type con-
ditions are obtained for F doping due to the lower position of the
self-compensated Fg. &(+1/—1) level at 0.42 eV above the VBM,
giving a maximum hole concentration ~10"* cm ™ as shown in
Fig. 8b. However, this still does not explain the apparent p-type
doping/acceptor density of 10'*~10"® cm ™ in as-grown polycrys-
talline Se samples.*'%3%*198 1,00king at the experimental litera-
ture, we note that Nijiland,*® Plessner” and D’Almeida et al.'®
reported that addition of halogens (Br & I) improved the con-
ductivity of polycrystalline t-Se, but that this was not due to
changes in carrier concentrations (in agreement with our predic-
tions) but rather increased carrier mobilities by reducing the
resistivities of grain boundaries and remnant -crystalline-
amorphous interfaces in the samples. Notably, Todorov et al.>®
reported a much lower hole concentration of 3 x 10" cm * in
polycrystalline t-Se using AC Hall measurements. However, Niel-
sen et al.’® recently expanded on these findings through carrier-
resolved photo-Hall and temperature-dependent Hall measure-
ments, revealing that the observed carrier densities at room
temperature in the dark are significantly affected by carrier
freeze-out and depletion through surface and/or interface defects.
These findings suggest that the true acceptor density is on the
order of Ny ~ 10*® em3.%8

Our results above show that while halogen impurities are
present and may contribute low levels of hole doping, neither
intrinsic nor extrinsic point defects can explain the reported
doping concentrations in t-Se PV devices. Se is a soft, highly-
deformable solid as discussed above and evidenced by the low
formation energies of competing allotropes (Table S2, ESIT),
low bulk modulus and low defect formation energies. Coupled
with its ability to catenate and bond in a variety of chain and
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ring-like structures, this indicates the potential inclusion of
non-crystalline regions in t-Se films, comprised of over- and
under-coordinated Se atoms in inter-chain bridging bonds, stack-
ing faults, ring-like formations and/or amorphous -clusters.
Indeed, Nijiland®® and others®*® have reported polycrystalline
t-Se samples to consist of 'well-conducting crystals embedded in
badly conducting layers of more or less amorphous selenium’,
while Lu et al** reported improved crystallinity (and optoelec-
tronic performance) with their critical-melting annealing treat-
ment. We further note that all charged intrinsic defect species in
t-Se involved the formation of bridging bonds between Se chains,
which are expected to occur at any grain boundaries or extended
defects, indicating the potential doping activity of these regions.
Thus it is certainly possible that significant concentrations of
extended defects and/or non-crystalline regions may be present
in the as-grown t-Se films and contribute to doping, by forming or
attracting charged defects. This possibility would also be exacer-
bated by the typical growth process of t-Se; where amorphous Se
is first prepared and then annealed just below the melting
temperature (often on a trigonal-Te substrate) to yield the trigo-
nal phase,'®** which is likely to give increased defect concentra-
tions and potentially incomplete removal of amorphous phases.
Indeed, Plessner*! found carrier concentrations in selenium
films to be highly sensitive to the annealing and crystallisation
conditions, with greater crystal quality yielding much lower hole
concentrations, in agreement with these conclusions. Other
possible origins of unexpected doping measurements include
complex defect formation or surface effects due to unpassivated
Se chain terminations in thin films.

Finally, turning to the question of the remaining V,, deficit
in Se solar cells, we recall our earlier conclusion that intrinsic
point defects do not limit carrier lifetimes in t-Se. Extrinsic point
defects or their complexes (with Vs, or each other) could contribute
to recombination. Several (non-chalcogen) impurities exhibit deep
defect levels in the band gap as shown in Fig. 8 and tabulated in
Section S5 (ESIt). Recently, however, both Chen et al'' and Li
et al.'® independently found the amplitude of deep level transient
spectroscopy signals for defect levels in Se and Se,Te; _, alloys to
be linearly dependent on the filling pulse widths, which suggests
they originate from extended rather than point defects. Our
predictions support this conclusion, indicating a significant role
of extended defective regions in the defect chemistry of as-grown t-
Se. Moreover, several recent experiments®®"*°® have reported large
differences between acceptor densities (N,) from capacitance-
voltage (CV) and drive-level capacitance profiling (DLCP) measure-
ments. N, cv is sensitive to both bulk and interfacial defects, while
Ny pree is typically sensitive only to bulk defects, and so the large
differences (Nacv — Naprep) ~10'° em ™ indicate high interfacial
defect concentrations. As such, extended defects, interfaces
(whether at the edges of t-Se films or internally at non-crystalline
inclusions), and/or grain boundaries are proposed to dominate
recombination and V,,. deficits in t-Se (despite the expectation of
benign grain boundaries in vdW-bonded solids).”®%*%*

Overall, our results provide strong evidence that extended
defects and interfaces are the current limiting factors in
champion t-Se PV devices, with point defects being mostly

This journal is © The Royal Society of Chemistry 2025
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benign for recombination and electrically inactive. This is a
promising finding, as extended defects are often easier to avoid
than point defects - provided their origins are known - due to
the lack of an unavoidable entropic driving force. Consequently,
materials engineering strategies which can minimise the prevalence
and impact of these deleterious species are key to further improve-
ments in open-circuit voltages and device efficiencies in t-Se. This
places a high level of importance on synthesis and crystallisation
routes. t-Se crystal quality and electronic properties are highly
sensitive to annealing and crystallisation conditions,”**"** with a
key challenge being the low melting temperature (220 °C) and
high vapour pressure which limit the admissible annealing tem-
perature range. The recently-reported critical-melt annealing (CMA)
approach® achieved an efficiency breakthrough attributed to
improved crystallinity and reduced extended structural disorder —
a hypothesis supported by our results. In the past few years, several
annealing strategies have been trialled, including closed-space
annealing,®® rapid thermal annealing,® photo-annealing® and laser
crystallisation,®* with varying levels of success. To further disfavour
disordered chains or amorphous inclusions in as-grown films,
promising approaches would include the combination of the
successful variants of these annealing strategies (such as closed-
space annealing, which allows above-melting temperatures,® under
illumination, which improves film morphology®®), with long anneal-
ing times to favour more complete re-organisation of Se chains, or
direct epitaxial growth of crystalline t-Se on Te substrates (rather
than the typical thermal crystallisation from the amorphous phase)
using molecular beam epitaxy (MBE) for example. Given the demon-
strated strain sensitivity, application of strain could also possibly be
used to alter concentrations and/or recombination activities of
extended defects.

An alternative approach would be to target passivation of
extended defects, rather than their complete removal, similar to
CdCl, treatments commonly applied to reduce recombination
at grain boundaries in commercial CdTe solar cells.'®* For t-Se,
a promising approach could be the intentional incorporation of
halogen dopants during growth. As mentioned above, halogen
addition has been found to boost conductivity in polycrystalline
t-5e**°%1% without changing the carrier density (in agreement
with our predictions; Fig. 8), indicating a passivating effect at
remnant crystalline-amorphous interfaces and/or grain bound-
aries. As such, electrically-neutral halogen doping could be a
promising route to improving V,. deficits in champion t-Se
devices, by reducing carrier resistivities and non-radiative
recombination rates at extended defects.

Another consideration is the thickness of the t-Se thin film.
A reduced film thickness, along with controlled growth along the
c-axis, could give a reduced prevalence and impact of extended
defects on carrier lifetimes, in addition to improved carrier
separation. However, incomplete absorption will begin to occur
for thicknesses below ~400 nm as discussed above (Fig. S6,
ESIf). Current record efficiency devices®*** employed a 1 pm-
thick Se film. Our results suggest that a film thickness of 200-
400 nm is likely ideal for t-Se PV performance, retaining complete
absorption (particularly if films are preferentially-oriented along
¢) while minimising the potential impact of trapping and
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recombination at extended defects. Measuring PV parameters
and performance over a range of film thicknesses will be valuable
for identifying the optimal trade-off between these effects.

Our findings call for a shift in focus from point defects to
extended defects in t-Se solar cells. Extended defects and interfaces
generally present more challenges for characterisation (both the-
oretically and experimentally), but thorough investigation of their
origin and effects on voltage deficits in t-Se will be key to unlocking
further efficiency improvements. Experiments combining spectro-
scopic and microscopic methods will likely be most useful here.
High-resolution transmission electron microscope (HRTEM) ana-
lysis of controlled-orientation films could allow structural disorder
and extended defects such as stacking faults to be directly
observed. In particular, multi-modal microscope techniques which
combine local structural and electronic probes (such as nano X-ray
diffraction with nano X-ray fluorescence)'® would allow the
electronic states introduced by extended defects to be directly
imaged and correlated with their structural signatures. In addition,
analysing the dependence of deep levels associated with extended
defects — measured by recent deep-level transient spectroscopy
(DLTS) measurements’®'! - on growth temperature, synthesis
approach and possibly halogen doping would help to understand
their origin and how they may be avoided or passivated. On the
modelling front, accurate methods for extended defects are typi-
cally challenging and computationally-intensive - particularly for
electron-hole recombination. This is an active area of research
however, with further advances such as the use of machine-learned
interatomic potentials facilitating their direct prediction.'®*™'%®

Conclusions

In summary, we characterise the intrinsic and extrinsic point
defect chemistry of t-Se by both theoretical and experimental
means. We first analyse the intrinsic structural and electronic
properties of Se thin films; including their allotropic and highly-
deformable nature, likely inducing tolerance to non-crystalline
inclusions or ring-like formations; imperfect band-edge absorp-
tion, making achievable PV efficiency sensitive to film thickness
and light-trapping strategies; strong thermal fluctuations in the
band gap, possibly contributing to moderate Urbach energies
(Fig. S21, ESI1)'%; and highly-anisotropic optical and electronic
properties, highlighting the importance of controlled grain orien-
tation in t-Se films. We find the crystal dimensionality to play a
key role in the behaviour of defects in this system, favouring self-
interstitials and chalcogen substitutions while disfavouring
vacancies and heterovalent defects, due to its structural flexibility,
high energy cost of chain rupturing and pure-covalent bonding.
Self-interstitials are low-energy and electrically-neutral, while
vacancies are electrically-active but higher energy, thus do not
significantly contribute to (self-)Jdoping. Analysing the effect of a
range of relevant extrinsic impurities in t-Se samples, we show
the presence of F, Cl, O and Te using ToF-SIMS measurements
(Fig. 8 and Fig. S22, ESIt), while Br and I are also expected to be
present. Computing the electronic and energetic properties of
these species and other likely impurities, we find that most
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extrinsic species are inactive for doping, either due to electrical-
inactivity (chalcogens) or self-compensation (hydrogen, halogens,
pnictogens). F interstitials are the most doping-active species,
though only yielding modest hole concentrations of ~10' cm ™3,
and so neither intrinsic nor extrinsic point defects are found to
contribute significantly to doping.

We conclude that intrinsic point defects in the bulk absorber
layer do not limit performance in t-Se solar cells, through impacts
on doping or recombination, bestowing a positive outlook on the
achievable photovoltaic efficiencies. In light of these results, we
propose that extended defects, grain boundaries and/or interfaces
are the likely origins of V,. deficits and limited efficiencies in Se
PV devices, as supported by recent experiments.''* These conclu-
sions call for research on Se PV to focus on characterising,
avoiding and passivating extended defects in as-grown films, as
the next frontier in achieving breakthrough efficiencies. Encoura-
gingly, extended defects are often more amenable to materials
engineering strategies than unavoidable point defects,"'® and we
propose a number of promising avenues to passivate their effects
and understand their origins.

Computational methods

All calculations were performed using Density Functional Theory
(DFT) within periodic boundary conditions through the Vienna
Ab Initio Simulation Package (VASP)."''"'® Using the projector-
augmented wave (PAW) method, scalar-relativistic pseudopoten-
tials were employed to describe the interaction between core and
valence electrons.’”” Unless otherwise specified, the range-
separated screened hybrid DFT functional of Heyd, Scuseria
and Ernzerhof (HSE06)''® was used for all calculations, along
with the D3 dispersion correction of Grimme et al."*° using the
zero-damping function, to account for vdW dispersion forces -
found to be crucial for accurate modelling of Se (Table $3, ESI+).*”
To account for relativistic effects, spin-orbit interactions were
included (HSEO06 + D3 + SOC) in all total energy, electronic and
optical calculations. A plane wave energy cutoff of 300 eV and k-
point density of 0.42 A™* (4 x 4 x 4 for the 3-atom P3,21 unit cell)
were found to give total energies converged to within 1 meV per
atom - using vaspup2.0,"*° and so were used in all calculations
unless otherwise specified.

The doped’ defect simulation package was used for all
steps in the defect modelling workflow, including structure
and input file generation, calculation parsing, analysis and
plotting. The standard supercell approach for computing defect
formation energies was employed,””’® and self-consistent
defect/carrier concentrations were computed using the total
charge neutrality condition (Section S4, ESIt)."*" For defect
calculations, an 81-atom supercell was used, produced from a
3 x 3 x 3 expansion of the primitive P3,21 unit cell, along with
a2 x 2 x 2 k-point mesh (rounding up from the converged k-
point density of 0.42 A™"). Convergence of defect formation
energy with respect to supercell size was confirmed by re-
generating relaxed defect structures of all intrinsic defects in
larger 234 and 648-atom supercells, using the utility functions
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in doped.utils.stenciling (which can re-generate relaxed defect
structures in arbitrary supercell sizes and shapes) to significantly
reduce computational cost, before re-relaxing and re-calculating
the formation energies, for which the formation energies changed
by less than 35 meV in all cases. The ShakeNBreak®*#"*® defect
structure-searching method was employed in all cases, finding
many low-energy defect geometries which are missed by standard
gradient relaxations of unperturbed or ‘rattled’ defect supercells
(with AE up to 1 eV), particularly for extrinsic impurities. Further
details are provided in Section S5.S (ESIt).

Spin-orbit coupling was not included during defect geometry
relaxation (adding unnecessary cost with negligible impact on
structures as confirmed here), but included in a final static total-
energy calculation in each case. To account for spurious finite-size
supercell effects, the Kumagai-Oba'>> (eFNV) charge correction
scheme was used, as automated in doped”” via the pydefect'** API.
Charge-carrier capture coefficients were calculated using the one-
dimensional configuration coordinate approach of Alkauskas
et al.,’”” with electron-phonon coupling matrix elements computed
using nonrad.* CarrierCapture.jl'>® was used to fit the potential
energy surfaces (PES) and solve the 1D vibrational Schrodinger
equation, allowing the use of anharmonic PES which are found to
significantly impact recombination rates here.”>”>"*® For more
details on these calculations, the reader is directed to ref. 53, 77, 79
and 124.

AMSET"” was used for deformation potential analysis, and
aTLC"?® was used to analyse the effect of non-radiative recombi-
nation on PV parameters. Potential secondary phases in the
presence of extrinsic species, which determine the chemical
potential limits which enter the defect formation energy equa-
tion, were generated and parsed using the algorithms in doped.”*
Here, all compounds which could border t-Se on the phase
diagram, taking the Materials Project'>® energies and assuming
an error range of 0.1 eV per atom, were re-computed with the
HSE06 + D3 + SOC hybrid DFT functional. Pre-relaxed crystal
structures of competing phases, using HSE06(+D3), were taken
from calculations performed in ref. 3 and 130-132 to expedite
geometry optimisations. The SLME tools from pymatgen'**'%>
were combined with reference indoor light spectra'®® to obtain
thickness-dependent efficiency plots (Fig. S6, ESIT), and colour
maps from cmcrameri™*”"*® were used in Fig. 8.

A dense I'-centred k-point mesh of 16 x 16 x 16, using
tetrahedron smearing and downsampling of the Fock exchange
matrix by a factor of 2 (to reduce computational cost with no loss
to accuracy confirmed), was employed for bulk electronic structure
and optical calculations to ensure a well-converged density of
states (DOS). A convergence criterion of 0.01 eV A~" was imposed
on the forces on each atom during geometry optimisations, and an
increased energy cutoff of 550 eV was used to avoid Pulay stress.
Charge carrier effective masses were obtained from non-parabolic
fitting of the electronic band edges using the effmass,"* electronic
band structure diagrams were generated using sumo'*® and
Galore'*! was used for photo-electron cross-sections (Fig. S3, ESIT).
Surface slab calculations to obtain vacuum band alignments were
performed using surfaxe,"** for which slab and vacuum thick-
nesses of 20 A each were found to give well-converged electrostatic
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potential plateaus, for a surface cut along the (100) plane (ie.
between Se chains). Phonon calculations were performed using
phonopy*** and ThermoParser*** with the HSE06 + D3 functional
and a 4 x 4 x 4 supercell of the primitive t-Se unit cell. The ionic
dielectric response was calculated using linear response theory
under finite electric fields (with the HSE06 + D3 functional).

Experimental methods

The solar cell characterised in this work follows the device archi-
tecture FTO/ZnMgO/Te/Se/MoO,/Au, fabricated using physical
vapour deposition techniques. Details of the fabrication process
are provided in ref. 18. Suns-V,,. measurements of the photovoltaic
device were performed using the accessory stage of a WCT-120 from
Sinton Instruments. This setup features an illumination sensor
calibrated for intensities ranging from 0.006 to 6 suns, and the
temperature of the sample chuck controlled at 25 °C.

The Se thin-film on Si, used for impurity analysis, was synthe-
sized through thermal evaporation of amorphous Se (99.999+%,
metals basis) and Te (99.9999%, metals basis) shots, both pur-
chased from Alfa Aesar, followed by a thermal annealing step at
190 °C in air. Scanning electron microscopy (SEM) images were
acquired using a Supra 40 VP SEM from Zeiss. Time-of-flight
secondary ion mass spectroscopy (ToF-SIMS) was conducted using
a Cs-ion source with a sputter beam energy of 3 kv and a liquid Bi-
ion gun for analysis at 25 kV. The sputter area was set to 200 x 200
um, with an analysis area of 100 x 100 pm, and the measurements
were performed using a sawtooth raster mode. A total of half a
million channels were used, and the signals were integrated
between the signals corresponding to the native oxide and the Si
substrate to separate contributions from the surface and interface in
the bulk impurity analysis.
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