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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 (#-Se), remain unclear. Here,
we explore the point defect chemistry of z-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 7-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 inactivity (chalcogens) or self-compensation (hydrogen, halogens,
pnictogens). Finally, we show that intrinsic point defects do not form detrimental non-radiative recombination centres and propose
that PV 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 its full performance potential.

Elemental selenium (Se) exhibits a number of low-energy al-
lotropes in the solid state, both crystalline and amorphous,
due to its ability to concatenate and form ring- and chain-like
structures. 1™ While amorphous Se has been studied for photo-
detection applications, its crystalline form has received research
attention 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 (z-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.%
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Fig. 1 Crystal structure of #-Se along various lattice directions. Adapted
with permission from [Kumagai et al.]®

Trigonal Se presents a number of advantageous properties for
solar cells: low-temperature solution processing and vacuum de-
position (aided by its low melting point of 220°C); good long-
term stability in ambient, oxygenated and humid atmospheres; 2/
a wide band gap (tunable within 1.2 - 2.0eV via Te alloyingZ"%)
ideally suited for visible-light photodiodes,19%12/ indoor Pvi3il>
or top-cells in tandem devices1®17: a chain-like crystal struc-
ture which is likely to yield benign grain boundaries for electron-
hole recombination, to name a few. 241718 Moreover, the high
vapour pressure of Se allows efficient recycling through closed-
space evaporation, as demonstrated for indoor Se PV devices.14
Another benefit is the ‘simple’ chemistry of a single-element sys-
tem 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 intrinsic de-
fect chemistry.

The large band gap of r-Se (1.8 - 2eV)4823 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. [S_6b 26l and ~ 40% (if combined with a suitable low
band gap material such as Si) respectively. 1627 While research
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on Se-based tandem PV is still in its infancy,lZ a number of
recent studies'31>24 have demonstrated impressive efficiencies
up to 18 % for single-junction indoor PV devices?* — surpass-
ing those of market-dominant a-Si cells and lead-free perovskites.
The first single-junction outdoor Se solar cell achieved a modest
power-conversion efficiency n of less than 1% in 1883.2%! 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 Japan2822 bumped record efficiencies to just over 5 %,
with research interest then stalling once again. In 2017, the
IBM team of Todorov et al.?> fabricated ¢-Se solar cells with
N =6.51% and Vo = 0.97V by overhauling the prevailing de-
vice architecture to give improved front and back contacts, using
a FTO/ZnMgO/Se/MoOQOx/Au heterojunction stack and an ultra-
thin 100nm Se film. The current certified record efficiency of
7.2 % was then achieved by|Lu et al.}*% a few months ago in 2024,
using heterostructure similar to that of Nakada et al.22 but fea-
turing an FTO-coated glass with antireflective coating to boost
the short-circuit current density.

While ¢-Se is sometimes referred to as a ‘direct’ band gap ab-
sorber 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 girect/indirect =
0.1eV).4l1823130532] Taking the experimentally-reported funda-
mental band gap of ~ 1.85eV and assuming a thin-film architec-
ture with weak indirect absorption contributions, ¢-Se has a the-
oretical maximum efficiency of ) ~22.6% and Vy¢, max = 1.56V
for a single-junction solar cell, under the detailed-balance limit.3
We see that current record efficiencies of single-junction Se pho-
tovoltaics (7.2 % and 18.0 % for solar and indoor PV) stand at
around a third of the theoretical limits (22.6 % and ~50 % respec-
tively). As with most emerging solar absorbers,3473¢ the primary
origin of efficiency loss relative to the radiative limit is a relatively
low open-circuit voltage Voc. The record Vo for selenium solar
cells sits at just under 1V, corresponding to a voltage deficit
(AVie) of about 0.56V, 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 sev-
eral studies in recent years, however the exact split of the relative
contributions is not yet known. 6111812425137 Nevertheless, it is
thought that defect-mediated non-radiative electron-hole recom-
bination is a primary contributor to the Vo deficit18 — being the
typical limiting factor for emerging solar cell technologies. 3436

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 concentra-
tions between 10'3 - 10!7 cm—3 48138442/ |Njelsen et al!'® and
others®13 have reported doping densities on the order of 10!5-
10'°cm—3 in as-grown, nominally-undoped polycrystalline 7-Se
samples, using capacitance-voltage (CV) techniques. In contrast,
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Todorov et al.’?? reported a much lower hole concentration of

3% 10'2cm™3 in their polycrystalline ¢-Se samples using AC Hall
measurements. The variance in reported values, discrepancies be-
tween measured doping and carrier densities, and atomistic ori-
gins of hole doping in 7-Se — whether intrinsic/extrinsic defects,
interfaces or otherwise, have not yet been resolved.

Here, we present a combined theoretical and experimental in-
vestigation of the intrinsic and extrinsic point defect chemistry
of t-Se. We start by characterising the bulk electronic structure
and allotropic phase behaviour, finding anisotropy and deforma-
bility 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 de-
fects. 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 de-
fects, whether intrinsic or extrinsic, cannot explain the reported
carrier concentrations in Se films. Interpreting our results in the
context of recent experiments, 191 we propose that extended de-
fects and interfaces are the current limiting factors for efficiencies
in ¢-Se devices.

Computational methods

All calculations were performed using Density Functional Theory
(DFT) within periodic boundary conditions through the Vienna
Ab Initio Simulation Package (VASP).43748! 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)2Y was used for all calculations, along
with the D3 dispersion correction of |(Grimme et al.®L using the
zero-damping function, to account for dispersion forces. To ac-
count for relativistic effects, spin—orbit interactions were included
(HSE06+D3+S0C) in all total energy, electronic and optical
calculations. The ionic dielectric response was calculated us-
ing linear response theory under finite electric fields (with the
HSE06+D3 functional).

A plane wave energy cutoff of 300eV and k-point density of
0.421&71 (4 x 4 x 4 for the 3-atom P3;21 unit cell) were found
to give total energies converged to within 1 meV/atom — using
vaspup2.0,°2 and so were used in all calculations unless other-
wise specified. A dense I'-centred k-point mesh of 16 x 16 x 16,
using tetrahedron smearing and downsampling of the Fock ex-
change 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 den-
sity of states (DOS). A convergence criterion of 0.01 eV/A was
imposed on the forces on each atom during geometry optimi-
sations, and an increased energy cutoff of 550eV was used to
avoid Pulay stress. Charge carrier effective masses were obtained
from non-parabolic fitting of the electronic band edges using the
effmass3 electronic band structure diagrams were generated
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using sumo®% and Galore®™> was used for photo-electron cross-

sections (Fig. . Surface slab calculations to obtain vacuum
band alignments were performed using surfaxe®, for which slab
and vacuum thicknesses of 20A each were found to give well-
converged electrostatic potential plateaus, for a surface cut along
the (100) plane (i.e. between Se chains). Phonon calculations
were performed using phonopy>Z and ThermoParser>8 with the
HSE06+D3 functional and a 4 x 4 x 4 supercell of the primitive
t-Se unit cell.

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 en-
ergies was employed,®26l and self-consistent defect/carrier con-
centrations were computed using the total charge neutrality con-
dition (Section .62 For defect calculations, an 81-atom super-
cell was used, produced from a 3 x 3 x 3 expansion of the primi-
tive P3,21 unit cell, along with a 2 x 2 x 2 k-point mesh (round-
ing up from the converged k-point density of 0.4213:1). The
ShakeNBreak©3763 defect structure-searching method was em-
ployed 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 1eV), particularly for
extrinsic impurities. Further details are provided in Section|S5.5

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®”
APIL. Charge-carrier capture coefficients were calculated using the
one-dimensional configuration coordinate approach of Alkauskas
et al.l®® with electron-phonon coupling matrix elements com-
puted using nonrad®®. CarrierCapture.j17% was used to fit
the potential energy surfaces (PES) and solve the 1D vibrational
Schrédinger equation, allowing the use of anharmonic PES which
are found to significantly impact recombination rates here.0171172
For more details on these calculations, the reader is directed to
Refs. [61168]69173] AMSETZ# was used for deformation poten-
tial analysis, and aTLCZ2) was used to analyse the effect of non-
radiative recombination on PV parameters. Potential secondary
phases in the presence of extrinsic species, which determine the
chemical potential limits which enter the defect formation en-
ergy equation, were generated and parsed using the algorithms
in doped®?. Here, all compounds which could border ¢-Se on
the phase diagram, taking the Materials ProjectZ® energies and
assuming an error range of 0.1 eV /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 Refs. [3]77H79I to expedite geome-
try optimisations. The SLME tools from pymatgen2-82
bined with reference indoor light spectra from Ref. |83/ to obtain
thickness-dependent efficiency plots (Fig. [S6), and colour maps
84185 were used in Fig.

were com-

from cmcrameri

Experimental methods

The solar cell characterised in this work follows the device archi-
tecture FTO/ZnMgO/Te/Se/MoOx/Au, fabricated using physical
vapour deposition techniques. Details of the fabrication process
are provided in Ref. [18/ Suns-V,. measurements of the photo-
voltaic 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 sec-
ondary 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 um, and the mea-
surements were performed using a sawtooth raster mode. A total
of half a million channels were used, and the signals were inte-
grated 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.

1 Results

t-Se has a quasi-one-dimensional crystal structure, whereby trigo-
nal helical chains oriented along the c-axis are packed together to
give a trigonal lattice with space group P3;21 (Fig.[1). Our com-
putational setup results in bulk lattice parameters of a = 4.34A
and ¢ = 4.96A, closely matching the room temperature experi-
mental values of ¢ = 4.37A and ¢ = 4.95 A 418688

1.1 Se elemental phases
The favoured phase of Se depends on temperature, pressure and
synthesis procedures (e.g. epitaxial growth on lattice-matched
substrates). To assess the relative stability of the various crys-
talline structures, we compute the athermal formation energies of
each low-energy (AEp,; < 0.2eV/atom) experimentally-observed
Se allotrope on the Materials Project database, using hybrid DFT
including dispersion corrections (HSE06+D3) — as shown in Ta-
ble[Tl

As expected, van der Waals (vdW) dispersion interactions are
found to impact the structural parameters and relative energies
of these low-dimensional pure-covalent compounds, compress-
ing unit cell volumes by ~ 25% on average (Table |S2).23 The y-
monoclinic (P2 /c space group) polymorph is predicted to be the
lowest energy phase, with 7-Se (P321) being slightly higher in
energy (AE = 6 meV/atom) — neglecting temperature and pres-
sure effects. Finite-temperature effects are expected to favour
t-Se (having the highest symmetry of all Se allotropes), though
we find that free energy contributions from harmonic phonons
(Fig. and Table do not result in a thermodynamic pref-
erence for t-Se over (monoclinic) y-Se at elevated temperatures.
Anharmonic contributions®# or residual errors in the underlying
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Table 1 Lattice parameters and relative energies of various Se allotropes, calculated using hybrid DFT with dispersion corrections (HSE06+D3),
neglecting finite temperature effects. Errors with respect to room temperature’ experimental values are given as percentages

Allotrope a®) MA@ bQA A (%) @) Ac(%) AVolume (%) AE (meV/atom)
Trigonal (P3;21) 4.35 -0.5 — — 4.96 0.0 -1.0 6
(Experiment) 86ri58 4.37 — — — 4.95 — — —
Rhombohedral (R3) 11.34 —-0.2 — — 4.41 +0.5 -0.9 20
(Experiment) 89 11.36 — — — 4.43 — — —
B-monoclinic (P2;/c)  9.42 +1.2 8.17 +1.2 13.02 +13 +3.8 12
(Experiment) % 9.31 — 8.07 — 12.85 — — —
y-monoclinic (P2;/c) 15.14 +0.8 14.68 —-0.2 8.81 +0.2 +0.8 0
(Experiment) 2} 15.02 — 14.71 — 8.79  — — —
d-monoclinic (P2,/c)  9.28 +1.0 9.1 +1.4 14.76  +1.7 +6.0 8
(Experiment) 22 9.04 — 8.97 — 14.52 — — —

¢ For §-monoclinic Se the only available experimental measurement is at 150 K22

DFT functional / dispersion corrections could also affect the pre-
dicted relative energies, and there could be a kinetic preference
for -Se chain growth during crystallisation — typically achieved
via low-temperature annealing of amorphous Se[| The energy
differences listed in Table [1| are small, all being less than ther-
mal energy at room temperature (kg7 ~ 25meV /particle). This
indicates a possible difficulty in obtaining phase-pure samples of
t-Se, with the potential for low-energy metastable Se chain rear-
rangements or ring-like formations in the bulk of the material —
a point revisited in the discussion.

1.2 Bulk electronic structure

The calculated electronic structure of 7-Se is shown in Fig. |2} ex-
hibiting a slightly indirect fundamental band gap due to the split-
ting of the valence band maximum about the H (%, %, %) k-point.
We calculate an indirect band gap of 1.71eV and a direct gap
of 1.83eV, 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 7-Se band
gap was observed in low-temperature optical measurements from
the 1960s and 1970s4/231307321 __ with AEg girect/indirect = 0-1eV
as predicted here. While the effect of SOC on the fundamental in-
direct band gap — and indeed for most electronic states across
the Brillouin zone — is relatively small (AEg soc = —0.02eV),
the effect on the direct band gap is significant, decreasing it by
AEg soc, direct = —0.14eV. The primary origin of this difference
in direct band gap is a large upshift in the highest energy va-
lence bands near the H k-point, due to strong SOC splitting of
the band crossing at this point (Fig.[S2)). Se solar cells typically
employ thin films in the range of a few hundred nm182425/ __
to maximise crystallinity and carrier collection — and so indi-
rect phonon-assisted absorption is insignificant, translating into a
slight reduction in achievable Js. and thus efficiency (An ~ 1.5%)
for a ~ 1.85eV gap absorber.

« For instance, improved crystallisation quality and adhesion is obtained for ¢-Se when
deposited on isomorphic ¢-Te. 1218125
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The calculated and measured natural electronic band align-
ment of ¢-Se relative to the vacuum level is shown in Fig. [2b,
alongside values of some related materials for comparison. We
see that 7-Se exhibits similar band edge positions to the halide per-
ovskite methylammonium lead iodide (MAPbI,), indicating that
similar choices of carrier transport layers could be made. ¢-Se has
deeper valence band maximum (VBM) than the emerging PV ma-
terial Sb,Se, 73| a5 expected due to the anti-bonding Sb s - Se p
lone-pair interaction at the VBM in Sb,Se,, contrasted with the
non-bonding / weak inter-chain bonding Se p interactions at the
t-Se upper valence band.

The combination of low carrier effective masses along the Se
chain direction (||) 1 and high band degeneracies at both band
edges for ¢-Se results in high-frequency dielectric constants of
€o 1 = 6.71,&, ) = 10.28, which are large for a semiconductor
with a band gap just under 2 eV, given the typical €. < \/IET; rela-
tion.299Tn contrast, the ionic contributions to the static dielectric
constant are extremely small due to the covalent bonding, giving
an overall dielectric constant of €, = 7.34,¢| = 11.22, matching
well with the experimental values of &, =7.43,¢ = 12.24.4101
As expected given the low-dimensional connectivity (Fig. [1), sig-
nificant anisotropy is found in the physical properties of ¢-Se, as
exemplified by the €, |, values above and my, ; /mj, | ~ 4 for the
hole conductivity masses, 18192 along with the absorption profiles
shown in Fig. |2 where light propagating along the Se chain direc-
tion shows greater absorption at energies just above the band gap.
In combination with the fact that ¢-Se films oriented along the c-
axis (chain direction) are expected to favour benign grain bound-
aries1931105 __ similar to the case of Sb,Se, solar cells,73110! this
indicates that ¢-Se films primarily oriented along the ¢ axis should
exhibit greater photovoltaic efficiencies due to increases in both
Jye and V,,..107

For the optical band gap, values in the range of 1.8 — 2eV

§ Here L refers to the direction perpendicular to the helical Se chains in ¢-Se, equiv-
alent to the a,b lattice directions, while || is parallel to the Se chains, equivalent to
the ¢ direction.
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Fig. 2 Bulk electronic structure of 7-Se, calculated using hybrid DFT including spin-orbit coupling (HSE06+D3+SOC). (a) Electronic band structure
alongside the density of states (DOS; with 0.5eV Gaussian broadening — see Fig. with experimental data from Ultraviolet Photoemission Spec-

troscopy (UPS) measurements.17

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+4-SOC
(see Methods) and showing the direct band gap, while those of F-doped SnO, (FT0O),25, Sb,Se; %698 and MAPbI; 2 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 (i.e. perpendicular to polarization direction), with 0.1eV Gaussian broadening. Experimental data
from spectroscopic ellipsometry with integrating sphere is plotted alongside.u-_-Z The calculated and experimentally-measured polarisation-dependent
complex dielectric functions are compared in Fig. also showing good agreement.

have been experimentally reported,#20-24 though a value around
1.95eV is most common, 1825 which is slightly underestimated by
our calculated direct gap of 1.83 eV Given the close match in cal-
culated structural and dielectric parameters with experiment, it is
suggested that this remaining mismatch is likely due to electron-
phonon coupling (band gap renormalisation at room tempera-
ture) and/or minor inaccuracies in the hybrid DFT functional
(further discussion in Section[S3.3). Notably, along with the low
phonon frequencies shown in Fig. we find quite a small bulk
modulus of 15.0 GPa and inter-chain surface energy of 0.177J/m?
for +-Se (in good agreement with the experimental values of
14.9GPa® and 0.1757 / m?2108)), indicating the facile compressibil-
ity and weak inter-chain binding. Despite a low enthalpic cost,
the band gap remains sensitive to volume deformation, varying
by +0.25eV while the energy varies by only 2 meV /atom within
the +5% volume range, as shown in Fig. Strong tempera-
ture effects are common in vdW solids, and this combination of
high deformation potentials and low elastic constants4/30/881109) j
likely to yield significant thermal fluctuations of the band gap in -
Se. Indeed, this is evidenced by the close match of the calculated
and measured electronic DOS (Fig. ) at high levels of thermal
broadening (o = 0.5eV; Fig. , as well as the broad onset of
absorption — with DFT showing a slightly higher energy onset de-
spite the slight under-estimation of the band gap discussed above.
Such strong thermal fluctuations are expected to contribute to
the moderate Urbach energies measured for t-Se (Ey = 44meV;
Fig.[7k) and reduced carrier mobilities, along with the possibility
of locally-strained regions near interfaces with spatially-varying

+ Though notably|Lu et al.?@ found a direct band gap of 1.85¢V following their criti-
cal melting-annealing (CMA) strategy to obtain improved crystallinity for their 7-Se
samples.

electronic potentials.

If we account for the finite absorption of 7-Se at energies just
above the direct band gap, the short-circuit current density (Jsc) is
still thickness-dependent at typical values of 100 - 300 nm/181251107)
as shown in Fig. 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 thick-
nesses t = 300nm and 18.2% at t = 100n Under indoor light
sources (FL10 or WLED), a higher sensitivity to absorber thick-
ness is found, with Nmax ~ 51 %, 48 %, 38 % at thicknesses r = 1 um,
300nm and 100 nm. Importantly, this metric assumes perfect car-
rier collection and neglects non-radiative recombination, and so
the optimal absorber thickness for real-world devices will be a
trade-off between Js — which can be boosted using structured
surfaces and/or antireflective coatings — and carrier col-
lection.

+ The n = 6.5% and n = 7.2% devices reported by |Tod0rov et al. 2 and |Lu et al.24
employed absorber thicknesses of 7 = 100nm and 7 = 1 um respectively.

Journal Name, [year], [vol.], 1 |5

https://doi.org/10.26434/chemrxiv-2024-91h02 ORCID: https://orcid.org/0000-0003-4577-9647 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-91h02
https://orcid.org/0000-0003-4577-9647
https://creativecommons.org/licenses/by/4.0/

1.3 Intrinsic defect chemistry
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Fig. 3 Formation energies of intrinsic point defects in 7-Se, as a func-
tion of Fermi level position within the band gap. The corresponding
single-charge transition levels are shown alongside a vertical energy level
diagram.

Se has only two possible native point defects: vacancies and
interstitials. The calculated charge-dependent formation energies
are shown in Fig. Briefly, these diagrams plot the calculated
formation energies of defects as a function of the Fermi level
(electronic chemical potential).3459%60113! A defects can adopt
various charge states depending on the occupation of their as-
sociated electronic states, and the formation energies of charged
defects depend linearly on the Fermi level position (E)J;Y ¢ =< 9EF;
Eq. (S1)), the formation energy lines are sloped and only the low-
est energy charge state at a given Fermi level is shown. The Fermi
level positions at which the ground-state defect charge changes
are termed thermodynamic charge transition levels, correspond-
ing to the defect levels often represented in energy level diagrams
as shown on the right-hand side of Fig.

For most Fermi level positions within the band gap, neutral
interstitials Se;® are found to be the lowest energy native de-
fect, with a formation energy of 0.82eV. As shown in Fig.
Se;® adopts a split-interstitial type geometry — as is common
for chalcogen/oxygen interstitials, 7111144117 yhere 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 re-
sults 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 2.35A, compared to a bulk
Se-Se bond length of 2.36 A, while the Se bond angles also devi-
ate 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.

6 | Journal Name, [year], [vol.], 1

Fig. 4 Geometry of the neutral self-interstitial (Seio) in t-Se, along var-
ious lattice directions. The two Se atoms at the split-interstitial position
are highlighted in midnight blue.

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. renders the electrically-inactive
neutral state quite stable for Se;. Consequently, 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. )E| As
such, there are no defect levels corresponding to a single charge
transition (i.e. g+ 1) for Se; within the band gap — a requirement
for efficient charge-carrier recombination, 611681118
pected to be recombination-inactive in optoelectronic devices.

and so it is ex-

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. ,bm The location of these defect levels in the
mid-gap region suggests they could be active for electron-hole
recombination, potentially harming the efficiency of 7-Se PV de-
vices. 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 Vse are shown in Fig. [Sh. In the neutral state (expected to be
the dominant charge state under the typical weakly p-type Fermi
levels reported in 7-Se), the two dangling Se chains on either side
of the vacancy remain separated and slightly contract the termi-
nal Se-Se bonds to 2.25A (c.f. 2.36A for bulk ¢-Se). This re-
sults 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 Te/P-p bipolarons observed for
Veq® in CdTe®Y and Vp! in NaP.® The ground-state spin arrange-

§ Further in-depth analyses of the structural and electronic properties of point defects
in 7-Se are provided in Section

G The £(+2/+ 1) defect level for Vg is located 5meV above the VBM and so is not
considered deep.
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Fig. 5 (a) Geometries of the intrinsic vacancy (Vs.) in t-Se, under various charge states, looking down the [100] lattice direction. The two neighbouring
Se atoms to the vacancy site are shown in teal as a guide to the eye. V5.0 refers to the metastable neutral vacancy, and Vs 2 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’) Vs, and metastable ('self-healed’) Vs structures, calculated using hybrid DFT including spin-orbit coupling

within the nudged elastic band approach.

ment for this bipolaron state is a singlet (S = 0), but the triplet
(S = 1) state is calculated to be only 10 meV higher in energy. Us-
ing the ShakeNBreak©3'03 defect structure-searching method, an
additional metastable geometry is also found for the neutral va-
cancy Vg.?" in which the two dangling Se chains ends displace
toward each other to form a bond across the void, passivating
their dangling bonds. This ‘self-healing’ type rearrangement is
similar to that of iso-electronic, recombination-active Vp*1 in the
structurally-analogous NaP compound (further discussion in Sec-
tion [S5)).% However, unlike Vp*! in NaP, this geometry results
in bond lengths and angles which deviate significantly from the
ideal bulk values; 2.58 A at the vacancy position and 2.44 A for
the two next-nearest Se-Se bonds in the chain, and bond angle
deviations of up to 10°. This strain cost for Vg.?", and the charge-
localisation cost for the bipolaron-type Vg2, result in significantly
greater energy costs of formation for neutral vacancies compared
to self-interstitials in #-Se. As shown in Fig. [Bp, the energy of
this metastable state is predicted to be only 27 meV higher than
the ‘bipolaron’ Vg.? ground state, with a small 65meV barrier
for the structural transition, indicating that a non-negligible frac-
tion of neutral Se vacancies will adopt this structure (~ 25% at
T = 300K) — particularly during annealing and growth.112

The higher energy of the neutral Se vacancy, along with un-
occupied single-particle states in the band gap, allows the emer-
gence of charged vacancy species for various Fermi level positions
in the band gap. For Vge*! 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 V.1 which is stable in the upper
portion of the band gap, we retain a similar structure to Vg.® with
the single hole polaron now split across the two terminating Se
atoms, as shown in Fig.|5| Lastly for V.2 which becomes stable
for n-type Fermi levels near the CBM, the ground-state geometry
involves the ‘self-healed’ vacancy structure as for Vg.2", but with
displacement 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 ex-
tra twist for Se;%, a longer bond for Vg0 )Ewhich 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 concen-
trations — particularly for vacancies — with sufficient mobilities
to achieve equilibrium defect distributions at room temperature.®
The close relationships between bond distortions and defect ener-
getics discussed here, and facile compressibility despite electronic
sensitivity, indicate that strain could significantly affect defect be-
haviour in this system, potentially allowing its use as a materials
engineering strategy for ¢-Se devices.

Overall, for the intrinsic point defect chemistry of ¢-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 per-
formance) 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 recom-
bination, however, their higher formation energies suggest that
they will be present in much lower concentrations.

1.4 Intrinsic defect recombination activity

To investigate the electron-hole recombination activity of intrin-
sic point defects in ¢-Se, we calculate the PES between equilibrium
defect geometries for a given charge transition (i.e. charge states
g and g =+ 1). From these PES and the underlying electronic struc-
ture calculations, we compute the nuclear wave function overlaps
via the 1D Schrodinger equation and the electron-phonon cou-
pling coefficients via static coupling perturbation theory, which
yields the carrier capture coefficients C, /, and cross-sections o, .
As discussed above, Se vacancies are the only intrinsic point de-

|| For Se vacancies the ground-state geometry is the split-chain bipolaron arrangement
(Fig. ), but the ‘self-healed’ type metastable Vs.*" is only slightly higher in energy
with a small transition energy barrier (Fig. H}).
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Fig. 6 Potential energy surfaces (PES) and corresponding charge capture cross-sections of vacancy defects in -Se. Each plot shows Vs, PES in two
charge states; X9 (and X7 with an electron-hole pair of energy equal to the band gap E,) in blue and x9-1 +h\J;BM in orange; along the linear path
in structural space between their equilibrium configurations, with the corresponding defect level given as the plot title (¢/¢—1). The transition from
the upper blue (X7 +¢~ +h*) to middle orange (X9~! +h™) PES corresponds to electron capture by X9, while that from middle orange to lower blue
(X4) corresponds to hole capture by X9~!. The x-axis corresponds to the structural/configurational coordinate Q, given in units of mass-weighted
displacement (lo\ngstrom times the square root of the atomic mass unit; amu®3 A) AE}, /e 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;
O'Z/h. For transitions involving the neutral state, the faster of the VSEO/VSEO* rates are shown; which is V.0 in all cases except for Geo — which is
extremely slow in both cases. The charge capture coefficients are plotted in Fig. @

the capture rate is inverse-exponentially dependent, due to the
exp(—E /kpT) Boltzmann population factor for the overlapping
states. If no classical barrier exists (i.e. €(0/—1) & €(0*/—1)),

fect which present single-charge transition levels (¢/g — 1) in the
band gap — a prerequisite for recombination activity. As such, we
calculate the energy surfaces for all possible Vse charge capture

transitions involving deep defect levels, including those involv-
ing the metastable neutral vacancy Vg.%" which could accelerate
these processes, as shown in Fig. IEI

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 ini-
tial charge state which determines the overall rate. The connec-
tion between these PES and the capture cross-sections o, can
thus be intuitively understood by considering the classical energy
barrier to the transition (indicated by AE, , in Fig. |§p, upon which

8 | Journal Name, [year], [vol.], 1

then charge capture proceeds primarily via quantum tunnelling,
with weak temperature dependence as seen in the cross-sections
in Fig.[6]

The fastest charge capture rate is given by G}? (hole capture at
the £(+1/0) transition level) as expected, which exhibits a rela-
tively small classical capture barrier of 135 meV. The large hole
capture cross-section o) =3.2x 10~17cm~2 @ T = 300K is of sim-
ilar magnitude to the Se atomic cross-section o, = 7(as,)? ~4.5 x
10~1cm~2, classifying it as a ‘giant’ hole trap.ZU1211122] A]] other
capture cross-sections for Vg, however, are > 5 orders of magni-
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tude smaller at room temperature, corresponding to weak traps.
We note that this differs from Vp in the structurally-analogous
NaP compound for which fast electron and hole capture was pre-
dicted,? primarily due to the softer PES and thus ‘inverted Mar-
cus regionsm for the slow transitions here. In each casq/T| the
0 «» *1 transition is faster for the ground-state neutral vacancy
VO rather than Vg.2", due to its closer structural similarity to the
VseT! & Vg ! states (each involving a ruptured Se chain at the va-
cancy position; Fig.|5) as indicated by the smaller mass-weighted
displacements (AQ) between equilibrium geometries in Fig. [6}
Charge carrier capture rates are typically expected to be roughly
inverse-exponentially dependent on the energetic distance of the
defect level to the corresponding band-edge, 1241126 hased on the
strength of coupling between defect and band-edge electronic
states. This trend is partly witnessed here, with hole capture rates
decreasing for Vs, levels further from the VBM; o) > o I o, 2
— though not inverse-exponentially. This is not a general rule
however, particularly in the case of lower symmetry or anhar-
monic bonding, 61/71731201127] 41 we see that the electron cap-
ture cross-sections do not follow this trend; o' > o, ! > o2 at
room temperature.

Overall, while we find relatively fast hole capture by neutral Se
vacancies (o) which may act to impede hole-carrier mobilities,
no fast electron capture transitions are witnessed for Vge. Thus
no efficient electron-hole recombination cycles can be established
for isolated Se vacancies, meaning they will not contribute sig-
nificantly to non-radiative recombination in 7-Se. Even if we as-
sumed a high non-equilibrium vacancy population of 10'8 cm—3
in as-grown ¢-Se, the limit on carrier lifetime by Vg, would still be
as high as ~ 100 us. Thus we conclude that intrinsic point defects
in the bulk material do not limit the efficiencies of #-Se solar cells.

1.5 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 defects
which are low energy for all Fermi levels in the band gap in #-Se
(i.e. no low energy acceptors near the VBM or donors near the
CBM), as discussed above. Thus, Se; and Vg on their own do not
contribute significantly to doping in 7-Se, as shown in the ther-
modynamics analyses in Fig. where calculated equilibrium
hole concentrations in as-grown Se films do not reach 109 cm—3
even up to the melting temperature (T = 493K).128 We note that
the typical synthesis procedure for ¢-Se, involving crystallisation
from the amorphous phase, may induce higher defect concentra-
tions than equilibrium predictions due to kinetic trapping. How-
ever, the approximate orders of magnitude are still expected to be
reliable estimations, especially given the proximity to the melt-
ing temperature and low expected migration barriers (discussed
later) which should favour rapid equilibration.

«+ ’Inverted Marcus region™23 refers to the case where the excited state minimum is
located within the basin of the ground-state energy surface (i.e. £(0/—1) & e(—1/—
2)), whereas the Vs.°) 4 ht — Vs, *! transitions correspond to the normal Marcus
region.

+1 0 <» %1 transitions are faster for Vs.? than Vs.?" except for electron capture at
£(0/—1) (6?) which is extremely slow in both cases.

Intrinsic defects may increase the concentration of charge
carriers (doping) or decrease them through charge compensa-
tion. This balance can be described in terms of ‘doping win-
dows’, 521161129 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/conduction band). For ¢-Se, we have no n-type doping
window, with the formation of the dominant intrinsic acceptor
becoming spontaneous (Ef(VSe'z) < 0) at Fermi levels just be-
low the CBM, while we have an extremely large p-type doping
window of 1.29¢eV, set by the formation energy of Vge*! at the
VBM. The presence of this large p-type doping window can be
ascribed to the limited number of inequivalent intrinsic point de-
fects in this single-element system, the covalent bonding (and re-
sultant 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.13%7132/ Consequently, while intrinsic point defects do not
directly contribute to doping in 7-Se and n-type doping is mostly
prevented by the low energy of Vg2, 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 electron-
hole recombination mediated by intrinsic point defects. Intrin-
sic defects also fail to explain the reported hole densities of 10!3
- 107 em™3 in polycrystalline samples.®38%4L We therefore re-
visit the champion photovoltaic device from [Nielsen et al. 18 —
exhibiting a record 1-Sun Vo of 0.992V (Fig. [7h), to further
investigate photovoltaic losses and impurity concentrations. In
Fig. [7b, the experimental current-voltage (JV)-curve and the re-
constructed JV-curve from Suns-Voc measurements (which de-
termine 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 par-
asitic series resistance Ry, and a more significant loss in current
density due to incomplete photon absorption and carrier collec-
tion — in line with our optical results (Figs. [2|and and mea-
sured external quantum efficiency (EQE) of ~ 65% (Fig. 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
demonstrated by the visible-light EQEs close to 100% recently re-
ported 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 in-
fluenced by band tailing — investigated in Fig.[7k. A moderate Ur-
bach energy of 44 meV is extracted from the fit of the absorption
onset in the EQE spectrum (as elaborated in Section [S6). How-
ever, the band tailing deviates from a linear trend in the semilog
plot, indicating that standard Urbach behaviour may not fully ex-
plain the observed tailing.

Turning our focus to the chemical purity of our r-Se sam-
ples, we perform time-of-flight secondary ion mass spectrome-
try (ToF-SIMS) measurements on photoabsorbers fabricated on
RCA-cleaned Si substrates (Fig. ) in parallel with the absorber
of the champion device to ensure a representative sample. The
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Fig. 7 Experimental device characterisation of the champion selenium thin-film solar cell, and impurity analysis of the absorber. (a) lllumination-
dependent open-circuit voltage (Suns-Voc) demonstrating a world record open-circuit voltagem. (b) JV-curve of the experimental device, the
reconstructed JV-curve from Suns-Voc 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 -Se, Egvlﬂ' 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. . (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 )

sputter depth profile is integrated through the bulk of the crys-
tallised Se absorber layer (see Fig. to get a representative
measurement of the extrinsic elements present in the bulk of the
thin film. Quantification of impurity concentrations requires el-
emental standards, which were not present, and the results pre-
sented in Fig.[7k 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 im-
purities are verified to originate from the Te source material using
ToF-SIMS (Fig. . Moreover, the rich variety of naturally-
occurring isotopes of both Se (7°Se, 7’Se, 78Se and 32Se all >5 %
natural abundance) and Te (!2Te, 126Te, 128Te, 130Te; >5 % abun-
dance) makes the identification of Br ("Br/8!Br) and 1 (1271) dif-
ficult given the strong overlap of masses, and so they may also be
present in significant amounts. 134

Given these known impurities, we calculated the formation en-

10| Journal Name, [year], [vol.], 1

ergies of their corresponding point defects (substitutions and in-
terstitials) in ¢-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 ac-
ceptor dopant behaviour) 135 as well as the first 4 rows of chalco-
gen and halogen groups. From the formation energy diagrams in
Fig. [8L 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 Xge substitu-
tions, 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 (Xge
& X;), due in part to the neutral oxidation state of the substitu-
tional site (Se). Each heterovalent impurity species investigated
(halogens, pnictogens and hydrogen; with preferred valence dif-
fering from Se by +1) shows amphoteric behaviour, having stable
+1 and -1 charge states — except for nitrogen. Xg.™! and X;*!
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Fig. 8 (a) Formation energies of extrinsic point defects (impurities) in #-Se, as a function of Fermi level position within the band gap, under X-rich
conditions where X is the impurity species. Substitutions (Xs.) 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 #-Se, as output by the doped defect simulation python package using the HSE06+D3+SOC defect formation energies
and electronic density of states. An annealing temperature of 500K, quenched temperature of 300K and X-rich conditions (where X is the impurity
element) is assumed, with only a single impurity element present in each case.

defects exhibit geometries similar to Vs ™1/ *2 (Figs.[5|and[510),
with bridging bonds between Se chains stabilising the positive
charge states — behaviour which has been termed ‘valence al-
ternation’136: Section Homovalent impurities (chalcogens)
adopt neutral charge states for most Fermi levels in the band gap,
consistent with their covalent nature and dominance of neutral
Sei.

The neutral chalcogen interstitials insert in the Se chains sim-
ilar 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 energies. Te
substitutions are extremely low energy (E;(Tese)) = 67 meV), ex-
plaining 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 in-
terstitials 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), with
Te and O present in high concentrations but only at the ab-
sorber interfaces, while halogens (which originate from the Te
substrate; Fig. are present throughout the film — poten-
tially accumulating at grain boundaries or interfaces. While the
formation energies of all extrinsic point defects here are still rel-
atively low (<2eV, 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 impurities are highest in energy and H-related
defects are intermediate. Further analysis of defect geometries
and electronic structures of impurities in ¢-Se is given in Sec-
tion We note that Refs. [37)93| also performed initial screen-
ings of some point defects in 7-Se using semi-local DFT, however,
we obtain qualitatively different results for most defect proper-
ties. 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)63/641137 ¢iving shallower
defect levels, unphysically low capture coefficients, and negative
formation energies.

Once again, no potential impurity species are expected to con-
tribute significantly to carrier doping in 7-Se, as each extrinsic
defect is either low-energy and electrically-neutral, or higher-
energy and amphoteric (i.e. self-compensated). In fact, sev-
eral of these impurities are low-energy amphoteric species with
€(+1/—1) transition levels near the mid-gap, which will act to
compensate both p and n-type doping, including H interstitials,
halogen substitutions and pnictogen substitutions. The most p-
type conditions are obtained for F doping due to the lower posi-
tion of the self-compensated Fge £(+1/—1) level at 0.42 eV above
the VBM, giving a maximum hole concentration ~10'2cm~3 as
shown in Fig.[8p. However, this still does not explain the apparent
p-type doping / acceptor density of 1014-10'6cm~3 in as-grown
polycrystalline Se samples. 4181387401138/ 1 5oking at the experi-

d8 and [Plessner/132

mental literature, we note that both [Nijlan
reported that addition of halogens (Br & I) improved the conduc-
tivity of polycrystalline t-Se, but that this was not due to changes
in carrier concentrations (in agreement with our predictions) 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 10'2cm™3 in polycrystalline 7-Se using
AC Hall measurements. However, [Nielsen et al.138 recently ex-
panded on these findings through carrier-resolved photo-Hall and
temperature-dependent Hall measurements, 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'® cm—31138]

Our results above show that while halogen impurities are
present and may contribute low levels of hole doping, neither in-
trinsic nor extrinsic point defects can explain the reported doping
concentrations in 7-Se PV devices. Se is a soft, highly-deformable
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solid as discussed above and evidenced by the low formation en-
ergies of competing allotropes (Table [1), low bulk modulus and
low defect formation energies. Coupled with its ability to cate-
nate and bond in a variety of chain and ring-like structures, this
indicates the potential inclusion of non-crystalline regions in -
Se films, comprised of over- and under-coordinated Se atoms in
inter-chain bridging bonds, stacking faults, ring-like formations
and/or amorphous clusters. Indeed, Nijland/*¢ and others*0132
have reported polycrystalline r-Se samples to consist of *well-
conducting crystals embedded in badly conducting layers of more
or less amorphous selenium’, while|Lu et al.}?4 reported improved
crystallinity (and optoelectronic performance) with their critical-
melting annealing treatment. We further note that all charged
intrinsic defect species in #-Se involved the formation of bridg-
ing bonds between Se chains, which are expected to occur at
any grain boundaries or extended defects, indicating the poten-
tial 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 z-Se films and
contribute to doping, by forming or attracting charged defects.
This possibility would also be exacerbated by the typical growth
process of r-Se; where amorphous Se is first prepared and then
annealed just below the melting temperature (often on a trigonal-
Te substrate) to yield the trigonal phase, 1824 which is likely to
give increased defect concentrations and potentially incomplete
removal of amorphous phases. Indeed, Plessner4? found carrier
concentrations in selenium films to be highly sensitive to the an-
nealing and crystallisation conditions, with greater crystal qual-
ity yielding much lower hole concentrations, in agreement with
these conclusions. Other possible origins of unexpected doping
measurements include complex defect formation or surface ef-
fects 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 -Se. Extrinsic point
defects or their complexes (with Vg or each other) could con-
tribute to recombination. Several (non-chalcogen) impurities ex-
hibit deep defect levels in the band gap as shown in Fig. |8| and
tabulated in Section Recently, however, both |Chen et al./1
and [Li et al. 12 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®8131138 haye
reported large differences between acceptor densities (N4) from
capacitance-voltage (CV) and drive-level capacitance profiling
(DLCP) measurements. N, cy is sensitive to both bulk and in-
terfacial defects, while Ny prcp is typically sensitive only to bulk
defects, and so the large differences (N4 cy —Na prcp) ~ 1010ecm ™3
indicate high interfacial defect concentrations. As such, extended
defects, interfaces (whether at the edges of ¢-Se films or inter-
nally at non-crystalline inclusions), and/or grain boundaries are
proposed to dominate recombination and V, deficits in z-Se (de-
spite the expectation of benign grain boundaries in vdW-bonded

12 | Journal Name, [year], [vol.], 1

solids). 104/105/110:

Given these findings, future work could focus on measuring
the recombination activity of ¢-Se devices as a function of impu-
rity content, or predicting these parameters from first-principles,
to investigate (and potentially rule out) the impacts of extrinsic
species on recombination. Extended defects and interfaces gen-
erally present more challenges for characterisation (both theo-
retically and experimentally), but probing their impact is likely
a fruitful route to furthering our understanding of defect chem-
istry in 7-Se and improving device efficiencies. On a positive
note, extended defects are often more amenable to materials en-
gineering strategies. Potential strategies include trialling of al-
ternative synthesis (e.g. molecular-beam epitaxy, halogen addi-
tion — given the observations of improved crystallinity>%132 etc.)
or annealing procedures to affect crystallinity and extended de-
fects, 6110311071140/ an( analysing the effects on spectroscopic sig-
nals, charge-carrier lifetimes and V,c. Accurate methods for mod-
elling extended defects are an active area of research, particularly
for electron-hole recombination, and further advances will facil-
itate their direct prediction. 1417145 The identification of the key
limiting species for open-circuit voltages would then facilitate tar-
geted engineering strategies to avoid their deleterious effects and
boost efficiencies for Se photovoltaics.

Conclusions

In summary, we characterise the intrinsic and extrinsic point
defect chemistry of z-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)146: and highly-anisotropic optical and electronic prop-
erties, highlighting the importance of controlled grain orienta-
tion in #-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 vacan-
cies 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 vacan-
cies are electrically-active but higher energy, thus do not signifi-
cantly contribute to (self-)doping. Analysing the effect of a range
of relevant extrinsic impurities in 7-Se samples, we show the pres-
ence of F, Cl, O and Te using ToF-SIMS measurements (Figs.
and [S22), while Br and I are also expected to be present. Com-
puting the electronic and energetic properties of these species and
other likely impurities, we find that most extrinsic species are in-
active for doping, either due to electrical-inactivity (chalcogens)
or self-compensation (hydrogen, halogens, pnictogens). F inter-
stitials are the most doping-active species, though only yielding
modest hole concentrations of ~10'2cm™3, and so neither intrin-
sic nor extrinsic point defects are found to contribute significantly
to doping.

We conclude that intrinsic point defects in the bulk absorber
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layer do not limit performance in ¢-Se solar cells, through im-
pacts on doping or recombination, bestowing a positive outlook
on the achievable photovoltaic efficiencies. In light of these re-
sults, we propose that extended defects, grain boundaries and/or
interfaces are the likely origins of V, deficits and limited efficien-
cies in Se PV devices, as supported by recent experiments. 1011
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