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Electronic Structure and Optoelectronic Properties of
Bismuth Oxyiodide Robust against Percent-Level lodine-,
Oxygen-, and Bismuth-Related Surface Defects

Tahmida N. Hug, Lana C. Lee, Lissa Eyre, Weiwei Li, Robert A. Jagt, Chaewon Kim,
Sarah Fearn, Vincenzo Pecunia, Felix Deschler, Judith L. MacManus-Driscoll,
and Robert L. Z. Hoye*

In the search for nontoxic alternatives to lead-halide perovskites, bismuth oxyiodide (BiOl) has emerged as a prom-
ising contender. BiOl is air-stable for over three months, demonstrates promising early-stage photovoltaic perfor-
mance and, importantly, is predicted from calculations to tolerate vacancy and antisite defects. Here, whether BiOIl
tolerates point defects is experimentally investigated. BiOl thin films are annealed at a low temperature of 100 °C
under vacuum (25 Pa absolute pressure). There is a relative reduction in the surface atomic fraction of iodine by
over 40%, reduction in the surface bismuth fraction by over 5%, and an increase in the surface oxygen fraction by
over 45%. Unexpectedly, the Bi 4f;, core level position, Fermi level position, and valence band density of states of
BiOl are not significantly changed. Further, the charge-carrier lifetime, photoluminescence intensity, and the perfor-
mance of the vacuum-annealed BiOl films in solar cells remain unchanged. The results show BiOl to be electroni-
cally and optoelectronically robust to percent-level changes in surface composition. However, from photoinduced
current transient spectroscopy measurements, it is found that the as-grown BiOl films have deep traps located
=0.3 and 0.6 eV from the band edge. These traps limit the charge-carrier lifetimes of BiOl, and future improve-
ments in the performance of BiOl photovoltaics will need to focus on identifying their origin. Nevertheless, these
deep traps are three to four orders of magnitude less concentrated than the surface point defects induced through
vacuum annealing. The charge-carrier lifetimes of the BiOl films are also orders of magnitude longer than if these
surface defects were recombination active. This work therefore shows BiOl to be robust against processing condi-
tions that lead to percent-level iodine-, bismuth-, and oxygen-related surface defects. This will simplify and reduce
the cost of fabricating BiOl-based electronic devices, and stands in contrast to the defect-sensitivity of traditional
covalent semiconductors.
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1. Introduction

Photovoltaics based on lead-halide perovskites (LHPs) have rap-
idly risen in efficiency,l!! which, surprisingly, was achieved using
low-temperature solution-based fabrication methods.l?! The key
enabling properties of LHPs are high absorption coefficients,!
low Urbach energies,™ high luminescence quantum yields,!
low exciton binding energies,® and long minority-carrier life-
times.”8! Critically, LHPs exhibit tolerance toward intrinsicl®!*
and a range of extrinsic defects,''1? which allow low nonra-
diative recombination rates to occur despite high defect densi-
ties.['3] Defect tolerance has enabled LHP thin films with high
optoelectronic quality to be achieved by multiple groups using
facile processing equipment, which has contributed to the fast
cycles of learning.!* Although LHPs do have deep traps that
need to be passivated in order to achieve record power conver-
sion efficiencies,['>!% computational investigations have shown
that most point defects form shallow transition levels.317] As
such, polycrystalline LHP thin films, which have typical trap
densities of 10"°~10"7 cm™3,"821 can still achieve technologi-
cally relevant power conversion efficiencies >15% in photo-
voltaic devices without intentionally passivating the bulk or
surfaces.162223] Recently, it was shown that methylammonium
lead iodide (MAPDI;) can tolerate one pair of methylammonium
and iodine vacancies per [Pblg]*" octahedron before significant
changes to the electronic structure occur.?Yl This is consistent
with predictions of self-regulation to charged point defects in
LHPs.[?425] The tolerance of the electronic structure of MAPbI;
to percent-level changes in I content is consistent with observa-
tions that the performance of MAPDI; solar cells is not com-
pletely deteriorated when the stoichiometry of MAI to Pbl, in
the precursor solution is varied at the percent level.2% CulnSe,
has also been previously found to tolerate native defect densities
at the percent level, and this was accounted for by Inc, antisite
defects forming a benign defect pair with V,.?”! The defect tol-
erance of LHPs and CulnSe, are in stark contrast to the defect-
sensitivity of traditional covalent semiconductors (e.g., silicon
or GaAs), in which defect densities several orders of magnitude
below the percent level are required for them to operate effi-
ciently in electronic devices.?*?8l When fabricating electronic
devices from these defect-sensitive materials, care needs to
be taken to avoid inducing the formation of any point defects.
While the efficiency, stability, and understanding of LHPs are
rapidly increasing, the toxicity and soluble nature of the lead
component??3% has led to interest in lead-free alternatives.!'”]
At the same time, emphasis has been placed on alternatives
that are also composed of abundant elements, in contrast to
CulnSe,, in which the scarcity of In is a limiting factor.3!l An
outstanding question in the field is how the defect tolerance of
the LHPs arises and whether this property can be replicated in
other classes of lead-free materials. An early model developed
was based on the electronic structure, in which the arrange-
ment of the bonding-antibonding orbitals formed from the
hybridization of Pb 6s, Pb 6p, and I 5p orbitals results in an
increased likelihood of traps being resonant within one of the
bands or shallow within the bandgap.? This led to the predic-
tion that compounds based on cations with stable valence pairs
of s electrons (e.g., Bi*, In*, Sn?!, or Sb*") may replicate the
perovskite electronic structure and its defect tolerance.33! More
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recent work has shown that the energy alignment between
cation/anion orbitals and spacing between ions also play a sig-
nificant role.33! Nevertheless, having a partially oxidized cation
with a stable valence pair of s electrons remains an important
factor for achieving predominantly shallow traps.’3l These
ns? compounds have recently gained significant interest, with
many materials demonstrating promising bulk properties for
photovoltaic applications and improved ambient stabilities over
LHPs.233% One such material is bismuth oxyiodide (BiOI).
Bismuth-based compounds have the important advantages of
exhibiting very little evidence of toxicity,”! and bismuth is suf-
ficiently abundant for commercialization in photovoltaics,*®!
with the production of bismuth being two orders of magni-
tude larger than that of indium.B!l We previously measured the
bandgap of BiOI to be 1.9 eV, and the absorption coefficient
to be on the order of 10* cm™! above the band edge.8! While
the bandgap is wider and absorption coefficient smaller than
the related Bil; compound (1.67 eV and =10° cm™, respec-
tively),1*l the bandgap of BiOl is close to the optimum for top
cells in four-terminal tandems with silicon, and the absorp-
tion coefficient adequate for achieving a spectroscopically lim-
ited maximum efficiency exceeding 20% in single-junction
devices.’8 The BiOI solar cells we previously made and tested
achieved a high external quantum efficiency (EQE) of 80% at
450 nm wavelength, which exceeds the EQEs that have been
achieved with Bil; solar cells so far.?®4*1] We also demon-
strated BiOI to be phase-stable in ambient air for at least
197 d,B842 whereas MAPDI; thin films degraded within 5 d
under similar conditions.l*®! The BiOI devices remained stable
in air over the 3 d that we tested them, whereas MAPDI; solar
cells using a similar architecture (NiO, hole transport layer on
the bottom; Al electrode on top) degraded within minutes in
air.’¥! Critically, defect calculations showed that the lowest for-
mation energy point defects in BiOI (iodine vacancies, bismuth
vacancies, and oxygen-on-iodine antisites or Vj, Vg;, and O))
have transition levels that are either resonant within the bands
or are shallow within the bandgap. These computations are
consistent with predictions and indicate BiOI to be tolerant to
the vacancy and antisite defects investigated computationally.®!
Thus, BiOI has potential for photovoltaic applications, while
being significantly more stable than MAPDI.

However, experimental evidence for defect tolerance in BiOI
as well as other ns? compounds is lacking in the field. System-
atic measurements to understand the role of defects in these
materials are critical to test current models for defect tolerance
and quantify the extent to which these materials are able to tol-
erate point defects. In this work, we induce the formation of
point defects by annealing under medium vacuum (25 Pa abso-
lute pressure) at 100 °C, which corresponds to a sufficiently low
homologous temperature to not result in structural changes or
reduce the phase purity.*?}! This was to remove iodine (to form
Vj) and, to a lesser extent, bismuth (to form Vy;). We use a com-
bination of techniques to quantify the changes in composition,
electronic structure, luminescence, charge-carrier lifetime, and
crystal structure. To correlate these effects on the impact on
device performance, we fabricate full devices from BiOI thin
films vacuum annealed for up to 180 min. Our work provides
valuable new experimental insight into the tolerance of the elec-
tronic and optoelectronic properties of BiOI to point defects.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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More broadly, the vacuum annealing conditions used are sim-  increased at a higher rate than the decrease in iodine fraction,
ilar to the vacuum conditions and/or heating experienced by  appearing to saturate at a fraction of =0.6 (Figure 1b). There was
BiOI thin films when subsequent layers are deposited on top initially very little change in the fraction of bismuth for up to
(e.g., by vacuum-based atomic layer deposition, chemical vapor =~ 1 min vacuum annealing, before decreasing from a fraction of
deposition, or thermal evaporation). As such, our work also  0.37 (no annealing) to 0.3 and saturating (Figure 1a).

determines how stringently a pristine surface in BiOI needs to Despite the significant changes in composition, the binding
be maintained in device fabrication, which affects the cost of  energy of the Bi 4f;), core level remained between 158.65 and
production. 158.9 eV over the entire vacuum annealing series (Figure 1c).

This variation in core level binding energy is much smaller

than if second phases occurred (see Discussion), and is
2. Results accounted for by the changes in the bonding environment

for Bi** as the surface composition changed. XPS measure-
To investigate the effect of vacuum annealing on the composi- ments also showed that the Fermi level position relative to the
tion, and the associated effect on the Fermi level position, we per-  valence band maximum (E—VB) remained unchanged over the
formed X-ray photoemission spectroscopy (XPS) measurements.  vacuum annealing series (Figure 1d). No change in the shape
This allowed us to obtain both the composition and Fermi level  of the valence band density of states was observed with vacuum
position (from core level and valence band spectra, respectively), annealing (Figures S1 and S2, Supporting Information), nor
measured from the same interaction volume. In our system, the  did we observe the valence band spectra to change during the
sample depth was between 1 and 3 nm. We grew BiOI thin films = XPS measurements when the films were exposed to ultrahigh
according to our previous report,*® and found the surface compo-  vacuum and X-ray photons (hv = 1486.6 eV). The XPS data
sition in the as-grown films to be close to stoichiometric (shown  show the electronic structure of BiOI to be robust to distributed
by the dashed lines in Figure 1a). After vacuum annealing at  defects. Indeed, these results show BiOI to be more robust than
100 °C for 5 s through to 2 d, the fraction of iodine measured atthe ~ methylammonium lead iodide perovskite. Previous reports by
surface significantly decreased from 0.33 (no vacuum annealing)  Steirer et al. found the E—VB and Pb 4f;), core peak to shift
to 0.18 (10 min vacuum annealing), before decreasing more slowly  in energy when the I/Pb ratio decreased below 2.5, as a second
to 0.15-0.16 after 1-2 d. By contrast, the surface oxygen fraction  phase of PbI, began to form.2* By contrast, no changes in the
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Figure 1. Effect of vacuum annealing BiOl at 100 °C and 25 Pa absolute pressure. a) Atomic fractions of Bi, O, and | (f, where x = Bi, O, |) determined
from XPS core level spectra. The dashed lines represent the average fraction of Bi (orange), O (blue), and | (green) in eight BiOl films before annealing.
The error bars displayed represent the uncertainty determined by fitting the same spectrum five times. b) Absolute change in the fraction of oxygen and
iodine from original values before annealing. c) Binding energy and full width at half maximum (FWHM) of Bi 4f;; core level peaks for BiOl samples
after vacuum annealing. d) Fermi level offset from the valence band maximum of BiOl. In both (c) and (d), the colored line represents the mean value
of eight samples before annealing, and the shaded box represents two standard deviations on either side of the mean.
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Figure 2. a) Photoluminescence (PL) spectra of as-deposited BiOl and vacuum annealed films. The full set of PL spectra is shown in Figure S4
(Supporting Information). b) Maximum photoluminescence intensity (at A =692 nm) for BiOl samples annealed under vacuum (100 °C, 25 Pa) for up
to 48 h. The orange dashed line represents the maximum photoluminescence intensity before annealing. c) Transient absorption spectrum of nonan-
nealed BiOl sample using a pump energy of 3.1 eV (400 nm) at a fluence of 136 p) cm2. d) Integrated ground state bleach signal between 1.55 and

2.34 eV over time, showing the decay of carrier population.

electronic structure of BiOI occurred even when the I content
halved, Bi content reduced by 20%, and O content more than
doubled (Figure 1).

We next investigated the effect of compositional changes on
the optoelectronic properties of BiOI. There was no shift in the
PL peak position (selection of PL spectra shown in Figure 2a,
with the spectra of all samples shown in Figure S4, Supporting
Information). In addition, we did not observe a significant
decrease in PL intensity with vacuum annealing (Figure 2b). All
samples were measured in the same way using identical condi-
tions (refer to the Experimental Section). This indicates that there
was no change in bandgap and is consistent with no increase in
nonradiative recombination across the vacuum annealing series.

Sister samples were grown onto cover slips without nickel
oxide for measurements of the evolution of the charge car-
rier population with time after photoexcitation. Charge-carrier
lifetimes were extracted from these measurements. When
pumped at 400 nm, the transient absorption spectrum of the
nonannealed sample exhibited a broad ground-state bleach
(GSB) signal centered around 540 nm, due to the occupation
of the bands by photoexcited charge carriers (Figure 2c). The
breadth of the feature indicates that many optical transitions
were blocked, most likely due to the flatness of the dispersion
relation, which allowed the carriers at the band edge to occupy
many different states in momentum space.

In order to track the decay of the carriers, the area under the
GSB from 530 to 800 nm (1.55 to 2.34 eV) was measured at
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various times after excitation (Figure 2d). The resulting GSB
kinetics exhibited an initial fast decay due to carrier-carrier
annihilation, followed by a slower decay. The two decay regions
may be due to a combination of surface and bulk recombina-
tion occurring. A biexponential model was fit to numerically
describe the decay in GSB (Table 1). We focused our meas-
urements on samples with up to 1 min vacuum annealing, in
which the largest change in composition occurred (Figure 1a).
The lifetime values in Table 1 show there to be no significant
change in charge-carrier lifetime in BiOI films with up to 1 min
vacuum annealing.

The transient absorption spectroscopy measurements were
performed with a 400 nm wavelength laser, for which the
absorption depth was =200 nm.3¥ This raises the question of
how far the surface composition changes measured by XPS are
reflective of changes to the bulk composition. We performed

Table 1. Lifetime obtained by fitting a biexponential model to the nor-
malized decay in the ground state bleach of BiOl films (I(t)) meas-
ured by ttransienttabsorption spectroscopy. The model used was

I(t)=Are  +Aze %

Anneal time [s] A 7 [ps] A, 1, [ps]
0 0.28 19 0.66 180
5 0.38 28 0.59 210
60 0.30 23 0.66 220

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) X-ray diffraction patterns of BiOl thin films grown on glass/ITO/NiO,. The ¢ represents peaks from the ITO substrate. b) TOF-SIMS
profile of I,” ion relative to O, species for nonannealed, 1 and 180 min annealed samples. The inset includes the magnified profile for the first 20 nm

of the surface.

X-ray diffracion measurements to determine whether
changes to the bulk of the samples occurred. These measure-
ments showed the films to remain in the tetragonal phase
after vacuum annealing, with no peaks due to phase impuri-
ties appearing (Figure 3a). The diffraction peak positions also
remained unchanged, showing there to be no change in lattice
parameter. It is therefore likely that the changes in composition
were mostly confined to the surface, such that the composition
in the bulk was not affected.

To determine the depth to which the film composition was
influenced by vacuum annealing, we performed energy-dis-
persive X-ray spectrometry (EDX) and time-of-flight secondary
ion mass spectrometry (ToF-SIMS) measurements. We per-
formed EDX measurements on the nonannealed and 10 min
annealed sample (Table S1, Supporting Information). Five
regions (5 X 3 um?) for each sample were measured. The
interaction depth of the measurements was =300 nm (as deter-
mined from Monte Carlo simulations using the CASINOM4
program with an acceleration voltage of 12 keV). EDX measure-
ments therefore probed a similar depth of the samples as our
transient absorption spectroscopy measurements. We found
the I/Bi ratio to be 0.973 + 0.011 for the nonannealed sample
and 0.971 £ 0.029 for the 10 min annealed sample. While the
ratio of the annealed sample was marginally lower, indicating a
reduction in the overall content of I, the change was within the
error of the measurement. This case is plausible if we consider
that the overall X-ray signals were collected from an interaction
volume 300 nm deep, while the I fraction only decreased at the
surface. EDX measurements were therefore consistent with the
X-ray diffraction measurements in indicating that only the sur-
face region of the BiOI film was affected by vacuum annealing
and that the bulk of the samples were unaltered.

To further investigate the chemistry from the surface to the
bulk of the nonannealed and vacuum-annealed films, SIMS
depth profiling was carried out using a dual beam ToF-SIMS
instrument. A Bi* primary ion beam and an Ar* sputter beam
were utilized together to sputter through and obtain the com-
position of the =700 nm thick films. Figure 3b is the plot of
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the 1,7/O,™ ratio as a function of sputter depth and shows a
clear trend in the I,7/O,  intensity dropping at a higher rate
with increased annealing time. This is consistent with the XPS
data. However, the rapid change in the ratio is not linearly cor-
related with the decrease in iodine content with annealing. The
steeper declines in the I,7/O,™ ratio for the annealed samples
are a convoluted effect of a decrease in iodine content, increase
in oxygen content, and preferential sputtering of oxygen during
the depth profiling (this is demonstrated by the 10, profiles
measured in all samples, as shown in Figure S3, Supporting
Information). The inset of Figure 3b shows the magnified 1,7/
O, profiles of the samples. The initial increase in the inten-
sity for the nonannealed and 1 min annealed samples in the
inset of Figure 3b can be attributed to SIMS artifacts associated
with the sputtering ion beam. The top =2 nm of the films were
affected by pre-equilibrium effects which mask the true profiles
of the region. However, the key point to note is that the vacuum
annealing, even for prolonged periods, only altered the surface
chemistry of the films and did not affect the bulk. This is evi-
dent by the I,7/O,™ ratio leveling off at =40 nm of the sputtering
depth with the fastest drop in intensity within the first 10 nm
of the films.

The tens of nanometer region at the surface that iodine was
removed from is substantially smaller than the absorption
depth of the transient absorption spectroscopy measurements.
The change in surface composition would therefore mostly
affect the surface recombination measured in the GSB kinetics.
Figure 2d shows that there was no significant change in the
entire GSB profile with surface composition. These results
therefore suggest the charge-carrier lifetime of BiOI to not be
affected by substantial reductions in iodine content or increases
in oxygen content. In addition, the PL measurements were
taken with the same pump laser used for transient absorp-
tion measurements, and the emission would have mostly been
from carriers recombining from the surface 200 nm region of
the films. If any of the changes in composition induced mostly
in the surface 10 nm led to active recombination centers,
quenching of the PL would be expected. But this was found

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Performance of vacuum annealed BiOl thin films in photovoltaic devices. a) Power conversion efficiency (PCE), b) short-circuit current density

(Jso), €) open-circuit voltage (Voc), and d) fill factor.

to not be the case. Thus, both the transient absorption and PL
measurements are in agreement with our previous defect cal-
culations of BiOI, which showed the transition levels for iodine
vacancies and oxygen-on-iodine antisite defects to be resonant
within the conduction and valence bands, respectively, and not
recombination active.?8l

Finally, we investigated the effect of vacuum annealing on
the performance of the BiOI films in photovoltaic devices.
The device structure was ITO/NiO,/BiOI/ZnO/Cr/Ag (refer to
ref. [38] for the band structure of BiOI and the device stack).
Figure 4a shows there to be no significant change in the power
conversion efficiency (PCE) with annealing time compared to
the reference (labeled as 0 min anneal time). The device with
180 min annealed BiOI had a lower median PCE, but the dis-
tribution of PCEs overlapped with those of the other samples.
While the short-circuit current densities of these devices were
statistically significantly lower than the control (Figure 4b), the
open-circuit voltages and fill factors were not significantly dif-
ferent. We note that the BiOlI films used for vacuum annealing
at 180 min did not have optimal morphology to start with, and
the lower median short-circuit current density may not have
been solely due to changes in surface composition. The shunt
resistances of the devices across different annealing times also
remained at an average value of 350 30 Q cm?. This suggests
that there is no significant increase in nonradiative recombina-
tion in the devices with increasing vacuum annealing.

The robustness of the performance of BiOI against percent-
level changes in surface composition is highly advantageous for
the processing of devices using facile methods. We previously

Adv. Funct. Mater. 2020, 30, 1909983 1909983 (6 of 11)

found the surface I/Bi ratio to decrease from 1.0 (as-grown
BiOI film) to 0.6 after depositing the ZnO electron transport
layer. This is similar to the effect of vacuum annealing BiOI
for 1 min. Depositing ZnO over BiOI thin films that have
already been vacuum annealed may have further reduced the
I content relative to the Bi content, but this evidently did not
have an impact on the device performance. Indeed, our results
show BiOlI to be significantly tolerant to changes in the surface
iodine content, which may afford greater flexibility in how the
electron transport layer is grown on top.

3. Discussion

Our results show that BiOI tolerates significant changes in
the composition of iodine, oxygen, and bismuth at the sur-
face. The lifetime and PL intensity were unaffected, suggesting
that no extra deep recombination centers were introduced by
the changes in composition. BiOI also appears to be electroni-
cally tolerant to the compositional changes, with the Bi 4f;),
core level not significantly changing in binding energy, and the
valence band density of states also remaining the same shape
over the entire vacuum annealing series.

The reduction in iodine and bismuth content is likely due to
the formation of iodine (V}) and bismuth vacancies (Vg;), which
are two of the lowest formation energy defects in BiOI. Our pre-
vious calculations showed these defects to have transition levels
that are resonant within the conduction band (Vj) or shallow in
the bandgap (Vg;),?¥ and our experimental results are consistent
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with this. The increase in the surface oxygen content could have
been due to three possibilities: 1) the formation of oxygen-on-
iodine antisite defects (Oy), 2) removal of the surface layers of
iodine and bismuth to expose the oxygen layer of BiOI to the
surface, or 3) the formation of different phases on the surface.
The first possibility is likely because our previous calculations
showed Oy to have similarly low formation energies as V; and
Vg;. This is expected because I” has a larger ionic radius than
0% ®] and it would not be difficult for O?~ to fill an empty I” site.
Oy is also predicted to have no transition level within the bandgap
of BiOL,*® which is consistent with our measurements showing
the optoelectronic properties and electronic structure of BiOI to
be robust to increases in O content. The second possibility is also
likely given that oxygen vacancies (Vo) have a higher formation
energy than V; and Vg, ¥ showing it to be less thermodynami-
cally favorable to remove O from the lattice than it is to remove
I or Bi. This is supported by thermogravimetric analyses of BiOIl
by Klimakov et al., who showed that only Bil*, Bi*, I,*, and Bil,*
ions were removed when BiOI was heated at 100 to 250 °C.1*0]
To investigate the third possibility, we analyzed the O 1s
core level spectra of BiOI thin films annealed for different
times (Figure S5, Supporting Information). We found there
to be three peaks, located at binding energies of 529, 531,
and 533 eV. With increased vacuum annealing, the contribu-
tion of the peaks at 531 and 533 eV to the overall O 1s spectra
increased (Figure S6, Supporting Information). The peak at
529 eV binding energy could be attributed to lattice oxygen in
BiOI. But the origin of the peaks at binding energies of 531 and
533 eV is not well documented. Previous reports have attrib-
uted these to adsorbed organic contaminants or moisture,*’#%!
or other oxide/oxyhalide species (e.g., Bi,O3 or BisO,1).1#>>% The
first option is not likely because the BiOI films were annealed
under vacuum, and it is unlikely that water or organic con-
taminants could have adsorbed to the surface more with longer
vacuum annealing. The BiOI samples were transferred imme-
diately to the XPS vacuum load lock after growth. To investigate
the second possibility, we grew three samples with different
mixed phases (detailed in Table S2, Supporting Information).
However, sample A (with a mixture of BiOI and Bi;O,I phases)
had a Fermi level to valence band offset that was significantly
different to the values measured for the vacuum annealed BiOI
samples (Table S3, Supporting Information). For samples B and
C, the valence band XPS spectra had a significantly different
shape to those of BiOI and vacuum-annealed BiOI (Figure S7,
Supporting Information). In all three mixed-phase samples,
the fractions of each element were significantly different to the
fractions measured in the vacuum-annealed BiOI (Figure S8,
Supporting Information), and the Bi 4f;), core level peaks also
had different binding energies to BiOI (Figure S9, Supporting
Information). These results all suggest that it is unlikely that
the O 1s peaks at 531 and 533 eV binding energy were due
to the formation of mixed phases on the surface of vacuum-
annealed BiOl. It is possible that these O 1s core level peaks
could have been due to the different bonding environment for
0% when it occupies a lattice I~ site (as O;) or when the oxygen
layer is on the surface of BiOI. Similarly, although the full-
width at half maximum (FWHM) of the Bi 4f; , core level peaks
for vacuum-annealed films was wider than the FWHM for
as-grown BiOI (1.02 eV, compared to 0.92 eV; Figure 1c), this
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was likely due to the different bonding environment for Bi** in
the presence of percent-level defects. There was no increase in
FWHM with increasing annealing time, which further suggests
that no second phases or any stabilizing surface layer formed.
Overall, the increase in the fraction of surface oxygen observed
in Figure 1a is likely due to a combination of the first two pos-
sibilities, which may have been why the rate of surface oxygen
content increase was greater than the rate of decrease in the
surface iodine content (Figure 1b).

The Fermi level of the vacuum-annealed BiOI films
remained close to mid-gap, even after 48 h vacuum annealing.
A plausible explanation for this observation is self-compensa-
tion in BiOI. Previous theoretical analyses have shown that
self-compensation occurs in materials when the concentration
of defects is higher than the concentration of thermally excited
carriers from the band edges.?>! The Fermi level position is
then controlled by the lowest formation-energy donor and
acceptor defects, and will be “pinned” to the energy at which
these defects have the same formation energy. This is because
if the Fermi level shifts to a higher energy (i.e., closer to the
conduction band minimum), the acceptor defect then has a
lower formation energy than the donor defect. The resulting
higher concentration of holes than electrons leads to the Fermi
level returning back to the original position. Similar arguments
can be made if the Fermi level moves to lower energies. An
important consequence of Fermi level pinning is that donor
and acceptor defects with the same charge have the same con-
centration because they have the same formation energy. Thus,
despite high concentrations of these defects, the semiconductor
will maintain low carrier concentrations because the defects
are charge-compensated.®?#?°] Qur results strongly suggest
self-compensation occurs in BiOI. First, the percent-level con-
centration of Vi, Oy, and Vy; defects measured experimentally
would be larger than the thermally excited density of carriers in
BiOI. Also, our previous defect calculations showed V|, Oy, and
Vp; to all have low formation energies (V; and O in particular
have low formation energies across all Fermi energies).*® This
agrees with our measurements showing that the concentra-
tion of iodine, bismuth, and oxygen change easily with vacuum
annealing (Figure 1a). In particular, our previous calculations
showed that the donor and acceptor defects intersect at a for-
mation energy of =0.5 eV or below, depending on the chemical
potentials.®® This is likely lower than the formation energies
associated with the thermally excited carriers at the same
Fermi energy. The Fermi level of BiOlI is therefore most likely
determined by its defects. Furthermore, our previous calcula-
tions showed that the Fermi energy at which the donor and
acceptor defects intersect is close to mid-gap,i¥l which agrees
with the XPS measurements (Figure 1d). In BiOl, the lowest
formation energy donor defect is V|, and the lowest formation
energy acceptor defect either O; or Vg;.1® Our measurements
in Figure 1a show that the initial changes in oxygen and iodine
content were approximately similar, suggesting that O; accom-
panying the formation of V; is plausible (as discussed before).
Figure 1a also shows that the overall reduction in bismuth con-
tent is approximately one-third the overall reduction in iodine
content, and it is also plausible that each Vy; is accompanied by
three V. Either case would result in charge compensation, since
Oy has the same absolute charge as V; (unity), and the absolute
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charge of Vy; is three times that of V|. This is consistent with
the carrier concentration of BiOI remaining low (and the Fermi
level being mid-gap across the entire vacuum annealing series)
despite these defects being present at the percent-level.

Finally, we aim to understand why the bulk lifetimes of the
BiOI thin films measured by transient absorption spectroscopy
are short (Table 1). We hypothesize that while BiOI is tolerant
toward Vj, Oy, and Vg;, deep traps are present in the as-grown
samples which lead to high rates of nonradiative recombina-
tion. To experimentally determine whether or not deep traps
are present, we performed photoinduced current transient
spectroscopy (PICTS). PICTS is a deep-level characterization
technique similar to the more widely known deep-level tran-
sient spectroscopy (DLTS). While DLTS relies on trap filling at
the edge of a depletion region via carriers sourced by the semi-
conductor bulk (therefore suitable for characterizing doped
semiconductors), PICTS is the technique of choice for near-
intrinsic/highly resistive semiconductors, such as BiOI.P'->4
Indeed, PICTS involves trap filling via photogenerated carriers
under pulsed illumination, and it allows one to determine
deep-level parameters (energy depth with respect to either band
edge, capture cross section, and volumetric density) from the
current decay (which relates to carrier emission from the deep
levels) resulting from the light pulses. We performed PICTS
measured on BiOI solar cells, fabricated as detailed earlier, and
subjected to vacuum annealing for 0 min (i.e., no annealing),
1 min, and 180 min. The PICTS measurements were con-
ducted at over a temperature range of 160-300 K under pulsed
illumination at a wavelength of 617 nm. The resulting PICTS
spectra and Arrhenius plots of the associated peaks are shown
in Figures S11 and S12 (Supporting Information).

From the PICTS measurements, we identified two main
deep levels, which we labeled as P1 and P2. The deep-level ener-
gies and volumetric concentrations for all samples are shown
in Figure 5. P1 was shallower than P2, but both had similar
volumetric densities on the order of 10'°-107 ¢cm™ (under
the assumption of uniform distribution in the volume of the
BiOI films). This shows deep levels are indeed present, even in
the as-grown films. We estimated their capture cross sections
from the extrapolation of the Arrhenius plots, consistently with
basic emission rate modeling (involving, among others, the
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assumption that capture cross sections are temperature-inde-
pendent). We found the capture cross sections to be small for
P1 (1071-107* cm?) but large for P2 (1072107 cm?),1% indi-
cating P2 to be particularly recombination active (Figure S10,
Supporting Information). The capture cross section for P2 is
larger than the capture cross section for deep defects found in
LHPs (0.76 eV from a band edge). The capture cross section
for these deep traps was only 1071* cm? and 18%-efficient LHP
solar cells were still achievable.'®!

We considered the possibility that P1 or P2 could be due to
the Vi, Oy, or Vp; induced by vacuum annealing. This is unlikely
because our results show P1 and P2 to be present in the as-
grown BiOI thin film. Even though we halve the I fraction and
more than double the O fraction on the surface, there is no
significant change in the concentration of P1 or P2 after 1 or
180 min vacuum annealing (Figure 5b). If we remove half of
the I from the surface 10 nm of BiOI (ToF-SIMS in Figure 3b
shows that we are mostly removing I from the top 10 nm of the
BiOI film), then over the entire 700 nm thickness of BiOI, the
V| concentration would average to be 102° cm~3, which is three
to four orders of magnitude larger than the concentration of P1
or P2. Hence, P1 and P2 are unlikely to be Vj, and similar argu-
ments can be applied to O; and V. If the trap density were on
the order of 10%° cm=, the Shockley-Read—Hall recombination
lifetime would be below the picosecond timescale, far shorter
than the lifetimes measured. The trap levels for V,, Vj;, and
O; would not be detectable if their transition levels were reso-
nant within the bands or <0.1 eV from the band edges (owing
to our measurements only going down to 160 K), as predicted
from our previous calculations.3® Thus, it is likely that the deep
traps detected by PICTS are not due to the changes in surface
composition we induced through vacuum annealing and that
BiOI does indeed tolerate significant levels of Vj, Vy;, and Oy.
We postulate that P1 and P2 may originate from 1) oxygen
vacancies, which may have been formed during kinetically
driven growth conditions despite them thermodynamically
having high formation energies,*®%’) 2) interstitial defects
or defect complexes that were not considered in the previous
calculations,®® 3) extrinsic impurities being present, or 4) traps
introduced by structural defects. Future work will need to focus
on identifying the origin of these traps.

(b) 1E18
O PI1 Trap
[}

.
=] [
3]
& 1E174 E
o
B
g s
g %
3 IE16 e} o .
g o ¢
p Q O ®

1E15 T T T

No anneal 1 min anneal 180 min anneal
Sample Type

Figure 5. PICTS data for vacuum annealed samples. a) Trap energy levels and b) trap concentration of nonannealed, 1 min annealed, and 180 min
annealed samples. Two traps were found in the PICTS spectra and these are labeled P1 and P2 (refer to Figures S11 and S12, Supporting Information,
for more details). The open points are for the P1 trap found in each sample, while the closed points are for the P2 trap in each sample.
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We also note that an alternative explanation for the invari-
ance of the Fermi level with vacuum annealing is that the
Fermi level is pinned due to high defect concentrations. But
apart from Vi, Oy, and Vg;, which do not have deep transition
levels, the only defects we found are P1 and P2. If the Fermi
level is pinned by P1 or P2, we would not expect the Fermi level
to be mid-gap. Also, the concentrations of P1 and P2 are orders
of magnitude smaller than Vi, Oy, and Vy;, and we would expect
these latter defects to more strongly influence the Fermi level
position, as discussed before.

4. Conclusion

In summary, we have experimentally found BiOI to be elec-
tronically and optoelectronically robust against percent-level
changes in the surface content of iodine, bismuth, and oxygen.
This agrees with our previous defect calculations. The extent of
tolerance to these point defects is greater than the tolerance of
MAPDI; to Vi and Vy,, in which the Fermi level and Pb 4f;,
core level shifted when I/Pb decreased below 2.5. By contrast,
we observed no shift in Fermi level or Bi 4f;/, core level even
when the I and Bi fractions reduced by 50% and 20%, respec-
tively, and the O fraction increased by 80% after 2 d of vacuum
annealing. We attribute these observations to self-compen-
sation between the lowest formation energy donor (Vi) and
acceptor (either Oy or Vp;) defects. There was also no significant
change in the photoluminescence intensity after 2 d vacuum
annealing, suggesting that no extra nonradiative recombi-
nation centers were introduced. Transient absorption spec-
troscopy showed that there was no significant change in the
charge-carrier lifetime in the BiOI films after 1 min vacuum
annealing, when the I fraction had been reduced by 40%, Bi
fraction reduced by 5%, and O fraction increased by 45%. The
photovoltaic performance of these films was also not signifi-
cantly degraded indicating tolerance to these defects. However,
PICTS measurements showed deep traps to be present =0.3
and 0.6 eV from the band edge. These traps were present in
the as-grown films and did not increase in concentration with
vacuum annealing. Their concentrations were also three to four
orders magnitude lower than the expected concentration of the
V1, Vg;, and Oy traps induced through vacuum annealing and
it is likely that the traps found from the PICTS measurements
were of a different origin. Our work supports theoretical predic-
tions that BiOI tolerates V|, Vg;, and Oy. This result motivates
future efforts to develop BiOI photovoltaics further, showing
the important direction to be followed, namely, by identifying
the deep traps present in as-grown films and developing proto-
cols to overcome them. Our work suggests that the reward for
these efforts would be a boost in efficiency in a material that is
robust to processing conditions that give rise to percent-level
concentrations of point defects, and therefore compatible with
low-cost fabrication methods.

5. Experimental Section

Thin Film Synthesis: Glass substrates were sequentially cleaned in
acetone (Fisher Scientific, >99.8%) and propan-2-ol (Fisher Scientific,
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>99.5%) for 15 min each by ultrasonication. The substrates were
subsequently dried with compressed air and plasma treated (Zepto,
Diener) for 10 min.

The substrates were then covered with a 10 nm thin film of NiO,
using previously reported recipe.®® The Ni sol was prepared by mixing
1 mol L™ nickel nitrate hexahydrate (Sigma Aldrich) in ethylene glycol
(Sigma Aldrich) and adding 1 mol L™ ethylenediamine (Sigma Aldrich).
This sol was filtered with a 0.22 um PTFE filter. A droplet of the filtered
sol was pushed through another 0.22 um PTFE filter and spread over
the plasma-cleaned substrate. This was spin-coated at 5000 rpm for 45 s
and annealed in air on a hotplate (Stuart UC152D). The set temperatures
of the hotplate were 125 °C (40 min) and 300 °C (70 min). The films
were subsequently quenched on Al foil and immediately stored in a dry
cabinet (0.1% relative humidity, Superdry-Totech).

BiOl thin films were grown by chemical vapor deposition at
atmospheric pressure following a previously reported method.*® A two-
zone furnace with a quartz tube was used. The furnace was preheated to
350 °Cin zones 1 and 2. Four substrates were attached to a microscope
slide using silver paste (Electrolube) and loaded into the tube. 500 mg
of Bil; (Alfa Aesar Puratronic, 99.999% metals basis) was weighed into
a crucible and placed close to the edge of the heating rod in zone 1 of
the furnace. The substrates were at least 3 cm away from the center of
the crucible. An Ar:0, gas mixture (25 mL min™' Ar, 0.3 mL min™" O,)
was introduced into the closed tube. Each growth run lasted for 60 min,
which resulted in BiOl films that were =700 nm thick.

Characterization: X-ray photoemission spectroscopy was performed
using a SPECS PHOIBOS 150 electron energy analyzer. Monochromated
Al K, X-rays (1486.6 eV photon energy) were used as the photon
source. The energy resolution was 0.50 eV. The binding energy scale was
calibrated to the C 1s core level at 284.4 eV for adventitious carbon.

Photoluminescence spectra were measured using an intensified
charge-coupled device camera (Andor iStar DH740 CCI-010 connected
to a grating spectrometer (Andor SR303i). The samples were excited in
ambient air using a 400 nm wavelength laser. This laser was frequency-
doubled from a Ti:Sapphire laser (Spectra Physics Solstice) that had
a wavelength of 800 nm, repetition rate of 1 kHz, and pulse length of
=90 fs. An exposure time of 0.2 s and gate width of 400 um was used.
The fluence used was 760 p) cm=2 pulse™. Ten accumulations were used
for each spectra.

Transient absorption spectroscopy measurements were performed
using the same laser source as the photoluminescence measurements.
The source laser was also frequency-doubled to give a 400 nm wavelength
pump beam. To generate a broadband (500-800 nm wavelength), a
home-built noncollinear optical parametric amplifier was used. The
sample was aligned such that the pump and probe beams overlapped.
Adjacent to these was a reference probe beam to account for shot-to-
shot variation in probe transmission through the sample. The imaging
spectrometer was an Andor Shamrock SR303i and the detector a pair of
linear image sensors (Hamamatsu, G11608). To determine the differential
transmittance (AT/T), a mechanical/electronic chopper to create the
“pump on” and “pump off” periods for each measurement, detected with
a lock-in amplifier, was used. More details are reported in ref. [58].

EDX measurements were taken on a FEI Nova NanoSEM at a base
pressure of 107 mbar. The acceleration voltage of the electron beam
was 12 kV, such that the incident energy was sufficient to excite the core
level electrons in Bi and I. Prior to performing the EDX measurements,
a copper reference sample to check the binding energy scale was used.

ToF-SIMS measurements were taken using an IONTOF ToF-SIMS V
instrument. A 25 keV Bi* primary ion beam was rastered over the BiOl
film to determine the mass spectra, over an analytical area of 100 um?.
A 500 eV Ar* jon beam was used to sputter the film with a current of
~40 nA over an area of 300 um?. Negative secondary ions were collected.

PICTS experiments were conducted on solar cell samples placed
in a liquid-He cryostat, whose temperature was varied from 160 and
300 K with a heating rate of 1 K min~'. The optical and electrical
acquisition units were custom-built, were controlled via LabVIEW,
and comprise a light-emitting diode with peak emission wavelength
of 617 nm. The light pulse duration was set to 1 s throughout the
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experiments. The recorded current waveforms were digitized and
processed according to a boxcar-type algorithm,l which delivers
the PICTS spectra presented in Figures S11 and S12 (Supporting
Information). By fitting the peaks of these spectra with Gaussian
functions, the emission rate was derived as a function of temperature
of the corresponding deep levels, which were then analyzed through
the Arrhenius plots presented in Figures S11 and S12 (Supporting
Information). Such analysis delivered the energy depth of the deep
levels within the forbidden gap and their capture cross sections
(under the assumption of temperature independence of the latter).[¥
Volumetric densities of the deep levels were extracted from the
integrated current transients, under the assumption of uniform
distribution throughout the bulk of the BiOl layer.

Device Fabrication and Testing: The device structure for BiOl was
the same as that developed in a previous report, and the details can
be found in ref. [38]. ZnO was deposited over the ITO/NiO,/BiOl stack
by atmospheric pressure chemical vapor deposition. Diethylzinc (Sigma
Aldrich) was used as the Zn precursor and O, gas (Air Products, <3 ppm
H,0) was the oxidant. 20 nm Cr and 100 nm Ag were sequentially
thermally evaporated (<1 nm s™' rate; 7 x 107° mbar absolute base
pressure) on top of the ZnO through a shadow mask. The device area
is defined by the overlap between the Cr/Ag top electrode and the
patterned ITO bottom electrode, and this was 4.5 mm? for each device.

The devices were characterized by illuminating with a calibrated AM
1.5G spectrum (ABET 2000). Current-voltage sweeps were made using
a Keithley 2623A sourcemeter unit, at a rate of 1 V s™'. The voltage was
swept from —1 to 1.4 V with a step size of 0.05 V and delay of 0.05 s. It
is noted that the devices were not apertured because it was previously
found to not significantly affect the short-circuit current densities
measured, which were consistent with the external quantum efficiency
measurements. Bl

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author. The raw data can be found on http://dx.doi.
org/10.17863/CAM.48280.
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