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Doping with small densities of foreign ions is an essential strategy for tuning the optoelectronic
properties of semiconductors, but the effects of doping are not well-understood in halide perovskites.
We investigate the effect of Bi** and Sb>* doping in lead—tin perovskites. Films doped with small
amounts of Bils and Sbls show greatly increased non-radiative recombination at precursor doping con-
centrations as low as 1 ppm for Bi** and 1000 ppm for Sb>*. We rationalize such behaviour by density
functional theory (DFT) simulations, showing that these metal ions can be incorporated in the perovskite
crystal by introducing deep trap levels in the band gap. Having found that very small amounts of Bi®*

Received 25th May 2024, greatly reduce the optoelectronic quality of lead—tin perovskite films, we investigate the presence of Bi

Accepted 1st December 2024 impurities in perovskite precursor chemicals and find quantities approaching 1 ppm in some. In response,
we introduce a facile method for removing Bi** impurities and demonstrate removal of 100 ppm Bi from

a perovskite ink. This work demonstrates how the incorporation of small concentrations of foreign metal
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ions can severely affect film quality, raising the importance of precursor chemical purity.

1. Introduction

Lead halide perovskites (LHP) are outstanding materials for
photovoltaics due to their excellent optoelectronic properties,
such as direct band gaps, high absorption -coefficients
and long charge carrier lifetimes and diffusion lengths.
The partial replacement of lead with tin narrows the band
gap of the perovskite from 1.6 to ~1.2 eV for lead-tin ratios
around 40/60.>* Mixed lead-tin perovskites are thus promis-
ing materials for the development of single-junction as
well as all-perovskite tandem solar cells in combination with
neat LHPs.”

Compared to LHPs, however, mixed lead-tin perovskites
experience increased self-p-doping that may hinder their effi-
ciencies in solar cells. When the amount of tin is comparable to
lead, background hole densities in the range 10'*-10"7 cm™?
are reported.”” Such a wide range of reported values can be
explained by variations in processing conditions between labs,
particularly the extent of oxygen exposure before and during
film deposition, which can strongly affect the density of Sn**
vacancies. The increase in p-doping when moving from a lead-
dominant to a tin-dominant perovskite composition is mainly
due to a shift in the energy of the perovskite valence band
maximum (VBM) towards the vacuum level, inducing a stabili-
zation of the acceptor defects in the material. In parallel, the
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facile oxidation of tin(u) to tin(wv) promotes the formation of tin
vacancies, limiting the long-term stability of the material.*’

The ability to control the long-term stability and the self-p-
doping level is of central importance for the full exploitation of
lead-tin perovskites in solar cells. Reducing the background hole
density below 10" cm™® is expected to improve energetic
alignment, " as well as reduce loss pathways involving the recom-
bination of photo-excited electrons with the hole background.™
The use of SnF, and Sn metal additives has been shown to
successfully limit tin oxidation and the incorporation of Sn**
during the perovskite film deposition.”'>"* However, the magni-
tude by which these strategies can reduce self-p-doping in Sn-
based perovskites is limited.*?

Shifting the Fermi level of halide perovskites has been found
to be surprisingly challenging compared to other semiconductor
materials."* Whilst both intrinsic doping (by under- or over-
stoichiometric precursor ratios) and extrinsic doping (by the
introduction of lattice impurities) have been successfully used
to somewhat increase background carrier densities, large shifts
in Fermi level remain elusive. Theoretical investigation suggests
that this is mainly due to the facile formation of compensatory
intrinsic defects in perovskite in response to doping, and the
difficulty in finding dopants with formation energies of their
presence in the lattice much smaller than the most stable
structural defect."®

One strategy to control the p-doping and possibly increase
the stability of lead-tin perovskites while retaining the native
band gap is doping with metal ions. The incorporation of these
ions may move the Fermi level in these materials by both
directly introducing free carriers by ionization or by affecting
the formation energies of intrinsic defects, inducing a shift in
defect chemistry. Previously, heterovalent metal dopants such
as Rb*, K', Na*, Ga®" and Ag" have been demonstrated to
increase the formation energies of Sn vacancies and passivate
I" vacancies or iodine trimers, reducing non-radiative recom-
bination rates in a range of perovskite compositions.*®"*! There
have also been previous experimental indications that the
background carrier density of perovskites may be modulated
through doping, e.g. by Ga®" in lead-tin perovskites,'® and Bi**
in neat lead perovskites.>> A challenge associated with doping
is that metal ions much smaller or larger than Sn**/Pb*" are
unlikely to be incorporated in the lattice at significant
densities,”** be incorporated preferentially at interfaces,"® or
even migrate out of the perovskite structure over time, reversing
the effects of doping.”” In addition to this, the charge imbal-
ance introduced by the incorporation of heterovalent dopants is
expected to be partially compensated by the formation of
negatively charged defects such as Pb®" vacancies, A-cation
vacancies or I~ interstitials,'®** which will not only decrease
doping efficiency but may also negatively impact optoelectronic
properties. Hence, the impact of metal dopants on the Fermi
level of halide perovskites depends not only upon their ioniza-
tion energy, but also on their effect on the formation energies
of native perovskite defects.

Due to the comparable ionic radius and the similar electro-
nic structure, Bi and Sb metals appear as a natural choice for
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n-doping, and hence compensate the self-p-doping and increas-
ing the lattice stability of lead-tin perovskites. They are sug-
gested to n-dope by incorporating in the perovskite in their 3+
charge state.**** Previous experimental works, however, have
highlighted the emergence of deep trap states associated with the
Bi*" dopant in neat lead perovskites, strongly impacting the opto-
electronic properties by increased non-radiative recombination.”®>°
Such observations are in agreement with theoretical predictions.
Recent computational studies on neat-Sn perovskite composi-
tions found both Bi and Sb introduce deep recombination
levels even when lead was entirely substituted by Sn.>° The
deep ionization levels associated with the dopants shift down
in energy by moving from lead to tin perovskite, keeping their
deep nature. This is mainly due to the increase in energy of the
VBM of the perovskite moving from lead to tin. A recent
investigation on the effects of relatively large concentrations
of Bi doping (1+%) of mixed lead-tin perovskites found that Bi
also induces increased non-radiative recombination in these
materials. Although Sb®* doping has also been indicated to
slightly n-dope neat lead perovskites, it has not been as widely
explored.?*> The effects of small densities of both Bi** and
Sb*" doping on lead-tin perovskites hence remain unexplored.

In this work we investigate the impact of Bi** and Sb** metal
dopants on the optoelectronic properties of mixed lead-tin
perovskites. We explore a wide range of dopant concentrations
down to 0.01 ppm and find that Bi** doping densities as low as
1 ppm (corresponding to a Bi** density of ~10" ¢cm™* in the
film) severely quench the photoluminescence of the perovskite.
Sb** doping is also found to quench photoluminescence, but
only at significantly higher densities of 100 ppm. The observed
increase in non-radiative recombination is rationalized using
DFT simulations. These show that both Bi** and Sb®* can
incorporate into the lattice of lead-tin perovskites, but induce
deep electron traps in the band gap, similarly to what has been
previously observed in neat lead perovskites. The disastrous
impact of very small amounts of Bi*" on the optoelectronic
quality of the perovskite poses serious concerns regarding its
presence as a potential impurity in perovskite precursor che-
micals. Motivated by this, we carried out chemical impurity
analysis of different precursor powders and found that in some
precursors Bi is present in amounts that could affect perovskite
quality. In response, we develop and validate a strategy to
remove Bi’" impurities from perovskite precursor chemicals
based on reduction by Sn° metal.

24,25

2. Results & discussion

2.1 Optoelectronic quality of Bi** and Sb**-doped lead-tin
perovskite films

To investigate the effects of Bi** and Sb®" doping on the
optoelectronic properties of mixed lead-tin perovskites, we
fabricated perovskite films with 0.001 ppm (10 7% in
the precursor solution, or 1 x 10" c¢cm™> in the films) to
50000 ppm (5%, or 5 x 10" cm™?) dopant. Films were doped
by adding Bil; and SbI; (from stock solutions) to the filtered

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Schematic illustrating trivalent doping of hybrid lead—tin perovskites. Bi** or Sb®* incorporate at the substitutional Pb?* site. The partial charge
compensation by the formation of Sn?*/Pb?* vacancies is also illustrated. (b) PLQE of lead—tin perovskite films doped with small quantities of (i) Bi** or (ii)
Sb3*. (c) Absorbance around the band edge of lead—tin perovskite films doped with various amounts of Bi** and Sb®*. (d) Ultra-sensitive EQE
measurements of electrically contacted lead—tin perovskite films doped with various amounts of Bi**.

perovskite precursor solution, after which the precursor was stirred
for 60 minutes. As Sbl; was found to be less soluble in these
solvents, it could only be investigated up to a doping density of
1000 ppm (0.1%, or 1 x 10'® ecm™3). The higher concentrations of
Bi*" and Sb*" caused a clear reddish discoloration of the perovskite
precursor solution. Bi** and Sb** are expected to be incorporated
into the perovskite lattice at the metal cation position (Fig. 1a).
Although the dopant added to the precursor solution may not
entirely incorporate in the perovskite bulk at the higher concen-
trations, we expect that the density of incorporated dopant will
follow the trend of dopant precursor concentration. For example,
for Bi doping of MAPbBT; it has been shown that Bi is incorporated
into the lattice at approximately the same concentration as BiBr; in
the perovskite precursor solution.”® Throughout our paper, refer-
ences to dopant density refer to the concentration of dopant added
to the perovskite precursor solution, with respect to the sum of the
lead and tin concentrations.

Perovskite thin films were successfully deposited by solution
processing from precursors containing the Bi*" and Sb*" doping
densities described, with no significant visible differences in film
drying and curing. We characterized these films by X-ray diffraction
(XRD) (Fig. S1, ESIt) and found that the original lead-tin perovskite
phase is unchanged for all concentrations of Bi** and Sb** tested.
Optical measurements of both Bi** and Sb**-doped films confirm
this by showing no shift in band gap for the full range of doping
densities. We did observe a slight reduction in XRD scattering peak
intensity at Bi*" densities above 5000 ppm. When 50 000 ppm Bi**
was added, we also observed two new XRD peaks corresponding to
Bil;, suggesting that at this precursor concentration there is a
significant amount of excess Bi*" which is not incorporated in the

This journal is © The Royal Society of Chemistry 2025

perovskite crystal. This is consistent with previous studies on single
crystals of Bi doped MAPbBr;, where Bi incorporation could be
observed up to around 50 000 ppm doping.””*®

To map the effect of Bi* and Sb>* doping on the optoelectronic
quality of the lead-tin perovskite films, we performed steady-state
photoluminescence quantum efficiency (PLQE) measurements.
Samples were excited with a red 660 nm laser at an intensity
which resulted in an absorbed photon flux equivalent to AM 1.5 1
sun conditions for a 1.25 eV bandgap material. Surprisingly, we
found that very small amounts of Bi** doping led to a severe
decrease in the PLQE of the lead-tin perovskite films (Fig. 1b(i)),
with the addition of 1 ppm Bi** causing an ~80% reduction in
PLQE with respect to undoped samples. To confirm, we also
performed time-resolved photoluminescence (TRPL) decay mea-
surements on the same samples and fitted the tails of the decays
with a mono-exponential decay (Fig. S2, ESIt). The dynamics show
an identical trend to the PLQE, with 1 ppm Bi*" causing a ~ 10-
fold decrease in lifetime with respect to controls. This suggests
that the addition of even very small densities of Bi** severely
increases the rate of non-radiative recombination in PbSn per-
ovskites. This is consistent with previous observations of Bi**
doping in neat lead perovskites, in which 10 ppm Bi** was
observed to already reduce device performance.”®

Doping the lead-tin perovskite in the same manner with
Sb>" revealed that this dopant similarly increases non-radiative
recombination rates in the perovskite films, but at significantly
higher concentrations of 100-1000 ppm (Fig. 1b(ii)). For doping
densities that did not completely quench the photolumines-
cence (below 1 ppm for Bi** and 1000 ppm for Sb**), we found
no change in either the position or the shape of the PL
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emission peak (Fig. S3, ESIt). Whilst previous investigations of
Bi** doping in MAPbBr; observed an enhanced emission in the
region of 1000-1080 nm in the doped films,””*° we did not
observe any new emission peaks at longer wavelengths up to
our detector limit of 1400 nm.

We could not discern significant changes to the above band-
gap absorption properties, as measured by UV-vis-NIR transmis-
sion and reflectance spectrophotometry (Fig. 1c). To probe more
subtle changes that may occur in the sub-bandgap region of
the absorption onset and tail, we performed ultra-sensitive exter-
nal quantum efficiency (EQE) measurements on electrically con-
tacted Bi**-doped lead-tin perovskite films.** Films doped with
10000 ppm Bi*" show a significant broadening of the EQE onset
(Fig. 1d). This can be ascribed to increased energetic disorder,
which has previously also been observed by others in Bi**-doped
neat Pb perovskites.**>® However, for films doped with 10 ppm
Bi*', both EQE and absorptance spectra were found to be very
similar to films without any Bi*", despite the PLQE being strongly
quenched at this density. Analogously, we also observed no
change in the absorptance spectra of Sb**-doped films up to
1000 ppm density. Hence, we conclude that at impurity levels
between 1-10 ppm for Bi*" and above 100 ppm for Sb**, doping
with these elements does not affect electronic disorder to an
observable extent but does significantly increase the rate of non-
radiative recombination. This would be consistent with the Bi**
and Sb** dopants creating highly recombination-active traps in
the perovskite, which cause rapid recombination even at densities
that do not observably increase electronic disorder.

2.2 DFT simulations

To rationalize the observed impact of Bi*" and Sb** on the lead-tin
perovskite, we investigated the efficacy of their incorporation and
their effect on the electronic band structure and defect energies of
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MAPD,, 5Sn, 513 through DFT calculations. For simplicity, we have
chosen MA as the mono-valent cation for the DFT calculations.
Since the band structure near the CB minimum and VB maxima
are dominated by the divalent metal and halide orbitals, and the
crystal structure and lattice constant of a formamidinium/cesium
mixed cation perovskite is similar to the MA perovskite, we do not
expect that the choice of monovalent cation will significantly
influence the calculated defect energies induced by the group V
metal doping. Dopant equilibrium structures were obtained by
using the Perdew-Burke-Ernzherof (PBE) functional®* in the 2 x
2 x 2 supercell of the phase with densities of ~ 3%, see Computa-
tional details in ESL}

As expected, DFT analysis highlights that the incorporation
of the dopants is thermodynamically more favorable in sub-
stitutional position to Pb and Sn than other positions in the
lattice, e.g. interstitial or substitutional to the organic cation
(see Table S1 of ESIf). Furthermore, the incorporation in
substitutional position to Pb is slightly more favorable than
on the Sn site for both Bi and Sb (see Table S1 and Fig. S4,
ESIT), due to the more similar ionic radius of the dopants with
lead. Hence, our defect analysis has been focused on dopants in
substitutional position to Pb in the lattice. To provide accurate
defect properties, the defect formation energies and thermo-
dynamic ionization levels (TIL) have been calculated by using
the PBEO hybrid functional (o = 0.20)**® and by including
spin-orbit coupling (SOC), see Computational details.

In Fig. 2a the calculated defect formation energies of the
substitutional dopants in I-medium conditions of growth are
reported and compared to defect formation energies of the
most stable native defects in MAPb, sSn, sl;, i.e. Vay, Van, Ii
and V. Bi dopant is stable in the positive state of charge (+III
oxidation state) for Fermi levels up to 0.52 eV, where a deep
(+/0) transition is present and the neutral state becomes the

MASn, Pb, I,

CB

VB

Sbp,,

(a) Defect formation energies of substitutional Bip, and Sbp, dopants compared with the more stable native defects in MAPbg 5Sng sl3 (I-medium

conditions); (b) associated thermodynamic ionization levels. Defect quantities have been calculated at PBEO-SOC (o = 0.20) level of theory by including

DFT-D3 dispersions.
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(a) Equilibrium structures of the positive and neutral Bip,, Sbp, defects; (b) atom-projected density of states (PDOS) of the same defects,

highlighting the presence of deep trap states in the band gap of the perovskite (blue = |, red = Pb, green = Sn, purple = dopant). In the diagrams the VBM
energy is set to zero (dotted line). In the insets the plots of the LUMO (HOMO) Kohn-Sham (KS) orbitals of the positive (neutral) defects are reported.

stable form of the defect. In heavily n-doped perovskites (Fermi
level close to the conduction band) the negative form of the defect
is also stable. Due to the similar ionic radius of Bi** (103 pm) and
Pb>* (119 pm), Bi** incorporation in the Pb site leads to a limited
metal-iodide bond variation with respect to the pristine perovskite
(see Fig. 3a). The analysis of the projected density of states (PDOS)
of Bipy, shows that the dopant introduces a localized Kohn-Sham
(KS) level in the band gap of the perovskite placed at ~1.0 eV above
the VBM (see Fig. 3b). Such a state traps one electron upon
photoexcitation leading to an occupied KS level placed at 0.3 eV
above the VBM, after lattice relaxation (Fig. 3b). Upon the relaxa-
tion, an elongation of the Bi-I bond lengths is observed due to the
population of the antibonding state of the metal.

The in-gap nature of the LUMO state suggests that no
barriers to the trapping of the electron on the Bip, defect are

This journal is © The Royal Society of Chemistry 2025

present. We have investigated the non-radiative recombination
of the hole on the neutral Big,, defect by calculating the energy-
coordinate diagram of the neutral and positive defect along
distortion of the Bi-I bond, see Fig. S7 of ESL{ We have
highlighted in the diagram, the presence of a small barrier
(0.18 eV) to the recombination of the hole. This indicates that
the inclusion of Bi strongly increases electron trapping and
subsequent non-radiative recombination in the material.
Compared to Bi, Sb is stable in the +III oxidation state in a
wider Fermi level range, with the positive charged state being
the most stable form of the defect up to 0.92 eV above the VBM,
i.e. the position of the (+/0) deep transition, see Fig. 2. Similarly
to Bi, Sb is preferentially incorporated in the +III oxidation state
in thermodynamic equilibrium, i.e. Sbp,. Due to the smaller
radius, Sb*" introduces a slight contraction of the metal-iodide
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bonds, see Fig. 3. The analysis of the electronic structure of the (Fig. 3). The (+/0) ionization level of Sb occurs at higher energy
Sbpy, defect highlights the presence of an unoccupied orbital ~with respect to Bi, i.e. 0.9 eV vs. 0.5 €V above the VBM, high-
below the CBM that after the electron trapping leads to the lighting that Sb is a less active charge trap compared to Bi.
formation of an occupied KS level placed at ~0.6 eV above the Notably, the different behavior is attributed to the more limited
VBM, as reported in the PDOS of the neutral charged state SOC effects on the p-orbitals of the Sb with respect to Bi, since
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Fig. 4 Simulated TRPL decays and PLQE values with varying trap types and densities. TRPL and PLQE variation with (a) Bi trap density variation (0.625 eV
from CB, equal hole and electron capture coefficients of 10~8 cm?® s™4), (b) Sb trap density variation (0.3 eV from CB, equal hole and electron capture
coefficients of 1078 cm?®s™3), and (c) shallow hole trap such as Vag/s, or |7~ variation (0.15 eV from CB, asymmetrical hole and electron capture coefficients
of 1078, 107*% cm?® s * respectively) (i) without additional Bi traps and (ii) with 10*® cm ™ additional Bi traps. All additional simulation parameters are given
in the methods.
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without inclusion of relativistic effects the energy difference
between the (+/0) transitions in the two cases is around 0.1 eV,
see Fig. S4 of ESL{

In principle, the defect equilibrium obtained after the incor-
poration of the dopants could have an impact on the charge
carrier equilibrium density. In the pristine perovskite the native
Fermi level is placed at around 0.3 eV above the VBM and it is
mainly set by the equilibrium between iodine vacancies and lead
vacancies. After the incorporation of Bi and Sb the DFT calcula-
tions predict that the Fermi level shifts by 0.2 eV towards the
middle of the band gap, with a decrease in hole density of
around four orders of magnitude. If there were no other con-
sequences of the Bi or Sb doping, this significant Fermi level
shift would be advantageous.

If completely incorporated in the perovskite structure, the
addition of 1 ppm Bi*" would lead to a trap state density of
10" em ™ (substituting 0.0001% of the 10*" cm™> Pb/Sn sites
in the perovskite lattice). To investigate whether such a density
of deep defects can completely explain the observed increase
in non-radiative recombination, we performed TRPL and
PLQE simulations which are presented in Fig. 5. We find that
when modelling Bi as a mid-gap trap (0.625 eV from CB)
with symmetrical hole and electron capture coefficients of
10°® em™® s, a density of 10" cm ™ (equivalent to the full
incorporation of 1 ppm Bi) can indeed closely replicate the reductions
in PLQE and TRPL lifetimes observed in the films, with only a slight
deviation in the early-time shape of the TRPL decay.

However, performing the same simulation with a shallower
trap (0.35 eV from the CB) to simulate the effect of Sb doping
shows that the shallower energy level of Sb in the perovskite
lattice cannot completely explain the reduced impact on non-
radiative recombination (Fig. 4b). We find that the TRPL and
PLQE results can be well-reproduced when assuming that only
0.3% of the added Sb incorporates in the perovskite lattice.
Alternatively, the electron and hole capture coefficients of the
Sb defect may in reality be lower than estimated here. Based on
DFT predictions, no remarkable differences in the incorpora-
tion energies of Bi and Sb have been observed. Hence, the less
severe effect of Sb®>" doping on non-radiative recombination
rates and energetic disorder may be explained by a combi-
nation of a shallower trap energy and a kinetic hindrance to the
incorporation of Sb®>" ions which are more strongly solvated
with respect to Bi** in the precursor solution.

Defect formation energy analysis confirms that the incor-
poration of Bi and Sb is largely compensated by the formation
of lead or tin vacancies Vay/sn, while the formation of compen-
sating iodine interstitials I; shows more unfavorable thermo-
dynamics, see Table 1. Previous computational studies on neat-
lead perovskites demonstrated that non-radiative recombina-
tion on the Bip, defect is hindered by the presence of a
thermodynamic barrier to recombination. The loss of perfor-
mance of Bi-doped perovskite solar cells was instead attributed
to Fermi level shift induced by the dopant, increasing the
density of deep acceptor defects, i.e. iodine interstitials, in the
material.>” Whilst we expect Bi doping to cause a similarly large
increase in the Vihs, and I acceptor defects here, both of

This journal is © The Royal Society of Chemistry 2025

View Article Online
Paper
Table 1 Simulated incorporation reactions of Bi and Sb dopants into the

MAPbg sSng sls perovskite and associated thermodynamics calculated at
the PBEO-SOC level of theory

M = Bi M =Sb
Reaction (eV) (eV)
(R1) 3/2Pbypy, + MI; — Mpy, + 1/2Vap + 3/2Pbl, 0.12 0.14
(R2) Pbpy, + MI; — My, + I} + PbI, 0.50 0.53

these defects were previously calculated to be relatively shallow
defects in the bulk of mixed lead-tin perovskites, with a
distance from the VB not exceeding 0.15 eV.® We hence
presume that their recombination activity is limited. To test
the effect of an increase in the density of these shallow defects,
we simulated their effect on PLQE and TRPL decays (Fig. 4c).
We found that indeed, an increase in shallow defect density
could not by itself recreate the severe decrease in PLQE and
TRPL lifetime we observed without showing a very strong trap-
filling feature in the first 10 ns of the TRPL decay (not observed
in our experimental data). However, increasing the shallow
defect density in addition to a 10" ecm™> Bi trap density
produced simulations that match the experimental TRPL decay
shape better (Fig. 4c(i)). Hence, our simulations suggest that
compensatory shallow defects contribute to recombination
processes, but Bi/Sb defects determine overall non-radiative
recombination rates. This evidence, together with the small
barrier to recombination predicted by incorporation of the
dopants is thermodynamically more favorable, suggest that
the increased non-radiative recombination in of Bi- and Sb-
doped films is mainly due to the direct trapping-recombination
on the dopant sites. Encouragingly, this indicates that n-doping
Sn-containing perovskites is not always doomed to increase
non-radiative recombination, as the compensatory acceptor
defects formed seem only minimally recombination-active.

2.3 Bi*" impurities in perovskite precursor chemicals

The deleterious effect of very small amounts of Bi** doping
(1 ppm) on the optoelectronic properties of lead-tin perovskites
raises concerns about the potential presence of Bi*" as an
impurity in perovskite precursor chemicals. Even very high
purity precursors normally only quote purity to 15 ppm and
could thus have impurities on this scale (0.0001%). We tested a
range of lead-tin perovskite precursor powders for Bi and Sb
impurities by ICP-MS and were able to detect these elements to
a sensitivity of 0.01 ppm. The type, supplier, and purity of each
precursor we investigated is listed in Table S2 (ESIt), and the
absolute Bi and Sb impurity densities determined by ICP-MS
are presented in Table 2. These are representative of impurity
concentrations that can be present under the typical operating
conditions of a metal halide perovskite-producing laboratory,
under which cross-contamination cannot be fully excluded.
Even with strict fabrication procedures and cleanliness proto-
cols, contamination may occur while precursor chemicals are
stored in a glovebox area where Bi and Sb are also stored and
occasionally handled. In addition, we emphasize that at such
low impurity concentrations, batch-to-batch variation is likely
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Table 2 Bi and Sb impurity concentrations in perovskite precursor che-  Bi impurities remain in their neutral state during the synthesis
micals. determined by ICP-MS of Snl,. Bi’ is not expected to become dissolved in the per-
ovskite ink, as neither Pb®>" nor Sn®" are expected to be able to
oxidize it, and as such the presence of Bi’ impurities in

Contaminant concentration (ppm)

Sb (mean + stdev) Bi (mean =+ stdev) . . . .3t
perovskite precursor chemicals is not expected to lead to Bi
FAI 0.580 *+ 0.225 0.057 + 0.059 doping of the perovskite.
Csl 0.356 & 0.057 0.027 &£ 0.017 e g .
Pbl, 0.025 + 0.002 0.026 + 0.005 Although not demonstrated to be significant in our case,
Snl, (A) 0.204 + 0.008 Not detected (<0.01) Bi** impurities could certainly present a problem for the field of
a a

Sni, (B) 0.298 & 0.002 1.059 '+ 0.012 perovskite photovoltaics in general, particularly when large
SnF, 1.816% + 0.047 1.613% + 0.065 o )
sn(0) 0.476% + 0.010 0.198% & 0.002 quantities of precursors are needed for scaling up. We propose

a facile solution for removing Bi*" impurities by treating the
perovskite ink with a small amount of Sn° metal powder before
filtering. Both Sn and Pb are more readily oxidized than Bi,
which means that the following reaction is expected to take
place between Sn° and Bi** (eqn (1)).

¢ Signifies a minimum amount, as some solids remained after sample
digestion which were deemed insoluble in nitric acid.

and hence this data is not necessarily representative of other
batches of a certain material or supplier.
The concentration of Bi which each precursor chemical 3Sn?s) n ZBi(SJO )= ZBi?S) n SSn(ZSJI) ) (1)

would deliver to the perovskite ink (a 1.8 M dispersion of

FAo.83C80.17Pbo 58N 5T3 with 10% SnF, and 10 mg ml™" Sn°) is  Bi° is subsequently expected to precipitate out of the solution
shown in Fig. 5a. In our case, no precursors contributed and would be filtered out along with excess Sn°. To test this
significant levels of Sb (>10 ppm), but one precursor contrib- approaeh, we prepared a precursor ink and doped it with a
uted possibly significant levels of Bi (>0.1 ppm) to the large amount of Bi** (100 ppm), which would ordinarily result
solution. This was the Snl, precursor labelled ‘B’, at 0.5 ppm.  in films with very low PLQE. This concentration of Bi*" visibly
However, when we fabricated perovskite films made using this  colors the ink orange. We subsequently added 10 mg ml™* Sn°
Snl, and compared them to films made using an alternate Snl,  powder to the solution and stirred it for 1 hour (Fig. 5b). During
precursor containing no detected Bi (labelled ‘A’), we found no  the first ~20 minutes, the orange color slowly disappeared
significant difference in PLQE (Fig. S7, ESIf). One possible until the original yellow color of the precursor ink was restored.
explanation for this is that the Bi impurity could be present in  We then filtered this precursor ink and used it to fabricate
its metallic neutral state within the precursor, since ICP-MS  perovskite films. The PLQE (Fig. 5¢) of these films was compar-
cannot determine in which oxidation state a trace impurity able to undoped perovskite films. This confirms that the
exists. Sn is more readily oxidized than Bi, so it is feasible that addition of Sno powder removes BiS+ impurities from perovskite

Sno
a) 1
* stir 2 hours
€ Bi%* doped |3" free
9 Q C)
& 01¢ &
QD x
c
é é L 2 1 |
£% ¢
32 001} ¢ . =
o5 =
8 w
S
o 01¢
0.001 . : :
Q?B O‘"v\ Q‘o\"l, \%\ \?) Q N noise floor
%(\'L N . - :
Control Control + Control +
100ppm Bi  100ppm Bi

+Sn0

Fig. 5 (a) Bi density, in ppm with respect to combined Pb and Sn content, contributed to FAq g3Cs0.17Pbo 5SNg 515 perovskite precursor ink by commercial
precursor chemicals, as determined by ICP-MS. (b) Schematic illustrating treatment of Bi**-containing perovskite precursor ink with Sng powder to
reduce and remove Bi**. (c) PLQE of lead-tin perovskite films without any Bi** doping, doped with 100 ppm Bi**, and doped with 100 ppm Bi** and
subsequently treated with Sn° for 1 hour, showing complete recovery of PLQE after Sn° treatment.
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precursor inks. For neat Pb perovskites, in theory Pb® powder
can be added to achieve the same effect. Overall, we demon-
strate that although Bi impurities can be present in perovskite
precursors at significant concentrations, these can be easily
removed by reduction of Bi in the precursor solution. We note
that metallic Sn° is already a popular additive to tin-based
perovskite inks, where it is said to reduce Sn*" impurities in
solution to Sn** via comproportionation, and thus improve
device reproducibility and performance.®® It may be the case
that these improvements are also caused by the ability of
metallic Sn° to purify precursor solutions from all metallic
impurities which are less reactive than Sn.

3. Conclusion

In conclusion, we investigated the effect of Bi** and Sb** doping
in lead-tin halide perovskite and demonstrated that both
dopants strongly increase the rate of non-radiative recombina-
tion within the perovskite. Through DFT simulations, we have
shown that Bi*" and Sb®" can be stably incorporated in the
perovskite lattice in the substitutional position to Pb**, where
they directly induce deep electron trap states within the band
gap of the material. Ultimately, we conclude that the strong
charge trapping activity of Bi*" and Sb** makes them unsuitable
for use as n-dopants in tin-based perovskites.

Our experiments showed that while lead-tin perovskites are
more tolerant towards the presence of Sb®* in the perovskite
precursor, they are extremely sensitive to the incorporation of
Bi**, showing quenched photoluminescence at concentrations as
low as 1 ppm. We found that some precursors contribute bismuth
concentrations approaching 0.5 ppm to the perovskite precursor
ink but reveal that the use of these precursors did not result in
films with significantly accelerated non-radiative recombination,
possibly due to Bi impurities existing in their metallic rather than
ionic form. However, these Bi’*" impurities can be easily removed
from perovskite precursors by stirring with metallic Sn® powder.
Using this method, we demonstrate the successful removal of 100
ppm Bi from our perovskite precursor such that the electronic
quality of the resulting film is equal to that of undoped films.

This work demonstrates how very small impurity concentrations
can strongly affect films quality and hence highlights the impor-
tance of precursor chemical purity. It also raises the need to screen
potential perovskite dopants for the creation of potential trap states
that lie within the perovskite bandgap, which may vary not only by
dopant but also by perovskite composition.
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