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Abstract

Successful chemical doping of metal halide perovskites with small amounts of het-
erovalent metals has attracted recent research attention because of its potential to
improve long-term material stability and tune absorption spectra. However, some ad-
ditives have been observed to impact negatively on optoelectronic properties, highlight-
ing the importance of understanding charge-carrier behaviour in doped metal-halide
perovskites. Here, we present an investigation of charge-carrier trapping and conduc-
tion in films of MAPbBr; perovskite chemically doped with bismuth. We find that the
addition of bismuth has no effect on either the bandgap or exciton binding energy of the
MAPDBr; host. However, we observe a substantial enhancement of electron-trapping
defects upon bismuth doping, which results in an ultrafast charge-carrier decay com-
ponent, enhanced infrared emission and a notable decrease of charge-carrier mobility.
We propose that such defects arise from the current approach to Bi-doping through

addition of BiBrj;, which may enhance the presence of bromide interstitials.
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Rapid advances in the field of lead halide perovskite semiconductors over the last decade
have resulted in highly efficient perovskite-based solar cells, currently exceeding 25% power
conversion efficiency (PCE).! Such impressive progress lies in the extraordinary properties of
these materials: low exciton binding energies,?* high charge-carrier mobilities,® " low den-
sities of mainly shallow traps® and the resulting relatively long diffusion lengths of charge
carriers.” Another attractive feature of metal halide perovskites is their wide bandgap tun-
ability, e.g. through halide substitution.? To further improve the properties of the active
layer, heterovalent doping of the perovskite crystal with bismuth has been investigated in
multiple studies.'®1® All of the experimental studies followed the same procedure of dop-
ing MAPDbBr, single crystals with bismuth ions through the addition of BiBry salt to the
precursor solution, as described by Abdelhady et al.!® This method was shown to efficiently
incorporate bismuth into the perovskite structure by lead substitution (because of the simi-
larity of ionic radii and electronic structure), as indicated by plasma and flame spectroscopy
of Bi-doped single crystals of MAPbBr; perovskites.'®!! Early results indicated positive
effects of bismuth additive on the properties of the crystals, such as prolonged stability of
inorganic, caesium-based perovskites, '? a rise of electrical conductivity upon bismuth doping
of single crystals of MAPbBr,, %! improved visible-light absorption,'? and changes in the
absorption spectrum initially identified as bandgap tuning by Abdelhady et al.'® However,
some investigations have also reported that the addition of bismuth to the perovskite crystal
has negative effects on the optoelectronic properties of the semiconductor.'* 17 Subsequent
studies of MAPDbBr; crystals revealed an increase of within-gap trap states upon bismuth ad-
dition and showed the invalidity of the bandgap tuning effect. 1141819 Such additional traps
have also been shown to decrease the performance of the solar cells upon bismuth doping
of a mixed-cation, lead mixed-halide perovskite active layer.!” However, the mechanisms by
which bismuth affects the optoelectronic properties of perovskites are still poorly understood,

with only a few reports on the topic having been published in recent years.!!:!5:17:18 Sych



an understanding will be critical to the evaluation of the positive and negative trade-offs for
chemical doping of metal halide perovskites with heterovalent metals, and will further our
general understanding of how different additives may alter the properties of these materials.

In this study, we have investigated the effects of chemical doping of MAPbBr; perovskite
thin films with bismuth. We employed a variety of techniques, including photoluminescence
(PL) and absorption measurements, as well as time-resolved, ultrafast THz photoconductiv-
ity studies, to examine the energetics and dynamics of bismuth-induced charge-carrier trap-
ping in films of different doping levels. We observe an increased density of mid-bandgap, lu-
minescent trap states as well as a rise of energetic disorder upon bismuth doping of MAPbBr;,
by examining steady-state absorption and emission spectra of the thin films. We note that
the presence of these traps leads to faster recombination of photoexcited charge-carriers,
as evident from the significant reductions in band-edge photoluminescence and THz photo-
conductivity lifetimes. We also report a significant decrease of the charge-carrier mobility
when bismuth is added to the films, in accordance with the accompanying rise in energetic
disorder. Finally, we deduce that ultrafast trapping of electrons contributes significantly to
the worsening of the optoelectronic properties, as indicated by the time-dependent dynamics
of the THz photoconductivity. Therefore, the addition of bismuth leads to a significant rise
in trap-state density and energetic disorder that manifests itself in quenched PL, lowered
charge-carrier mobility and extended band tails below the absorption onset.

We begin our investigation through a careful analysis of the steady-state absorption
spectra of thin films of bismuth-doped MAPbBr,. Figure 1 displays absorption spectra for a
range of bismuth dopant percentages corresponding to the concentration of bismuth salt in
the precursor solution, as outlined in the SI. The observed changes in the absorption spectra
of Bi-doped MAPDbBr, films include an apparent redshift of the absorption onset, together
with a decreased height of the excitonic peak with increased bismuth content. In order to
examine the origin of these changes we note that the absorption spectrum of a semiconductor

has both excitonic and free electron-hole contributions, both of which are broadened due to



energetic disorder, electron-phonon interactions and natural broadening.?*?* While both
bound excitonic and free species contribute to the continuum absorption above the band
edge, the pronounced peak below the band gap is caused by the ground state of bound
excitonic states alone.

To understand why bismuth doping causes the observed decrease of the sub-gap exci-
tonic peak intensity requires detailed examination of the absorption onset according to the
theory by Elliott.?° In general, such changes could originate either from a reduction in the
strength of bound excitonic transitions because of a decrease in the exciton binding energy,
or from an increased broadening of the spectrum, which reduces the maximum intensity of
the exciton peak through spectral spreading of the excitonic oscillator strength.?* While a
reduction in excitonic binding energy will lead to an apparent blueshift of the absorption
offset, spectral broadening will conversely cause the presence of extended sub-gap tails re-
sulting from increased energetic disorder. It is therefore apparent from Figure 1 that the
latter applies, but to confirm this and dispel the previous notion of a doping-induced band
shift, 'Y we carried out a full modelling of the absorption onset with Elliott theory to dis-
tinguish clearly between such effects.?* This Elliott analysis has been previously applied to

undoped metal halide perovskites?!?*

in order to reveal information about the bandgap of
the semiconductor E, and the exciton binding energy Fj,, as well as the broadening of the
absorption spectrum (characterised by I' as explained in the SI) associated with energetic
disorder.

The inset to Figure 1 displays as solid lines fits to the absorption onset of bismuth-doped
MAPbDBr; films, based on the theory by Elliott?’ and outlined in Section 2.2 in the SI. The
extracted fitting parameters are listed in Table 1 and reveal a significant increase in the
broadening (I') of the absorption spectrum with increasing bismuth doping. Importantly,
the exciton binding energy is essentially unchanged across the range of Bi concentrations

investigated, and the spectra are well described by a single value of bandgap energy E,, here

globally optimised for all samples. Although the initial report by Abdelhady et al. con-
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Figure 1: The absorbance (negative base-10 logarithm of transmittance) of MAPbBr, thin
films with different bismuth doping levels. The inset shows Elliott fits plotted in black on
top of the experimental data for the energy range 2.2eV-2.5eV, offset vertically for each
sample for better visibility. The parameters obtained from the fits are shown in Table 1.
Full details of the fitting procedure can be found in the SI.

Table 1: Fitting parameters obtained from Elliott fits to the absorption on-
set spectra of Bi-doped MAPbBr; films shown in the inset of Figure 1. The
bandgap energy E, was optimised globally for all samples, with exciton binding
energy F}, and broadening parameter [' left as free parameters for each doping
concentration.

Bi doping Ey (meV) E, (eV) T (meV)

0% 34.8 2.38 30.1
0.1% 33.3 2.38 30.7
0.5% 33.3 2.38 42.7
1.0% 32.6 2.38 43.7
5.0% 33.5 2.38 95.1




cluded that bandgap narrowing occurs upon bismuth doping,!® our results clearly indicate
that the effect of bismuth is in fact limited to a broadening of the absorption onset due to
energetic disorder, in agreement with previous reports investigating single crystal absorp-
tion via sensitive ellipsometry measurements.'* Our detailed Elliott fits further prove that
intrinsic parameters such as exciton binding energy and band gap energy are unaffected by
Bi-doping of MAPbBr,, making the observed changes an entirely extrinsic effect.

To further investigate whether the increase in energetic broadening with bismuth doping
may be correlated with the introduction of additional defect states, we recorded steady-state
photoluminescence spectra from photoexcited films. Figure 2 reveals that for MAPbBr,
thin films measured in vacuum, bismuth doping leads to a quenching of the band-edge PL
emission, a small blueshift of this emission peak (shifting by about 10 nm across the sample
set), as well as a significant enhancement of an infrared (IR) emission band associated with
radiative recombination of charge carriers from states within the band gap. The observation
of the band-edge PL blueshift reinforces the conclusion that no bandgap narrowing occurs
upon bismuth doping of the perovskite crystal. The observed blueshift is instead most likely

1825 given that bismuth

associated with lowered photon reabsorption in the doped films,
doping induces faster charge-carrier trapping (see below), and therefore carriers generated
initially nearer the front surface have insufficient time to diffuse deeper into the bulk of the
thin film.

To examine the origin of the observed below-gap infrared PL emission band, we note that
PL spectra measured in air and shown in Figure S1 in the Supporting Information clearly
reveal this band to be present for both the bismuth doped films as well as the undoped mate-
rial, although its intensity is considerably stronger in the former. This observation suggests
that the trapping mechanism is not exclusively caused by the chemical bismuth doping, but
rather originates from traps that can generally be present in MAPbBr; and are strongly

enhanced through the bismuth-doping process. Motti et al.?® previously investigated such

broadband IR emission from MAPbBr; perovskites in the absence of bismuth doping and
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Figure 2: PL spectra of Bi-doped MAPbBr, thin films photoexcited at 400 nm, measured
in vacuum. The band-edge emission can be seen at 530 nm and the sub-bandgap emission
band from trap states at around 1000 nm. Significant quenching of the band-edge PL with
bismuth doping can be observed, together with an overall enhancement of IR emission in
the doped films. The relative intensities of the IR to visible peaks are arbitrary.

found it to be associated with the recombination of charge carriers trapped by native point
defects in the crystal structure. Their work identified electron-trapping defects originating
from lead vacancies and halide interstitials as the cause of the IR emission, based on density
functional theory (DFT) calculations and analysis of the dynamics of charge-carrier trapping
in MAPDbBr, films interfaced with either hole- or electron-extraction layers. Since for the
case of Bi-doped MAPbBr; films under investigation here, the intensity of such IR emission
is enhanced following bismuth doping, we propose that the preparation pathway of these
bismuth-doped materials leads to enhanced electron traps of a similar origin, although a
new defect band directly attributable to bismuth cannot be entirely excluded as a cause. %

The observed energetic disorder and enhanced trap-state emission upon bismuth dop-
ing of MAPbBr, perovskites may be linked with the short lifetimes of photoluminescence
observed for bismuth-doped MAPbBr;. 11518 To investigate such correlations, we further
analyse the charge-carrier dynamics in these bismuth-doped perovskite films. We examine

the temporal behaviour of the photoluminescence using the time-correlated single photon

counting (TCSPC) technique (details given in SI). The decay of the band-edge photolumi-



nescence displayed in Figure 3 shows a shortening of the PL lifetimes in the bismuth-doped
films compared to the pristine perovskite, to time scales that are limited by the response of
the detector (shown in Figure S2 in the SI). Therefore, the lack of variation of PL lifetimes be-
tween films with different doping levels likely originates from the limited time resolution of the
measurement. In the inset of Figure 3, we contrast the dynamics of the band-edge emission
with those observed for the below-gap, broad IR emission band, for the 0.1% bismuth-doped
MAPDBBr; film. Similar to previous observations for MAPbBr,; perovskite in the absence of
bismuth doping,?® the IR emission transient exhibits a slowly rising onset and a relatively
long lifetime. The slow rise matches the timescale of the decay of the band-edge emission,
suggesting that the population of charge-carriers emitting in the IR is fed by trapping of
free charge-carriers emitting just below the band edge. It is also evident that this electron
trapping mechanism makes a significant contribution to the overall decay of the photoex-
cited charge-carrier population. Overall, these transients support the hypothesis that the
enhanced IR emission in the doped films is caused by the selective trapping of electrons and
their subsequent radiative recombination with free holes.

As the next step, we examined the dynamics of the photoexcited charge carriers with
higher temporal resolution, employing the Optical-Pump THz-Probe (OPTP) technique, as
described previously by Wehrenfennig et al.® and outlined in the SI. This approach allows
the recording of the time-resolved THz photoconductivity following excitation with short
(351fs) laser pulses for a range of fluences, as shown in Figure 4 for MAPbBr, films with
bismuth doping levels of 0%, 0.1% and 5%. Since the measured photoconductivity of the
sample is proportional to the charge-carrier density, OPTP is a direct, non-contact probe of
the photoexcited charge-carrier population in the perovskite thin films.

As previously described by Herz, 2" in hybrid perovskites, the room-temperature decay dy-
namics of a charge-carrier population (n.) after photoexcitation mostly depend on the con-
tribution from three recombination pathways: monomolecular (trap-assisted) recombination

with rate kp, bimolecular (band-to-band) electron-hole recombination (with rate kone.), and
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Figure 3: Time-resolved photoluminescence (TRPL) of bismuth-doped MAPbBr, thin films
measured in vacuum with time-correlated single photon counting (TCSPC) setup, following
a photoexcitation at 400 nm at a fluence of 40nJ/cm?. The decay traces are limited by the
instrument response function of the detector, shown in the SI. The dotted black line repre-
sents the modelled PL decay as discussed in the main text. The inset shows a comparison
of TRPL measured at 530 nm (band-edge) and 900 nm (sub-bandgap) for MAPbBr; doped
with 0.1% Bi, shown on a linear vertical scale for clarity.

many-body (Auger) recombination (ksn?). However, as Auger recombination is a higher-
order process, its contribution can often be neglected for hybrid perovskites when relatively

3

low charge-carrier densities of n.. < 10*%cm™3 are employed (since for these densities, the

rate ksn?, << kone. for typical values of ky and k3 measured for lead-halide perovskites). 2830
This condition is satisfied for the excitation fluences used in our study (since the highest used
fluence of 17.5 uJ /em? corresponds to a photoexcited charge-carrier density of ~ 1018 cm™3)
and we have therefore neglected Auger recombination in our analysis of the charge-carrier
dynamics below.

Given that our above considerations suggest the occurrence of selective fast trapping
of electrons in bismuth-doped MAPbBr, films, our model of the observed recombination

dynamics needs to account for different rates of trap-mediated decays for photoexcited elec-

trons and holes. In this case, the population densities of electrons (n) and holes (p) can be

10
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Figure 4: THz photoconductivity decays obtained from OPTP measurements in vacuum
for Bi-doped MAPDbBr; thin films. The data (hoops) for the (A) undoped (0% Bi doping)
sample were globally fitted with a solution to Equation 3 (given by Equation S6 in the SI),
as explained in the main text. Equation 9 (a bi-exponential decay) was used for the doped
samples containing 0.1% (B) and 5% (C) bismuth doping. The fits are shown as solid lines.
The indicated effective charge-carrier mobilities (p) are extracted from the time= 0 onset
of the photocoductivity and represent the sum of effective electron and hole mobilities. The
indicated uncertainty is calculated from the standard deviation of the values recorded for
different pump fluences. The full set of decay traces for all samples can be found in the SI.
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described by the coupled differential equations:

8n_

i —kin — konp (1)
dp
o —ky'p — kanp (2)

where k¢ and kP are the trap-assisted recombination rates for electrons and holes, respectively,
and ko is the bimolecular recombination rate constant. However, we can further simplify
these equations for the two cases of undoped, and bismuth-doped MAPDbBr,, given that
clear changes occur in the shape of the transients (see Figure 4) and their fluence dependence
(Figure S3 in the SI) upon bismuth doping.

First, for the case of the undoped (0% Bi) MAPbBr,; film the charge-carrier dynamics
exhibit large fluence dependence (see Figure S3 in the SI for normalised curves), suggesting
a significant contribution of bimolecular electron-hole recombination to the overall decay
dynamics. Furthermore, at low pump fluences, the transients exhibit a monoexponential
decay, indicating that the electron and hole monomolecular recombination constants can be
approximated to be identical, k¢ = kP = ki, resulting in Equations 1 and 2 being reduced to
a single equation:

ANee 9

dt = —klncc - ]fgncc (3)

where n.. = n = p is the charge-carrier population density of either electrons or holes.
Figure 4 shows that fits to the photoconductivity (o n.) transients of the undoped (0% Bi)
MAPDBBr; film (solid lines) based on this model (as explained in the SI), assuming global
values of ki and ks across all fluences, provide an excellent match with the experimental
data, confirming our assumptions of balanced electron and hole recombination rates.
Second, for the case of bismuth-doped MAPbBr; films, the charge-carrier dynamics ex-
hibit very little dependence on excitation fluence (see Figure S3 in the SI), which indicates

that trap-mediated (monomolecular) recombination now dominates over bimolecular recom-
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bination pathways, in agreement with the observed severe suppression of the PL intensity
for doped films (see Figures 2 and S1). In this case, the bimolecular recombination pathway

can be neglected, simplifying Equations 1 and 2 to:

dn

20 e 4
dt kin ( )
dp B b

Equations 4 and 5 have simple monoexponential solutions for the charge-carrier populations,
given by:

n = ngexp(—kjt) (6)
p = no exp(—ki't) (7)

where ng is the initial number of electron-hole pairs straight after photoexcitation. Within
the simple Drude model, the electron-hole sum photoconductivity o determined in the OPTP
measurements® is equal to the sum of the individual products of electron and hole population

densities and their respective mobilities:

o(t) = pen(t)e + pmp(t)e (8)

where p, and py are the mobilities of electrons and holes respectively, assumed to be un-
changed over the timescales of the measurements. Equations 6, 7 and 8 thus imply a bi-
exponential decay of the THz photoconductivity in the case of bismuth-doped MAPbBr,

thin films:

a(t) = noelpe exp (—kit) + m exp (—ki't)] 9)

As Figure S3 in the SI illustrates, the photoconductivity in bismuth-doped films indeed de-
viates from a simple monoexponential behaviour, even at low pump fluences, showing that

doping leads to imbalanced electron and hole decay dynamics, through an enhancement of

13



selective, ultrafast electron trapping. This selective trapping, together with slow recombina-
tion dynamics with free holes manifest itself in bi-exponential photoconductivity decays. We
note, however, that the shape of the photoconductivity transients significantly differs from
that observed for time-resolved band-edge PL decays. This difference originates from the
fact that while the photoconductivity measurement is sensitive to the sum of the contribu-
tions of electron and hole populations (whose different decay rates result in bi-exponential
photoconductivity decay), the band-edge PL originates from the radiative recombination of
free electrons with holes. Therefore, the PL intensity Ipr, is proportional to the product of
electron and hole populations, which, even for imbalanced trapping, results in monoexpo-
nential PL intensity transients with rate equal to the sum of the individual decay rates of

electrons and holes (k§ + kb):

Ipr(t) o< kan(t)p(t) = kz exp (—[kS + k1]t). (10)

To probe the validity of the fast, selective trapping model for bismuth-doped MAPbBr,
thin films, we first fitted the OPTP photoconductivity transients with Eqn. 9 in order to
obtain the decay constants k$ and k%, then used these to validate that they also accurately
reflected the PL dynamics according to Eqn. 10. Figure 4 B and C shows excellent agree-
ment between the selective trapping model and the photoconductivity data, which reflects
the strongly bi-exponential decay of the photoconductivity according to Equation 9. Values
for the extracted decay constants k$ and kY have been plotted against the percentage of
bismuth doping in Figure 5. The faster decay component was assigned to the rapid trapping
of electrons (k§), based on existing literature investigating the nature of native defects in
undoped MAPDbBr; thin films.?® We then ascertained that these extracted monomolecular
rate constants are consistent with the time-resolved photoluminescence transients shown in
Figure 3. For this purpose, the dotted black line in Figure 3 represents the expected decay

of the PL signal for the doped films, as calculated from Equation 10 using the monomolec-
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ular constants extracted from OPTP data. We note that this predicted PL decay generally
reflects the data well, but is slightly faster because the TCSPC measurements are limited
by the instrument response of our detector (sub-nanosecond, as shown in Figure S2 the
SI). Our observations of the temporal behaviour of the photoconductivity as well as the
photoluminescence in doped and undoped MAPbBr, thin films thus support the notion that
bismuth doping enhances selective trapping of one charge-carrier species following photoexci-
tation. Such fast electron trapping leads to an initial rapid decrease of the photoconductivity
(o< [pen + pnp]), which subsequently decays slowly due to hole trapping as well as recombi-
nation of trapped electrons with free holes. These effects together lead, however, to a rapid
quenching of PL intensity (o< kopn).

The OPTP photoconductivity measurements not only allow us to investigate the dy-
namics of charge-carrier populations but also their mobilities, since the photoconductivity
of the thin film depends on the product of these two quantities. By estimating the initial
density of charge-carrier pairs ng, we are able to obtain the sum of the electron and hole
mobilities from the onset of the photoconductivity at time ¢ = 0, according to Equation 9.
Here, the initial density ng is determined from the absorption of the films at the excitation
wavelength, under the assumption that each absorbed photon photoexcites one electron-hole
pair.® Figure 5 displays the extracted values of the electron-hole sum mobilities. We observe
a significant decrease of charge-carrier mobility with bismuth doping, which we attribute to
an increased presence of charged defects in the doped films that enhance the scattering rate
of charge carriers. We note that this reduction of charge-carrier mobility correlates with the
observed broadening of the absorption spectra discussed earlier (see Figure 5 A&B), which
is expected, given that the presence of charged defects will also lead to additional energetic
disorder in the bismuth-doped perovskite films.

In addition, we find that our photoconductivity transients of the doped perovskite films
also permit us to deduce the ratio of electron to hole mobilities, by exploiting the different

dynamics of the photoexcited charge-carrier species. As Equation 9 shows, this electron-
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hole mobility ratio is determined by the relative amplitudes of the two monoexponential
decay components of the individual carrier species that comprise the overall bi-exponential
photoconductivity transient. To obtain an accurate value for the mobility ratio we performed
a globally optimised fitting procedure for transients recorded for all the doped samples and
excitation fluences as outlined in the SI. We determined a ratio of f:—z = 1.0£0.2, indicating
highly balanced electron and hole mobilities in MAPbBr, with relatively strong experimental
accuracy. We note that a value of 5_} = 1 has been therefore used for all fits to the presented
OPTP transients of the doped perovskites. To put these findings into context we note
that, for lead-halide perovskites, numerous theoretical calculations indicate similarity of
electron and hole effective masses,?3® implying balanced mobilities under the assumption
that scattering rates for the charge carriers are also similar. Thus, our findings provide
experimental evidence that bromide perovskites exhibit balanced mobilities, which, together
with existing calculations on their masses, suggests that scattering rates are also similar for
the two species.

Overall, based on our observations, we deduce that bismuth doping increases the density
of point defect states in thin films of MAPbBr, perovskites. These defects trap the major-
ity of photoexcited electrons on ultrafast timescales (107!%s) and act as scattering centres
for the photoexcited charge carriers, reducing their lifetimes and mobilities. Unfortunately,
bismuth also cannot be used as a tool for bandgap engineering in these materials, as its
presence affects neither the exciton binding energy nor the bandgap energy of the semi-
conductor. These conclusions can be drawn from our observations summarised in Figure 5,
which shows an increase of the absorption edge broadening (I') indicating enhanced energetic
disorder in the films and a decrease of charge-carrier mobility (u), originating from higher
scattering rates from defects with increasing bismuth doping of MAPbBr;. The exciton
binding energy (E}) and bandgap of the semiconductors remain unaffected by doping. The
trap-assisted recombination rates for electrons (k¢) and holes (k@) increase sharply upon

doping MAPbBr; even when a small amount (0.1%) of the chemical dopant is used. We
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note that upon further increase of doping level, k$ and kY do not rise significantly more,
indicating that the number of defects introduced into the films is not directly proportional
to the amount of dopant added. Since Abdelhady et al. have shown that the number of
Bi ions incorporated into the crystalline structure of the perovskite grows linearly with the
concentration of added BiBr; salt,!® we suspect that the heterovalent ions are not directly
acting as electron-trapping defects. We rather propose that a halide excess associated with
BiBr; addition leads to an enhancement of bromide interstitial formation. These halide in-
terstitials have been shown by Motti et al.20 to trap electrons on ultrafast timescales and
to result in weak IR emission caused by slow recombination of trapped electrons with free
holes, even in undoped MAPDbBr,; perovskites. Because the IR emission in our undoped
MAPDBr, film has the same spectral shape as the sub-bandgap PL in the doped films, we
suggest that these native halide interstitials are responsible for enhanced electron trapping
observed in bismuth-doped perovskites, resulting in the observed bi-exponential decay of the
photoconductivity, quenching of steady-state PL intensity and time-resolved PL lifetimes
and significant enhancement of IR photoluminescence. Although we cannot definitively ex-
clude the possibility of bismuth ions forming new defect states of similar energy,'® we believe
our data provides strong evidence that the deterioration is instead caused by an associated
presence of halide interstitials.

Finally, we comment on the question of the influence of structural disorder on increasing
the charge-carrier recombination rates in Bi-doped perovskites, which still has not been
answered in the literature. 114151718 We find that both the crystallinity of the films and
the lattice constant of the perovskite crystals remain unaltered upon bismuth doping of
MAPDBBr;. Our analysis of the XRD spectra of the films reveal no broadening or shifts of
the diffraction peaks when bismuth is added (see Figures S6-S8 in the SI). Moreover, the
optical phonon modes of the lead-bromide lattice remain unaffected by doping, as can be
seen from THz dark conductivity measurement shown in Figure S9 in the SI. These data

suggest that bismuth doping induces few structural changes, and the observed energetic
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Figure 5: Dependence of structural and dynamical parameters on Bi doping of MAPbBr,
thin films. (A) Broadening of the absorption spectrum I' (yellow diamonds) and the exciton
binding energy E}, (purple circles), obtained from fits of the Elliott model to FTIR absorption
spectra. (B) Electron-hole sum mobility u (red squares), extracted from the initial value
of the photoconductivity. The error corresponds to the standard deviation of the values
obtained for different excitation fluences. (C) Monomolecular decay rates extracted from fits
to the OPTP transients. For the undoped MAPbBr; films, a single value of k; (magenta
right-pointing triangle) was extracted for both electrons and holes, based on the fits of
Equation S6 (shown in the SI) to the OPTP transients. For bismuth-doped MAPbBr,
films, decay rates k¢ (blue up-pointing triangle) and k@' (green down-pointing triangle) were
extracted from fits of a bi-exponential function according to Equation 9. The monomolecular
decay rates k$ and k@' were assigned to initial fast trapping of electrons and slow decay of
photoexcited holes population respectively. Dotted lines are a guide to the eye only.
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broadening and accelerated charge-carrier decay must instead derive from an introduction
of point defect states into the perovskite films.

In conclusion, we have investigated the effect of bismuth doping on thin films of MAPbBr,
perovskite. As the thin film technology is commonly used in solar cell devices, our results are
directly relevant to the rapidly evolving field of perovskite photovoltaics and light-emitting
applications. The initial reports of successful bismuth incorporation into perovskites indi-

12,13 and could be

cated that bismuth doping can improve the properties of the semiconductor
used as a tool for bandgap tuning in MAPbBr; crystals.!® However, we have found that the
addition of bismuth to the MAPbBr, thin films increases the energetic disorder in these semi-
conductors, without affecting the bandgap, exciton binding energy or structural properties of
the crystal. Bismuth doping also lowers charge-carrier mobilities and increases monomolec-
ular recombination rates, which in turn decreases the charge-carrier diffusion length. Such
effects are potentially detrimental to the performance of the perovskite layer, raising concerns
over the use of bismuth for PV applications.

Although our results present bismuth-doped MAPbBr; as a poorly performing material
for the absorption layer in solar cells, they also provide valuable insights into the mecha-
nism of charge-carrier trapping in these semiconductors. This understanding may lead to
a performance improvement of doped perovskites used in photovoltaics. As the main route
of charge-carrier recombination in Bi-doped MAPbBr; is through a selective trapping of
electrons, reducing the density of the point defects could result in prolonged charge-carrier
lifetimes, enhanced charge-carrier mobilities and diffusion lengths. Such an improvement of
the optoelectronic properties of Bi-doped perovskites, together with previously reported sta-
bility and doping-induced rise of conductivity, would make bismuth a potentially interesting
additive. Therefore, it is important to find additional agents to prevent the formation of
point defects, such as halide interstitials, in these materials. We note in this context that all
recent studies used the addition of BiBry salt to the precursor solution as a route of bismuth

doping, 19121415 which, as suggested by Abdelhady et al.,'° results in a controlled incorpo-
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ration of Bi into the perovskite crystal. However, since this method results in a bromide
excess during deposition, we propose that other ways of Bi doping should be investigated
to avoid the potential enhancement of bromide interstitial formation. Different heterova-
lent doping schemes should also be investigated in order to identify dopants that do not
reduce the optoelectronic performance — as for example Ce," used in inorganic perovskites 3¢
or SnF, for tin perovskites.?® Overall, our study provides a framework for the analysis of
doping effects in hybrid perovskites, which will further the assessment of such schemes for

tuning the optoelectronic properties of the active layer in perovskite solar cells.
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