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ABSTRACT: Successful chemical doping of metal halide perovskites with small
amounts of heterovalent metals has attracted recent research attention because of its
potential to improve long-term material stability and tune absorption spectra. However,
some additives have been observed to impact negatively on optoelectronic properties,
highlighting the importance of understanding charge-carrier behavior in doped metal
halide perovskites. Here, we present an investigation of charge-carrier trapping and
conduction in films of MAPbBr3 perovskite chemically doped with bismuth. We find
that the addition of bismuth has no effect on either the band gap or exciton binding
energy of the MAPbBr3 host. However, we observe a substantial enhancement of
electron-trapping defects upon bismuth doping, which results in an ultrafast charge-
carrier decay component, 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 BiBr3, which may enhance the presence of bromide
interstitials.

Rapid advances in the field of lead halide perovskite
semiconductors over the past decade have resulted in

highly efficient perovskite-based solar cells, currently exceeding
25% power conversion efficiency (PCE).1 Such impressive
progress lies in the extraordinary properties of these materials:
low exciton binding energies,2−4 high charge-carrier mobi-
lities,5−7 low densities of mainly shallow traps,8 and the
resulting relatively long diffusion lengths of charge carriers.7

Another attractive feature of metal halide perovskites is their
wide band gap tunability, e.g. through halide substitution.9 To
further improve the properties of the active layer, heterovalent
doping of the perovskite crystal with bismuth has been
investigated in multiple studies.10−19 All of the experimental
studies followed the same procedure of doping MAPbBr3
single crystals with bismuth ions through the addition of
BiBr3 salt to the precursor solution, as described by Abdelhady
et al.10 This method was shown to efficiently incorporate
bismuth into the perovskite structure by lead substitution
(because of the similarity of their ionic radii and electronic
structures), as indicated by plasma and flame spectroscopy of
Bi-doped single crystals of MAPbBr3 perovskites.10,11 Early
results indicated positive effects of bismuth additive on the
properties of the crystals, such as prolonged stability of
inorganic, cesium-based perovskites;13 a rise of electrical
conductivity upon bismuth doping of single crystals of
MAPbBr3;

10,11 improved visible-light absorption;12 and
changes in the absorption spectrum initially identified as

band gap tuning by Abdelhady et al.10 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.14−17 Subse-
quent studies of MAPbBr3 crystals revealed an increase of
within-gap trap states upon bismuth addition and showed the
invalidity of the band gap tuning effect.11,14,18,19 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.17

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.11,15,17,18 Such 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.
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In this study, we have investigated the effects of chemical
doping of MAPbBr3 perovskite thin films with bismuth. We
employed a variety of techniques, including photolumines-
cence (PL) and absorption measurements, as well as time-
resolved, ultrafast THz photoconductivity studies, to examine
the energetics and dynamics of bismuth-induced charge-carrier
trapping in films of different doping levels. We observe an
increased density of mid-band gap, luminescent trap states as
well as a rise of energetic disorder upon bismuth doping of
MAPbBr3 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 photoconductivity 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
MAPbBr3. Figure 1 displays absorption spectra for a range of

bismuth dopant percentages corresponding to the concen-
tration of bismuth salt in the precursor solution, as outlined in
the Supporting Information. The observed changes in the
absorption spectra of Bi-doped MAPbBr3 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 because of energetic disorder, electron−phonon
interactions, and natural broadening.20−23 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 subgap excitonic peak intensity requires
detailed examination of the absorption onset according to
the theory by Elliott.20 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.24 While a
reduction in excitonic binding energy will lead to an apparent
blueshift of the absorption onset, spectral broadening will
conversely cause the presence of extended subgap tails
resulting 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
gap shift,10 we carried out a full modeling of the absorption
onset with Elliott theory to distinguish clearly between such
effects.24 This Elliott analysis has been previously applied to
undoped metal halide perovskites21,24 in order to reveal
information about the band gap of the semiconductor (Eg) and
the exciton binding energy (Eb), as well as the broadening of
the absorption spectrum (characterized by Γ as explained in
the Supporting Information) associated with energetic
disorder.
The inset to Figure 1 displays as solid lines fits to the

absorption onset of bismuth-doped MAPbBr3 films, based on
the theory by Elliott20 and outlined in section 2.2 in the
Supporting Information. The extracted fitting parameters are
listed in Table 1 and reveal a significant increase in the

broadening (Γ) 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 band gap energy Eg, here globally optimized for all
samples. Although the initial report by Abdelhady et al.
concluded that band gap narrowing occurs upon bismuth
doping,10 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 absorption via sensitive ellipsometry
measurements.14 Our detailed Elliott fits further prove that
intrinsic parameters such as exciton binding energy and band
gap energy are unaffected by Bi-doping of MAPbBr3, 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

Figure 1. Absorbance (negative base-10 logarithm of internal
transmittance) of MAPbBr3 thin films with different bismuth doping
levels. The inset shows Elliott fits plotted in black on top of the
experimental data for the photon energy range 2.2−2.5 eV, 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 Supporting Information.

Table 1. Fitting Parameters Obtained from Elliott Fits to
the Absorption Onset Spectra of Bi-Doped MAPbBr3 Films
Shown in the Inset of Figure 1a

Bi doping Eb (meV) Eg (eV) Γ (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 55.1

aThe band gap energy, Eg, was optimized globally for all samples, with
exciton binding energy, Eb, and broadening parameter, Γ, left as free
parameters for each doping concentration.
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introduction of additional defect states, we recorded steady-
state photoluminescence spectra from photoexcited films.
Figure 2 reveals that for MAPbBr3 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 band gap narrowing
occurs upon bismuth doping of the perovskite crystal. The
observed blueshift is instead most likely associated with
lowered photon reabsorption in the doped films,18,25 given that
bismuth 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 material, 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 MAPbBr3 and are strongly
enhanced through the bismuth-doping process. Motti et al.26

previously investigated such broadband IR emission from
MAPbBr3 perovskites in the absence of bismuth doping and
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 MAPbBr3 films interfaced with either hole- or
electron-extraction layers. Because the intensity of such IR
emission is enhanced following bismuth doping for the case of

Bi-doped MAPbBr3 films under investigation here, 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.16

The observed energetic disorder and enhanced trap-state
emission upon bismuth doping of MAPbBr3 perovskites may
be linked with the short lifetimes of photoluminescence
observed for bismuth-doped MAPbBr3.

11,15,18 To investigate
such correlations, we further analyze the charge-carrier
dynamics in these bismuth-doped perovskite films. We
examine the temporal behavior of the photoluminescence
using the time-correlated single photon counting (TCSPC)
technique (details given in the Supporting Information). The
decay of the band-edge photoluminescence 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 Supporting Information). Therefore, the lack of
variation of PL lifetimes between 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 MAPbBr3 film. Similar to previous observations for
MAPbBr3 perovskite in the absence of bismuth doping,26 the
IR emission transient exhibits a slowly rising onset and a
relatively long lifetime. The slow rise matches the time scale 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
photoexcited charge-carrier population. Overall, these tran-

Figure 2. PL spectra of Bi-doped MAPbBr3 thin films photoexcited at
400 nm, measured in vacuum. The band-edge emission can be seen at
530 nm and the sub-band gap 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 enhance-
ment of IR emission in the doped films. The relative intensities of the
IR to visible peaks are arbitrary.

Figure 3. Time-resolved photoluminescence (TRPL) of bismuth-
doped MAPbBr3 thin films measured in vacuum with time-correlated
single-photon counting (TCSPC) setup, following a photoexcitation
at 400 nm at a fluence of 40 nJ/cm2. The decay traces of band-edge
photoluminescence, measured at 530 nm, are limited by the
instrument response function of the detector, shown in the
Supporting Information. The dotted black line represents the
modeled 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-band gap) for MAPbBr3 doped with 0.1% Bi, shown on a linear
vertical scale for clarity.
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sients 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.6 and outlined in
the Supporting Information. This approach allows the
recording of the time-resolved THz photoconductivity
following excitation with short (35 fs) laser pulses for a
range of fluences, as shown in Figure 4 for MAPbBr3 films with

bismuth doping levels of 0%, 0.1%, and 5%. Because the
measured photoconductivity of the sample is proportional to
the charge-carrier density, OPTP is a direct, noncontact probe
of the photoexcited charge-carrier population in the perovskite
thin films.
As previously described by Herz,27 in hybrid perovskites, the

room-temperature decay dynamics of a charge-carrier pop-
ulation (ncc) after photoexcitation mostly depend on the
contribution from three recombination pathways: monomo-
lecular (trap-assisted) recombination with rate k1, bimolecular

(band-to-band) electron−hole recombination (with rate k2ncc),
and many-body (Auger) recombination (k3ncc

2 ). However, as
Auger recombination is a higher-order process, its contribution
can often be neglected for hybrid perovskites when relatively
low charge-carrier densities of ncc < 1020 cm−3 are employed
(because for these densities, the rate k3ncc

2 ≪ k2ncc for typical
values of k2 and k3 measured for lead halide perovskites).28−30

This condition is satisfied for the excitation fluences used in
our study (because the highest used fluence of 17.5 μJ/cm2

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
MAPbBr3 films, our model of the observed recombination
dynamics needs to account for different rates of trap-mediated
decays for photoexcited electrons and holes. In this case, the
population densities of electrons (n) and holes (p) can be
described by the coupled differential equations:

n
t

k n k np1
e

2
∂
∂

= − −
(1)

p
t

k p k np1
h

2
∂
∂

= − −
(2)

where k1
e and k1

h are the trap-assisted recombination rates for
electrons and holes, respectively, and k2 is the bimolecular
recombination rate constant. However, we can further simplify
these equations for the two cases of undoped and bismuth-
doped MAPbBr3, given that clear changes occur in the shape of
the transients (see Figure 4) and their fluence dependence
(Figure S3 in the Supporting Information) upon bismuth
doping.
First, for the case of the undoped (0% Bi) MAPbBr3 film,

the charge-carrier dynamics exhibit large fluence dependence
(see Figure S3 in the Supporting Information for normalized
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, k1

e = k1
h = k1, resulting in eqs 1 and 2 being

reduced to a single equation:

n
t

k n k n
d
d

cc
1 cc 2 cc

2= − −
(3)

where ncc = n = p is the charge-carrier population density of
either electrons or holes. Figure 4A shows that fits to the
photoconductivity (∝ ncc) transients of the undoped (0% Bi)
MAPbBr3 film (solid lines) based on this model (as explained
in the Supporting Information), assuming global values of k1
and k2 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 MAPbBr3 films, the

charge-carrier dynamics exhibit very little dependence on
excitation fluence (see Figure S3 in the Supporting
Information), which indicates that trap-mediated (monomo-
lecular) recombination now dominates over bimolecular
recombination 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 eqs 1 and 2 to

Figure 4. THz photoconductivity decays obtained from OPTP
measurements in vacuum for Bi-doped MAPbBr3 thin films. The data
(hoops) for the (A) undoped (0% Bi doping) sample were globally
fitted with a solution to eq 3 (given by eq S6 in the Supporting
Information), as explained in the main text. Equation 9 (a
biexponential 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 (μ) 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 Supporting Information.
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Equations 4 and 5 have simple monoexponential solutions for
the charge-carrier populations, given by

n n k texp( )0 1
e= − (6)

p n k texp( )0 1
h= − (7)

where n0 is the initial number of electron−hole pairs straight
after photoexcitation. Within the simple Drude model, the
electron−hole sum photoconductivity (σ) determined in the
OPTP measurements6 is proportional to the sum of the
individual products of electron and hole population densities
and their respective mobilities:

t n t e p t e( ) ( ) ( )e hσ μ μ= + (8)

where μe and μh are the mobilities of electrons and holes,
respectively, assumed to be unchanged over the time scales of
the measurements, and e is the elementary charge. Equations 6,
7, and 8 thus imply a biexponential decay of the THz
photoconductivity in the case of bismuth-doped MAPbBr3 thin
films:

t n e k t k t( ) exp( ) exp( )0 e 1
e

h 1
hσ μ μ= [ − + − ] (9)

As Figure S3 in the Supporting Information illustrates, the
photoconductivity in bismuth-doped films indeed deviates
from a simple monoexponential behavior, even at low pump
fluences, showing that doping leads to imbalanced electron and
hole decay dynamics, through an enhancement of selective,
ultrafast electron trapping. This selective trapping, together
with slow recombination dynamics with free holes, manifests
itself in biexponential 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 contributions of electron and hole populations
(whose different decay rates result in biexponential photo-
conductivity decay), the band-edge PL originates from the
radiative recombination of free electrons with holes. Therefore,
the PL intensity (IPL) is proportional to the product of electron
and hole populations, which, even for imbalanced trapping,
results in monoexponential PL intensity transients with rate
equal to the sum of the individual decay rates of electrons and
holes (k1

e + k1
h):

I t k n t p t k n k k t( ) ( ) ( ) exp( )PL 2 2 0
2

1
e

1
h∝ = −[ + ] (10)

To probe the validity of the fast, selective trapping model for
bismuth-doped MAPbBr3 thin films, we first fitted the OPTP
photoconductivity transients with eq 9 in order to obtain the
decay constants k1

e and k1
h; we then used these to validate that

they also accurately reflected the PL dynamics according to eq
10. Figure 4B,C shows excellent agreement between the
selective trapping model and the photoconductivity data,
which reflects the strongly biexponential decay of the
photoconductivity according to eq 9. Values for the extracted
decay constants k1

e and k1
h are plotted against the percentage of

bismuth doping in Figure 5. The faster decay component was
assigned to the rapid trapping of electrons (k1

e), based on

existing literature investigating the nature of native defects in
undoped MAPbBr3 thin films.26 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 eq 10 using the monomolecular 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 (subnanosecond, as
shown in Figure S2 in the Supporting Information). Our
observations of the temporal behavior of the photoconductivity
as well as the photoluminescence in doped and undoped
MAPbBr3 thin films thus support the notion that bismuth
doping enhances selective trapping of one charge-carrier
species following photoexcitation. Such fast electron trapping
leads to an initial rapid decrease of the photoconductivity (∝
[μen + μhp]), which subsequently decays slowly because of
hole trapping as well as recombination of trapped electrons

Figure 5. Dependence of structural and dynamical parameters on Bi
doping of MAPbBr3 thin films. (A) Broadening of the absorption
spectrum Γ (yellow diamonds) and the exciton binding energy Eb
(purple circles), obtained from fits of the Elliott model to FTIR
absorption spectra. (B) Electron−hole sum mobility μ (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
MAPbBr3 films, a single value of k1 (magenta right-pointing triangle)
was extracted for both electrons and holes, based on the fits of eq S6
(shown in the Supporting Information) to the OPTP transients. For
bismuth-doped MAPbBr3 films, decay rates k1

e (blue up-pointing
triangles) and k1

h (green down-pointing triangles) were extracted from
fits of a biexponential function according to eq 9. The monomolecular
decay rates k1

e and k1
h were assigned to initial fast trapping of electrons

and slow decay of the photoexcited hole population, respectively,
respectively. Dotted lines are a guide to the eye only.
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with free holes. These effects together lead, however, to a rapid
quenching of PL intensity (∝ k2pn).
The OPTP photoconductivity measurements allow us to

investigate not only the dynamics of charge-carrier populations
but also their mobilities, because the photoconductivity of the
thin film depends on the product of these two quantities. By
estimating the initial density of charge-carrier pairs (n0), we are
able to obtain the sum of the electron and hole mobilities from
the onset of the photoconductivity at time t = 0, according to
eq 9. Here, the initial density n0 is determined from the
absorption of the films at the excitation wavelength, under the
assumption that each absorbed photon photoexcites one
electron−hole pair.6 Figure 5B 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 5A,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 eq 9 shows, this
electron−hole mobility ratio is determined by the relative
amplitudes of the two monoexponential decay components of
the individual carrier species that comprise the overall
biexponential photoconductivity transient. To obtain an
accurate value for the mobility ratio we performed a globally
optimized fitting procedure for transients recorded for all the
doped samples and excitation fluences as outlined in the
Supporting Information. We determined a ratio of

1.0 0.2e

h
= ±μ

μ
, indicating highly balanced electron and hole

mobilities in MAPbBr3 with relatively strong experimental
accuracy. We note that a value of 1e

h
=μ

μ
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,31−35

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, on the basis of our observations, we deduce that

bismuth doping increases the density of point defect states in
thin films of MAPbBr3 perovskites. These defects trap the
majority of photoexcited electrons on ultrafast time scales
(10−10 s) and act as scattering centers for the photoexcited
charge carriers, reducing their lifetimes and mobilities.
Unfortunately, bismuth also cannot be used as a tool for
band gap engineering in these materials, as its presence affects
neither the exciton binding energy nor the band gap energy of
the semiconductor. These conclusions can be drawn from our
observations summarized in Figure 5, which shows an increase
of the absorption edge broadening (Γ), indicating enhanced
energetic disorder in the films, and a decrease of charge-carrier

mobility (μ), originating from higher scattering rates from
defects with increasing bismuth doping of MAPbBr3. The
exciton binding energy (Eb) and band gap of the semi-
conductors remain unaffected by doping. The trap-assisted
recombination rates for electrons (k1

e) and holes (k1
h) increase

sharply upon doping MAPbBr3 even when a small amount
(0.1%) of the chemical dopant is used. We note that upon
further increase of doping level, k1

e and k1
h 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. Because Abdelhady et al. have shown
that the number of Bi ions incorporated into the crystalline
structure of the perovskite grows linearly with the concen-
tration of added BiBr3 salt,

10 we suspect that the heterovalent
ions are not directly acting as electron-trapping defects. We
rather propose that a halide excess associated with BiBr3
addition leads to an enhancement of bromide interstitial
formation. These halide interstitials have been shown by Motti
et al.26 to trap electrons on ultrafast time scales and to result in
weak IR emission caused by slow recombination of trapped
electrons with free holes, even in undoped MAPbBr3
perovskites. Because the IR emission in our undoped MAPbBr3
film has the same spectral shape as the sub-band gap 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 biexpo-
nential 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 exclude the possibility of bismuth ions
forming new defect states of similar energy,16 we believe our
data provide 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 recombi-
nation rates in Bi-doped perovskites, which still has not been
answered in the literature.11,14,15,17,18 We find that both the
crystallinity of the films and the lattice constant of the
perovskite crystals remain unaltered upon bismuth doping of
MAPbBr3. 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 Supporting Information).
Moreover, the optical phonon modes of the lead-bromide
lattice remain unaffected by doping, as can be seen from the
THz dark conductivity measurement shown in Figure S9 in the
Supporting Information. These data suggest that bismuth
doping induces few structural changes, and the observed
energetic 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 MAPbBr3 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
indicated that bismuth doping can improve the properties of
the semiconductor12,13 and could be used as a tool for band
gap tuning in MAPbBr3 crystals.10 However, we have found
that the addition of bismuth to the MAPbBr3 thin films
increases the energetic disorder in these semiconductors,
without affecting the band gap, exciton binding energy, or
structural properties of the crystal. Bismuth doping also lowers
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charge-carrier mobilities and increases monomolecular recom-
bination 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 MAPbBr3 as a

poorly performing material for the absorption layer in solar
cells, they also provide valuable insights into the mechanism of
charge-carrier trapping in these semiconductors. This under-
standing may lead to a performance improvement of doped
perovskites used in photovoltaics. Because the main route of
charge-carrier recombination in Bi-doped MAPbBr3 is through
a selective trapping of electrons, reducing the density of the
point defects could result in prolonged charge-carrier lifetimes
and enhanced charge-carrier mobilities and diffusion lengths.
Such an improvement of the optoelectronic properties of Bi-
doped perovskites, together with the previously reported
stability 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
BiBr3 salt to the precursor solution as a route of bismuth
doping,10−12,14,15 which, as suggested by Abdelhady et al.,10

results in a controlled incorporation of Bi into the perovskite
crystal. However, because this method results in a bromide
excess during deposition, we propose that other ways of Bi
doping should be investigated to avoid the potential enhance-
ment of bromide interstitial formation. Different heterovalent
doping schemes should also be investigated in order to identify
dopants that do not reduce the optoelectronic performance as
for example Ce3+ used in inorganic perovskites36 or SnF2 for
tin perovskites.28 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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