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& Semiconductors

Understanding the Impact of Bismuth Heterovalent Doping on
the Structural and Photophysical Properties of CH3NH3PbBr3
Halide Perovskite Crystals with Near-IR Photoluminescence

Rui Meng,[a, b] Guangbao Wu,[a] Jiyu Zhou,[a] Huiqiong Zhou,*[b] Honghua Fang,*[c]

Maria A. Loi,[c] and Yuan Zhang*[a]

Abstract: A comprehensive study unveiling the impact of

heterovalent doping with Bi3 + on the structural, semicon-
ductive, and photoluminescent properties of a single crystal
of lead halide perovskites (CH3NH3PbBr3) is presented. As in-

dicated by single-crystal XRD, a perfect cubic structure in
Bi3 +-doped CH3NH3PbBr3 crystals is maintained in association

with a slight lattice contraction. Time-resolved and power-
dependent photoluminescence (PL) spectroscopy illustrates
a progressively quenched PL of visible emission, alongside
the appearance of a new PL signal in the near-infrared (NIR)

regime, which is likely to be due to energy transfer to the Bi
sites. These optical characteristics indicate the role of Bi3 +

dopants as nonradiative recombination centers, which ex-
plains the observed transition from bimolecular recombina-

tion in pristine CH3NH3PbBr3 to a dominant trap-assisted

monomolecular recombination with Bi3+ doping. Electrically,
it is found that the mobility in pristine perovskite crystals
can be boosted with a low Bi3 + concentration, which may

be related to a trap-filling mechanism. Aided by temperature
(T)-dependent measurements, two temperature regimes are

observed in association with different activation energies (Ea)
for electrical conductivity. The reduction of Ea at lower T may
be ascribed to suppression of ionic conduction induced by
doping. The modified electrical properties and NIR emission

with the control of Bi3+ concentration shed light on the op-
portunity to apply heterovalent doping of perovskite single
crystals for NIR optoelectronic applications.

Introduction

Organic–inorganic hybrid perovskites, such as methylammoni-
um lead halide MAPbX3 (X = I, Br, Cl), are considered to be
highly promising candidates for solution-processed semicon-

ductor devices for energy conversion,[1–5] displays, and photo-
or X-ray detector applications. In comparison to perovskite
polycrystalline films, which are often accompanied by non-neg-
ligible levels of structural defects and molecular disorder,[6–11]

single crystals of perovskite (PSC) are more advantageous with

respect to fewer traps, longer exciton diffusion distances, supe-

rior photoluminescence (PL) properties, and enhanced stabili-
ty.[6, 7] These merits render PSCs as an ideal testbed for funda-
mentally investigating the optoelectronic properties of this
emerging class of materials.

Similar to traditional inorganic semiconductors, for example,
silicon, it is highly desirable to achieve controllable doping for
halide perovskites to attain the tunability of the electrical prop-
erties. So far, most adopted doping approaches for hybrid pe-
rovskites rely on the introduction of heterohalide atoms or or-

ganic anions with which the band gaps are tuned. These meth-
odologies, despite effectiveness in certain aspects, cannot be

considered for charge doping because of considerably

changed band structures and the lack of controllability of the
carrier density and resultant electrical conductivity (s).

Recently, strategies based on heterovalent doping have
been proposed to achieve modulations of electrical and optical

behavior in halide perovskites.[12–18] It has been shown that the
introduction of heterovalent Bi3 + into methyl bromide based
perovskite (MAPbBr3) precursor solutions could lead to charge

doping of MAPbBr3.[19–21] The success in Bi3+-based doping
benefits from the ease of Bi3 + entering the octahedral cages

because of the analogous electronic structures of Bi3 + with
Pb2 + and an appropriate Goldschmidt tolerance factor

(0.889).[20, 22] As a result, the lattice structure in MAPbBr3 hosts
can be favorably maintained by partially substituted Pb2 + with
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Bi3 + . However, the necessity of Bi3+ doping has been chal-
lenged by the recent finding by Snaith et al.[19] that the intro-

duced heterovalent Bi3 + dopants may result in the formation
of impurity states in the perovskite crystal, which can serve as

a nonradiative recombination center.[19, 23] As a result, the PL
lifetime and carrier diffusion length are impaired. In addition,

the impact of Bi3+ doping on the favored photon recycling
effect (PRE) has been investigated by Yamada et al.[21] It was
found that the power conversion efficiency became consider-

ably weakened after Bi3 + doping, due to the shortened PL life-
time. Despite these arguments on the negative effects of the
optical properties of perovskites, the photophysical origin of
doping-induced charge trapping is still poorly understood. In

addition, how the presence of Bi3+ dopants affects the elec-
tronic characteristics in CH3NH3PbBr3 is, as yet, unclear. Obtain-

ing enriched insights into Bi doping will be beneficial for

achieving meaningful applications of heterovalent doping for
perovskite-based optoelectronic devices.

Herein, based on high-quality and millimeter-sized single
crystals of bismuth-doped perovskite MA(Pb1@xBixBr3) attained

by means of facile solution growth, we present a comprehen-
sive picture for the impact of Bi doping on the structural, semi-

conducting, and PL properties of MAPbBr3-based PSCs. Aided

by single-crystal XRD (SC-XRD), we resolved the lattice struc-
ture of Bi3 +-doped PSCs, which showed a slightly reduced

volume (208.38 a3) of the cubic crystal, with a Bi3+ concentra-
tion of 10 %. It is shown that the carrier mobility in MAPbBr3

PSCs with slight doping of Bi3 + becomes considerably higher;
this can be related to trap filling of dopant-induced mobile

carriers. This process is confirmed by means of power-depen-

dent time-resolved PL spectroscopy. Based on temperature (T)-
dependent electrical measurements, we assessed the activation

energy (Ea) of the electrical conductivity (s) in Bi-doped crys-
tals. A transition from a larger Ea in the high-T regime to small-

er Ea in the low-T regime was found, which closely correlated
the cubic to tetragonal phase transition occurring in
MA(Pb1@xBix)Br3 PSCs. The increase of Ea in the higher T regime

may be partially ascribed to coexisting ionic conduction in the
crystals. Alongside the significantly quenched PL in the visible
region with increased Bi/Pb ratio, a new PL appears in the
near-infrared (NIR) regime (&1080 nm) after Bi3 + doping; thus
indicating radiative charge recombination originating from Bi3 +

ions. We observe blueshifts of visible emission in steady-state

PL with increasing Bi/Pb ratio, which is likely to result from
self-quenching effects occurring at the surface of
MA(Pb1@xBix)Br3, and thus, reduces the self-absorption effect.

The combination of these results indicates that, with a well-
controlled doping level of Bi3 + , amelioration of the electrical

properties can be realized for PSCs. Also, the NIR emission
upon Bi doping suggests the possibility of applying heterova-

lent doping of MAPbBr3 single crystals for NIR optoelectronic

applications.

Results and Discussion

Pristine and Bi3 +-doped MAPbBr3 (CH3NH3PbBr3) single crystals
were attained by using the inverse temperature crystallization

(ITC) method reported elsewhere;[20, 24–26] the growth proce-
dures are schematically illustrated in Figure 1 a. To start, the

precursor solution was prepared by mixing bromomethylamine
with bismuth tribromide at selected Pb/Bi ratios to form a su-

persaturated solution at 90 8C. Single crystals of MA(Pb1@xBix)Br3

were gradually precipitated from the precursor solution due to

the poor solubility of organic–inorganic hybrid halide perov-
skite in specific organic solvents. MA(Pb1@xBix)Br3 PSCs of 4–
5 mm in diameter were attained within 2 days. As shown by

the pictures in Figure 1 b, the color of Bi3 +-doped crystals dark-
ens with increasing Bi3 + concentration in the feed solution.
This tendency indicates a variation in the absorption, and pos-
sibly band gap, after doping.

To understand the structural properties of MA(Pb1@xBix)Br3,
we performed SC-XRD measurements with various concentra-

tions of Bi3 + and the resolved lattice structures are compara-

tively shown in Figure 1 c. The complete crystal structures of
pristine and 10 % Bi3 +-doped MAPbBr3 are displayed in Fig-

ure S1 in the Supporting Information. Through analyzing the
crystal data, the pure MAPbBr3 unit cell exhibits a cubic struc-

ture (Pm3m (221) space group) with a = b = c = 5.9380 nm,
leading to a cell volume of 209.373 a3. By comparing the unit

cell parameters of MA(Pb0.9Bi0.1)Br3 with those of cubic

MAPbBr3, a contraction in the cell was found. For example, at
10 % doping, the cell volume reduces to 208.38 a3, with a =

b = c = 5.9286 nm. A similar tendency in cell contraction was
observed in MA(Pb1@xBix)Br3 with different doping concentra-

tions (see Table S1 in the Supporting Information). However, it
is noteworthy that the difference between the lattice constants

of Pb and Bi should be 1.6 pm,[51] but much larger changes

were identified in our case with Bi3+ doping, for example, a re-
duction in a (or b or c) by 9.4 pm was identified. The result

seems to suggest the formation of complexed defect states
after Bi3 + doping. Regardless of the doping concentration, the

lattice in the Bi-doped crystals remains cubic, which agrees
with the prediction in terms of the tolerance factor. For confir-

mation, we further calculated SC-XRD patterns (see results in

Figure 1 d). The attained XRD peaks are in good agreement
with those of powder XRD (see Figure 1 e) experimentally at-
tained on the same set of samples. In powder XRD, we note a
shift toward higher angles for 002 peaks, which is in line with

the observed cell contraction after doping. This phenomenon
can be ascribed to the incorporation of smaller Bi3 + , with ionic

radius of 103 pm, with respect to bulkier Pb2 + (radius =

119 pm). As a result, the volume of the octahedral cage in the
unit cell becomes reduced.

The presence of Bi is examined by means of XPS analysis of
pristine MAPbBr3 and 10 % Bi3+-doped MAPbBr3 crystals. As

shown in Figure 1 f, the doublet XPS peaks positioned at 159.1
and 164.4 eV are assigned to Bi. This result confirms the pres-

ence of Bi in solid perovskite crystals. As observed from high-

resolution XPS spectra of core-level atoms (Figure S2 in the
Supporting Information), the Bi 4 f doublet peaks appear at

159.1 (Bi 4 f7/2) and 164.4 eV (Bi 4 f5/2). These BEs are 0.3 eV
smaller than the values reported for Bi3 + ions;[27] this may be

ascribed to different chemical environments. We attempted to
understand the chemical bonding of Bi@Br in terms of BE. To
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facilitate our comparison, all XPS spectra were calibrated by
the reference C 1 s peak at 284.8 eV. From the results shown in

Figure 1 g, we note evident shifts in the BEs of Pb 4 f and Bi 4 f
doublets toward high energy after Bi3 + doping. The shift in BE

is in accordance with the concentration of Bi3 + , that is, the
largest BE was found in the crystal with the highest doping
(MA(Pb0.9Bi0.1)Br3). This behavior can be interpreted by the

weaker electronegativity of Bi (2.02) with respect to that of Pb
(2.33). Similar effects have been observed in the XPS spectra of
MAPb1@xSb2x/3Vx/3I3 upon partial Sb substitution.[28]

Figure 2 a shows UV/Vis/NIR spectra of MA(Pb1@xBix)Br3 (x =

0–0.1) with different Bi/Pb ratios. In accordance with previous
studies,[14, 20, 29, 30] the absorption cutoff displays a progressive

redshift with increasing concentration of Bi3+ . At the highest
doping ratio (10 %), the cutoff ends at l&680 nm, which is
shifted by about 100 nm with respect to the pristine crystal

with a cutoff at l &580 nm. With the systematic change of ab-
sorption cutoffs, the absorption of MA(Pb1@xBix)Br3 (x = 0–0.1)

nearly covers the whole visible spectrum. In addition to the
redshifts, we note the broadened absorption in the tail regions

after Bi3 + doping (1–10 %). These features could originate from

the absorption of impurity states induced by Bi in the heavily
doped crystals.[31] In Figure 2 b, we plot the shift of absorption

cutoffs with respect to the pristine crystal. The saturated shift
in absorption at higher doping concentrations agrees with the

trend observed previously.[20] The narrowing of the band gap
in Bi3 +-doped perovskites was postulated to arise from the in-

teraction of electrons with positive impurities, causing varia-
tions in the density of states (DOS).[32] This was confirmed by a

recent study by Snaith et al. ,[19] who showed that the redshift-
ed absorption (with deepened colors) was merely caused by

the increased DOS for the sub-band gap related to defects in
the doped crystals and the band gap was not changed by Bi3 +

doping.

To better understand the optical properties impacted on by
the presence of Bi3 + dopants, we examined the PL properties

of MA(Pb1@xBix)Br3 PSCs (Figure 2 c). Interestingly, we observe
two emission bands from the doped crystals : one is located in

the visible region and the second in the NIR region. In compar-
ison with pristine crystals, doped crystals are found with a

clear blueshift in the visible PL spectrum with the maximal
shift of 15.37 nm, which is in stark contrast to the absorption.
If the band gap becomes narrowed after doping, one expects

analogous trends of PL, given the small Stokes shift in perov-
skites.[33] The PL shift is in the opposite direction to that of the

absorption cutoff, which means that the latter should not orig-
inate from a reduced gap, but other contributions. By taking

the argument that the PL from the tail/impurity states in the

doped perovskite is likely to be nonradiative, the results indi-
cate that the band gap is not narrowed with increased Bi

doping levels. Regarding the blueshifts in the PL, this effect
could be attributed to self-quenching of the PL on the surface

of crystals due to the decreased exciton diffusion length and
photon cycling after doping.[34] We further compared the PL in-

Figure 1. a) Schematic illustration of the crystallization of MA(Pb1@xBix)Br3 by using an ITC method. b) Pictures of bismuth-doped halide PSCs (MA(Pb1@xBix)Br3)
with various Pb/Bi ratios. From left to right: x = 0–0.1. c) Crystal structures of pure MAPbBr3 and MAPbBr3 with 10 % Bi3 + (gray: carbon; blue: nitrogen; green:
bromine; orange: lead; purple: bismuth) resolved by SC-XRD. d) Calculated SC-XRD patterns of pristine and Bi-doped MAPbBr3. e) Powder XRD patterns of
pristine and Bi-doped MAPbBr3 crystals. f) X-ray photoelectron spectroscopy (XPS) survey spectra of pure MAPbBr3 and Bi3 +-doped MAPbBr3 (10 %). g) High-
resolution XPS core-level Bi 4 f and Pb 4 f spectra of MAPbBr3 with different Bi3 + concentrations. Dashed black (for pristine) and red (for 10 % doping) lines in-
dicate the shift in binding energies (BEs) of Bi 4 f and Pb 4 f with varied Bi3 + concentrations.
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tensity of MA(Pb1@xBix)Br3 PSCs (Figure 2 c, inset). The substan-
tially reduced PL intensity (up to 5 orders of magnitude) indi-
cates that the defect states induced by Bi doping can serve as

a recombination center upon which charges recombine nonra-
diatively. As shown in Figure 2 d, the reduced steady-state PL is
in association with decrease in PL lifetimes. The PL lifetime of
the monodecay, which dominates the behavior in the pristine

crystal, changes to biexponential decay as x increases from 0
to 0.1. Generally, the decay at longer timescales is related to PL

in the bulk region of crystals and with increasing Bi concentra-

tion; faster decay in this temporal regime may be connected
to charge trapping/detrapping processes with increased defect

states. This observation is in agreement with the disappear-
ance of photon-cycling effects after Bi doping, which has been

explained by a shortened exciton diffusion distance.[35]

More in-depth understanding of the role of Bi doping is

achieved through power-dependent PL decay kinetics (Fig-

ure 2 e). Taking the example of a dilute doping (0.1 %), we ob-
serve an ultrafast decay process in the first 250 ps under a low

excitation power. This behavior could be understood by ultra-
fast localization of photocarriers into the carrier-trapping cen-

ters. Such “abnormal” rapid decay disappears with increasing
excitation power, which suggests saturation of the filled defect

density. Interestingly, the lifetime of the slow-decay compo-
nent is almost independent of the excitation fluence at low-

power excitation. However, the PL kinetics obtain bimolecular

recombination behavior at elevated power. To better under-
stand this interesting observation, the PL decay traces at differ-
ent laser powers were normalized to the intensities at 310 ps,
which was long enough to end the rapid decay. As observed

in the inset of Figure 2 e, regular decay behavior is observed,
with the PL becoming longer lived at lower excitations, due to

reduced bimolecular recombination. These results highlight
the trap-filling process with photoinduced carriers in the lightly
doped MAPbBr3 crystals. With filling of the traps by light-in-

duced carriers, bimolecular recombination becomes dominant.
For comparison, we examined power-dependent PL decays in

the 0.5 % doped crystal, which presumably contained a higher
level of traps (see Figure 2 f). In contrast to the results in Fig-

ure 2 e, the ultrafast decay does not vanish with increasing

laser power in the early stages. This phenomenon is interpret-
ed by increased defect states at higher doping levels, such

that trap filling cannot entirely eliminate the Shockley–Read–
Hall (SRH) process. We further explored the recombination

order in crystals by plotting the intensity of PL against laser
power. In the absence of traps, the dominant bimolecular re-

Figure 2. a) Normalized UV/Vis/NIR absorption spectra of pristine and Bi-doped MAPbBr3 crystals at different concentrations. b) Shift of absorption cutoffs as a
function of Bi concentration with respect to pristine MAPbBr3. c) Normalized steady-state PL spectroscopy of single crystals of MA(Pb1@xBix)Br3 (x = 0–0.1).
Inset : A comparison of absolute PL intensity of various MA(Pb1@xBix)Br3 crystals. d) Time-resolved PL spectroscopy of MAPbBr3 crystals with various Bi concen-
trations. e) PL decay traces at different laser powers of MAPbBr3 crystals with 0.1 % Bi doping. Inset : Decay traces of time-resolved PL in different
MA(Pb1@xBix)Br3 crystals normalized at the PL intensity at 310 ps, without showing the ultrafast decay part. f) PL decay traces at different excitation laser
powers for MAPbBr3 crystals with 0.5 % Bi.
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combination should yield a low power dependence (&Pa), in
which a= 2, whereas, in the dominating SRH process, the re-

sultant monomolecular recombination can result in a= 1. To
enable precise analysis, herein we took the values of PL inten-

sity at decay time = 0 from the decay kinetics. As such, the
result should reflect more realistically the recombination prop-

erties in crystals and exclude the photon-cycling effect. Based
on the fittings shown in Figure S3 in the Supporting Informa-

tion, the pure crystal is associated with a= 2.02, which agrees

with the bimolecular process involving mobile (free) carriers.
With increasing Bi doping concentration, the power monoto-

nously decreases, for example, it reduces to 1.55 with 0.1 % Bi
doping and further to 1.27 with 0.5 % Bi. From the reduction

of recombination order, there is evidence that bimolecular re-
combination in the pristine MAPbPbBr3 transits to a mixture of

bi- and monomolecular recombination with low doping and

becomes dominated by the monomolecular process at higher
Bi doping levels due to increased defect densities.

To further understand the impact of Bi doping electrically,
next we measured the electrical conductance. Figure 3 a (inset)

illustrates the device structure utilized, in which MA(Pb1@xBix)Br3

PCSs were sandwiched between the two Ag contacts. A thin

layer comprising of liquid Ga was applied atop the thermally

deposited Ag contact to increase the contact property, which
was found to be essential for our low-temperature measure-

ments. In such a device configuration, the orientation of con-
ductivity (or s) is normal to the largest natural crystal facade

(100 plane). We purposely applied low biases up to 20 V; the
maximal electrical field was 1 V 104 V m@1 (crystal thickness of

&2 mm) to mitigate the electrical poling effect.[36, 37] Figure 3 a

displays current versus bias (IV) characteristics measured on

MA(Pb1@xBix)Br3 PSCs with various Bi concentrations. The dark
current in the pristine crystal ranges in nA; this indicates an in-

trinsically low s and high purity of the MAPbBr3 PSC. The cur-
rent progressively increases upon increasing x from 0 to 0.1, as

a result of enhanced s.[38] The increase in current becomes sat-
urated if the doping level is further increased, for example,

from 1 to 10 % Bi3+ . Based on the IV curves, the conductivity
was determined according to Ohm’s law. As shown in Fig-
ure 3 b, s of MAPbBr3 starts at 6.3 V 10@7 W@1 m@1 without

doping and sharply increases to 1.36 V 10@3 W@1 m@1 at 1.0 % Bi
and saturates at 10 % with s up to 4.83 V 10@3 W@1 m@1. The
value of s in MAPbBr3 can be tuned by nearly four orders of
magnitude through Bi3 + doping, and the saturation trend fully

agrees with previous observations on the same system.[20, 39]

Given the importance of charge carrier mobility (m), which

plays a critical role in ultimate device behavior, in perovskites,

we attempted to assess m in MA(Pb1@xBix)Br3 with variation of x.
A direct probe of m along the direction perpendicular to the

(100) plane can be challenging with current techniques. Based
on Equation (1), in which nd is the carrier concentration and q

is the elementary charge, m can be determined if nd and s are
known.

s ¼ ndqm ð1Þ

For this purpose, we estimated the carrier density induced by

Bi doping through impedance analysis. Based the well-estab-

lished Mott–Schottky relationship, d(C@2)/d(V) = 2/(qA2end) (C is
capacitance, A is the effective device area, e is the dielectric

constant of perovskites), the values of nd were extracted. Fig-
ure 3 c displays the determined nd values as a function of Bi/Pb

Figure 3. a) Current versus voltage (IV) characteristics of MA(Pb1@xBix)Br3 (x = 0–0.1) single-crystal-based electron-only devices. Inset : Schematic structure of
electron-only devices. b) Conductivity, c) carrier concentration, and d) mobility of MA(Pb1@xBix)Br3 (x = 0–0.1) single crystals as a function of Bi/Pb ratio. ITO= in-
dium tin oxide, PC60BM = [6,6]-phenyl C61-butyric acid methyl ester, MSC = MA(Pb1@xBix)Br3 single crystal.
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ratio. The intrinsic background carrier density falls in the order
of 1011 cm@3, which is seemingly slightly higher than that of

the value reported in the literature, possibly due to variations
in the crystals. The value of nd increases by nearly 3 orders at

1.0 % Bi, reaching 2 V 1014 cm@3 and is further boosted to about
1016 cm@3 upon heavy doping (10 %). A nonlinear increase of nd

with Bi/Pb concentration is noted and the enhancement of nd

tends to become saturated at higher Bi doping levels. This ten-
dency may indicate that, with increasing doping level, the por-

tion of B3+ dopants added that are eventually incorporated
into MAPbBr3 crystals is likely to reduce. This is consistent with
the relative peak percentage of Bi measured by means of XPS
(see Table S3 in the Supporting Information).

Based on the determined nd and s values, the mobility was
calculated according to Equation (1) and the results are shown

in Figure 3 d. The mobility is 0.62 cm2 Vs@1 in the pristine crystal

and it sharply increases to 11.72 cm2 Vs@1 with a Bi concentra-
tion of 0.1 %. Upon further increase the doping level, the mobi-

lity abruptly decreases and approaches the level of the pristine
crystal (with 5 and 10 % Bi). This trend was affirmed by devices

containing hole-transporting (electron-blocking) interlayers
based on N2,N2,N2’,N2’,N7,N7,N7’,N7’-octakis(4-methoxyphen-

yl)-9,9’-spirobi[9H-fluorene]-2,2’,7,7’-tetramine (Spiro-OMeTAD;

see Figure S4 in the Supporting Information). Consistently, we
observe the tendency for the evolution of mobility with

doping (Figure S4 d in the Supporting Information). The en-
largement of m at low Bi concentrations is likely to be ascribed

to the filling of traps (e.g. , in the surface area of nonpassivated
crystals) by doping-induced mobile carriers. Further increases

in Bi concentration tend to raise the DOS for defects, which

are harmful for charge transport due to impurity scattering.[40]

Our results indicate the significance of controlling the doping

level to attain improved electrical properties.
To gain knowledge of the thermal Ea of s, we measured s in

PSCs at different T. Concerning the nature of electron doping
with Bi, a thin PC60BM electron-transporting layer was inserted

into the devices (see device architecture in Figure 3 a, inset),

which was found to be necessary to yield reliable T dependen-
cies. Figure S5 in the Supporting Information shows dark IV
characteristics of MA(Pb1@xBix)Br3 (with x ranging from 0 to
0.001) at different T. In all devices, the current decreases with

decreasing T, which results in a positive T coefficient. Moreover,
we observe a moderate hysteresis in the IV curves that increas-

es with the reduction of T. The origin of hysteresis in perov-
skites has been ascribed to multiple factors, including traps

and ion motion.[41–44] Because the ionic conductance should be
attenuated at lower T, the more severe hysteresis might be as-

cribed to enhanced charge trapping at lower T, which was pre-
viously observed in MAPbI3 perovskites.[45] Figure 4 a shows the

determined values of s as a function of T for PSCs with differ-
ent Bi/Pb ratios. We note two distinct T dependencies at 250–
350 and 225–150 K, resulting in stronger and weaker Ea in the

high- and low-T regimes, respectively. In MAPbBr3 perovskites,
the cubic to tetragonal phase transition is likely to occur at
about 237 K.[46] The transition of Ea closely correlates with the
phase transition, which indicates the influence of structural

variation on the thermal activation of s. As shown in a previ-
ous study on field-effect mobilities in perovskites, the T coeffi-

cient of mobility was ascribed to the MA+ dipole disorder. In

Figure 4 a, the larger Ea in the high-T regime seems to be in
line with the enlargement of MA+ cations. Based on the linear

fit, by assuming an Arrhenius T dependence for s, Ea was de-
termined for the crystals doped with different Bi concentra-

tions. As shown in Figure 4 b, in the high-T regime, we extract-
ed Ea = 68.9 meV without doping; this increased with Bi/Pb

ratios, peaking at 322.5 meV with 0.5 % Bi (meV) and decreas-

ing to 221.9 meV with 1.0 % Bi. A similar trend was observed in
the low-T region, corresponding to the dominant tetragonal

lattice structure. Overall, reduced Ea in the low-T region is in
line with decreased ionic conduction in perovskites. The de-

pendence of Ea on the doping level may be reconciled by the
interplay between enlarged Ea for ionic conduction induced by

Bi and reduced Ea for electrical conduction. The former is ex-

pected to reduce with a larger s. Previous studies on doping
also highlight the possibility to observe enlarged Ea for s in

the heavy doping regime, which is related to broadening of
the DOS for the conduction bands.[47] This effect generally

occurs with nd>1018 cm@3, which seems to be out of the range
achieved by our Bi doping. Another contribution to the activa-
tion of electrical conductance comes from charge trapping.

Currently, Ea arising from trapping/detrapping cannot be de-
coupled from the results in Figure 4 b, although it appears to
be insignificant concerning the dominant shallow traps in pe-
rovskites with a low formation energy for defects.[48]

Heterovalent doping with Bi was argued to primarily serve
as a nonradiative recombination center that impaired the PL

Figure 4. a) Temperature dependence of conductivity in pure and Bi-doped MAPbBr3 single crystals. b) Ea in MA(Pb1@xBix)Br3 (x = 0–0.01) with different Bi3+

concentrations determined at high- (with the background in light yellow) and low-T (with the background in light blue) regimes.
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properties in MAPbBr3.
[49] However, we found that the presence

of Bi3+ dopants could lead to an enhanced optical response of

MAPbBr3 in the NIR regime. As shown in Figure 5 a, in contrast
to the rather weak and broad PL signal in pristine MAPbBr3

crystals (with the peak positioned at around 1000 nm), new PL
peaks at about 1080 nm were observed after Bi doping. The

peak intensity and position barely varied with Bi concentration
and the spectral shape resembled that of Bi3 +-doped samples,

but considerably differed from that of the undoped crystal.

These new PL features may be assigned to the emission of the
in-band states induced by the Bi3 + dopants.[50] Regarding the

photophysical origin, it is possible that energy transfers from
the PL of MAPbBr3 to the radiative states in the NIR regime.

We also note that the incremental variation of the Bi/Pb ratio
does not lead to a progressive change in the PL intensity in

the NIR regime. This result may be related to an inhomogene-

ous distribution of Bi3+ dopants. The exact origin of the PL
emission in the presence of Bi3+ doping will require further in-

vestigation for full elaboration. We also assessed the PL life-
time at about 1020 nm and the decay kinetics (Figure 5 b).

With a biexponential decay model, the time constants corre-
sponding to faster and slower decays were extracted (Table S2

in the Supporting Information). The averaged PL lifetimes (tav),

according to Equation (2), are 56.21 and 33.71 ns for 0.1 and
1.0 % doped crystals, respectively.

tav ¼
A1t2

1 þ A2t2
2

A1t1 þ A2t2

ð2Þ

The decay of the NIR emission in the pristine crystal cannot be
measured, due to weak PL intensity. The decay time seems to

be irrelevant to the Bi doping level and is relatively long, in
the region of 12 ns. Further investigations are required to fully

explain this observation. The results in Figure 5 (and Figure S7

in the Supporting Information) suggest an opportunity for ap-
plying Bi doping for perovskite-based optoelectronic applica-

tions in the NIR regime.

Conclusions

We comprehensively investigated the structural, photophysical,

and electrical properties of single crystals of MAPbBr3 perov-
skites with Bi3 +-based heterovalent doping. SC-XRD indicated

that incorporating Bi3+ into MAPbBr3 maintained the stable

cubic lattice structure, with a slight contraction due to the

smaller radius of Bi3 + . Steady-state and time-resolved PL spec-
troscopic measurements, in conjunction with electrical analysis,

unraveled the role of Bi doping: at low concentrations, doping
tended to result in trap filling, while trap centers could be

formed with increased Bi/Pb ratios, resulting in a transition
from bimolecular recombination in the pristine crystal to trap-

assisted monomolecular recombination after doping. The

slight blueshifts in steady-state PL with doping are likely to be
ascribed to PL self-quenching on the surface of MA(Pb1@xBix)Br3

crystals. This result ruled out the narrowing of band gaps that
was intuitively deduced from the redshift in absorption cutoffs

in Bi-doped crystals. We achieved an enhanced mobility in
MAPbBr3 by 19-fold with low doping (0.1 %) and the mobility

adversely decreased to the level of the pristine crystal with 5

and 10 % Bi. Based on T-dependent conductivity measure-
ments, we identified two distinct Ea values in the high- and

low-T regimes, with the transition closely correlated to the
cubic to tetragonal phase transition occurring at around 240 K.

In the high-T regime (250–350 K), Ea displays a nonmonoto-
nous change with doping level and peaks with 0.5 % Bi. Such
behavior may be reconciled by the interplay between enlarged

Ea for ionic conduction induced by Bi and reduced Ea for elec-
trical conduction. We also observed a pronouncedly increased
PL in the NIR region in MAPb1@xBixBr3 crystals, but the exact
photophysical origins are yet to be clarified and require future

study. Our results help to clarify the fundamental role of het-
erovalent doping with Bi and highlight the importance of con-

trolling the doping level in the low-doping regime to render
positive optoelectronic effects. From a broader perspective,
future efforts may be dedicated to seeking alternative metal-
ion doping with considerably reduced defects states; this
could benefit meaningful applications of heterovalent doping

for perovskite optoelectronic devices.

Experimental Section

Materials

Lead bromide (+99.999 %) was purchased from Lumtec. DMF (3A
dry, +99.8 %) and bismuth bromide (+98 %) were purchased from
Sigma–Aldrich. MABr (+99 %) was purchased from Dyesol Ltd (Aus-

Figure 5. a) NIR PL of MA(PbxBi1@x)Br3 single crystals. b) Time-resolved PL of Bi-doped crystals probed in the NIR region alongside exponential fittings. Also in-
cluded are the averaged decay times (tav) for PL in the NIR regime.
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tralia). All salts and solvents were used as received without any fur-
ther purification.

Synthesis of MA(Pb1@@xBix)Br3 single crystals

A 1 m solution containing PbBr2 and MABr or BiBr3 was prepared in
DMF. Both solutions were prepared at room temperature. The two
solutions in DMF were mixed in a vial that was kept in an oven un-
disturbed at 90 8C. Small seed crystals could be readily harvested
through this method. The seeds were placed into fresh solution
and heated at about 100 8C for 6 h and, within 2 days, large crys-
tals with diameters between 4 and 5 mm were attained. The
doping concentration of Bi was controlled by the ratio of Bi/Pb in
the precursor solutions.

MA(PbxBi1@@x)Br3 single-carrier device fabrication

Initially, PC61BM was presolubilized in chlorobenzene (CB) at a con-
centration of 20 mg mL@1. The PC60BM/CB solution was drop-cast
atop the two surfaces of MAPbxBi1@xBr3 crystals. Then 60 nm Ag
electrodes were thermally evaporated on the PC60BM layers. For
bottom contacts, PSCs with PC60BM/Ag were transferred onto pre-
cleaned ITO substrates with application of metallic molten Ga.
Before testing, the substrates were cooled below 20 8C to solidify
Ga. For hole-only devices, Spiro-OMeTAD hole-transporting (elec-
tron-blocking) interlayers were deposited atop the surfaces of
MA(PbxBi1@x)Br3 crystals by spin-coating. Finally, the 80 nm Au con-
tact was thermally evaporated on top of Spiro-OMeTAD interlayers.

Temperature-dependent I–V measurements

Current versus voltage characteristics were measured by using a
Keithley 4200-SCS semiconductor parameter analyzer. For tempera-
ture-dependent conductivity measurements, the samples were
cooled by liquid nitrogen in a Lakeshore vacuum probe station,
and the temperature was controlled by a LakeShore temperature
controller.

Characterization

Powder XRD patterns (room temperature) were recorded on a
Rigaku D/MAX-TTRIII (CBO) diffractometer with CuKa radiation (l =
1.542 a) operated at 40 kV and 200 mA. SC-XRD data collection
was carried out on a Rigaku AFC-10/Saturn 724 + CCD diffractome-
ter with graphite-monochromated MoKa radiation (l= 0.71073 a)
by using the multiscan technique. The structures were determined
by direct methods with SHELXS-971 and refined by full-matrix
least-squares procedures on F2 with SHELXL-97.2. All non-hydrogen
atoms were obtained from difference Fourier map and subjected
to anisotropic refinement by full-matrix least squares on F2. Hydro-
gen atoms were obtained geometrically and treated as riding on
the parent atoms or were constrained in specific locations during
refinements. UV/Vis/NIR diffuse reflectance spectra were measured
at room temperature by using a UV/Vis/NIR spectrophotometer
(UV-3600) with an integrating sphere attachment operating in the
300–1600 nm region. PL measurements were performed at room
temperature under excitation at l= 400 nm by a mode-locked Ti-
Sapphire laser (Mira 900, Coherent). A Hamamatsu charge-coupled
device (CCD) camera was used to record the visible PL spectra, and
an Andor 1.7 mm InGaAs camera was used to measure the emission
spectra in the NIR region. The spectral response of the instrument
was calibrated by using a calibration light source. Time-resolved PL
measurements were performed by using a Hamamatsu Streak
camera operated in synchroscan mode. Nanosecond fluorescence

lifetime experiments for NIR emissions were performed by using a
time-correlated single-photon-counting (TCSPC) system on the
single crystal samples on a Horiba Jobin Deltaflex fluorescence
spectrometer. The doped MAPbBr3 samples were excited at l=
485 nm by using a DeltaDiode-485 as the excitation light source,
and emitted photons were detected by means of a H10330B-75
photomultiplier tube (PMT) detector (with a high-pass single-edge
filter, the edge wavelength of which was l= 830 nm, inserted be-
tween the sample and detector). The fluorescence decay data were
analyzed by using DAS-6 fluorescence decay analysis software with
a global analysis program. The quality of the exponential fits was
evaluated by c2<2.0. XPS was measured by using a Thermal Fisher
ESCALAB 250Xi surface analysis system. The measurements were
conducted at room temperature and the analysis area was a circle
with a diameter of 400 mm.
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