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Structural Modifications due to Bi-Doping in MAPbBr,
Single Crystals and Their Impact on Electronic Transport

and Stability

Sarah Su-O Youn, Gee Yeong Kim, and William Jo*

Doping strategy in lead halide perovskites is essential to enhance its
optoelectrical properties and expand the potential applications. In this work,
the mechanisms, for how dopants affect the overall structural, optical,
electrical, and chemical properties and stability of lead halide perovskite
materials, are investigated. This is done by specifically considering various
bismuth (Bi) doping concentrations in MAPbBr; single crystals grown using
the inverse temperature crystallization method. The resultant doped single
crystals exhibit a saturation point when Bi concentration exceeds 0.063%
which is considered an optimum doping point. The highest thermal stability is
also achieved at this doping concentration among the doped single crystals.
This study clearly identifies how Bi doping affects the properties of MAPbBr;
and extends to consider stability, which has not been fully considered for
MA-based perovskites previously. This will provide a clear understanding of
evaluating doped perovskite materials for enhanced material properties,

perovskites are intrinsically complex mate-
rials, where the presence of various types
of interactions and structural disorders
may significantly influence the material
properties.l!! In this sense, perovskite sin-
gle crystals are ideal targets to investi-
gate material properties since they exhibit
higher crystallinity and uniformity, lower
trap density, superior optoelectrical prop-
erties, and enhanced stability compared to
polycrystalline thin films.[?!

Doping can help improve the optical
and electrical properties of semiconduc-
tor materials, with many traditional semi-
conductor materials benefiting from dop-
ing. For example, Si is a poor conduc-
tor that exhibits p or n-type conduction

device performance, and stability.

1. Introduction

Organic-inorganic lead halide perovskites (MAPbX;, X = CI,
Br~, I") have been widely incorporated into various optoelec-
tronic devices, including solar cells, LEDs, photodetectors, and
X-ray detectors. Facile synthesis and low material costs en-
sure considerable opportunities for developing perovskite mate-
rials for further device commercialization. However, lead halide
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after impurity doping, commonly with

boron (B) or phosphorus (P). Perovskite

structure compositional tunability facili-

tates doping with several metal mono-

valent (acceptor)/divalent/trivalent (donor)
cations, including Ag*, Zn?*, Mn?*, A3*, Bi**, Yb**, and Ln3+.%
In particular, lead halide perovskite p or n-type conduction can be
controlled by incorporating such dopants, and this doping strat-
egy in perovskites is essential for them to enhance optoelectri-
cal properties and expand potential applications into devices be-
yond just optoelectronics, a considerable step for industrial ap-
plications. However, many perovskite doping issues remain un-
resolved, such as optimal (and practical) dopant positioning in
the crystal lattice, and how the metal ions regulate the material
properties.

Bismuth (Bi) is the most frequently used dopant in lead halide
perovskites due to its similar ionic radius to Pb. Abdelhady et
al. (2016) reported doping MAPDbBr, single crystals with variant
trivalent metal ions (Bi**, In**, and Au**) in the perovskite pre-
cursor solution, establishing charge doping and band gap tuning
possibilities for perovskite single crystals.[*!] Several subsequent
studies have considered Bi doping, introducing Bi to stabilize the
a-phase of CsPbI; and FAPDI; at room temperature,*l enhancing
stability and increasing perovskite conductivity due to the excess
electron from Bi**. Thus, Bi has become a promising dopant for
device development.

However, Bi also generates negative effects on perovskite opto-
electronic properties. Several recent studies on Bi into MAPDbBr,
have shown that increased absorbance range does not cause
bandgap narrowing, but is due to energy disorder and doping
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does not affect the bandgap.®! Doping Bi into perovskite struc-
ture introduces traps that act as material defects, facilitating re-
combination centers.>*¢! Photovoltaic devices fabricated using
Bi-doped perovskite have also exhibited diminished device pa-
rameters due to generated defect states.[®l Although Bi acts as
a defect in single crystals and hence is not generally suitable for
optoelectronics, these Bi-doped crystals have become relatively
commonly employed for photodetectors and photodiodes since
2020 which has been reported to show enhanced photo respon-
sivity and detectivity.”] This is because p-n perovskite homo-
junctions have small lattice mismatches, continuous band align-
ment, and smaller carrier trap sites.”*48] Trading-off between
positive and negative doping effects requires specific evaluation.
Hence, Bi doping impact in lead halide perovskites requires fur-
ther study.

This work investigates the effects of doping Bi into single crys-
tal MAPbBr; by controlling the dopant concentration in the pre-
cursor solution. Although there have been several reports investi-
gating the Bi doping effect in lead halide perovskite, a clear evalu-
ation of how doping concentration affects the structural, optical,
electrical, and chemical properties have not been fully exploited.
We note that a trade-off between defect formation and electrical
transport, stability exists, as will be discussed. X-ray diffraction
(XRD) and Raman spectroscopy investigation help to understand
how Bi doping affects and incorporates into the perovskite crys-
tal structure. Resultant optical and electrical properties confirm
that doped single crystals do not significantly differ from pre-
viously reported outcomes while suggesting an optimal doping
concentration with a few trade-offs that will be discussed. Ultravi-
olet Photoelectron Spectroscopy (UPS) and Hall effect measure-
ment confirmed n-doping, and strengthened chemical bonding
due to Bi was identified with X-ray photoelectron spectroscopy
(XPS), consistent with Raman results. Thermogravimetric anal-
ysis (TGA) and differential scanning calorimetry (DSC) sup-
port the evidence of an optimum doping concentration, where
the doped sample achieves the highest thermal stability due to
stronger chemical bonding and fewer defects generated in the
crystal. Thus, this study confirms optimal doping concentrations
can be defined to provide the best material properties, which
should be considered for further applications using doped lead
halide perovskite.

2. Results

2.1. Bi Substituting for Pb in Single Crystals

Bi-doped MAPDBr; single crystals were grown using the in-
verse temperature crystallization (ITC) method as previously
reported.’! However, rather than mixing two separate solutions
(MABr+PbBr, and MABr+BiBr;,1*41% or MABr+PbBr, and pure
BiBr,>¢!1) for the final precursor solution preparation step, we
added the appropriate amount of BiBr, in the precursor solution
immediately,*>4] ensuring nominal Bi concentration in the so-
lution = 1%, 2%, 5%, 10%, or 15%. Han et al. showed the Bi con-
tent that can be substituted in the crystal is maintained to a fixed
amount when more than 20% of Bi is added to the solution,!>d!
i.e., Bi incorporation in the crystal is limited by some as yet un-
explained mechanism. We have previously grown crystals from a
feed solution containing 20% Bi, but crystal nucleation was ran-
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domly generated at higher temperatures compared to the lower
concentrations. Hence, 15% Bi in the solution was chosen for the
highest doped crystal precursor.

Figure 1a shows the typical ITC growth process, with Figure 1b
presenting the heating process for crystallization. The heating
speed was reduced as temperature increased to eliminate unnec-
essary crystal nucleation and encourage a few number of large
and uniform single crystal growths. Undoped and lightly doped
single crystals with Bi concentrations of 0%, 1%, 2%, and 5% in
the solution typically appeared at temperatures ~90-100 °C. In
contrast, solutions containing higher Bi concentrations of 10%
and 15% were observed at elevated temperatures above 110 °C.
Figure 1c shows typically grown Bi-doped MAPDLBr; single
crystals with dark purplish colors from increasing Bi in the pre-
cursor solution. These samples were labeled as Bi and Bi+Pb ra-
tio in the crystal which were 0%, 0.019%, 0.042%, 0.063%, 0.11%,
and 0.19%, obtained through inductively coupled plasma—optical
emission spectroscopy (ICP-OES) (Figure S1, Supporting Infor-
mation). Although Bi content in single crystals was significantly
less than Bi concentration in the precursor solution, the Bi con-
tent increased linearly, indicating successful Bi substitution into
the crystals.

Scanning electron microscopy and energy dispersive spec-
troscopy (SEM-EDS) on the freshly cleaved single crystals were
used to examine Bi distribution throughout the crystals, i.e.,
relatively evenly distributed throughout the crystal or tend-
ing to preferentially occur near the surface. First, the mid-
dle part of each crystal was scanned, far away from the
crystal's edges or surface. Figure S2 (Supporting Informa-
tion) shows the crystal's cleaved surface and corresponding
EDS analysis for Br, Pb, Bi, C, and N. SEM images exhibit
clean grain boundary-free surfaces of the single crystals. EDS
confirmed Bi was uniformly incorporated within the single
crystals.

Next, SEM-EDS line scans were employed to analyze the dis-
tribution of Bi near the surface of cleaved single crystals. Figure 2
presents the SEM images of cleaved single crystals and their cor-
responding EDS line scan profiles for Br, Pb, Bi, and C. The sur-
face of the single crystal is delineated with a dotted line in the
SEM image. The EDS line scan was initiated from the exterior of
the single crystal surface and progressed toward the bulk region.
A pronounced carbon signal is observed at the surface region
of the single crystals, attributed to exposure to air. This carbon
signal diminished as the scan proceeded into the bulk region of
the single crystal. In comparison to other samples, Figure 2¢,d
displays Br, Pb, and Bi signals from the initial scan point, in-
dicating the detection of the bare surface of the single crystals.
This observation is corroborated by the SEM images, which show
an absence of a distinct boundary between air and the single
crystal for these samples, unlike the others. Overall, the doped
samples exhibit consistent and continuous Bi signals within the
single crystal region, providing evidence of uniform Bi distribu-
tion throughout the crystal.

Figure 3 shows grown crystal structural qualities and prop-
erties, determined from XRD and rocking curves. XRD results
for the single crystals (Figure 3a) present characteristic peaks for
(001), (002), and (003) at 14.96°, 30.14°, and 45.89°, respectively,
from the pristine single crystal. Some slight peak shifting to a
larger degree was also exhibited, indicating lattice contraction,
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Figure 1. a) Schematic illustration of the single crystal nucleation method. b) Heating rate used for the crystallization process. c) Doped and undoped

MAPbBr; single crystals.

although the peak shift is quite subtle. This tells us that Bi doping
does not affect crystal growth or alter the perovskite crystal struc-
ture. Figure 3b shows X-ray rocking curve analysis for the first
major XRD peaks using full width at half maximum (FWHM) to
compare crystal quality; FWHM = 0.045°, 0.039°, 0.042°, 0.049°,
0.057°, and 0.067° for 0%, 0.019%, 0.042%, 0.063%, 0.11%, and
0.19% doped single crystals, respectively. This monotonically in-
creasing FWHM indicates continuous bismuth incorporation
into the crystal leads to disorder in the crystal, similar to previ-
ous studies.[1%

All XRD patterns for crushed powdered single crystals exhib-
ited sharp peaks (Figure 3c), with no new or diminished peaks
appearing after doping. This observation indicates that Bi doping
does not deteriorate the perovskite crystal structure, consistent
with both single-crystal samples and previous reports.[°*><610-11]
This is further supported by the Goldschmidt tolerance factor
(t),['2) which was calculated to be 0.84 and does not exhibit
a significant difference after adding the ionic radius value for
Bi. Rietveld refinement was performed on the powder XRD
patterns using Fullprof software (see Figure S3, Supporting
Information).[3] The refinement results verified that the synthe-
sized single crystals all adopt the cubic perovskite structure, with
space group Pm-3m. Figure 3d shows the fitted lattice parameters
of the undoped sample, with a = 5.931 A, which is reduced to a
= 5.928 A for the highest doped sample. This lattice contraction
is likely due to the different radius size between Bi** (1.03 A)
and Pb** (1.19 A)." The unit cell volume contraction follows
the same trend of the lattice parameter. Pb—Br bond length and
PbBr 4~ octahedra volume change is plotted in Figure 3e, which
may also be attributed to the lattice parameter reduction. Jedlicka
etal. proposed that Bi substituting Pb, along with donating an ex-
cess electron, results in compressive chemical strains and a de-
crease in lattice constant,'!l which supports our results. Figure 3f
illustrates the PbBrg4~ octahedra schematic figure of 0% and
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0.063% doped samples using VESTA software. As illustrated, Bi
occupancy at the B site increases after doping, substituting Pb,
based on the refinement results. However, it is important to note
that Figure 3fis not an exact depiction of the PbBr 4~ octahedral
structure of the doped MAPbBr; crystal but rather a schematic
illustration to present that Bi substitutes Pb.

Figure 4 shows Raman scattering spectroscopy results per-
formed to investigate the vibrational phonon modes for the sin-
gle crystals and further explore structural features. Raman spec-
tra for the single crystals occur in distinct regions: 50-250 and
250-3500 cm™! with assigned peaks summarized in Table 1.
Overall spectra for all samples confirmed the MAPbBr; cubic
structurel®®] which is consistent with XRD results. Figure 4a
shows low-frequency vibration modes at 50-250 cm™ belong-
ing to the PbBr4~ octahedra frame,!'®! whereas high-frequency
modes at 250-3500 cm™~! (Figure 4b) are assigned to MA* cation’s
vibrational modes which are highly sensitive to the microenvi-
ronment and chemical interactions between the organic cation
and the inorganic framework mainly taking place at the NH,
end of MA* .54V This outcome confirms Raman spectroscopy
as an essential tool for understanding how Bi doping affects the
vibration modes to identify its impact on the crystal structure.
Overall peak intensities achieved the highest intensity for the
0.019% sample and gradually decreased with increasing Bi con-
tent. Thus, although a small amount of Bi doping enhances crys-
tal quality,>#*18] additional incorporation leads to crystal disor-
der, which is supported by the XRD rocking curve result.

We took a detailed look into the low-frequency vibration mode
in Figure 4a. The peaks of vibration mode v, and v, indicate the
bending and stretching of the Pb—Br bond in the PbBry*~ oc-
tahedra frame. While the v, mode-assigned peak did not show
significant peak shifting, the v, mode-assigned peak shifted to
higher wavenumber as doping concentration increased. The vi-
bration mode is illustrated in Figure 4c and detailed v, mode peak
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Figure 2. Cross-sectional SEM images and EDS line scan profile of Br, Pb, Bi, and C elements for a) 0%; b) 0.019%; c) 0.042%; d) 0.063%; €) 0.11%;
and f) 0.19% Bi-doped MAPbBr; single crystals. (Line scan length: 1.2 um, arrow indicates scan direction).

position and intensity are plotted as a function of Bi concentra-
tion in Figure 4d. Raman blue shift is known to indicate lattice
contraction"! due to Pb—Br bond length compression!?! as a
result of Bi incorporation. The shorter Bi—Br bond length (2.87
A)?1 compared with the Pb—Br bond length (2.97 A)1??] proba-
bly leads to lattice contraction which is consistent with XRD. A
similar trend in the v, mode shift has been seen in a report by Li
et al. where a pressure experiment was conducted on MAPbBr,
and observed a similar peak shift trend in the low-frequency Ra-
man range (100-200 cm™').l"®] Hence, the v, mode blue shift
supports evidence of Bi substituting for Pb with resulting lattice
contraction. Han et al. reported that a Raman peak at 167 cm™
relative to the Bi,Br,®>~ anion’s stretching region in MA,Bi,Br,
that appeared when Bi** accumulates on the surface of doped
MAPDBT; [2] However, we were unable to identify any peaks at
that position, i.e., no excess Bi appears to be present at the sur-
face of the single crystals. The high-frequency vibration modes
in Figure 4b show no significant peak shifting after doping. This
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means that Pb—Br bond compression does not seem to affect
MA vibration modes and any phase transition behaviors which
is consistent with the XRD results.

2.2. Optimum Doping Concentration
2.2.1. Photophysical Measurements Regarding Defect Formation

To further understand the photophysical properties of doped sin-
gle crystals, UV-vis absorption was conducted. The absorbance
offset in Figure S4 (Supporting Information) redshifted from 580
to 690 nm after doping, consistent with the darker colors of the
doped single crystals. However, large single-crystal thickness of-
ten causes the optical bandgap to be overestimated when mea-
sured using UV-vis spectroscopy.[?®! In addition, the absorbance
spectra red shift due to a longer absorbance tail was generated as
a result of deep trap states formed by defects inside the crystal,
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Figure 3. a) XRD patterns for pristine and Bi-doped MAPbBr; single crystals; b) Rocking curves from the first diffraction peaks; c) XRD patterns for
crushed single crystals powders; MAPbBr; d) lattice constant and unit cell volume; e) Pb—Br bond length and PbBrg octahedron volume; f) lllustration
of the PbBrg octahedra for 0% and 0.063% doped samples determined through Rietveld refinement from powder XRD.

and not an actual band gap shift for the doped crystals.5>>] We
estimated the Urbach energy (E) from Figure S4 (Supporting
Information) using the following equation:

E _ﬂ (1)
)

g

where E,, a(E), and a, are the band gap energy, absorption coef-
ficient spectra, and a value at E = E,.*%]

Figure S5 (Supporting Information) shows In(«) with respect
to E, used to calculate E;; with resultant values summarized in
Figure 5a. Ej; #20 and 60 meV for the undoped and doped sam-
ples, respectively, are consistent with previous reports.[**" Thus,
Ey increases significantly after Bi doping, leading to a longer Ur-
bach tail that makes the optical absorbance seem to shift to a
longer wavelength. The increase in E;; demonstrates lattice dis-
tortion and energetic disorder in the crystal due to defects formed
in the crystal.l}!l

We used photoluminescence (PL) measurement to observe the
band gap and photoexcited charge carrier transport properties.
The PL absorption peak presented in Figure S6 (Supporting In-
formation) is unchanged, suggesting a fixed band gap at 2.28 eV
for the undoped and doped single crystals. This is consistent with
previous reports that have shown the band gap does not change
through PL and ellipsometry measurements.l>*! PL quenching
after Bi doping (see Figure S6a, Supporting Information) con-
firms that doping generated defect formation in MAPbBr; sub-
sequently generating carrier trapping, consistent with increased
Urbach tail from UV-vis spectroscopy. This effect was also exhib-
ited in Bi-doped MAPDBr, thin films.>¢l The trivalent Bi** can act
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as a deep electron trap when substituting divalent Pb?*.132] Thus,
Bi incorporation acts as a defectin MAPDbBr;, consistent with pre-
vious reports.>*<¢6l The PL peak of pristine MAPbBr, contains
an additional peak at ~#576 nm, with the main peak at 546 nm.
This additional peak is known to be generated from the photon
recycling effect caused by re-emission after self-absorption and
internal reflections in the thick crystal.33] The additional peak
does not appear in the Bi-doped samples which suggests that pho-
ton recycling is suppressed after doping.[5]

Identifying the change in PL FWHM is important as it con-
tains crucial information on defect states in the material. The
PL peaks of all samples have been normalized to compare the
FWHM (see Figure S6b, Supporting Information). A large differ-
ence between the undoped and doped samples can be sighted,
with the values plotted in Figure 5b. FWHM increases with in-
creasing Bi concentration, due to increased defect states or shal-
low traps.**] This is consistent with the PL quenching effect
and Urbach energy increase. Figure 5a,b summarizing E;, PL
FWHM, and PL intensity follow similar trends with increasing Bi
concentration, overall indicating that Bi doping promotes defect
formation. Interestingly, the doped single crystal shows minimal
defect at 0.063% Bi concentration, suggesting the existence of an
optimum Bi doping concentration in MAPbBr; where the best
optical properties will exist among the doped single crystals.

We categorized the doped samples into two regions: the
“low doping region” (green background — 0.019%, 0.042%, and
0.063%) and the “high doping region” (orange background —
0.11% and 0.19%). This classification is based on experimental
results which will be discussed in detail later and is used for
convenience of comparison. We hypothesize that there exists an
optimal doping concentration at which Bi incorporation into the
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perovskite lattice stabilizes, reaching a point of maximum effec-
tiveness before causing distortion beyond this region. In other
words, the distinction between low and high doping regions is
based on whether the doped samples exhibit an inflection point
in their properties, indicating an optimum doping concentration
for achieving the best material characteristics among the doped
samples. This will be further explored in the following sections.

2.2.2. Trade-Off in Electrical Properties

Space-charge limited current (SCLC) model was adopted to ex-
tract the trap density of the single crystals.[*! The device struc-
ture used for the measurement was a hole-only device with Au
electrodes deposited on each side of the single crystal (see inset
of Figure 5c). The measured [-V curves were divided into three
regions: ohmic (red), trap-filling region (blue), and Child (purple)
regions (Figure 5c—e).*®) Trap density (n,) was determined from
the trap-filled limit voltage, Vg, i.e., the voltage at which the cur-
rent begins to increase rapidly, using the following equation, %]

= AL )
el?

where ¢, is the vacuum permittivity, ¢, is the relative dielectric
constant (e, = 25.5),°! e is the elementary charge (1.6 X 107%? C),
and L is the single crystal thickness.

The increase in trap density (Figure 5f) after Bi incorporation
supports the photophysical measurements from Section 2.2.1
which indicate the generation of defects in MAPbBr;. The rise
in trap density negatively impacts device performance, partic-
ularly in solar cells, as traps facilitate electron-hole recombi-
nation, thereby reducing device efficiency. However, it is early
to assert that Bi doping in MAPDbBr; has exclusively negative
effects.

The SCLC method is a two-probe vertical measurement, rais-
ing concerns about the accuracy of the measured values (es-
pecially conductivity due to contact resistance issues). Hence,
we conducted Hall effect measurements using the Van der
Pauw method to evaluate the electrical properties of the sin-
gle crystals. A photograph of the Hall measurement device
is shown in Figure S7 (Supporting Information). The resistiv-
ity of the undoped MAPDbBr; single crystal was higher than
the measurable range of the instrument. Therefore, mobility,
conductivity, and carrier concentration values of the undoped
samples were extracted from the SCLC measurement shown in
Figure 5c.

The carrier mobility of the undoped single crystal was extracted
by fitting the Mott-Gurney law,

_ 9e,60uV?

=5 §)

where ], is the dark current density, y is the mobility, and V is the
voltage. Conductivity for the Ohmic region, o, and carrier concen-
tration, n_, was calculated as,
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These extracted values were used to identify trends among the
doping concentration, serving for comparison only.

The conductivity, mobility, and carrier concentration of the
doped single crystals obtained with the Van der Pauw method
are plotted in Figure 5f,g together with the values of the un-
doped single crystal obtained through SCLC. The parameter val-
ues increased with higher Bi concentrations, indicating partial
improvement in the electrical properties, which aligns with previ-
ous studies.3¢°¢1% The result suggests that Bi donates an excess
electron to the crystal lattice, enhancing conductivity, mobility,
and carrier concentration and effectively n-doping the material.
In addition, the Hall coefficient values, summarized in Table S1
(Supporting Information), confirm that the doped single crystals
are all n-type. Given that MAPbBTr, is typically a p-type intrinsic
material, this n-doping effect of Bi is consistent with expectations.

Overall, the saturation of trap density, mobility, and conductiv-
ity all observed in the “high doping region” after reaching a peak
value at 0.063% Bi concentration, indicates a potential limitation
in doping concentration. We hypothesize that Bi successfully sub-
stitutes Pb up to a certain limit, beyond which an excessive Bi
concentration fails to stably substitute Pb, leading to saturation
and eventual deterioration of material properties. The underlying
physical mechanisms that occur when Bi surpasses the optimum
concentration require further investigation.

2.3. Chemical Properties Confirm Optimum Doping
Concentration

2.3.1. Surface Chemical Interactions

To further substantiate the evidence of n-doping, we measured
the work function and valence band using UPS. The shift ob-
served in the secondary cut-off (SECO) region (Figure S8a, Sup-
porting Information) reflects a change in work function upon
doping with Bi. The work functions were calculated by subtract-
ing the He I photon energy (21.22 eV) from the SECO offset
energy. The difference between the Fermi energy (E;) and va-
lence band maximum (VBM) (Figure S8b, Supporting Informa-
tion) was determined by applying a Gaussian fit to the valence
band onset on a logarithmic scale. Using the band gap value of
2.28 eV, obtained from our PL results, we calculated the conduc-
tion band minimum (CBM) position and constructed the energy
band diagram for all the single crystals, as shown in Figure 6a.
Our findings indicate that the undoped MAPDbBr, single crystal
is an n-type intrinsic material. With the incorporation of Bi, the
material transitions from a nearly intrinsic state to a highly n-
doped semiconductor. This transition is consistent with the Hall
measurements, which confirmed that the doped single crystals
are all n-type semiconductors with enhanced conductivity.
Furthermore, we observed a gradual shift in electron affinity
(EA) and ionization energy (IE) as the doping concentration in-
creased. Here, as well as other measurement results illustrate the
EA and IE value hitting a peak value at 0.063% Bi doping con-
centration (Figure S9, Supporting Information). Above 0.063% Bi
doping, EA and IE do not exhibit a significant difference, which
seems to show a saturation behavior. Doping usually has mini-
mal impact on EA and IE, as it primarily shifts the E with little ef-
fect on the band structure.*®! The change in IE may be attributed
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Figure 4. Raman spectra for pristine and Bi-doped MAPbBr; single crystals along the scanning range for a) 50-250 cm™' and b) 250-3500 cm~'. )
Illustration of the vibration for the v, mode (Pb—Br stretching motion) and d) peak position and intensity of mode v, plotted as a function of Bi doping

concentration.

to a change in the chemical composition of the perovskite.*!

In this case, it appears that Bi doping not only introduces dop-
ing into MAPbBr, but also impacts surface chemistry. This phe-
nomenon was likely detected with UPS, given the surface sensi-
tivity of this measurement technique.

Table 1. Raman vibration modes and their mode assignments of pristine
MAPbBr; single crystal from literature.

Mode Position [cm~"] Assignment? Refs.

v, 70 8, (Br—Pb—Br) [16]

vy 126 v, or v, (Pb—Br) [16,24]

Vs 322  (MA) [16a,25]
vy 915 » (MA) [16a,17,26]
Vg 969 v (C—N) [162,17,25-26]
Ve 1428 5, (CHs) [16a,25b]
v, 1480 620 (NH5*) [16a,25b,26]
vg 1592 8,26 (NH;) [16a,25b]
Vo 2827 Vas (C—H) [25b,27]
Vio 2967 V.. (CH3) [16a,17]

Ay stretching, 6: bending, p: rocking, z: torsion, s: symmetric, as: asymmetric
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The surface chemical interaction and Bi ion doping were fur-
ther confirmed through XPS. Figure S10a (Supporting Informa-
tion) shows XPS survey scans that exhibit new Bi peaks that are
present only in the doped single crystals, confirming the incor-
poration of Bi in all doped samples. This was also exhibited from
the Bi 4f peaks from the narrow scan spectra (see Figure 6b).
The C 1s peaks were calibrated to 284.8 eV for further inves-
tigation. XPS narrow scan spectra for the doped single crystals
show that all C 1s, N 1s, Br 3d, and Pb 4f peaks shifted to higher
binding energy after Bi doping (see Figure S10b—d, Supporting
Information; Figure 6¢). This shift indicates a modified chemi-
cal environment for PbBr,*~ octahedra and stronger Pb—Br in-
teractions in the doped single crystals, consistent with previous
reports.31]

The PbBr*~ octahedral distortion is accompanied by changes
in the lattice constant, as confirmed by XRD and Raman
outcomes. Lattice contraction shortens the Pb—Br bonds and
strengthens their interaction.> A slight shift to lower binding
energy occurs for C 1s, N 1s, Pb 4f, Br 3d, and Bi 4f peaks for
the 0.11% and 0.19% samples. This suggests the existence of a
specific optimal doping level (0.063% as discussed earlier), be-
yond which the dopant tends to segregate when doping content
exceeds this level,[*"] which we have identified as the high doping
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Figure 5. a) Urbach energy; b) PL FWHM and PL intensity for Bi-doped MAPbBr; single crystals; SCLC current-voltage curves of c) 0%, d) 0.019%,
0.042%, 0.063%, €) 0.11%, 0.19% doped single crystals; f) trap density and mobility; g) conductivity and carrier concentration of undoped and doped
MAPbBr; single crystals obtained through SCLC and Hall measurement.

region. This change aligns with the trends observed in IE and EA

as well.

Figure 6b displays the Bi 4f core level spectra. Intensity for the
two Bi peaks increases with the Bi concentration in the single
crystals, which is consistent with the rising Bi content. The peaks
corresponding to Bi 4f; , and Bi 4f, , are attributed to Bi**, while

Small 2024, 20,

2407141

the two smaller peaks are associated with metallic Bi (Bi?).[1041]

The Pb 4f core level spectra, shown in Figure 6c, reveal metal-

2407141 (8

of 12)

lic Pb (PbP) peaks at 140.9 and 136.1 eV. This formation of Pb°
occurs when MAPDBr; is exposed to X-rays,[*!] causing a chem-
ical reaction with oxygen that leads to degradation.*’] This re-
action was mirrored for MAPDI, as well.*l Pb? acts as a deep
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defect state and degrades the perovskite-based optoelectronic
device performancel®! and as a result, several studies have at-
tempted to eliminate these Ph° defects.

Tang et al. reported the absence of Pb? in Bi-doped MAPbBr,
single crystals, attributing this to improved perovskite stability.!*"]
While our current study shows similar results, it remains
difficult to claim that Pb° disappearance is proof of improved sta-
bility. XPS measurement is surface limited (= 5-10 nm below
the surface), and hence strongly surface sensitive which means
that the results may not fully represent the bulk material stability.
This aspect will be addressed in the subsequent section.

We propose a possible hypothesis to explain the disappearance
of Pb? and the presence of Bi’: reduction potential (E°). Tang et al.
suggested that Bi** is more easily transformed to Bi’ (positive re-
duction potential, 0.31 V) than Pb?" (negative reduction poten-
tial, -0.13 V).I*I Consequently, Bi** is more readily reduced to
Bi® than Pb?* to Pb?. This hypothesis implies that Bi-doped per-
ovskite might form Bi® when exposed to an X-ray beam rather
than Pb°. All our samples were subjected to identical measure-
ment conditions, meaning that the presence of Bi’® among the
doped single crystals indicates that Bi does somehow reduce the
formation of Pb°. Further investigation is needed to elucidate the
origin of Bi’ and its impact on material stability.

2.3.2. Thermal Stability

The discussion above raised the possibility of an optimum dop-
ing concentration that limits stable Bi doping and a possibility
of improving stability. We explored the thermal stability of the
single crystals with TGA and DSC. Figure S11 (Supporting In-
formation) shows TGA and differential thermogravimetry (DTG)
graphs for undoped and doped samples to compare the mass
loss behavior which will provide a better understanding of how
Bi doping affects MAPbBr, decomposition. TGA curves confirm
that all samples exhibit two weight loss steps. Step 1 indicates
~24% weight loss due to the organic cation, and step 2 indi-
cates ~75% weight loss due to PbBr, degradation and evapora-
tion, which has been previously observed for methylammonium
lead trihalide perovskites.[*’! The onset temperatures of the first
step mass loss = 335.2 °C, 328.2 °C, 330.2 °C, 334.7 °C, 339.9 °C,
and 339.9 °C for 0%, 0.019%, 0.042%, 0.063%, 0.11%, and 0.19%
doped samples, respectively. The increasing Bi concentration in
doped single crystals leads to higher thermal stability. We assume
this is due to stronger chemical bonding observed through XPS.
However, the low doping concentrations demonstrate a lower sta-
bility compared to the undoped single crystal which is expected to
be a result of unstable incorporation of Bi in the crystal structure.

The second mass loss must also be considered to fully under-
stand Bi doping effects on thermal stability as Bi substituting
Pb is confirmed. Onset temperatures for step 2 of mass loss =
594.9 °C, 571.9 °C, 591.0 °C, 592.2 °C, 571.4 °C, and 534.5 °C for
the 0%, 0.019%, 0.042%, 0.063%, 0.11%, and 0.19% doped sam-
ples, respectively. The 0.063% doped sample exhibits the highest
stability for the inorganic compound among the doped samples
supporting a threshold doping concentration that was suggested
previously.

Figure S12 (Supporting Information) show DSC results used
to monitor phase transition and support thermal stability ef-
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fects. All cases exhibit two endothermic peaks, indicating phase
transition from solid to gas for the organic and inorganic
components,'*?l corresponding to the TGA curves. While the
first endothermic peaks appear to have sharp and similar shapes
among the samples, the second peaks exhibit significant shape
differences after doping, which is expected to be altered by Bi in-
corporation. Sharp peaks are only sighted for the 0% and 0.063%
samples, whereas 0.019%, 0.042%, 0.11%, and 0.19% samples ex-
hibit a broad double peak which indicates impure samples. This
probably indicates that an optimum doping concentration exists
at 0.063%. Figure 6d,e summarizes the TGA and DSC tempera-
tures which represent that the transition and decomposition tem-
peratures for all the samples follow similar trends. The doping
concentration of = 0.063% achieved is the most stabilized condi-
tion for the Bi substituting Pb site and hence exhibits the highest
thermal stability among the doped samples.

3. Conclusion

This study investigated the effects of Bi doping on MAPbBTr; sin-
gle crystals to enhance the understanding of how various Bi con-
centrations influence the physical, and chemical properties, and
stability of lead halide perovskites. XRD and low-frequency Ra-
man spectroscopy confirmed that Bi incorporation compressed
the crystal structure by substituting Pb at the B-site, leading to
lattice contraction. The trends observed in optical and electrical
properties suggest an optimal doping concentration ~0.063%,
where the doped single crystals exhibit the best characteristics.

A trade-off was observed between the induced defect states
and enhancements in electrical conductivity, mobility, and carrier
concentration, underscoring the importance of selecting the ap-
propriate doping concentration for specific device applications.
N-doping after Bi incorporation was revealed, and we exhibited
organic bonding shortening, leading to stronger chemical bond-
ing. This is attributed to increased organic decomposition tem-
perature. Interestingly, the inorganic compound decomposition
temperature exhibited a peak point at 0.063% among the doped
samples, which supports our claim on the existence of an opti-
mum doping concentration at 0.063%.

In conclusion, our work identified an optimal Bi doping con-
dition at 0.063%, which overall possesses the best properties
among the doped samples. The findings emphasize the impor-
tance of controlling doping concentration to achieve improved
material properties, which can significantly benefit in widening
and improving the performance of perovskite optoelectronic ap-
plications.

4. Experimental Section

Single Crystal Growth: ~ All chemicals were used as received. The per-
ovskite precursor solution was mixed from 1 M of PbBr, (99.99%, trace
metals basis, Tokyo Chemistry Industry Co., Ltd), and CH;NH;Br (Great-
cell Solar) in N, N-dimethylformamide (DMF, Sigma—Aldrich). For doped
single crystals, BiBr; (Sigma-Aldrich) was added into the solution at vari-
ous concentrations calculated relative to the molar ratio with PbBr,. The fi-
nal precursor solutions were mixed for 5 h to dissolve all components. The
fully dissolved solutions were filtered with a 0.2 um polytetrafluoroethylene
filter. After filtration, the solution was heated on a hot plate at a slowly and
regularly increasing temperature. Finally, the grown crystals were dried in
a vacuum oven.
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Device Fabrication: Au electrodes (2100 nm) were deposited by ther-
mal evaporation on both sides of the single crystal in a high vacuum to
fabricate the hole-only devices for SCLC measurement. For Hall effect mea-
surement, the single crystals were covered with polyimide tape, except for
the four edges where the Au electrodes were deposited by thermal evapo-
ration.

Characterization: SEM and EDS analyses were used to analyze the sur-
face and element distribution of the perovskite single crystals using field-
emission scanning electron microscopy (FE-SEM, HITACHI SU8220) at
the Western Seoul Center, Korea Basic Science Institute. XRD of the sin-
gle crystals was performed on a Multipurpose XRD at the Western Seoul
Center, Korea Basic Science Institute. Single crystal crushed powders were
scanned on a D8 Advance.2020 multi-purpose XRD (Brucker) at the Re-
search Institute of Advanced Materials (RIAM), Seoul National Univer-
sity. ICP-OES (Agilent, 5110) was used to investigate Bi and Pb quanti-
ties in the single crystals. The optical absorbance of the single crystals
was measured through UV/Vis/NIR spectroscopy (Lambda 750). Raman
spectroscopy was measured with a 633 nm laser (LabRAM HR Evolu-
tion) at the RIAM, Seoul National University. Steady—state PL measure-
ments were performed on a FlouTime 300 with an excitation wavelength
of 405 nm at the RIAM, Seoul National University. XPS and UPS were mea-
sured with a Thermo Scientific Nexsa G2 X-Ray Photoelectron Spectrome-
ter (XPS) System at the Korea Institute of Science and Technology (KIST)
Advanced Analysis Center. Current-voltage measurements were taken us-
ing a probe station with a Keithley 4200 semiconductor measurement sys-
tem at room temperature. Hall effect measurement was performed on an
Accent HL5500PC Hall Effect Measurement System at the Holonyak Mi-
cro & Nanotechnology Lab, University of lllinois Urbana-Champaign. Ther-
mal stability was evaluated with TGA-DSC (STA 449 F1 Jupiter, NETZSCH)
from 30 to 800 °C with a temperature ramping rate of 10K/min in an N,
gas flow of 50 mL min~'.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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