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Heterovalent-metal doping is an efficient tool to tune the optoelectronic properties of the famous halide
perovskites. Previous studies have focused on the heterovalent-doping in three-dimensional (3D) halide
perovskites. However, there is a lack of such doping in two-dimensional perovskites which possess unique
optoelectronic properties and improved chemical stability as compared to 3D analogues. Here, we present
successful doping of Bismuth into the lattice of lead-free, two-dimensional perovskite PEA,SnBr, single
crystals. Structural characterizations demonstrate that the doped crystals possess identical crystal struc-
ture and layered morphology with the pristine one. Intriguingly, we find the PL peak and spectral shape
can be tailored by tuning the concentration of Bi dopants. Femtosecond transient absorption spectroscopy
is performed to understand the underlying mechanism related to tunable PL behaviors, and a clear pic-
ture of the Bismuth-doping impact is provided.

© 2018 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by Elsevier B.V. and Science Press. All rights reserved.

Ke-Li Han’s Group for Complex Molecular Systems Re-
action Dynamics. Our research interests involve chem-
istry, physics, biology, and material sciences investigated
by both theoretical and experimental methods applied
in molecular reaction dynamics fields. Recently, we focus
our studies on several important research areas such as:
Excited-state dynamics of perovskites; Hydrogen Bonding
Effects on the Photochemistry and Photobiology; Excited-
State Structures and Dynamics of Complex Molecular Sys-
tems; Nonadiabatic Effects in Chemical Reaction; Chem-
ical Reactions Catalyzed by Enzyme; Dynamical Mecha-
nisms in Hydrogen Production by Photocatalytic Water
Splitting and Solar Cells.

1. Introduction

Recently, heterovalent-metal doping, which is widely used in
semiconductors for bandgap and conduction type engineering, has
received intensive attention as an efficient method to tailor the
optoelectronic properties of the famous organic-inorganic hybrid
halide perovskites [1-11]. For instance, trivalent element Bi3*
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doping into the lattice of APbX3 (A=CH3NHs3, Cs; X=I, Br, Cl)
perovskites can enhance the light absorption at long-wavelength
region [6,8,10,11]. It is noteworthy that most researchers have
concentrated on the heterovalent doping in 3D lead halide per-
ovskites. However, to the best of our knowledge, there is a lack
of such investigations on two-dimensional (2D) perovskites. In
fact, due to the inherent quantum confinement and low dielectric
constant effect [12], 2D perovskites with improved moisture sta-
bility compared to 3D analogues, possess some unique properties
[13-18], e.g. direct bandgap type and large exciton binding energy.
Heterovalent doping can offer a route to tailor these special prop-
erties, and endow 2D perovskites with more potential applications
in optoelectronic field. In addition, despite the superior properties
of lead halide perovskites, the toxicity of Pb hinders their com-
mercial potential. Thus, increasing attention has been focused on
environmentally-friendly lead-free alternatives, in particular for
Sn which comes from the same Group of periodic table with Pb
[9,19-27].

In this regard, we focused on the effect of heterovalent-metal
doping in two-dimensional Sn-based perovskites. Considering the
unique role of Bi-doping in lead perovskites and the similar ionic
radius of Bi3* and Sn2*, we synthesized a suite of Bi3*-doped
lead-free, two-dimensional perovskite PEA;Sn; xBixBrg,x (x<<1)
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single crystals. The characterization techniques including powder
X-ray, scanning electron microscope (SEM), steady-state diffuse re-
flection and photoluminescence (PL) spectroscopies were used to
determine the crystal structure and optical properties. Interest-
ingly, we find that the photoluminescence spectra can be tailored
by tuning the concentration of Bi3*. To elucidate the underlying
mechanism, femtosecond transient absorption (fsTA) spectroscopy
was performed. We propose that both of free excitons (FEs) and
intrinsic self-trapped excitons (STEs) contribute to the PL of pris-
tine crystals, and incorporation of Bi3* can prompt the formation
of extrinsic self-trapped excitons, which play a significant role in
tailoring PL behaviors.

2. Experimental
2.1. Preparation of PEA,Sn; «BixBry. single crystals

Single crystals were fabricated by cooling-induced crystal-
lization method. PEA,SnBr, was prepared by mixing 1mmol
CgHsCH,CH,NH3Br (PEABr) and 0.5mmol SnBr, in 3mL of HBr
(48%w|w aq. soln.) and 3mL of H3PO, (50%w/w aq. soln.). For
PEA,Sn;_xBixBr4, the required amount x of BiBr; was added to the
solution. The solution was stirred at 120 °C for 1h, turning to a
clear solution. Then the stirring was stopped, and the solution was
cooled to room temperature to afford yellow flake-like crystals for
PEA,SnBr, and black flake-like crystals for Bi-doped PEA,SnBry.
The general procedures mentioned above were done in a N, atmo-
sphere. Finally the crystals were washed with a minimum quantity
of dried ethanol and dried in vacuum at 60 °C for 12 h.

2.2. Characterization

PANalytical Empyrean using Cu Ko radiation (A =1.54056A)
was conducted with every 0.04° increment over the Bragg angle
range of 5°-70° for X-ray analysis at room temperature. The molar
ratio of Bi in crystals was determined by Perkin Elmer 7300 DV in-
ductively coupled plasma-optical emission spectroscopy (ICP-OES).
The optical diffuse reflectance spectra of samples were measured
by a Shimadzu Uv 2550 spectrometer equipped with an integrating
sphere over the spectral range 200-900 nm at room temperature.
BaSO,4 was used as blank reference. PL spectra were recorded on
the Horiba PTI QuantaMaster 400. A field emission scanning elec-
tron microscope (FESEM, JEOL, JSM-7800F, 1kV) equipped with an
Oxford X-Max silicon drift detector was used to record the sur-
face morphology analysis and perform chemical analysis. The PLQE
measurement was performed using an absolute PL quantum yield
spectrometer (Hamamatsu C11347).

2.3. Femtosecond transient absorption (FsTA) measurement

Femtosecond transient absorption measurements were per-
formed by a pump-probe laser system (800nm, 50 fs, and 1kHz
repetition rate) based on a regenerative amplified Ti: sapphire laser
source (Spectra Physics). The sample was excited by 350 nm laser
pulses generated by a TOPAS Optical Parametric Amplifier (OPA)
which was pumped by the 800 nm pulse. A white light continuum
(WLC) generated by a 2mm thick CaF, with window from 350 to
800 nm was used as the probe beam. The delay between the pump
and probe pulse was controlled by a motorized delay stage. The
resulting data were analyzed by global analysis with the graphi-
cal interface program Glotaran [28]. Global analysis with a parallel
model was performed to yield decay-associated difference spectra
(DADS) [29]. The sample was prepared by mechanically grinding
single crystals using two quartz plates.

3. Results and discussion
3.1. Morphology of PEA;Snq.xBixBry,, single crystals

Firstly, we analyze the macroscopic morphology of crystals by
combination of SEM and energy dispersive X-ray spectroscopy
(EDS) experiments. As shown in Fig. 1(a) and (b), for pristine
PEA,SnBr, [30], the inorganic [SnBrg]*~ octahedron sheets are
sandwiched by large organic cations PEA™, leading to a characteris-
tic layered morphology of two-dimensional perovskites (Fig. 1(c)).
Bi3*+ doping retains the layered feature of PEA,SnBry, but changes
the crystal color from yellow to black (Fig. 1(d)). The correspond-
ing EDS spectra are provided in Figs. S1 and S2, and confirm the
presence of Bismuth in the doped PEA,SnBry. To get the accurate
doping ratio in crystals, ICP-OES measurements were conducted,
and a linear relationship of the dopant concentration in feed so-
lution and single crystals was obtained (Fig. S3). The accurate Bi
molar ratio for 10% Bi-doped PEA,SnBr, is 0.7%. In the following,
the samples are denoted by the Bi molar concentration in feed so-
lution for clarity. With increasing the Bi concentration from 1% to
20% in feed solution, the diffraction peaks of XRD show no obvious
shift, which may result from the similar ionic radiuses of Sn* and
Bi3* cations (Fig. S4a). But Bi-doping influences the relative inten-
sity of the diffraction peaks of XRD (Fig. S4b).

3.2. Steady-state diffuse reflection and photoluminescence spectra

Subsequently, UV-vis diffuse reflectance and PL spectroscopies
were performed to investigate the optical properties of Bi-doped
crystals. As shown in Fig. 2(a), the bandgap of pristine PEA,SnBr,4
is estimated to be 2.60eV, which is consistent with the previous
report [30]. With increasing dopant concentration from 0% to 20%,
no obvious change of bandgap is observed, but the absorption band
tail becomes gradually increased. Such result has been reported
in Bi-doped MAPbBr; [31]. The incremental absorption band tail
is considered to be the Urbach tail, which can be induced by lat-
tice distortion and self-trapped exciton absorption [32-34]. Due to
the quantum confinement and low dielectric effect, 2D perovskites
possess high exciton binding energy typically above 300 meV
[12-15,35]. An excitonic absorption peak at around 440 nm was ob-
served for both of undoped and doped PEA;SnBry.

Interesting phenomenon was observed in PL spectra of a suite
of Bi-doped crystals. As shown in Fig. 2(b), all the PL spectra can
be well fitted by one and two Lorentz distributions, respectively.
The PL spectrum of undoped PEA,SnBr, is characterized by an
asymmetric line-shape, tailing to longer wavelength and can be
well fitted by two peaks. Furthermore, a narrower PL spectrum
was observed at 77K (Fig. S5b). According to the previous reports
[14,36-39], the higher energy emission is ascribed to free excitons
transition and the lower energy tail is tentatively assigned to ra-
diative recombination of self-trapped excitons. Additional powerful
evidence comes from the fsTA spectra as discussed below. With in-
creasing the Bi concentration from 0% to 20%, the change of spec-
tra shows two obvious features: (1) the PL peaks are blue-shifted
from 495 to 472 nm; (2) the lower energy emission tail gradually
attenuates and is disappeared in 10% and 20% Bi-doped crystals. In
addition, Bi doping weakens the emission intensity of the pristine
crystal. The PL quantum yield of 10% Bi-doped crystal is shortened
from 0.5% to 0.3% as compared to the undoped one. The blue shift
of PL spectra in doped perovskite crystals has also been observed
in Bi-doped MAPbBr3; perovskite and ascribed to photon recycling
[31,40,41]. Considering that the observed PL spectra are the combi-
nation of FEs and STEs transitions, and the blue shift of PL spectra
is derived from not only the photon recycling effect, but also the
quenching of radiative self-trapped states induced by incorporation
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(b)

Fig. 1. (a) Crystal structural illustration of PEA,SnBr, viewed along the b axis. Brown, white, blue, red, orange spheres represent C, H, N, Sn, Br atoms, respectively.
(b) Distorted [SnBrg]*~ octahedron viewed along c¢ axis. SEM images of PEA,SnBr, single crystals (c) and 10% Bi-doped PEA,SnBr, single crystals (d). Insets are the cor-

responding single crystal photos.
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Fig. 2. Optical diffuse reflectance spectra (a), and room temperature PL spectra (b) of Bi-doped PEA,SnBr, with different Bi concentrations ranging from 0% to 20% in the

feed solution. Insets are the corresponding powder photos.

of Bi3*. To further prove this inference, femtosecond transient ab-
sorption spectroscopy was carried out.

3.3. Femtosecond transient absorption spectra

The fsTA spectra of undoped and 10% Bi-doped PEA,SnBr,
crystals were measured upon above-excitonic-peak excitation at
350 nm. Transient absorption spectroscopy is an efficient tool to
give the most direct evidence for self-trapped excitons, and a
pump-induced absorption at energies below that of excitons is
characteristic of STEs [42,43]. As shown in Fig. 3(a), following
photoexcitation, the TA spectra of PEA,SnBr, are dominated by a

negative signal corresponding to the ground-state bleaching at the
optical gap around 440nm, and a positive absorption at energies
below that of excitons, which is characteristic of STEs [42-44]. The
TA spectra confirm the presence of STEs and are consistent with
the above PL results. Notably, the STE characteristic absorption is
not only observed in the fsTA spectra of doped crystals (Fig. 3(d))
but also stronger than that of undoped crystals (Fig. 3(c)). This
suggests that more STEs are generated in Bi-doped PEA,SnBry. It
is known that there are two types of STEs: intrinsic one which
results from transient lattice distortions and doesn’t require per-
manent material defects, and extrinsic one which is attributed
to the local heterogeneity of the lattice (impurity) [43,45,46].
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Fig. 3. Contour plot of the fsTA spectra upon photoexcitation at 350 nm with time window from 0 to 7800ps (a), and DADS spectra derived from global analysis (b) of
PEA,SnBry4. (c) Normalized fsTA spectra at decay time of 170 fs for undoped and 10% Bi-doped PEA,SnBr,. The contour plot of the fsTA spectra upon photoexcitation at
350 nm with time window from 0 to 7800 ps (d), and DADS spectra derived from global analysis (e) of 10% Bi-doped PEA,SnBr,. (f) Normalized kinetic profiles of undoped
and 10% Bi-doped PEA,SnBr, and instrumental response function (IRF) at 478 nm. The excitation energy is 4 pJ/cm?/pulse.
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Therefore, we assign the STEs in pristine PEA,SnBr, crystal to in-
trinsic self-trapped excitons, and ascribe the pump-induced ab-
sorption of 10% Bi-doped PEA,SnBr, to the formation of extrin-
sic self-trapped excitons. Both of the formation time of the two
STEs determined from the rise time of the pump-induced absorp-
tion, are within the instrumental response resolution (~100 fs)
(Fig. 3(f)). In consideration of the absence of lower energy emis-
sion in Bi-doped PEA,SnBr,4 as discussed above, we propose that
extrinsic STEs in doped crystals relax in a nonradiative way.

hv

"85 ps
Extr“med states ~2.33 ns

PL} 67 ps

Nonradiative

Fig. 4. Excited-state dynamics model of undoped and 10% Bi-doped PEA,SnBrj.

Global analysis with a parallel kinetic model was performed
on the fsTA spectra to yield decay associated difference spec-
tra (DADS) (Fig. 3(b) and (e)). For undoped and 10% Bi-doped
PEA,SnBr, crystals, both of ground-state bleaching and excited-
state absorption signals decay to zero in the time window of 7.8 ns
in this experiment (Fig. S7). Both of their spectra can be well
global fitted by three components (Fig. 3(b) and (e)) and the cor-
responding time constants are summarized in Table S1. An ultra-
fast component of 1ps for PEA,SnBr4 and 0.65 ps for 10% Bi-doped
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PEA,SnBr, is observed. To rule out the possibility of Auger com-
bination which is an ultrafast process in high carrier density, we
use low excitation energy of 4 yj/cm?/pulse. We also compare the
kinetic profiles at 478 nm of 10% Bi-doped PEA,SnBr, with differ-
ent excitation energies (Fig. S6). The same decay behaviors also
confirm the absence of Auger combination process at the present
experiment condition [47]. We tentatively ascribe the ultrafast pro-
cess to the cooling of relaxed self-trapped states [46,48,49]. It is
shown that the relaxation of the hot trap states (t,=0.65ps) is
faster in Bi-doped PEA,SnBr, compared to that (7, =1ps) in pris-
tine crystals. Considering that the PL of PEA,SnBr, comes from the
radiative combination of free excitons and intrinsic self-trapped
excitons as discussed above, the short-lived component with life-
time of 119ps is ascribed to the radiative decay of free exci-
tons, and the long-lived component with lifetime of 3.44ns is
associated with the decay of the intrinsic self-trapped excitons.
The two lifetimes obtained by fsTA spectra are consistent with that
measured by time-resolved photoluminescence spectroscopy in the
previous report [50]. Different from the long lifetime of spin-triplet
STEs in the previous report [24], the short lifetime in nanoseconds
indicates the spin-singlet character. Similarity, for 10% Bi-doped
PEA,SnBry, the lifetimes of free excitons and extrinsic self-trapped
excitons are 66.92 ps and 2.33 ns, respectively. The quenching ratio
of free excitons by incorporation of Bi is estimated to be 44% (see
details in supporting information), which accounts for the weaker
PL intensity of 10%Bi-doped in PEA,SnBry.

Hence, by using femtosecond transient absorption spectroscopy,
we confirm the inference about PL spectra as discussed above.
As shown in Fig. 4, for pristine PEA,SnBr4, upon photoexcitation,
free excitons emerge due to the high exciton binding energy of
two-dimensional perovskites. Some free excitons combine radia-
tively and some are trapped by deformable lattice, forming ra-
diative intrinsic self-trapped excitons. Both of them lead to an
asymmetric line-shape of PL spectra. For 10% Bi-doped PEA,SnBry,
the extrinsic self-trapped excitons are generated due to the local
heterogeneity of the lattice induced by incorporation of Bi. These
extrinsic self-trapped states are nonradiative and contribute to the
enhanced absorption tail. Both of photon recycling and nonradia-
tive extrinsic self-trapped states lead to tunable PL spectra of Bi-
doped PEA,SnBr4 crystals.

4. Conclusions

We synthesized a suite of Bi-doped lead-free two-dimensional
perovskites PEA;Sn; xBixBry, x (x<<1) single crystals, and ob-
served tunable PL behaviors by tuning the dopant concentration.
By using femtosecond transient absorption spectroscopy, we pro-
pose that the incorporation of Bi can promote the formation of
nonradiative extrinsic self-trapped excitons, which play a signifi-
cant role in PL tailoring. Our work not only fills the missing links of
the present status of our knowledge about the heterovalent doping
in two-dimensional lead-free halide perovskites, but also provides
unique perspective on the role of Bi as a dopant.
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