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ABSTRACT  Recently, cesium bismuth halide perovskites
have emerged as potential substitutes to their counterparts,
cesium lead halide perovskites, owing to their low toxicity.
However, the photophysics of cesium-bismuth halides nano-
crystals (NCs) have not yet been fully rationalized because
their structures remain highly debated. The ultraviolet-visible
(UV-vis) absorption along with other photophysical proper-
ties such as the nature and lifetime of the excited states vary
considerably across the previous reports. Here, we successfully
synthesize pure Cs;BiBrs and Cs;Bi,Bry NCs via a modified
hot-injection method, where the structure can be easily con-
trolled by tuning the reaction temperature. The UV-vis ab-
sorption spectrum of the pure Cs;Bi,Bry NCs features two
characteristic peaks originating from the absorption of the
first exciton and second exciton, respectively, which ultimately
clarifies the debate in the previous reports. Using femtosecond
transient absorption spectroscopy, we systematically in-
vestigate the excited state dynamics of the Cs;Bi,Bry NCs and
reveal that the photoexcited carriers undergo a self-trapping
process within 3 ps after excitation. More intriguingly, the
Cs;Bi,Bry NCs prepared by this method show much better
photostability than those prepared by the ligand-assisted re-
precipitation process. Photodetectors based on these Cs;Bi,Bry
NCs show a sensitive light response, demonstrating the defi-
nite potential for breakthrough optoelectronic applications.

Keywords: lead-free perovskites, bismuth perovskites, nano-
crystals, hot injection, photostability

INTRODUCTION

Metal halide perovskites (MHP) are considered among the most
promising materials in the field of optoelectronics as they
combine a wealth of superior physicochemical properties. In
particular, lead-based MHP with flexible inorganic lattice pre-
sents a high absorption coefficient, high fluorescence quantum
yield, tunable bandgap throughout the visible spectrum, long
carrier diffusion length, and high carrier mobility [1-8]. All
these attributes greatly favor their intensive integration into
optoelectronic devices such as solar cells, photoelectric diodes,
photoelectric detectors, and lasers [9-14]. However, the toxicity
of lead poses a great threat to the environment and human
health, making their use in consumer optoelectronics a major
hurdle [15,16]. To overcome this challenge, lead-free MHPs
gradually came to the public eye and consequent studies on the
replacement of Pb** by other metal cations, such as Ge**, Sn*",
Bi**, Sb** and Ag*, have been widely reported [17-20]. Since
trivalent Bi** is isoelectronic with Pb** and inorganic perovskites
are much more stable than their organic analogs, the all-inor-
ganic cesium bismuth-based MHPs have recently received a
particular rush of interest [21]. Cesium bismuth-based halide
perovskites possess diverse structures, of which most attention
has been focused on Cs;Bi,Brg [22-26]. The interest has recently
propagated toward the field of photocatalysis, where the light-
harvesting capabilities of Cs;Bi,Bry are utilized for driving che-
mical reactions with high yields [24,27-29].

Bulk Cs;Bi,Brs is a two-dimensional layered vacancy-ordered
perovskite having a trigonal crystalline structure with P-3ml
symmetry, which can be viewed as a triplication of the tradi-
tional ABX; unit cell with only two-thirds of the B sites fully
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occupied by Bi’* [30,31]. Hitherto, numerous articles have
reported the preparation and the photophysics of Cs3;Bi,Bro
nanocrystals (NCs) [25,32-36]. However, the published optical
absorption spectra of Cs3;Bi,Br¢ NCs vary significantly (see the
plot showing the wavelengths of the peak maxima as a function
of the particle size in Fig. S1). For example, Yang et al. [25]
synthesized blue light-emitting Cs;Bi,Bro NCs with a size of
6nm by a ligand-assisted re-precipitation (LARP) method,
where isopropanol was used as the antisolvent during the
synthesis. The absorption spectrum of the Cs;Bi,Bry NCs shows
a pronounced peak at 439 nm and the photoluminescence
quantum yield (PLQY) of 0.2% without capping ligands and
4.5% with capping ligands. Leng et al. [32] produced Cs;Bi,Bry
NCs with an average diameter of 3.88 + 0.67 nm and a PLQY of
up to 19.4% by the similar LARP method, where ethanol was
used as the antisolvent and a peak centered at 396 nm was
observed in their absorption spectrum. In the same year, Lou et
al. [34] reported Cs;Bi,Bry NCs dispersed in octane with an
average diameter of 3.5 nm via the LARP reaction, and their
NCs showed a sharp ultraviolet-visible (UV-vis) peak at 371 nm
in the absorption spectrum and exhibited a strong blue-violet
emission under UV light irradiation with a PLQY of up to 22%.
It can be seen that the peaks in the absorption spectra of the
Cs;Bi,Brg NCs exhibit a blueshift as the size of NCs decreases.
However, Cao et al. [33] reported a striking blueshifted
absorption peak at 330 nm for 4.8 nm Cs;Bi,Bry NCs dispersed
in ethanol with a PLQY up to 37% by a modified LARP method,
which does not follow the correlation stated above. In addition
to the LARP method, many alternative synthetic approaches
have also been tried to synthesize Cs;Bi,Bry NCs. For example,
Yang et al. [35] used a metal ion insertion procedure to make
13 nm Cs;Bi,Bry NCs, which showed an absorbance peak at
430 nm. Nelson et al. [36] prepared Cs;Bi,Bry NCs with an
absorption peak at 380 nm by hot injection, but the size of the
NCs was ~20 nm, which is too large for quantum confinement
to manifest. In other words, quantum confinement can be ruled
out as being the reason for the high energy position of this peak.
Another published study on Cs;Bi,Brg NCs also reports a sharp
absorption peak at 380 nm, but with even larger sizes [26].
Overall, strong disparities clearly exist among the peak positions
of the Cs;Bi,Bry NCs, so that, to date, the assignment of the
absorption spectra has not been firmly established yet. This
survey suggests that the irregularities in trends may be due to
unexpected variations in NC size and phase-purity. Resolving
this outstanding issue is crucial for the optimization of the nano-
objects synthesized from this material as their properties are
strongly affected by these parameters.

In this work, we present a modified hot injection (MHI)
approach for preparing highly photostable lead-free bismuth
perovskite NCs with controllable size and pure phase. As a first
step, we show that the composition of the perovskite NCs can be
easily regulated by altering the reaction temperature. Between
160 and 180°C, we get pure Cs;BiBrg NCs with a mean particle
size of 13.23 + 0.29 nm. With injection temperatures ranging
from 200 to 240°C, we obtain pure Cs;Bi,Brg NCs. The struc-
tures of the phase-pure Cs;BiBrs NCs and Cs;Bi,Bry NCs are
concurrently confirmed by X-ray diffraction (XRD), Raman
spectroscopy, and X-ray absorption spectroscopy (XAS).
Cs3;BiBrg NCs show a strong absorption peak at 380 nm. While
Cs3BiBry NCs feature two absorption peaks, a sharp one
between 430 and 440 nm (P1), and a weak one at the wavelength
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shorter than 400 nm (P2). Our results ultimately clarify the
controversy on the absorption peaks of the previously reported
Cs3Bi,Brg NCs, which is mainly due to the coexisting phase of
Cs;BiBrs NCs. As a second step, we concentrate on the prop-
erties of the phase-pure Cs;Bi,Bry NCs produced by our MHI
method. We obtain Cs;Bi,Brs NCs with different crystal-
lographic orientations by adjusting the amount of oleic acid
(OA), and we control the particle size of the Cs;Bi,Bry NCs by
changing the centrifugation speed. Through the absorption
spectroscopy measurements on the NCs with different sizes and
crystallographic orientations, we find that the absorption peak
P2 is tightly linked to the size and the preferred crystallographic
orientation of the NCs, while the absorption peak P1 is only size-
dependent. Further femtosecond transient absorption (fs-TA)
spectroscopy measurements (pumped at 340 nm under various
fluences) reveal that the carrier dynamics of the Cs;Bi,Bry NCs
(16.00 £ 0.24 nm) shows a rapid trapping process of the pho-
toexcited carriers in the initial ~3 ps. Finally, we demonstrate
that photodetectors based on the 16.00 + 0.24 nm Cs;Bi,Bry NCs
show a sensitive light response and a photocurrent enhancement
(on/off ratio) of ~43, demonstrating the potential of the MHI
Cs3Bi,Bry NCs for breakthrough optoelectronic applications.

EXPERIMENTAL SECTION

Materials

BiBr; (99%, Aladdin), Bil; (99%, Heowins), BiCl; (98%, Heo-
wins), cesium carbonate (Cs,COs, 99.9%, sigma-aldrich), 1-
octadecene (ODE, 90%, Aladdin), OA (90%, Heowins), oleyl-
amine (OLA, 95%, Heowins), and toluene (>98%, Sinopharm
Chemical Reagent Co., Ltd, China) were used without further
purification.

Synthesis of Cs-oleate

Cs,CO; (1.628 g) was placed in a 50-mL three-neck flask along
with 20 mL ODE and 5 mL OA, dried under vacuum at 120°C
for 1h, and then heated to 150°C under argon until all the
Cs,COs; reacted with OA. The Cs-oleate must be preheated to
120°C before use, as it precipitates from ODE at room tem-
perature.

Synthesis of lead-free bismuth perovskite NCs

A mixture of 10 mL ODE, 1 mL OLA, 1 mL OA, 0.05 mL HBr,
and 0.376 mmol BiBr; was placed in a three-neck flask and
degassed under vacuum for 1 h at 120°C. Then, the temperature
was raised to the indicated temperature (for Cs;BiBrs
160-180°C; for Cs;Bi,Brg 200-240°C) under argon atmosphere,
and 0.8 mL Cs-oleate solution was briskly added with vigorous
stirring. The color of the solution instantly changed to bright
yellow-green. In 5 s, the mixture was quenched with an ice water
bath.

Purification was carried out with two-round centrifugations.
In the first round, the solution was centrifuged at 7000 r min™"
for 10 min to collect the precipitate which was then redispersed
in 10 mL toluene. Centrifugation was again performed at
7000 r min~! for 5 min for the second round. The yellow-green
supernatant was obtained by discarding the bottom precipitates.

For the synthesis of Cs;Bi,Cly and Cs;Bi,I,, the processes are
almost the same except that BiBr; is replaced by BiCl; and Bils,
respectively.

May 2023 | Vol.66 No.5
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Characterization

Transmission electron microscopy (TEM) images, including
TEM bright field images and high-resolution TEM (HRTEM),
were performed on Talos F200X G2 from FEI Company with the
acceleration voltage of 200 kV.

Powder XRD was performed on a Bruker-D8§ ADVANCE
diffractometer equipped with Cu Ka X-ray tubes (1 = 1.54186 A)
operating at 40 kV and 40 mA. Samples were obtained by slow
evaporation of the solvent on a cleaned glass at room tem-
perature.

UV-vis absorption spectra were recorded using the Shimadzu
UV-2600. Steady-state fluorescence spectra were recorded using
a Shimadzu RF-6000 spectrofluorometer with excitation at
340 nm. PLQY was measured using an FLS 920P steady-state/
transient fluorescence spectrometer equipped with an integrat-
ing sphere. TRPL spectra were measured using a picosecond
pulsed laser (FLS980) with a lase under a repetition rate of
800 kHz at 355 nm. Time-resolved signals were recorded by a
time-correlated single photon counting (TCSPC) module with
an instrumental total response function (IRF) of less than 100 ps.

LabRAM HR Evolution Raman microscope from HORIBA
Scientific was used to obtain the Raman spectra of various
samples. The backscattered light was collected, and the Rayleigh
scattering peak was filtered using a high-performance Raman
edge filter. The final result is a spectrum that displays the
intensity of the inelastically scattered light in wavenumbers
relative to the wavelength of the exciting laser. The wavelength
of excitation is 532 nm.

XAS were acquired at the P64 beamline of Petra III, Deutsches
Elektronen-Synchrotron (DESY), Hamburg. Si(311) mono-
chromator crystal and 3™ harmonic of the undulator were used.
Higher harmonics rejection was done with two Rh-coated bent
mirrors, which additionally focused the beam to the size of
236 um (hor.) x 77 um (ver.). Solutions of Cs;BiBrs and
Cs;Bi,Brg NCs in toluene were filled into quartz capillaries with
2 mm diameter and positioned into the X-ray beam. Data were
acquired in a total fluorescence yield mode using a passivated
implanted planar silicon (PIPS) detector. Spectra were taken in a
continuous scanning mode. Several X-ray absorption near edge
structure (XANES) scans around the Br K-edge (13,474, —50 to
100 eV) were performed; no damage was observed from scan to
scan, so the scans were averaged. In the same way, several scans
around the Bi L3 edge were averaged. Since the Bi L3 edge
(13,419 eV) is only 55 eV below the Br K-edge, the spectra were
taken for —50 to 45eV around the edge. No changes were
observed from scan to scan.

TA measurements were performed with the HARPIA-TA
spectroscopy system, which is a part of the HARPIA system
(HARPIA, light conversion). The light source of HARPIA-TA is
a femtosecond laser (Spirit-NOPA, SPECTRA-PHYSICS) oper-
ating at 1030 nm and delivering pulses of 170 fs at a repetition
rate of 50 kHz. The fundamental laser was split into two beams.
One was used to pump an optical parametric amplifier system
(OPA, light conversion), and the output of the OPA was used as
the pump light of the HARPIA-TA. The other was used to
generate white supercontinuum light from a thin Ti:sapphire
plate, which was further used as probe light for differential
absorption measurements. The probe was time delayed with
respect to the pump by a mechanical delay stage. The mea-
surements were performed at room temperature in the air. The
pump wavelength was 340 nm, the spot size was 500 um, and the
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repetition rate was 6 kHz.

Photodetector fabrication and characterizations

The Cs;Bi,Bry photodetector was fabricated using the indium tin
oxide (ITO)/poly(3,4-ethylenedioxythiophene):poly(4-styrene-
sulfonate) (PEDOT:PSS)/Cs;Bi,Bry NCs/TPBi/LiF/Al sandwich
structure. The ITO substrates were sonicated in acetone, ethanol,
and deionized water for 15 min each. After drying with nitrogen,
the ITO substrates were treated with an oxygen plasma cleaner
at 80 W for 5min to obtain cleaned ITO. A thin layer of
PEDOT:PSS was applied to the cleaned ITO surface by spin
coating. After the substrates were annealed at 150°C for 10 min,
they were transferred to a glovebox filled with nitrogen
(<0.01 ppm O, and H,0). The Cs;Bi,Bry NCs dispersed in
toluene were spin-coated onto the PEDOT:PSS film at
4000 r min~! for 30s and then annealed at 100°C (on a hot
plate) for 10 min. Then the film was transferred to a thermal
evaporator. TPBi (20 nm), LiF (1 nm), and Al (100 nm) were
deposited by thermal evaporation with a vacuum pressure under
2 x 10" mbar (1bar = 10° Pa). The output electrical char-
acteristics of the device were measured under ambient air con-
ditions.

RESULTS AND DISCUSSION
The present synthesis of lead-free bismuth perovskite NCs using
the hot injection method builds on the experience gained from
the successful synthesis of CsPbX; (X = Cl, Br, I) colloidal NCs
[37]. The mechanism of perovskite NCs synthesized by hot
injection can be found elsewhere. Briefly, the preheated Cs-
oleate is injected into the solution containing BX,, (B = Pb**, Sn**
or Bi*; X = CI7, Br~ or I; n = 2, 4 or 3) salt at a specific
temperature and then the NCs of a certain size are obtained by
quenching in an ice-water bath [38]. In our case, a solution of
BiBr; in ODE with OLA, OA, and hydrobromic acid (HBr) was
injected with Cs-oleate at an elevated temperature (160-240°C)
(see details in the EXPERIMENTAL SECTION). The scheme of
the synthesis method is shown in Fig. 1. In this synthesis, the
addition of HBr is another key factor. If HBr was not added to
the reaction solution, BiBr; would reduce to gray metallic Bi at
high temperatures before the injection of Cs-oleate [39]. It is
noted that the crystal composition can be easily controlled by
changing the injection temperature. At a temperature between
160 and 180°C, we obtained colorless colloidal NCs (see
Fig. S2a), which turned out to be pure Cs;BiBrs NCs with
monoclinic phase, showing isolated [BiBrs]*~ octahedra (see
Fig. 1) [40]. The crystal structure of the Cs;BiBrg NCs will be
discussed in the following section. When the temperature was
set between 200 and 240°C, pure yellowish-green Cs;Bi,Bro NCs
were obtained (see Fig. S2b). The sizes of the NCs did not
change substantially as the temperature raised, keeping within a
range from 16 to 20 nm. Our density functional theory calcu-
lations (DFT) predict that the formation of Cs;BiBrg is more
favorable than that of Cs;Bi,Bry due to the higher formation
energy of the latter one (see Computational details in Supple-
mentary information). Thus, the Cs;BiBrg NCs can be easily
obtained at lower temperatures. Intriguingly, the morphology of
Cs;Bi,Bry can be further modified by adjusting the amount of
OA. For example, products of Cs;Bi,Bry NCs and nanoplatelets
can be obtained with 1 and 5 mL OA, respectively. This point
will be discussed in detail in the following section.

We first characterized the morphology of the bismuth halide
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Figure 1 Schematic of the MHI method for the synthesis of colloidal Cs;BiBrs NCs and Cs;Bi,Brg NCs. The crystal structures are produced by VESTA [41].

perovskite NCs by TEM. Fig. 2a, b show the typical bright field
TEM images of the as-synthesized Cs;BiBrs¢ NCs (temp 160°C)
and Cs3;Bi,Brg NCs (temp 200°C), respectively. Both samples
exhibit a hexagonal shape. The Cs;BiBrs NCs have a mean
particle size of 13.23 + 0.29 nm, while the Cs;Bi,Bry NCs have a
mean particle size of 16.00 £ 0.24 nm. The mean particle size
was obtained by fitting the size distribution with a Gaussian
function (Fig. S3). The fitted parameters are shown in Table S1.
The HRTEM images (insets of Fig. 2a, b) reveal their high
crystallinity with a lattice spacing of 0.305 nm corresponding to
the (245) plane for Cs;BiBrs NCs and 0.282 nm corresponding to
the (202) plane for Cs;Bi,Bry NCs. The crystal structures of these
two kinds of perovskite NCs were further confirmed by XRD.
Fig. 2c shows the XRD pattern of Cs;BiBrg NCs, in which the
numerous peaks are due to the low symmetry of the monoclinic
phase within the space group Cl12/cl, and the XRD pattern
features three groups of peaks clearly at 12°, 20°, and 30°. The
result matches well with the previous report [42]. Fig. 2d shows
the diffraction pattern of Cs;Bi,Brg NCs. It is well indexed to the
standard trigonal perovskite structure (PDF#44-0714) without
any visible by-products such as BiBrs;. The XRD pattern exhibits
peaks at 12.838°, 15.689°, 18.009°, 22.189°, 27.160°, 31.681°,
35.461°, 38.832°, 45.243° and 56.004°, corresponding to (100),
(101), (002), (102), (201), (202), (113), (104), (204) and (006),
respectively. Furthermore, the top three strong peaks arising
from (202), (201), and (102) reveal that the crystallization
orientation is in the a-c plane.

We then used Raman spectroscopy as a complementary tool to
XRD to further confirm the phase purity of the Cs;Bi,Bry and
Cs3BiBrg NCs. As shown in Fig. 2e, f, a typical feature of both
spectra is that they each consist of two groups of bands in the
high-frequency range (V > 130 cm™) and in the low-frequency
range (V < 100 cm™). The Raman spectrum of Cs;Bi,Bry NCs

shows intense sharp peaks at 191 and 165 cm™, corresponding
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to the two characteristic Aj; and E; normal modes of Bi-Br
vibrations in the corner-sharing [BiBrs]*~ octahedron. This
finding agrees very well with the Cs;Bi,Brg film prepared by
physical vapor deposition and with the Cs;Bi,Bro single crystal
[23,42]. For Cs;BiBrg NCs, the Raman spectrum shows broad
peaks at 159 and 133 cm™, with a red-shift to lower energy
(32 nm™) as compared with that of the Cs;Bi,Bry NCs, indi-
cating the weaker Bi-Br bonds in Cs;BiBre [43]. Clearly, the
Raman peak at 133 cm™! for Cs;BiBry is absent in Cs;Bi,Bro, and
vice versa, the Raman peak at 191 cm™! for Cs;Bi,Brs is absent in
Cs;BiBrg. Such distinct Raman features of Cs;BiBrg and
Cs3BiBry are sufficient to distinguish one from the other.
Therefore, through the careful analysis of XRD and Raman
results, any impurity can be firmly excluded for both Cs;BiBrs
and Cs;Bi,Bro.

To determine the short-range order around the Br and Bi
atoms in the Cs;BiBrg and Cs;Bi,Bry NCs, we further performed
XAS measurements by focusing on the near-edge region. Fig. 3
displays the experimental XANES profiles of Cs;BiBrg (black)
and Cs;Bi,Bry (red) at (a) the Br K edge and at (b) the Bi L; edge.
Whereas the Bi spectra are largely featureless, the Br spectra
display three distinctive features A, B, and C with some speci-
ficity ascribable to Cs;BiBrg or Cs;Bi,Bre. While the intensity of
A is larger for Cs;Bi,Bry compared with Cs;BiBrs, the intensity of
the white line feature B is larger for Cs;BiBrs compared with
Cs;Bi,Bry. Feature C has an underlying fine structure indicated
by the two vertical bars. The traces simulated with the FDMNES
software based on the crystallographic structures determined
above are shown in Fig. 3¢, d. They are in good qualitative
agreement with the experimental profiles. In particular, the three
features A, B, and C are apparent, with a comparable lower
intensity of the white line (B) in Cs;Bi,Bry along with the
underlying structure of C indicated by the two vertical bars. A
detailed assignment of A, B, and C will be described elsewhere in

May 2023 | Vol.66 No.5
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Figure 2 TEM images of the obtained (a) Cs;BiBrs NCs along with the size
distribution of 13.2 + 0.29 nm (see Fig. S3a) and (b) Cs;Bi,Bry NCs along
with the size distribution of 16.0 + 0.24 nm (see Fig. S3b). The inset shows
the HRTEM. XRD patterns of the as-prepared (c) Cs;BiBrs and (d) Cs;Bi,Bre
NCs. Raman spectra of (e) Cs;BiBrs and (f) Cs;Bi,Brg NCs. UV-vis and PL
spectra of (g) Cs;BiBrg and (h) Cs;BiBr NCs excited with 360 nm.

connection with the interpretation of time-resolved pump-probe
XAS measurements in our upcoming publication. Overall, as
with the techniques that characterize the long-range order
employed above (XRD and Raman), the two materials with
different stoichiometries are also distinguishable based on their
XANES profiles that are sensitive to the local order.

Secondly, we investigated the steady-state optical properties of
the as-synthesized Cs;BiBrs with a mean particle size of 13.23 +
0.29 nm and Cs;Bi,Bry NCs with a mean particle size of 16.00 +
0.24 nm. Fig. 2g shows the UV-vis absorption and PL spectra of
the Cs;BiBrg NCs. The absorption band shows a sharp exciton
absorption peak at 380 nm in the UV region. By analogy, we
propose that the products exhibiting an absorption peak at
~380 nm reported in the previous work [36] are also Cs;BiBrg
NCs, rather than Cs;Bi,Brg NCs. The PL spectrum of Cs;BiBrs
NCs excited with 360 nm shows two emission peaks at 410 and
434 nm in the deep blue region, and a shoulder at 460 nm, which
could originate from different charge carrier radiative recom-
bination paths involving simultaneously direct and indirect band
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gap transitions, or states below the edge [44]. For comparison,
the UV-vis absorption and PL spectra excited with 360 nm of
Cs3Bi,Bry NCs are shown in Fig. 2h. The UV-vis absorption
shows two peaks: a sharp one between 430 and 440 nm (P1), and
a weak one at the wavelength shorter than 400 nm (P2). The PL
spectrum shows an emission peak at 466 nm with a full-width-
at-half-maximum (FWHM) of ~55 nm, which has a small Stokes
shift of 36 nm (Fig. 2h). In addition, a long tail on the low energy
side is observed in the PL spectrum, indicating an indirect
transition or states below the band gap [45]. The absolute PLQY
of 26.7% was obtained using an FLS 920P steady-state/transient
fluorescence spectrometer equipped with an integrating sphere.
This value is relatively high compared with the previously
reported results coming from the emission of single exciton
recombination, which will be discussed later with the transient
optical spectra.

To further analyze the sensitivity of the absorption spectra of
Cs;Bi,Bry NCs systematically, we prepared Cs;Bi,Brg NCs with
varied sizes and morphologies. We change the amount of OA,
the reaction time, and the centrifugation speed while keeping the
temperature at 200°C to get products of various sizes and
morphologies. Fig. 2b and Fig. 4d show the bright field TEM
images of the Cs;Bi,Bry NCs prepared with 1 and 5mL OA,
respectively, at the same temperature (200°C). As shown clearly,
they both have a hexagonal shape in the a-c plane, and their
average crystal size is very close, 16.00 + 0.24 nm for 1 mL OA,
and 17.15 + 0.17 nm for 5 mL OA. However, the sample pre-
pared with 5mL OA shows many differently oriented lattice
planes (see Fig. 4d). We also compare their XRD and find that
the intensity of the peak at 18.009° corresponding to (002) with
5mL OA far outweighs its counterpart with 1 mL OA (see
Fig. 4g). On the contrary, the intensity of the peak at 22.189°
corresponding to (102) is exactly reversed. Both TEM and XRD
results indicate that OA promotes the growth of Cs;Bi,Brg NCs
along the ¢ axis. From the UV-vis absorption spectra shown in
Fig. 4a, we can see that the peak P2 of the sample with c-axis
orientation becomes extremely weak and redshifted. Therefore,
P2 is tightly linked to the preferred crystallographic orientation.

We also studied the impact of the average crystal size on the
UV-vis absorption spectrum of Cs;Bi,Bry NCs. The average sizes
of the NCs were modified by controlling the centrifugation
speed. NCs of 18.12 + 0.37 nm were obtained with a cen-
trifugation speed of 7000 r min™ (see Fig. 4e), while 34.12 +
1.21 nm-sized NCs were obtained with a centrifugation speed of
500 r min~' (see Fig. 4f). Their UV-vis absorption spectra
(Fig. 4b) show that the peak P2 disappeared with increasing NC
size, indicating the crystal size dependence of this peak. It has
been suggested that the peak P2 probably originates from
[BiBrg]*~ in solution, [BiBrs]*~ complexed with ligands used in
synthesis, or Cs;BiBrs NCs rather than the product Cs;Bi,Brs, as
[BiBrg]*>~ may always be present in solution synthesis and col-
loidal dispersions [42]. In our experiments, the Cs;BiBrs NCs
can be excluded by the analysis of the Raman spectra. Since the
only difference between the two samples with and without P2 is
their particle size, possible impurities from [BiBr¢]*~ complexed
with ligands can also be ruled out. Therefore, our results prove
that the peak P2 comes precisely from the Cs;Bi,Bro product,
rather than any other impurities. Moreover, this peak is
unambiguously related to the average size and crystallographic
orientation of the NCs. For the peak PI, it has been widely
thought to arise from the 1S, — 3P1 transition of a [BiBre]*~
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octahedron, which has molecule-like characteristics and is size-
independent [20,46,47]. However, in our measurements, the
peak P1 redshifts with increasing crystal size, suggesting that it is
also size dependent. This conclusion is also confirmed by
another set of experimental results shown in Fig. 4c. By
increasing the reaction time to 30 min, we obtained small NCs
with a mean particle size of 20.12 + 0.21 nm at 7000 r min™' and
large NCs with a mean particle size of 49.58 + 0.94 nm at
500 r min~' centrifugation speed (see Fig. S4). The relationship
between the peak P1 and the average crystal size follows the
trend identified above. Therefore, the peak P1 of Cs;Bi,Brg NCs
is not from the 1S, — 3P, transition of [BiBrs]*>~ octahedron.
Referring to previous studies on CsPbBr; NCs [48,49], generally,
P1 and P2 can be assigned to transitions from the first and
second hole levels in the valence band to the first and second
electron levels in the conduction band, namely, the absorption of
the first exciton and second exciton, respectively [50]. Our
experimental result matches well with the calculated absorption
spectrum for Cs;Bi,Bry [30].

Having established the conditions for synthesizing phase-pure
Cs;Bi,Brg NCs (parameters: 200°C, 1 mL OA, reaction time 10 s,
centrifugation 7000 r min™!, and average size: 16.00 = 0.24 nm),
we then investigated their photoinduced charge carrier dynamics
by fs-TA measurements with various pump fluences (see
Table S2 and Fig. S5). The details of the pump-probe TA setup
can be found in the characterization section of the Supple-
mentary information. Fig. 5 presents the pseudo-color fs-TA
map for the Cs;Bi,Bro NCs pumped at 340 nm with an incident
fluence of 1.65 x 10" photons pulse™ cm™ and the globally
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fitted exponential decay-associated spectral (DAS) components
from the global fit analysis. The pseudocolor TA plot features
three bands (see Fig. 5a): the negative signal near the bandgap at
430 nm associated with ground state bleaching (GSB); the
photoinduced absorption above the bandgap at 396 nm (PIA1)
attributed to band filling, and, partially, to a transient change in
refractive index with excess carrier concentrations in film sam-
ples [51,52]; and the photoinduced absorption below the band-
gap at 454 nm (PIA2) due to bandgap renormalization, where
the carrier-driven electric fields reduce the bandgap [53]. The
buildup of the GSB signal grows with the decay of PIA1 and
carries information about the hot carrier cooling process [54].
Note that the GSB signal takes a longer time to reach the
maximum with increasing pump fluence (see Fig. 5d), indicating
a longer lifetime of the hot carriers. Recombination through
several channels starts dominating once the GSB reaches the
maximum. Intriguingly, the global fitting delivers three decay
components (see Fig. 5b). The ultrafast decay component with a
lifetime of ~3 ps is assigned to the formation of the self-trapped
exciton [25,55]. Its rate does not vary with the laser fluence (see
Table S2 and Fig. S6a). The lifetime of the second component is
around 100 ps. It is attributed to multiple-exciton decay
dynamics that is highly dependent on the number of initially
generated electron-hole (e-h) pairs. This process is important in
the present NCs considering the high value of the initial average
number of e-h pairs per nanoparticle after photoexcitation <N>
~3.98 (N> = ], x o0, evaluated from the excitation intensity Jp
and absorption cross section ¢ of the NCs, see calculation of
carrier density in Supplementary information and Fig. S7). The

May 2023 | Vol.66 No.5



SCIENCE CHINA Materials

ARTICLES

a b c
P ——1mLOA ———7000 r min™ —— 7000 r min~'
—5ml. OA ——500 r min~! —— 500 r min™*
E = P1 £
L 8 s
g A 5 React 5 min g e
S React10's kS = React 30 min
£ 7000 r min™ E £
(e} o o
Z -4 z
350 400 450 500 550 300 350 400 450 500 550 300 350 400 450 500 550

Wavelength (nm)

17.15£0.17 nm

Wavelength (nm)

18.12+£0.37 hm

0
12 14 16 18 20 22 24 26

Wavelength (nm)

34.12£1.21 nm

\. 0 4
“»: 10203040 506070 80

Length'(nm) Length (nm) " Length/(nm)
5 ml OA 5 mL OA 5 mL OA .
React 10 s React 5 min React 5 min
7000 r min™' 7000 r min~' 500 nmin"
9 h
(002) (102) 5mLOAReact10s — 500 r min-!
3
.
; - e R 1 S o
@© o
b @©
%. 1mLOAReact 10 s > 2000 r min-"
[ e (7]
£ s
- £
PDF#44-0714 | PDF#44-0714
1 | | . | L ]III | 1 ||II| |||II waiu { 1 | | : | 1 & ||||| L .lll. ..||| TR |
10 20 30 40 50 60 10 20 30 40 50 60

2Theta (degree)

2Theta (degree)

Figure 4 (a—c) UV-vis absorption of the as-prepared Cs;Bi,Bro NCs under different experimental parameters. TEM images of the Cs;Bi,Brq NCs prepared
with (d) 5 mL OA, reaction time of less than 10 s, and centrifugation speed of 7000 r min™'; (¢) 5 mL OA, reaction time of 5 min, and centrifugation speed of
7000 r min~’; and (f) 5 mL OA, reaction time of 5 min, and centrifugation speed of 500 r min™". (g) XRD of Cs;Bi,Bry NCs prepared with 1 and 5 mL OA,
reaction time of less than 10 s, and centrifugation speed of 7000 r min~". (h) XRD of Cs;Bi,Bry NCs with 5 mL OA, reaction time of 5 min, and centrifugation

speeds of 7000 and 500 r min~".

rate of the second component becomes faster with increasing
pump fluence, and is proportional to 1/], (see Fig. S6b). Finally,
the long-lived component with a lifetime greater than 2 ns is
assigned to the single-exciton recombination. Its rate also
becomes faster with increasing pump fluence, which is in line
with the published results on Pb-based and Bi-based perovskite
materials (Fig. S6¢) [56,57]. We also measured the PL decay of
Cs3;Bi,Brg NCs with TCSPC, as shown in Fig. S8. The curve was
fitted by a bi-exponential function with a short-lived component
(11 < 1 ns) and a long-lived component (7, ~4.8 ns). Particularly,
the value of the long-lived component is well consistent with the
third component of the TA result, confirming that this process is
emissive single-exciton recombination.

The photostability of the perovskite NCs is a critical factor for
their long-term operation in functioning devices. We prepared
Cs3Bi,Bry NCs both by our new MHI and the LARP methods.
Photostability tests of the perovskite NCs were all done under
ambient conditions. The colloidal NC solution was put in quartz
cuvettes (1 mm) and then a continuous laser (405 nm,
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10 mW cm™2) was used to irradiate the sample in the cuvettes for
a certain time. The LARP method for preparing Cs;Bi,Bro NCs
has been described elsewhere [58]. As shown in Fig. S9, the
MHI-sample exhibits astonishing stability after 4 h of laser
exposure, and their UV-vis absorption spectra display no
apparent change. In contrast, the LARP-sample suffers severe
photodegradation after only 30 min of irradiation with an even
much lower laser flux of 1 mW cm™, as their color changed
from yellowish green to colorless. We note that the UV-vis
absorption spectra of the LARP-sample display only the peak P1
between 430 and 440 nm. We checked the Raman spectrum of
the LARP-sample and found that it is completely identical to
that of the MHI-sample (see Fig. S10c), indicating that their
crystal structures are the same. Then we examined the mor-
phology of the sample prepared by the LARP method and found
that large crystals of tens to 200 nm are always present together
with small NCs of 4 nm (see Fig. S10a, b). This is the reason why
the peak P2 located at a wavelength shorter than 400 nm dis-
appears in the UV-vis absorption spectrum of the LARP-sample.
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In addition, bismuth perovskite NCs with other halide com-
positions (Cs3;Bi, Xy, X = Cl, I) can also be successfully synthe-
sized by our MHI method using different Bi halides (see the
Supplementary information for details). The as-synthesized
Cs3Bi,Xy (X = Cl, Br, I) NCs show color changes from colorless
to red when the halide is varied from CI to I, as shown in
Fig. S11. The UV-vis absorption spectra of the NCs show sharp
peaks in the range from 332 to 492 nm (Fig. S11). We checked
the morphologies and structures of these NCs by TEM and XRD
(see Fig. S12), and found that the Cl-based perovskite presents
nanospherical morphology with an average size of 17.84 +
0.41 nm, while in contrast, the I-based perovskite has a nano-
hexagonal plate morphology with a mean particle size of 21.31 +
0.40 nm. The XRD pattern shows that they have a preferred
orientation of (001) and belong to the hexagonal space group
P6s/mmc. Therefore, the MHI method developed in this work is
universal for the large-scale synthesis of photostable bismuth
perovskite NCs with tunable composition, optical band gap, and
emission color.

Finally, to evaluate the optoelectronic performance of our
photostable MHI bismuth perovskite NCs and to demonstrate
their practical relevance for fully functional devices, we fabri-
cated a photodetector based on the Cs;Bi,Bry NCs and measured
its photoresponse. The structure and the energy diagram of the
photodetector are shown in Fig. 6a, b, respectively. The advan-
tage of colloidal NCs is that they can be deposited from the
solution without complicated setups and processes. The colloidal
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NCs were spin-coated directly on PEDOT:PSS deposited on a
pre-patterned ITO substrate, and the morphology was char-
acterized with the scanning electron microscopy (SEM). The
SEM image in Fig. S13 shows the typical flat morphology and
uniform size of the NCs on the substrate. The photoresponse
properties were characterized under a bias voltage of 1 V. A
sharp current increase was observed in the presence of 405-nm
laser illumination (2 mW cm™). The value of the photocurrent
enhancement, i.e., the ratio of Ipnow/Ipake Was found to be ~43,
which is not very high but still comparable to most of the lead-
free perovskite-based photodetectors. The key reason is that we
did not modify the device structure, including the selection of
carrier transporting materials and optimization of interfaces
between different layers. In general, enhancing the light capture
and improving the carrier transport of the perovskite active layer
as well as the crystal quality of the NCs could get a higher on-off
ratio [59]. For example, Sun et al. [60] integrated gold nano-
particles underneath the graphene, where the plasmonic effect of
gold nanoparticles can substantially enhance the near-field of
perovskite and facilitate the light-harvesting efficiency, thus the
responsivity of the photodetector was doubly enhanced; by
doping Zn* to the CsPbBr; active layer to improve the quality of
the NCs and reduce the defects, Wang et al. [61] enhanced the
on-off ratio by ~13 times. Therefore, with further optimization
of the device structure, contacting interfaces, and crystal quality
of the Cs;Bi,Brg NCs, etc., it would be possible to substantially
improve the performance of the photodetector with high pho-
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tostability.

CONCLUSIONS

We report a universal MHI method for the synthesis of highly
photostable lead-free bismuth-based perovskite NCs with con-
trollable particle size while retaining excellent phase purity. The
crystal structure and chemical composition of the NCs can be
easily controlled by changing the hot injection temperature. We
obtain pure Cs;BiBrs NCs at the temperature between 160 and
180°C and pure Cs;Bi,Bryg NCs at the temperature between 200
and 240°C. The UV-vis absorption spectra of the Cs;Bi,Bry NCs
feature two peaks. The peak P1 at the wavelength between 430
and 440 nm only shows redshift with increasing NC size; while
the peak P2 at the wavelength shorter than 400 nm is tightly
related to both NC size and morphology, which becomes weaker
and shows redshift in the sample with the (001) preferred
orientation, and finally disappears with increasing NC size. P1
and P2 can be assigned to absorption of the first exciton and
second exciton, respectively. Our results ultimately clarify the
controversy on the absorption peaks of the previously reported
bismuth perovskite NCs. The fs-TA measurements on the as-
synthesized Cs;Bi,Bro NCs reveal that the excited charge carriers
recombine through three different channels: the ultrafast one of
~3 ps due to the carrier self-trapping process, the second one of
~100 ps associated with the multiple-exciton recombination and
the long-lived one of >2 ns stemming from the single-exciton
recombination. Moreover, the as-prepared Cs;Bi,Bry NCs with
the MHI method show superior photostability compared with

May 2023 | Vol.66 No.5
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those prepared by the LARP method, and the photodetector
based on our Cs;Bi,Bry NCs shows excellent performance with
an on/off ratio of ~43, demonstrating the potential of the
Cs;Bi;Bry NCs in optoelectronic applications.
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