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ABSTRACT: Bismuth halide perovskites are widely regarded as
nontoxic alternatives to lead halide perovskites for optoelectronics and
solar energy harvesting applications. With a tailorable composition and
intriguing optical properties, bismuth halide perovskites are also
promising candidates for tunable photonic devices. However, robust
control of the anion composition in bismuth halide perovskites remains
elusive. Here, we established chemical vapor deposition and anion
exchange protocols to synthesize bismuth halide perovskite nanoflakes
with controlled dimensions and variable compositions. In particular,
we demonstrated the gradient bromide distribution by controlling the
anion exchange and diffusion processes, which is spatially resolved by
time-of-flight secondary ion mass spectrometry. Moreover, the optical
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waveguiding properties of bismuth halide perovskites can be modulated by flake thicknesses and anion compositions. With a unique
gradient anion distribution and controllable optical properties, bismuth halide perovskites provide new possibilities for applications

in optoelectronic devices and integrated photonics.
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Metal halide perovskites (MHPs) have attracted intense
attention due to their versatile applications in photo-
voltaics,* light-emitting diodes,>* X-ray detectors,™® lasers,”*
and photocatalysts.”'” Recently, lead-free MHPs have drawn
considerable interest due to their nontoxicity and eco-
friendliness.'' ~'® Bismuth halide perovskites, a representative
class of lead-free MHPs, have demonstrated great versatility in
optoelectronic applications.”>™"* The intriguing valleytronics,
electron—phonon couplings, and self-trapping states in
bismuth halide perovskites further bring additional flexibilities
in controlling the light—matter interactions with enhanced
functionalities."™"*

Compositional engineering has been proven to be a
promising method to control electronic band structures of
MHPs, modify consequent optical properties, and further
enhance the performance of MHP-based functional devi-
es."””! The composition at the halide sites in MHPs can be
modulated by the stoichiometric control of halide precur-
sors.'”?* Alternatively, the high halide mobility in MHPs
enables the postsynthetic anion exchange of parent perovskites
with preserved crystal morphology.””**™*° Anion exchange
with controllable diffusion processes also yields the gradient
halide distribution in MHPs, which forms the energy funnel to
facilitate charge carrier transport.”” >’

In addition, anion exchange reactions provide an ideal
platform to analyze the diffusion process in MHPs,” >’
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which is critical in stabilizing MHP heterostructures and
devices with different compositions.>>”** In lead halide
perovskites, photoemission energies show a monotonic
correlation with the anion ratio, which permits determination
of the anion concentration from peak positions and intensities
in photoluminescence (PL) spectra. One can further use this
method to analyze the anion diffusion process and derive the
diffusion coefficient.”****° However, unlike lead halide
perovskites, bismuth halide perovskites with mixed anions
(i.e., Cs3Biy(Br/Cl),l,_,) exhibit a phase transition from a
dimer structure to a layered structure when x > 3."'*
Therefore, the band energy level and PL emission are
synergistically determined by both the lattice structure and
the anion composition.'” In addition, indirect band gap, self-
trapping emission, and electron—phonon coupling in bismuth
halide 1perovskites lead to broad and overlapping PL emission
bands.'®'®3¢ These features require new approaches, instead of
PL measurements, for reliable diffusion analysis in bismuth
halide perovskites.
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Figure 1. Characterizations of CVD-grown Cs;Bi,l,. (a) Representative optical image of the Cs;Bi,], flakes on the Mica substrates. Scale bar: 50
um. (b) Representative AFM image of a Cs;Bi, 1, flake. The inset height profile shows a thickness of ~21 nm. Scale bar: 10 ym. (c) SEM image of a
Cs;Biy], flake. Scale bar: 2 ym. (d) Raman spectrum of the Cs;Bi,l, perovskites. (e) Absorption and PL (excitation: 532 nm) spectra of the
Cs;Biy], perovskites. (f) PL mapping at 620 nm of a Cs;Bi,], perovskite flake. Scale bar: 20 ym.
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Figure 2. Anion exchange in bismuth halide perovskites. (a) Left: schematic illustration of the postsynthesis vapor phase anion exchange setup.
Middle: schematic illustration of the anion exchange mechanism involving the surface anion exchange reaction and vertical anion diffusion
processes. Right: lattice structures of Cs;Bi,l; (dimer, P6;/mmc) and Cs;Bi,Bry (layer, P3m1). (b) Raman spectra of the bromide exchanged
Cs;Bi,], perovskites with different reaction times. The thickness of the tested perovskite flakes is controlled to be around 30 nm. Circle: Bi—I A,"
mode. Triangle: Bi—I A," mode. Square: Bi—Br E, mode. Diamond: Bi—Br A;, mode. Asterisk: combination of Bi—Br E, and A;, modes. XPS
spectra of (c) Br 3d and (d) I 3d scans of Cs3BiZEBr/I)9 (3 h) perovskites.

Here, we prepare bismuth halide perovskites with tunable We measure the bromide distribution by time-of-flight
optical properties and analyze the anion diffusivity. In our secondary ion mass spectrometry (ToF-SIMS) and determine
previous work, we reported the growth of ultrathin and high- the anion diffusivity to be (1.56 + 0.17) X 107" m?/s at 100
quality cesium bismuth iodide (Cs;Bi,l,) perovskite nanoflakes °C. Additionally, we employ a scattering-type scanning near-
by a chemical vapor deposition (CVD) method."” Through a field optical microscope (s-SNOM) to investigate optical
postsynthetic anion exchange process, we synthesize waveguiding properties in bismuth halide perovskites. The
Cs;Bi,(Br/I), perovskites with gradient bromide distributions. waveguiding characteristics can be effectively modulated by
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Figure 3. Anion diffusion in bismuth halide perovskites. (a) Total secondary ion image of the Cs;Bi,(Br/I), perovskite flakes. The selected flake for
anion diffusion analysis is marked by a dotted white circle. (b) ToF-SIMS depth profile of the selected flake. Cs,Br* (blue) and Cs,I" (orange)
signals are from the perovskite flake. Mg* (yellow) and Al" (purple) signals are from the F: Mica substrate. The dashed gray line indicates the
perovskite—substrate interface, which is determined at the half-maximum intensity of the Cs,I*. (c) Vertical bromide distribution in the selected
flakes extracted from (b). The perovskite—substrate interface is labeled by the blue arrow.

controlling the crystal thickness or anion composition,
highlighting their potential applications as photonic compo-
nents. Along with the synthesis of Cs;Bi,(Br/I), nanoflakes,
the anion exchange protocol and diffusivity analysis reported in
this work will provide important insights into the design and
synthesis of other MHP materials.

Two-dimensional (2D) Cs;Bi,1, perovskites are prepared via
a CVD growth method (Figure S1)."” Briefly, CsI and Bil,
powders are loaded on the upstream side of the quartz boat in
front of the mica substrates. Mixed nitrogen/hydrogen gas is
purged as the carrier gas and protected the system from the
ambient atmosphere. The CVD furnace is heated to 620 °C for
1 h to yield Cs;Bi,ly perovskites. The as-synthesized Cs;Bi,l,
perovskite flakes show triangular, truncated triangular, or
hexagonal morphology with a lateral size of tens of micro-
meters (Figure la). The atomic force microscopy (AFM)
measurement reveals the smooth surface of perovskite flakes
(Figure 1b), and the thicknesses can vary from less than 10 nm
to over 100 nm. The high quality of the Cs;Bi,Iy perovskite
crystals is further confirmed by the scanning electron
microscope (SEM) image (Figure 1c).

The phase of Cs;Bi,l, crystals is characterized by Raman
spectroscopy (Figure 1d), where the peaks at 106 and 147
em™" can be assigned to the Bi—I bridging (A,' mode) and
terminal (A, mode) stretching of the dimer phase (P6,/mmc)
Cs3Biyly perovskites. The excitonic characteristics and optical
properties of the Cs;Bi Iy perovskite flakes have been studied
by absorption and PL spectra. The absorption spectrum
presents a dominant first excitonic peak at around 490 nm
(Figure le) and another weak peak at around 570 nm, which
may originate from the second excitation with higher binding
energy.”” The exciton corresponding to the peak at 70 nm
can also originate from the degenerate conduction bands,
considering the spin—orbit couplings.”” The two excitonic
peaks with ~0.36 eV separation match the previous
experimental results and DFT calculations.””’ > A broad PL
emission peak ranging from 570 to 770 nm can be observed
(Figure le), suggesting the existence of multiple luminescence
peaks. The broadened and multiple photoemissions can be
ascribed to self-trapping states, direct and indirect band gaps,
and electron—phonon couplings in the Cs;Bi,I; perov-
skites.'"®***” PL mapping of the signature photoemission
peak of Cs;Bi I, perovskites centered at 620 nm (Figure 1f)
shows uniform light emission from the entire flake, indicating
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high crystallinity and fewer defects in the synthesized Cs;Bi,I,
perovskites.

Cs;Bi,(Br/I), perovskite flakes are prepared from Cs,Bi,l,
flakes through a postsynthesis anion exchange process in the
vapor phase. As illustrated in Figure 2a, the substrates with
presynthesized Cs;Bi,]l; are placed into vials loaded with
bromide precursors (methylammonium bromide (MABr),
butylammonium bromide (BABr), or bismuth(III) bromide
(BiBry)). The capped vials are heated to 150 °C with different
reaction time periods to yield bromide-exchanged Cs;Bi,(Br/
I), perovskite crystals. The evolution of the bromide formation
through the anion exchange process with MABr treatment is
monitored by Raman spectra (Figure 2b and Figure S2). The
Raman spectrum of Cs;Biy(Br/I); (1 h) does not show
significant differences from that of the pristine Cs;Bi,I, (0 h).
After a 3 h reaction, an emerging Raman peak at around 165
cm™ appears (green curve), which is considered as the
signature of the combined Bi—Br E, and A, stretching in
Cs;Biy(Br/1),.*>*" After 5 h, the Raman spectrum of
Cs;Bi,(Br/I), (S h) perovskite (blue curve) presents peaks
at both 165 cm™ (Bi—Br Eg) and 191 cm™ (Bi—Br Ay
mode), as well as the vanishing of the Bi—I A,' mode at 106
cm™!, indicating the formation of Cs;Bi,Br, perovskite
components. Meanwhile, the remaining Bi—I A;" mode at
147 cm™" indicates that the anion exchange is still incomplete.
Anion exchange processes with different precursors are also
monitored under controlled temperature, reaction time, and
sample thickness conditions (Figure S3). Compared to organic
bromide precursors, Cs;Bi,I, perovskites treated with the BiBr;
precursor show more efficient bromide exchange with clearer
characteristic Raman peaks from Cs;Bi,Bry. We attribute this
result to the relatively low melting point of BiBr;, which will be
vaporized faster to reach concentration equilibrium in the
closed vials and accelerate the surface anion exchange reaction.

In addition to the surface reaction (from Cs;Bi,l, to
Cs;Bi,Bry), the anion exchange also involves vertical anion
diffusion (bromide diffuses from concentrated surface to the
diluted bulk side, Figure 2a). Such gradient bromide
distribution provides an ideal platform for us to study the
anion diffusion in bismuth halide perovskites. We first
characterize the surface chemical composition of the
Cs;Bi,(Br/I)y (3 h) and pristine Cs;Bi,l, perovskites by X-
ray photoemission spectroscopy (XPS) (Figure SS). The
existence of both bromide and iodide in the Cs;Bi,(Br/I), (3
h) perovskite is confirmed from the XPS Br 3d (Figure 2c) and
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Figure 4. Near-field nanoimaging of waveguiding modes in bismuth halide perovskites. (a) Schematic showing the near-field imaging of perovskite
waveguides. (b) Near-field images of Cs;Bi, ], flakes with thicknesses d of 40, 60, and 100 nm. Scale bars: 2 ym. (c) Real-space fringe profiles and
(d) corresponding FT profiles extracted from (b). (e) Experimental (dots) and theoretical (line) thickness dispersions of the TE, waveguide mode.
The red dot shows the experimental results of Cs;Bi,(Br/I), perovskite flakes.

I 3d (Figure 2d) scans. The average bromide-to-iodide ratio is
estimated to be 5.9 (85.49% of Br to 14.51% of 1), indicating a
bromide-rich surface after the surface anion exchange process.
Subsequently, we apply the ToF-SIMS technique to measure
the distribution of bromide and iodide in the Cs;Bi,(Br/I), (3
h) perovskites (Figure S8). The bromide species (Cs,Br*,
Figure S8a) are concentrated on the surface while more iodide
species (Cs,I", Figure S8b) exist in the bulk crystals (Figure
S8d). The gradient distribution of Cs,Br* along the out-of-
plane direction can be clearly visualized from the depth profile
(Figure S9). The intensity of Cs,Br" declines from the crystal
surface to the bulk region due to anion diffusion. Interestingly,
we also observe a small peak of the Cs,Br" intensity at the
perovskite—substrate interface. One possible reason is the
intercalation of the bromide precursor into the gap between
the perovskite and substrate to trigger anion exchange on the
bottom side.

The ToF-SIMS depth profile of normalized intensity from
different ionic fragments enables a quantitative analysis of the
anion diffusivity in the thickness direction in bismuth halide
perovskites with nanoscale spatial resolution. We consider the
anion exchange in this study as one-dimensional (1D) semi-
infinite diffusion from the crystal surface to the substrate,
which can be quantified using Fick’s second law (see
Supplementary Note). To avoid the complicated condition
where diffusion reaches the sample—substrate interface, we
study a thick crystal (>100 nm thickness) and mild reaction
conditions (BiBr; as bromide precursor, reaction temperature
of 100 °C, reaction time of 30 min). Figure 3a shows the ToF-
SIMS image of the Cs;Bi,(Br/I), perovskite crystals, and the
corresponding depth profile of a selected perovskite crystal is
plotted in Figure 3b. The vertical distribution of bromide is
extracted and fitted with Fick’s second law (Figure 3c)

I—kx[l—erf[ l )]
- 2/Dt (1)

where I is the normalized ToF-SIMS intensity, [ is the diffusion
length, D is the diffusion coefficient, t is the reaction time, and
k is a fitting parameter. We determine the vertical bromide
diffusivity in bismuth halide perovskites to be (1.56 + 0.17) X

5185

107" m?/s at 100 °C. The average diffusion coefficient of the
total 9 selected flakes has been further determined to be 1.55 X
107" m?/s (Figure S10 and Table S1), which is 1 order of
magnitude slower than that in lead halide perovskites (~107'®
m?/s).”> We hypothesize that the isolated [Biyly]>~ dimer
structures in the perovskite lattices may hinder anion diffusion
among those dimer clusters due to the lack of interconnecting
bonds. Structure-dependent diffusion has also been observed
in 2D organic—inorganic hybrid lead halide perovskites where
the interlayer organic spacers can impede the anion diffusion
and result in lower anion diffusivities compared to the quasi
2D and 3D counterparts.”***

Next, we used the near-field nanoimaging technique, s-
SNOM, to investigate the optical waveguiding properties of
bismuth halide perovskites (Figure 4a). Compared with far-
field methods, s-SNOM enables the direct visualization of real-
space distribution and propagation of localized electromagnetic
fields with a nanoscale resolution.”*™*° Here, a near-infrared
laser beam with a wavelength of 800 nm is used to excite the
waveguide modes. Figure 4b shows the near-field images of
Cs;Bi,I; perovskite flakes with different thicknesses of
approximately 40, 60, and 100 nm (measured by AFM).
Fringe patterns parallel to the crystal edges can be observed
due to the interference between the tip-scattered light and
edge-scattered photons. The in-plane optical wavevector q of
the perovskite waveguide can be calculated from the period of
the fringes (p)46’47

4
q = —kgy + ky cos a cos 0

(2)

where Ay and k, are the incident laser wavelength and
wavevector, respectively, 6 is the incident angle, and k, cos « is
in-plane component of the incident wavevector (Figure S13).

We then extract the real-space profiles of the fringe patterns
from near-field images (Figure 4c) and apply Fourier transform
(FT) to accurately determine the fringe periods (Figure 4d).
The peaks in the FT profiles correspond to the wavevector of
the transverse electric mode (TE,), which shifts to higher
frequencies with the increasing thickness (Figure 4e). We also
calculate the theoretical wavevectors of TE modes using the

https://doi.org/10.1021/acs.nanolett.4c00327
Nano Lett. 2024, 24, 5182-5188


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c00327/suppl_file/nl4c00327_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c00327/suppl_file/nl4c00327_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c00327/suppl_file/nl4c00327_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c00327/suppl_file/nl4c00327_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c00327/suppl_file/nl4c00327_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c00327/suppl_file/nl4c00327_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c00327/suppl_file/nl4c00327_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c00327/suppl_file/nl4c00327_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c00327/suppl_file/nl4c00327_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c00327?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c00327?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c00327?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c00327?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c00327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

planar waveguide model,*® which match well with the
experimental thickness dispersion. The corresponding wave-
lengths (4,) of the waveguide modes are determined to be
405.8, 381.3, and 348.1 nm in Cs;Bi)]l perovskites with
thicknesses of 40, 60, and 100 nm, respectively. 4, is shorter
than half of the incident wavelength in ultrathin Cs;Bi,l,
perovskite flakes of less than 100 nm thickness, indicating
efficient confinement of electromagnetic fields at the
subwavelength scale. We further perform an inverse Fourier
transform to the FT profile after filtering out the short (<1
um™") and long (>3 um™") spatial frequencies to determine
the propagation length Lp of the waveguide mode. By fitting
the new profile with an exponentially decaying envelope, we
obtain Lp & 2 ym (Figure S15), which is similar to those of 2D
transition metal dichalcogenide waveguides.”’” The challenge of
achieving longer propagation length in our perovskite wave-
guides may be ascribed to the losses from surface roughness
and nonuniformity.

Finally, we demonstrate additional tunability of the wave-
guide properties by anion exchange. The mixed-anion
Cs;Bi,(Br/I), and pristine Cs;Bi)l, perovskite flakes with a
similar thickness of 60 nm are selected. The absence of the Bi—
Br stretching in the Raman spectrum indicates an overall low
bromide concentration in Cs;Bi,(Br/I), perovskites (Figure
S14). With such mild compositional modification, we observe
distinct waveguide performances compared with the pristine
perovskite flakes. By analyzing the s-SNOM profiles of
Cs;Biy(Br/I)y and Cs;Bil, perovskites (Figure S16), we
determine a larger wavevector in the 60 nm Cs;Bi,(Br/I),
flake and a more confined 4, of 352.6 nm (Figure 4e). These
results indicate the effectiveness of compositional engineering
in the modulation of functionalities of bismuth halide
perovskites. Our postsynthetic anion exchange provides a
promising pathway for developing active and tunable photonic
devices based on MHPs.

In summary, we investigate anion diffusion and tunable
waveguide performances in bismuth halide perovskites. A
postsynthetic anion exchange protocol is established to prepare
mixed anion Cs;Bi,(Br/I), perovskites from the pristine
Cs;Bi,ly perovskites. The spatial-resolved gradient anion
distribution is characterized by the ToF-SIMS technique to
determine the vertical bromide diffusivity. We then apply the
near-field nanoimaging technique to study the photonic
waveguide performances, which can be controlled by the
crystal thickness and anion composition. It is clearly shown
that compositional modification by anion exchange presents an
effective strategy to modulate the optical properties of bismuth
halide perovskites. With added flexibility in optical properties
by anion exchange, our work highlights the potential for
various photonic applications and provides a general approach
for the future innovation of MHP materials and devices.
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