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ABSTRACT: Halide perovskite nanowires (NWs) have excellent photoelectric

properties, such as high quantum efliciency and carrier mobility, and are ideal

candidates for next-generation optoelectronic devices and circuits. In particular, all-

inorganic perovskite materials have a soft and dynamic crystal lattice, tunable

bandgaps, better thermal stability, etc., which make them ideal candidates for

wavelength-tunable emitters and full-color displays. Here, we reported an anion

exchange method to synthesize bandgap-modulated CsPbBr; I; 5, alloy NWs on

SiO,/Si substrate. These NWs have smooth end surfaces and exhibit NW lasing

with a threshold of 18.09 yJ cm™ and a high-quality factor of 633—1078.

Moreover, under a 355 nm pulse laser illumination, room-temperature wavelength

continuous tunable lasing ranging from 538 to 699 nm is realized using these bandgap-tunable perovskite NWs. The growth
strategies of these bandgap-graded structures may offer an interesting system for enriching the synthesis methods of alloy perovskites
and exploring applications in multifunctional nanophotonic and optoelectronic devices.
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1. INTRODUCTION

Bandgap modulation in semiconductor materials plays an
extremely important role in developing nanoscience and
technology.'~” Semiconductor materials with different bandg-
aps will exert a unique role in the field of optoelectronic devices
such as photodetectors,*™"" lasers,*>'*'* light-emitting
diodes," "¢ waveguides,”’18 and solar cells.””~** However, the
utilized bandgaps of natural semiconductors are very limited for
the continuously developed technology, and the traditional
semiconductor materials are difficult to meet the needs of
integrated photoelectronic devices and circuits.”* Therefore,
integrating different components to construct semiconductor
alloys with flexible bandgaps has become increasingly
challenging in recent years.””>">" Presently, adjusting the
composition by ion exchange has been proven to be an effective
method for fabricating semiconductor alloys.”*™** In general,
the ion exchange reaction is driven by the ion concentration
difference between the reactant and the reaction environment,
and the alloy material is formed by the diffusion of high-
concentration ions in the reaction environment in the low-
concentration reactant.”* Due to the advantages of simple
operation and fine adjustment of physical properties, the ion
exchange method has played a crucial role in the development of
semiconductor materials.””*>*° It has been a common method
to synthesize homogeneous alloys,”'""'**” core—shell hetero-
structures®®*’ and nanowire (NW) heterostructures.**™**
Perovskite has a soft and dynamic crystal lattice because of its
fragile ionic bonds and high concentration of vacancies.*”*>**
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Moreover, perovskite materials have low defect formation
energy, which allows ion diffusion and migration in the lattice
and acts as an ideal material for ion exchange reactions.” In
addition, halide perovskites have the advantages of long carrier
diffusion length,*>™>* high PL quantum yield,*">® and high
defect tolerance,”” >’ which make them ideal candidates for
next-generation optoelectronic circuits.

Therefore, it is an effective way to tune the bandgap by
adjusting the composition of halide perovskites through ion
exchange processes.”*** For example, in 2016, Fu et al.
reported the growth of CsPbCl;, CsPbBr;, and CsPbCly, Br;_j,
NWs by a solution-phase synthesis method.’ The
CsPbBr3,I;_3, NWs were grown by an ion exchange reaction
using C,HyNH;I as an anion source.”! Room-temperature lasers
with low thresholds and high quality are realized based on these
NWs. In 2017, Yang et al. reported the growth of CsPbX; (X =
Cl, Br, I) semiconductor NW heterojunctions by anion
exchange process, which claimed to realize a single perovskite
heterojunction with red-green-blue emissions along the wire.*’
In 2019, Jin et al. reported the dynamic diffusion process
between CsPbCl; microplates and CsPbBr; NWs stacked to
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Figure 1. (a) Atomic structure scheme of CsPbBr; and CsPbl,. (b, c) Low-resolution top-view SEM image and high-resolution SEM image (inset) of
the CsPbBr;,]I;_3, alloy perovskite NWs with a rectangular cross section grown on a substrate. (d) SEM image and EDX element mapping of a typical
alloy NW show the uniform spatial distribution of Cs, Pb, Br, and L (e, f) EDX element scanning profiles of a single alloy NW at spots 1 and 2,
respectively. (g) Line scanning EDX profile of an NW along the axial direction. (h) XRD patterns of CsPbBr;,I;_;, nanostructures with different
compositions ranging from 10 to 50°. The corresponding standard cards of the orthorhombic phase CsPbl; (no.18—0376) and monoclinic phase
CsPbBr; (no.18—0364) are also shown in (h), respectively. (i) Enlarged XRD patterns ranging from 26 to 30°.

form CsPbCl;—CsPbBr; heterostructures by solid-phase anion Here, we report the growth of high-quality CsPbBr;, CsPbl;,
exchange process.”” These findings further demonstrated that and CsPbBr;I;_;, (x = 0—1) alloy NWs by a simple magnetic-
the anion exchange method played an important role in bandgap pulling source-moving chemical vapor deposition (CVD)
modulation. method. Different compositions of CsPbBr;,I; 5, alloy NWs
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are synthesized using a controllable ion exchange process by
changing the temperature and reaction time. The as-grown NWs
have high-quality crystalline with excellent and smooth
rectangular sections. Under a 375 nm laser illumination, the
emission colors of these perovskite NWs can be tuned from
green (523 nm) to red (706 nm) continuously. Moreover, these
NWs can be used as a Fabry—Perot (F—P) resonator to achieve
tunable nanoscale lasers with wavelengths ranging from 538 to
699 nm, and the laser threshold and Q factor can be reached to
18.09 ] cm™* and 1078, respectively. These prepared CsPbBr;,
CsPbl;, and CsPbBr;,J; 5, alloy NWs may have potential
applications for full-color displays and solid-state lighting in the
future.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Pure CsPbBr; and CsPbl; NWs. Pure CsPbBr;
and CsPbl; NWs were grown vertically on the SiO,/Si substrates (4
mm X 10 mm) via a CVD method. A 2 in. quartz tube (45 mm in
diameter, 180 cm in length) was sited inside the tube furnace (OTF-
1200X). First, 0.1 mg/mL of Sn solution was dropped on the substrate
and used as a catalyst. The quartz boat, containing Pbl,/CsI or CsBr/
PbBr, mixed powders (molar ratio 2:1), was placed in the heating area
of the quartz tube (Figure S1a, Supporting Information). The substrate
was positioned downstream of the quartz tube. Before heating, N, gas
was introduced into the system at a flow rate of 60 sccm for 30 min to
purge the air and moisture from the tube. The carrier gas (40 sccm H,
and 50 sccm N,) was introduced into the system, and the pressure was
kept at 5.82 Torr while growing CsPbl; NWs. Also, the pressure (5.80
Torr) has little difference when growing CsPbBr; NWs. The heating
temperature (zone A) of the quartz tube was increased to 420 °C at a
rate of 25 °C min™" (390 °C when growing CsPbBr; NWs), and the
deposition temperature of the quartz tube was increased to 290 °C at a
rate of 25 °C min™"' at zone B. After the growth of 60 min, the furnace
was cooled down to natural.

2.2. Synthesis of CsPbBr;,l;_3, Alloy NWs. The magnetic-pulling
source-moving CVD method was used to synthesize CsPbBr3I;_ 3,
alloy NWs. Two boats with CsI/Pbl, mixed and CsBr/PbBr, mixed
powders were located in zone A and connected with a quartz rod. First,
the boat with CsI/Pbl, powder was placed in zone A, and the single-
component CsPbl; NWs were synthesized by the CVD method. Then,
the second boat with CsBr/PbBr, powder was moved to zone A using a
step motor, while the first boat was moved to zone B (Figure S1b,
Supporting Information). The pressure and temperature were set at
5.80 Torr and 390 °C, respectively. Under high temperatures,
CsPbBr;,I;_3, alloy NWs were obtained by controlling the growth
time, and the ratio of Br can be controlled through the second growth
process.

2.3. Characterization. The morphology of these alloy NWs was
investigated via scanning electron microscopy (SEM, Hitachi S-4800)
and energy-dispersive X-ray spectroscopy (EDX). The crystallinity of
these alloy NWs was investigated by X-ray diffraction (XRD). The
optical images and PL spectra of NWs were tested by a self-made
confocal optical system. The laser beam (375 nm, spot size, 1.5 ym) was
focused to a spot size of ~0.8 um by a microscope lens (Nikon, X100)
and locally excited at the NWs. The PL spectra were recorded by an
optical spectrometer (Maya Pro2000), and real-color images were
recorded by a CCD camera. The stimulated emission characteristics
were studied using 355 nm pulse laser illumination, which was focused
to 100 ym.

3. RESULTS AND DISCUSSION

Figure la shows the atomic structure scheme of perovskite.
Perovskite has an octahedral structure with the chemical formula
ABX, the inorganic cation Cs* located at the corner centers, the
cation Pb** located at the body centers, and the halide anion I™
located at the face centers. A gas-phase anion exchange method
was used to form alloy NWs through the replacement of Br™ for

I". Figure 1b and the inset image show the SEM images of the
CsPbBr3,I; 3, alloy NWs. The length of NWs is about 10—25
pum, and the diameter is ~300—500 nm. Both ends of a typical
CsPbBry I, 5, (x = 0—1) NW show a clear and smooth
rectangular face with a catalyst at the tip of the NW (Figures 1b
and S2, Supporting Information). Side-view SEM (Figure 1c)
shows that most of the NWs are grown vertically to the substrate
or slightly inclined to the substrate. This bottle-up growth
process indicates that the NWs are prepared through the vapor—
liquid—solid (VLS) growth mechanism. In addition, the pure
CsPbI; NWs exhibit similar morphology with the CsPbBr;,I; s,
alloy perovskite NWs as shown in Figure S3 (Supporting
Information). To further confirm the role of Sn and growth
mechanism, a mask technique was used to achieve patterned
growth of CsPbl; NWs (Figure S4, Supporting Information).
The SiO,/Si substrate with/without dropped Sn catalysts is
shown in Figure S4b (Supporting Information) using a mask,
which shows a clear demarcation line between the two regions.
After that, this substrate was used to grow CsPbl; NWs, and the
NWs are only grown in the region with Sn catalysts, and almost
no deposition on the Sn-free region (see Figure S4c,d,
Supporting Information). Under a 405 nm laser illumination,
these as-grown CsPbl; NWs exhibit red color emission with a
wavelength of 706 nm (see Figure S4e,f, Supporting
Information), respectively. The experimental results are
consistent with the mechanism of VLS growth. The morphology
and element distribution of a typical CsPbBr;,I;_s, alloy NWs
are observed by SEM and EDX. As shown in Figure 1d, Cs, Pb,
Br, and I show uniform spatial distribution along the wire. Sn is
scattered in various positions on the substrate. The EDX profiles
at the body and tip of the NW are shown in Figure le,f, which
indicates that the as-grown wires are CsPbBr, ] ¢ alloy NW with
a catalyst at the wire tip. The EDX element line scanning profile
of the same alloy NW along the axial direction is shown in Figure
1g, which shows agreement with the two-dimensional (2D)
EDX elemental mapping results. Notably, Pb exhibits a sudden
increase at the tip of the NW, which indicates that the
nanosphere catalyst at the tip of the NW is composed of Pb,
further indicating a VLS growth mechanism of the NWs. The
high-resolution SEM image, 2D elemental mapping, and line
scanning elemental profiles of a typical NW further confirmed
that the NWs are homogeneous alloy structures rather than
core—shell structures (Figure SS, Supporting Information).
Figure 1h shows the XRD patterns of these perovskite NWs
ranging from 10 to 50°, the sharp diffraction peaks confirming
that these bandgap-tunable CsPbBr;,I;_;, alloy nanostructures
are excellent crystalline. After the anion exchange, a sharp
diffraction peak at 30.68° appeared, corresponding to the
(—200) plane of monoclinic phase CsPbBr;. The enlarged XRD
patterns from 26 to 30°, as indicated in Figure 1h, are shown in
Figure 1i, further exhibiting the peak shift of the diffraction
peaks. These diffraction peaks corresponding to the (015) plane
are slightly shifted toward the high-angle region compared with
pure CsPbl; NWs, as the lattice shrunk with the increased
amount of Br~, which has a smaller ion radius than that of I~
indicating that these CsPbBr;I;_3, alloys could be fabricated
using this simple anion exchange method. In 2017, Pan’s group
reported a similar alloy triangular rod structure and performed
TEM analysis of CsPbBr; NWs with a lattice spacing of 0.29
nm.® Subsequently, they demonstrated some alloy nanostruc-
tures with stimulated emission wavelengths in the range of 428—
668 nm. Similar alloy nanostructures were also reported by Jin’s
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Figure 2. (a) Schematic diagram of the experimental setup and growth process. (b) Relationship between x (composition ratio of Br in CsPbBr;,I;_s,
alloy NWs) and the growth temperature and growth time of the anion exchange process.

Figure 3. (a) Real-color images and corresponding PL spectra of CsPbBr;,1;_s, alloy NWs with various compositions. The scale bar is 10 ym. (b)
Relationship between the bandgap and the composition ratio of Br in alloy NWs obtained by EDX profiles. The black square is the experimental data,
and the red solid line is the fitting line. (c) Relationship between the emission wavelengths and bandgaps of CsPbBr;,I;_;, NWs. Red circles represent
the bandgaps of CsPbBr;,I;_;, NWs, and blue triangles represent the wavelength of the emission peaks.

group in 201 6,°" in which the excited emission wavelengths were
ranging from 400 to 750 nm.

The schematic diagram of the CVD setup and growth diagram
of the alloy perovskite NWs are shown in Figure 2a. First, the
vacuum pump is used to extract the air from the tube and
prevent sample oxidation to create ideal growth conditions for
growing NWs. Pure CsPbl; NWs are synthesized by the CVD
method under a high temperature as shown in the Experimental
Section. CsBr and PbBr, powders are placed in the center of the
heating zone A, which are used as the anion exchange sources.
Second, the vapor sources are flowed to the deposition zone B by
the carrier gas and perform an anion exchange reaction with pure
CsPbl; inside the tube. Lastly, the anion sources are diffused in
CsPbl; NWs, forming the CsPbBrs,I;_;, homogeneous alloy
NWs. Compared with other synthesis methods of perovskite
alloy structures, CVD is attractive for growing diverse NWs with
easy setup, low-cost, mild operation, and high-yield advantages.

Compared to other reports on the synthesis of perovskite NWs

46,47,62
our results demonstrate a

by vapor phase deposition,
flexible bandgap modulation method based on the alloyed
perovskite materials."® In addition, a one-step anion exchange
process is reported in our work, which is better than the two-step
synthesis of alloy NWs.®" It is worth noting that our method
could avoid the interference of the air environment and the
generation of nonperovskite structures, which may affect the
optical properties and crystallinity of the perovskite NWs. The
relationship between anion exchange time and the composition
ratio of Br () is shown in Figure 2b. As can be seen, it takes 110
min to complete the replacement from CsPbl; to CsPbBr; at
390 °C. At the same time, the entire ion exchange reaction is
much faster at 420 °C (within 30 min) and 440 °C (within 10
min), respectively. Therefore, this one-step growth strategy with
tunable heating temperature and moving sources is an effective
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Figure 4. (a) Schematic diagram of NW lasers pumped by a 355 nm pump laser. (b) Room-temperature PL spectra of CsPbBr; NW under a 355 nm
pulse laser excitation. Insets: Bright and dark optical images of CsPbBr; NWs from spontaneous emission to stimulated emission under low and high
pumping power density. The scale bar is 10 ym. (c) Nonlinear response of output intensity with the increasing pump flux. (d) Size-dependent laser
emission of CsPbBr; NWs with wires length from 11 to 25 ym. Insets are dark-field real-color images of NWs with different sizes. The scale bar is 10
um. (e) Relationship between wire length and mode spacing in (d). The black square is the mode spacing calculated by the experimental data, and the
red line is the fitted line of the experimental data. (f) Emission stability of the CsPbBr; NWs.

way to control the ion exchange reactions, which is considered
useful for synthesizing high-quality perovskite alloys.
Room-temperature PL properties of the samples were studied
by confocal optical microscopy, as shown in Figure S6
(Supporting Information). Figure 3a shows the PL spectra and
corresponding dark-field emission images of these perovskite
alloy NWs under 375 nm laser excitation. With the increase of
reaction time, the value x is increased from O to 1, and the
compositions of NWs are changed from CsPbl; to
CsPbBr3,I;_3, and then CsPbBr; continuously. Insets in Figure
3a exhibit the dark-field real-color image of these composition
tunable perovskite structures that change from red, orange, and
yellow to green, showing the continuous variation of the
emission peak because of different compositions. The bright
emission spots at both ends of the wires under laser illumination
indicate that these wires have excellent waveguiding, which may
have potential applications in high-quality F—P optical
resonators. Meanwhile, the emission peaks are continuously
tuned from 523 to 706 nm with full width at half-maximum
(fwhm) of about 20—30 nm, indicating intrinsic band-to-band
emissions of the perovskite NWs. Notably, the fwhm of these PL
spectra are smaller than those of nanocrystals synthesized by
solution-phase method, which confirms that these synthesized
wires may have well-uniform and high crystallization.” Figure
3b shows the relationship between the Br composition x and the
bandgap values of CsPbBrs,l; 5, obtained by EDX profiles
(Figure S7, Supporting Information). The bandgap values of
CsPbBr;,];_ 3, are also obtained by PL spectra in Figure 3c.
According to the relationship between the bandgap E, and %%

E, = 2.371x + 1.758(1 — x) — bx(1 — x)

where x represents the proportion of elemental components of
Br, and 2.371 and 1.758 represent the bandgaps of CsPbBr; and
CsPbl; respectively, and finally the bandgap of CsPbBrs,I;_3, is
obtained. According to the calculation result, the curve obtained
by the EDX profiles is basically consistent with the fitting curve
of the calculated results. Figure 3c plots the relationship between
the emission wavelengths and bandgaps of CsPbBrs,I;_;, NWs.
The solid line shows the best fit of composition-dependent
bandgaps using the virtual crystal approximation with a bowing
parameter b = 0.34 eV. All of these results indicate that these
perovskite alloy NWs have excellent luminescence properties
without obvious defect emissions.

More importantly, tunable nanoscale lasers are reported as
good applications based on these alloy perovskite NWs. A 355
nm pulse laser is focused and excited at the NWs, as
schematically shown in Figure 4a. Figure 4b shows the
pumping-power-dependent PL spectra of CsPbBr; NWs.
When the pump power is higher than the threshold of 18.09
uJ cm™?, a sharp emission peak centered at $37.36 nm appears.
The intensity of the emission peak increases rapidly with the
increase of pumping power density, which represents a lasing
action of NWs in Figure 4c. The real-color images below and
above the threshold and the optical photograph of a single
CsPbBr; NW are shown in the inset of Figure 4d. As can be seen,
under high pumping power density, bright output emissions
occur at both ends of NWs, confirming the transition from
spontaneous emission to stimulated emission of NWs.** The
fwhm of the lasing emission peak is about 0.54 nm, as shown in
Figure 4b. The quality factor Q is generally used to characterize
the performance of the NW resonators, which is calculated by
the following formula
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Q=1/64

where A represents the wavelength of the stimulated emission
mode and 64 represents the fwhm of the emission peak. After
calculation, the maximum Q factor of CsPbBr; NW is 995, which
is higher than that of the lasing quali?_f factor of the hybrid
perovskite (CH;NH;PbBr;, Q ~ 500),” indicating that these
NWs have high-quality cavities, confirming the potential
application of nanolasers.

Moreover, laser oscillation at different sizes is a unique way to
realize mode tunable lasing. As shown in Figure 4d, when NWs
are increased from 11 to 25 ym, the emission peak gradually red-
shifts from 534.53 to 537.58 nm. This observation is due to the
energy loss of photon oscillation in the resonant cavities, and the
energy attenuation causes the red shift of emissions. We
explored the reciprocal relationship between the laser mode
spacing and wire length. The equation is shown as follows

84 = A*/{2L[n — A(dn/dM)]}

where / is the wavelength of emission peaks, L is the length of
the wires, n is the refractive index (0.67), and dn/dA is the
dispersion (—6.89 um™). The calculated mode spacing (51)
and the reciprocal of the wire length (1/L) are shown in Figure
4e, and a linear relationship between the two factors can be
observed clearly. We investigated the time-dependent stimu-
lated emission intensity of CsPbBr; NWs placed in air under 355
nm pump pulse excitation at room temperature (Figure 4f), and
the NWs continuously outputted stable laser light for more than
10 h, which is greatlgr improved compared to the hybrid
perovskite nanolaser.”® We stored the NWs under dry
conditions for more than 3 months and no significant
morphological changes.

Additionally, bandgap engineering of CsPbBrs[; 3, alloy
perovskite NWs can be a good candidate for tunable nanoscale
lasers. In Figure S, obvious tunable lasing with a wavelength

Figure 5. Wavelength-tunable emissions of bandgap-tunable
CsPbBr;,I;_3, alloy NWs at room temperature.

range from 538 to 699 nm is successfully realized at room
temperature using these bandgap-tunable CsPbBr;,I;_s, perov-
skite alloy NWs. The laser intensity of alloy NWs is slightly lower
than the CsPbBr; NWs with an fwhm of about 0.65—0.96 nm,
and the Q factors are 633—1075 respectively. Meanwhile, the
lasing threshold of these alloy NWs is 35—45 uJ cm™ (see
Figure S8, Supporting Information), which is lower than those of
hybrid perovskite (~60 ] cm™2) wires.”> All of these results

17886

indicate that bandgap-tunable perovskite NWs are a good
material platform for tunable nanolasers.

4. CONCLUSIONS

In summary, we developed a one-step source-moving CVD
method to synthesize composition tunable CsPbBr;,I;_;, alloy
NWs. The bandgap of these alloy NWs can be continuously
adjusted by controlling the growth temperature and reaction
time during the anion exchange process. Structural character-
izations and spectral investigations of these structures indicate
that the obtained alloy wires are high-quality perovskite NWs
with tunable PL emissions. Moreover, under a 355 nm pulse
laser illumination, wavelength-tunable nanoscale lasers range
from 538 to 699 nm with a Q,,, factor of about 1075 at room
temperature. These achievements represent significant advan-
tages in the controllable growth of bandgap-tunable perovskite
NWs, which may act as effective emission systems and have
potential applications in high-performance integrated nano-
photonic devices.
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