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Inorganic lead halide perovskite (CsPbX3, X = Cl, Br, I) NWs (NWs)

have been employed in lasers due to their intriguing attributes of

tunable wavelength, low threshold, superior stability, and easy

preparation. However, current CsPbX3 NW lasers usually work in a

multi-mode modal, impeding their practical applications in optical

communication due to the associated false signaling. In this work,

high-performance single-mode lasing has been demonstrated by

designing and fabricating coupled cavities in the high-quality

single-crystal CsPbBr3 NWs via the focused ion beam (FIB) milling

approach. The single-mode laser shows a threshold of 20.1 μJ
cm−2 and a high quality factor of ∼2800 profiting from the Vernier

effect, as demonstrated by the experiments and finite-different

time-domain (FDTD) simulations. These results demonstrate the

promising potentials of the CsPbX3 NW lasers in optical communi-

cation and integrated optoelectronic devices.

Introduction

Miniaturized semiconductor lasers have attracted considerable
attention due to their great potential in commercial appli-

cations such as optical communication, data storage, high-
resolution imaging and sensing.1–4 A myriad of lasers with
nanoscale footprint have been demonstrated by the conjunc-
tion of novel materials and designed constructions since the
first proposed nanolaser by optically pumping the single-crys-
talline zinc oxide NWs (NWs) in 2001,5 among which the semi-
conductor NW lasers have been considered as a perspective
candidate for the on-chip photonic devices because of their
small footprint as well as the intrinsic combination of optical
cavity and gain medium.6–10 However, most of the semi-
conductor NW lasers present a multi-mode manner, hindering
their practical applications due to the temporal pulse broaden-
ing and false signals caused by the group velocity
dispersion.2,11,12 The single-mode laser can avoid the afore-
mentioned issue because of the stable output produced at one
frequency, boosting their development in nanophotonic inte-
grated devices.13–17 In principle, single-mode lasers can be
obtained when the free spectral range (FSR) is larger than the
bandwidth of the optical gain.11,13,18 In addition, a series of
approaches including decreasing the cavity size, constructing
distributed-Bragg-reflector (DBR) mirrors or distributed-feed-
back (DFB) gratings, and parity-time symmetry breaking have
been proposed to obtain a single-mode laser.11,17,19–24 For
example, Wang et al. obtained GaN NW single mode lasers by
shortening the length of the cavity.11 In spite of these achieve-
ments, these methods suffer from the increased threshold
caused by decreasing the cavity size or the processing complex-
ity associated with the construction of DBR/DFB.18,25

Vernier effect is a well-known technique in passive systems
to regulate laser modes, which has been recently applied to
improve the monochromaticity of the laser, where the lasing
modes, except for at the same frequency ones, are significantly
suppressed due to the strong coupling of the adjacent optical
cavity.2,12,13 For example, Xu et al. realized a single-mode
lasing output in comb-like ZnO microrod arrays via simul-
taneously exciting two adjacent ZnO microrods, but the
coupled cavity cannot be precisely designed and controlled.26

Focused ion beam (FIB) is a powerful tool for the ablation of
materials, promising the design and fabrication of the coupled
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optical cavity in a precisely controlled manner.2,27 On the other
hand, lead halide perovskites have been employed in lasing
devices due to their excellent optoelectronic properties such as
direct band-gap, tunable band-gap, and high photo-
luminescence quantum yield.8,28–34 Compared with the
organic–inorganic perovskite NWs, the all-inorganic perovskite
NWs showed better stability to light, heat, and moisture.35,36 All-
inorganic perovskite NWs can be conveniently prepared by solu-
tion or chemical vapor deposition (CVD) methods with the
precise control of morphology, dimension, and component,
which are critical for the laser.37–42 Some perovskite-based
single-mode lasers have been obtained.43,44 However, to the best
of our knowledge, single-mode lasers of all-inorganic perovskite
NWs enabled by the Vernier effect have not been reported.

Herein, we synthesized high quality single crystal CsPbBr3
perovskite NWs with smooth surface and triangle cross-section by
a typical chemical vapor-phase method. The as-prepared CsPbBr3
NWs enable a multi-mode F–P-type lasing under optical pumping
at room temperature. Most importantly, the single-mode laser of
CsPbBr3 NWs was also achieved by designing and fabricating the
coupling cavity in the as-prepared CsPbBr3 NWs by integrating
FIB milling and the Vernier effect, exhibiting a threshold of
20.1 μJ cm−2 and a high Q of ∼2800. This work provides a single-
mode laser of perovskite NWs in an easy and controlled manner,
promoting the application potential of perovskite NW lasers in
optical communication, spectrum and other fields.

Results and discussion

The CsPbBr3 NWs were grown on a mica substrate by a typical
vapor-phase deposition method, as previously reported (details
can be found in Experiment section and Fig. S1†).43 The dia-
meter and length of the CsPbBr3 NWs can be well controlled
by adjusting the reaction time; the longer the time, the larger
the diameter and length, as shown in Fig. S2.† Fig. 1a and the

inset show the scanning electron microscopy (SEM) images of
the as-prepared CsPbBr3 NWs with a growth time of 10 min,
exhibiting the smooth surface, triangle cross-section, and a
length of about 20–30 μm. The crystalline phase of the
CsPbBr3 perovskite NWs is generally determined by the syn-
thesis temperature, where the cubic phase is preferred when
the temperature is higher than 130 °C.45,46 The X-ray powder
diffraction (XRD) pattern of the CsPbBr3 perovskite NWs is
shown in Fig. 1b, with the 2θ locating at 15.1°, 21.6°, 30.6°,
and 44.0°, corresponding to the (100), (110), (200) and (220)
lattice planes of cubic-phase CsPbBr3 perovskite,
respectively.47,48 The group of peaks marked with a blue star
are assigned to the (002), (004), (006) and (008) lattice planes
of the mica substrate.46 Fig. 1c shows the room-temperature
linear absorption (red line) and photoluminescence (PL, blue
line) spectra of the CsPbBr3 NWs. A clear absorption peak
appeared at a wavelength of ∼523.0 nm, indicating the energy
band-gap of 2.37 eV of the CsPbBr3 NWs. Meanwhile, the full
width at half maximum (FWHM) of the PL spectrum is
18.5 nm, which is smaller than the solution-processed
CsPbBr3 perovskites such as quantum dots and bulks.23,45 The
sharp XRD peaks and narrow FWHM demonstrate that the
CsPbBr3 NWs possess good crystal quality. The low-magnifi-
cation TEM image (Fig. 1d) and EDX mappings (Fig. 1e–g)
demonstrate that the Cs, Pb, Br, elements were homoge-
neously distributed in the triangle cross-section of the
CsPbBr3 NWs. Fig. 1h presents the high-resolution TEM image
of the CsPbBr3 NWs, with a 0.29 nm lattice spacing that corres-
ponds to the (200) lattice plane of the cubic-phase CsPbBr3
perovskite. Fig. 1i shows the selected area electron diffraction
(SAED) image of the CsPbBr3 NWs, confirming that the
CsPbBr3 NWs grew along the [001] direction.39

All the laser properties of the CsPbBr3 NWs were character-
ized by a confocal system equipped with a femtosecond exci-
tation source (λex = 405 nm, ∼20 μm diameter, 190 fs pulse
duration, and 1000 Hz repetition rate) at room temperature,

Fig. 1 The morphology and structural properties characterization of the as-prepared CsPbBr3 NWs. (a) The low and high (inset) magnification SEM
images of the CsPbBr3 NWs. (b) The XRD patterns of CsPbBr3 NWs. (c) The absorption (red line) and photoluminescence (blue line) spectra of NWs.
(d) Low-resolution TEM image of the CsPbBr3 NW’s cross-section. (e–g) The EDX mappings of Cs, Br, and Pb elements distributed in the cross-
section of the CsPbBr3 NW, respectively. (h) High resolution TEM image and corresponding SAED patterns (i) of the CsPbBr3 NW.
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and a ×40 objective lens was used to focus the pumping laser
beam and collect the emitted light, as depicted in Fig. 2a.
Fig. 2b shows the dependence of the emission spectra on the
pumping power of an individual CsPbBr3 NW with the length
of ∼18 μm. The spontaneous emission (SPE) spectrum located
at 528.0 nm with the FWHM of about 18.0 nm is launched
under a low pumping density of 21.6 μJ cm−2. Moreover, sharp
laser peaks emerged when the pumping density is increased to
24.4 μJ cm−2, showcasing the improved intensity with the
increased pumping density. The inset in Fig. 2b shows the
Gaussian-fitted curve of a laser peak at the pumping density of
25.9 μJ cm−2, indicating that the FWHM is 0.18 nm. The lasing
quality factor (Q) of the CsPbBr3 NW is about 3000, as evalu-
ated by eqn (1):

Q ¼ λ=Δλ ð1Þ

where λ is the emitted laser wavelength and Δλ is the FWHM
of the emitted laser peak.16 This value is superior to a majority
of the lasers with the CsPbBr3 micro/NWs prepared by the
solution method.25,35 Fig. 2c displays the integrated output
intensity (red sphere) and FWHM (blue sphere) as the func-
tions of the pumping density. The fitting result of the inte-
grated output intensity data is the anticipant S-curve model for
lasing oscillation,49 first knee indicating that the threshold
pumping power (Pth) of the CsPbBr3 NW is 22.8 μJ cm−2. It can
be found that the fluorescence intensity increases slowly when
the pumping density is lower than Pth, and the fluorescence
intensity dramatically increases when the pumping density is
higher than Pth. Meanwhile, the FWHM decreases from
∼18.0 nm to ∼0.2 nm as well, demonstrating the transition
from SPE to stimulated emission (SE). To further confirm the
occurrence of laser behavior, the time-resolved photo-

Fig. 2 Laser properties test of CsPbBr3 NWs. (a) The schematic diagram of the optical testing system. (b) The pump-dependent PL spectra of the
CsPbBr3 NWs. Inset: Gaussian-fitted FWHM line of a lasing peak. (c) The integrated output intensity (red sphere) and FWHM (blue sphere) as func-
tions of pumping density. (d) The fitted time-resolved spectra of the CsPbBr3 NWs at the pumping density below (blue cycle) and above (red cycle)
the lasing threshold, respectively. (e) The FSR as a function of 1/L, where L is the length of CsPbBr3 NWs.
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luminescence (TRPL) measurement was performed by using a
streak camera. Fig. 2d shows the lifetime curves below (blue
cycle) and above (red cycle) the lasing threshold fitted with
monoexponential functions; as expected, the lifetime is shor-
tened from 924.4 ps to 245.9 ps when the pumping density
exceeds the lasing threshold. The shortening of the lifetime
can be attributed to the bimolecular recombination of the free
charge carriers generated by Mott transition, which suggest
the occurrence of laser behavior.7,32,36,50 Moreover, this
phenomenon was more clearly and intuitively confirmed by
the streak-camera images, as shown in Fig. S4(a and b).† To
determine the resonant mode of the CsPbBr3 NW cavity, we
investigated the relationship between FSR and the length of
CsPbBr3 NWs. Fig. 2e shows the FSR as a function of 1/L,
where L is the length of CsPbBr3 NWs. We can see that the FSR
linearly decreases with an increase in the length of the
CsPbBr3 NWs, which is consistent with the characteristics of
F–P-type microcavity. According to eqn (2),

FSR ¼ λ2=ð2ngLÞ ð2Þ

the group refractive index (ng) of the CsPbBr3 NWs is about
5.9, which is in agreement with the previous studies.39 To
further confirm the F–P-type resonance cavity in the CsPbBr3
NWs, we carried out an electrical field distribution simulation
by the FDTD method. Fig. S5 (a and b)† present the two-
dimensional (2D) normalized electric field intensity distri-
bution at the length and the cross-section of a CsPbBr3 NW.
The simulation results reveal that the optical field is well con-
fined in the NWs and the light leaks out from the pair of end
facets, indicating a typically axial F–P-type microcavity
resonance.39

As aforementioned, the Vernier effect is an efficient means
to realize single-mode-lasing output in F–P-type cavities
without reducing the cavity size. Moreover, FIB is a very power-
ful tool to prepare the one-dimensional NW coupled cavity
because it can precisely define the ratio of the length and the
width of the air-gap.2 So, we selected FIB to fabricate the
CsPbBr3 NW coupled cavity. A protection layer of aluminum-
doped zinc oxide (AZO) with a thickness of about 80 nm is de-
posited on CsPbBr3 NWs before FIB milling to avoid NWs
being destroyed during the FIB milling. Then, a 7.7 pA of Ga2+

beam current is used to mill the CsPbBr3 NWs, and the width
of air-gap can be well controlled by adjusting the milling para-
meters. The SEM image (Fig. S6†) of the end face of the
CsPbBr3 NWs demonstrates that the surface still remained
smooth even after FIB milling. Fig. 3a shows the SEM image of
a CsPbBr3 NW with two milled cavities; one is of 15.72 μm
named cavity-A, and the other one is of 10.62 μm named
cavity-B. The higher magnification SEM image (Fig. 3b) indi-
cates that the width of air-gap is ∼60 nm. By moving the exci-
tation spot, cavity-A and cavity-B can be individually and sim-
ultaneously excited. Fig. 3c shows the laser spectra of the
coupled cavity, cavity-A and cavity-B, at a high pumping
density (>Pth). The inset is the optical photograph of the
CsPbBr3 NW, and the violet dash circle represents the position

of the excitation spot. We can see that when only cavity-A is
excited, there is a series of typical F–P lasing peaks that appear
around 540 nm. A similar phenomenon is also observed in
cavity-B. It is worth noting that one lasing peak located at
∼539.70 nm co-exists in both the cavities and overlaps, which
meets the condition for the occurrence of the Vernier effect. As
expected, a single-mode laser was obtained at 540.39 nm when
both cavity-A and cavity-B were simultaneously excited. To
further confirm that the Vernier effect led to the generation of
a single-mode lasing, we carefully analyzed the FSRs of cavity-
A and cavity-B. According to eqn (2), FSR will decrease with the
increase in the cavity length. The FSRs of cavity-A and cavity-B
obtained from the lasing spectra are 1.6 nm and 2.5 nm,
respectively, which are very close to the theoretical values.
Previous reports demonstrated that the occurrence of the
Vernier effect in two coupled cavities should satisfy eqn (3):

NFSRA ¼ MFSRB ð3Þ

where N and M are integers.26 As a result, the FSR of the
coupled cavity will be enlarged, and the single-mode laser will
be generated when the FSR is beyond the gain range. The
mode numbers of cavity-A and cavity-B can be obtained by
formula (4):

N ¼ 2ngL=λ ð4Þ

as shown in Fig. 3c, which also indicates the occurrence of the
Vernier effect. It is worth noting that the position of single-
mode lasing does not correspond to cavity-A and cavity-B very
well, which is ascribed to the phase delay.2,13 Moreover, in
order to explore the influence of the length ratio on the
coupled cavity, we prepared two samples with different length
ratios of 4 : 3 and 2 : 1, as shown in Fig. S7.† Unfortunately,
some lasing peaks were suppressed, but neither of them
achieved single-mode laser output. This suggests that the
single-mode laser output realized by the Vernier effect need
appropriate length ratio of cavities. Fig. 3d displays the pump-
dependent PL spectra of the coupled cavity. We know that the
coupling cavity always maintains the single-mode laser output
with an increase in the pumping power, indicating the good
stability of the coupled cavity. The side-mode suppression
ratio (SMSR) is an important index to evaluate the quality of a
single-mode laser, which can be calculated by formula (5):

SMSR ¼ 10 logðM1=M2Þ ð5Þ

where M1 is the intensity of the dominant mode and M2 is the
intensity of the side mode.15 The SMSR of the coupled cavity is
23.0 dB at the pumping density of 36.5 μJ cm−2, which is
better than the reported results such as 19.7 dB in ZnO comb-
like structure, 16.7 dB in CsPbBr3 microrods, and 15.6 dB in
GaN NW-pair.12,25,26 The inset in Fig. 3d shows the Gaussian
fitted spectrum at a pumping density of 26.6 μJ cm−2, demon-
strating a FWHM of 0.18 nm, and a corresponding Q of ∼2800.
Fig. 3e shows the PL intensity (red sphere) and FWHM (blue
sphere) as functions of the pumping density. The fitted PL inten-
sity gives the threshold pumping power (Pth) as 20.1 μJ cm−2
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Fig. 3 The morphology and laser properties characterization of coupled cavity. (a and b) The low and high-magnification SEM images of coupled
cavity, respectively. (c) The spectra of cavity-A, cavity-B and coupled cavity. Inset is the optical photograph of the coupled cavity. (d) The pumping
power dependent PL spectra of the coupled cavity. Inset: Gaussian fitted FWHM line of a lasing peak. (e) The integrated output intensity (red sphere)
and FWHM (blue sphere) as functions of pumping density.

Fig. 4 (a–c) The SEM images of coupled cavity with the air-width of 80 nm, 150 nm and 300 nm, respectively. (d–f ) The 2D electric field mappings
of coupled cavity with the air-width of 80 nm, 150 nm and 300 nm, respectively. (h–j) The spectra of coupled cavity with the air-width of 80 nm,
150 nm and 300 nm, respectively.
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for the coupled cavity. It can be found that the Q and Pth of the
coupled cavity remain almost unchanged compared to the bare
CsPbBr3 NWs. Besides, we obtained a single-mode laser in other
coupled cavities through the Vernier effect as well, as shown in
Fig. S8.†

The width of the air-gap in coupled cavities plays a critical
role in the lasing behavior, which is carefully studied. The
light behavior in the F–P-type cavity can be described as
follows: the light was confined in the NWs and oscillated
along the NW axis and finally leaked out from the pair of end
faces. The coupled cavity can be considered as two different FP
cavities, which are aligned along the axis. When only cavity-A
was excited, the light leaks out from near the air-gap end face
of cavity-A; one part of the light is lost in scattering, and the
other part is transmitted into cavity-B through the air gap.
Previous research indicates that when the transmission of
light from cavity-A into cavity-B is higher, the coupling is stron-
ger, as well as the suppression of the laser modes is more
efficient. In this experiment, we fabricated three different air-
gaps with the width of 80 nm, 160 nm, and 300 nm, respect-
ively, with the total length and length ratio unchanged, as
shown in Fig. 4(a–c). The corresponding numerical simu-
lations performed by the FDTD method are shown in Fig. 4(d–
f ), where more light is scattered outside by the wider air-gap
with an increase in the air-gap width, and simultaneously less
light is transmitted from cavity-A to cavity-B, which will lead to
the reduction of the coupling efficiency. The corresponding
spectra of the NW with the air-gaps of 80 nm, 150 nm, and
300 nm are given in Fig. 4(h–j), where the coupled cavity
retained the single-mode laser output when the width of air-
gap was increased to 80 nm, but the SMSR decreased to 17.2
dB. However, when the air-gap was increased to 150 nm, the
coupling efficiency of coupled cavity decreased, leading to a
multi-mode laser output. When the air-gap was further
increased to 300 nm, cavity-A and cavity-B almost decoupled,
which led to the multi-mode output. Based on the above dis-
cussion, there are two requirements for realizing the single-
mode laser output in CsPbBr3 NWs by the Vernier effect: a
narrow enough air-gap to ensure coupling efficiency, and an
appropriate ratio of cavity length to enable the FSR of coupled
cavity to be higher than the medium gain range.

Conclusions

In conclusion, we prepared high-quality single crystal CsPbBr3
perovskite NWs on a mica substrate by a typical CVD method
in a controllable manner. A high quality single-mode laser is
realized by designing and fabricating the coupled cavities by
FIB milling based on the Vernier effect, showcasing a low
threshold of ∼20.1 μJ cm−2 and a high quality factor of ∼2800.
The influence of the air-gap width on the Vernier effect is
studied by experiments and theoretical calculations, exhibiting
that the coupling efficiency decreased and even decoupled
with an increase in the air-gap. Meanwhile, the wavelength of
the single-mode lasers can be adjusted by changing the length

ratio of the coupling cavity. Our results may promote the appli-
cation of perovskite NW lasers in optical communication and
other photonic devices.
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