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A B S T R A C T   

Single-mode microlasers are of crucial importance for high-performance integrated photonic devices. However, it 
still remains a significant challenge to achieve single-mode microlasers conveniently. In this work, we propose a 
strategy to realize high-quality, single-mode vertical-cavity surface-emitting lasers (VCSELs) based on hybrid 
perovskite monocrystalline films. Under two-photon pump, the VCSEL exhibits excellent performances with a 
remarkable low threshold of ~421 μJ/cm2, a high quality factor (Q factor) of ~1286 and a small divergence 
angle of ~0.5�. Importantly, single-mode lasing with a good spatial coherence can be conveniently achieved with 
the VCSEL configuration, which significantly reduces the complexity for fabricating high-quality single-mode 
microlasers. In addition, switchable VCSEL can be realized by taking advantage of the anisotropic two-photon 
absorption of the hybrid perovskites. The single-mode vertical-cavity emission, excellent lasing performances, 
frequency up-conversion ability and switchable property will provide a versatile platform for high-performance 
nanosources and multifunctional integrated optoelectronic devices.   

1. Introduction 

In past years, hybrid perovskites have shown great promise for 
functional devices including solar cells [1–3], light-emitting devices [4, 
5] and field-effect transistors [6]. In particular, due to the high optical 
gain and broad tunability, hybrid perovskites have become excellent 
candidates for miniaturized lasing devices. For instance, perovskite 
nanowires and microplates would act as natural microcavities for Fab
ry-P�erot (F–P) and whispering-gallery-mode (WGM) lasers [7,8]. Be
sides, hybrid perovskites could be also engineered into various 
composite microcavity structures, such as microspheres [9,10], 
distributed-feedback cavities [11], photonic crystals [12] and dielectric 
arrays [13,14]. More recently, perovskites also gained considerable 
attention for realizing polariton lasing at room temperature [15]. 
Although previous studies have greatly promoted the development of 
high-performance perovskite microlasers, the multimode lasing output 
from most of the devices has seriously decreased the coherence and 
monochromaticity of the coherent nanosources. Typical methods to 

reduce the longitudinal modes in the optical cavity were expanding free 
spectral range with small cavity and filtering the cavity modes by 
coupled cavity structure [16–18]. However, the severe restrictions on 
the size and structure of the cavities would increase the inherent 
complexity in device configuration especially for high-quality single-
crystal nanostructures, which imposed significant challenges for 
manufacturing of integrated microlasing devices. Therefore, developing 
a straightforward strategy to achieve a high-quality single-mode 
microlaser based on perovskites is essential. 

In addition to the outstanding optoelectronic responses, hybrid pe
rovskites have shown superior nonlinear optical properties, especially 
for nonlinear absorption and emission [19–24]. For examples, 
CH3NH3PbBr3 (MAPbBr3) perovskite crystals were reported to possess a 
strong two-photon absorption, which could be used for multifunctional 
nonlinear photodetectors [22]. 3D perovskite colloidal nanocrystals 
were revealed to exhibit a strong five-photon absorption, which enabled 
fresh approaches for next-generation multiphoton imaging [21]. 
Recently, 2D hybrid perovskites were demonstrated to have an 
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extraordinary two-photon absorption, showing great potential for 
high-efficiency nonlinear emission [23,24]. Driven by the giant 
nonlinear responses, hybrid perovskites have become an ideal platform 
for multiphoton-pumped microlasers [25–29]. Moreover, the 
multiphoton-pumped regime has favorable advantages such as a large 
penetration depth and a small damage effect, which are critical for 
protecting the hybrid perovskite from degradation under high photon 
density [30]. 

In this work, we report a two-photon-pumped high-quality, single- 
mode vertical-cavity lasing based on MAPbBr3 perovskite mono
crystalline films. A vertical microcavity structure was fabricated by 
integrating large-area, high-quality MAPbBr3 monocrystalline films 
with distributed Bragg reflector (DBR) and Ag mirrors. Under two- 
photon pump, exciton-polariton strong coupling can be observed, 
which will transit to the weak-coupling induced photonic lasing as the 
pump fluence increases. The vertical-cavity lasing possesses high per
formances with a low lasing threshold of ~421 μJ/cm2, a high Q factor 
of ~1286, and a small far-field divergence of ~0.5�. Moreover, single- 
mode lasing with good spatial coherence can be conveniently ach
ieved with the vertical-cavity configuration, which significantly reduces 
the complexity for fabricating high-quality single-mode microlasers. In 
addition, switchable lasing behavior can be demonstrated by tuning the 
pump polarization based on the anisotropic two-photon absorption of 
the MAPbBr3 perovskite. 

2. Results and discussion 

MAPbBr3 single crystals were synthesized using a well-established 
antisolvent-vapor-assisted crystallization growth (Supporting Informa
tion) [31]. In order to achieve large-area monocrystalline films, a 
pressure-induced spacing limitation was realized by clipping the pre
cursor solution between two clean flat substrates, as schematically 
illustrated in Fig. 1(a). Fig. 1(b) shows an optical microscope image of an 
as-prepared MAPbBr3 monocrystalline film on glass substrate. The 
MAPbBr3 monocrystalline film has a lateral size over 600 μm. The 
smooth surface implies a good crystallinity of the MAPbBr3 mono
crystalline film. The height profile in Fig. 1(b) indicates that the 

thickness of the monocrystalline film is very uniform, with a concen
trated distribution less than 8 μm (Fig. S1(b)). The X-ray diffraction 
(XRD) spectrum in Fig. 1(c) exhibits a dominant (00h) series of 
diffraction peaks, which corresponds to the cubic phase of MAPbBr3 and 
agrees well with previous reports [31]. The monocrystalline film was 
further characterized by linear absorption and photoluminescence (PL) 
spectrum, as shown in Fig. 1(d). The absorption spectrum (black curve) 
exhibits a sharp absorption peak at ~522 nm (~2.38 eV), which is 
attributed to the excitonic absorption of MAPbBr3. The PL spectrum (red 
curve) shows a sharp peak at ~547.6 nm (~2.26 eV) with a broad 
linewidth of ~22 nm, which are in good agreement with the literature 
reports [25,32]. 

For optical measurements, a femtosecond-pulsed Ti:sapphire regen
erative amplifier centered at 800 nm was used as the light source. A 10 
� microscope objective (NA ¼ 0.25) was applied to focus the femto
second laser beam onto the samples. Fig. 1(e) and (f) plot measured PL 
spectrum and the corresponding spectrally integrated PL intensity of the 
MAPbBr3 monocrystalline film as a function of the pump power, 
respectively. Although oscillations appear in the PL spectra as the pump 
power increases, no amplified spontaneous emission (ASE) or lasing can 
be observed, implying that the optical feedback and gain are not strong 
enough to overcome the intrinsic loss in the MAPbBr3 monocrystalline 
film. Fig. 1(f) shows that the integrated PL intensity has a quadratic 
dependence on the pump power, suggesting a two-photon pumped 
frequency-upconversion process. 

DBR-based microcavities have been commonly used for microlasers 
and strong exciton-photon coupling, in which the photons can be 
strongly confined in the microcavity with a small mode volume [33–37]. 
Specifically, when the excited photons in the microcavity are near 
resonant with the interband exciton transition of the MAPbBr3 perov
skite, the photons will oscillate in the cavity and strongly interact with 
the excitons, thus forming the cavity polaritons, as illustrated in Fig. 2 
(a). In order to obtain an efficient optical feedback for a high gain, a 
microcavity structure was fabricated by embedding the MAPbBr3 
monocrystalline film between a DBR and a Ag mirror (Fig. S2, Sup
porting Information). Fig. 2(b) shows the cross-sectional scanning 
electron microscope (SEM) image of the fabricated microcavity 

Fig. 1. (a) Schematic illustration for pressure-assisted growth of MAPbBr3 monocrystalline films. (b) Optical microscope image and height profile of a MAPbBr3 
monocrystalline film on glass substrate. (c) XRD pattern of a MAPbBr3 monocrystalline film. (d) Linear absorption and TPL spectra of the MAPbBr3 monocrystalline 
film. (e) Two-photon-pumped PL (TPL) spectrum and (f) the corresponding spectrally integrated PL intensity of a MAPbBr3 monocrystalline film as a function of the 
pump power, respectively. 
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structure, in which the DBR multilayer stack structure can be clearly 
observed. In particular, the zoomed-in image in the inset of Fig. 2(b) 
displays smooth interfaces between the stack layers, indicating a high 
quality of the fabricated microcavity structure. Fig. 2(c) shows the 
measured reflection spectrum of the DBR facet of the microcavity 
structure (red curve). The DBR has a high reflection in the range from 
490 nm to 620 nm with a maximum reflectivity over 98%, which can 
well cover the PL spectrum of MAPbBr3 (green curve). Furthermore, the 
surface roughnesses of the DBR reflector, MAPbBr3 monocrystalline film 

and the microcavity structure were quantitatively characterized. The 
root-mean-square (RMS) values of the surface roughness are 0.46 nm, 
1.6 nm and 1.5 nm respectively (Fig. S3, Supporting Information), which 
demonstrate the smooth surface and high quality of the microcavity 
structure. 

Fig. 2(d) presents the measured two-photon-absorption induced PL 
(TPL) spectra of the microcavity structures. The thickness of the 
MAPbBr3 monocrystalline films varies from 0.81 μm to 8.48 μm. 
Notably, the oscillation in the PL spectra can be attributed to the cavity 

Fig. 2. (a) Schematic illustration for the exciton-photon interaction in the vertical cavity structure with MAPbBr3 monocrystalline films. (b) Cross-sectional SEM 
image of the microcavity structure. The inset represents a zoomed-in image to show the optimized morphology of the SiO2/TiO2 layers. (c) Measured reflection 
spectrum of the DBR (red curve). The green curve represents the PL spectrum of MAPbBr3. (d) Measured TPL spectra of the microcavity structures with various- 
thickness MAPbBr3 monocrystalline films. (e) Plot of the mode spacing as a function of the inverse of the film thickness L. (f) A TPL spectrum for the micro
cavity structure with a 3.52-μm-thickness MAPbBr3 monocrystalline film. 

Fig. 3. (a) Dark-field image of the lasing emission 
from the microcavity structure. (b) TPL spectrum of 
the microcavity structure measured as a function of 
the pump fluence. Inset: enlarged plot of the TPL 
spectra below and above the lasing threshold (421 
μJ/cm2) respectively. (c) Log-log plot of PL peak in
tensity versus pump fluence. The inset presents a plot 
of the corresponding FWHM of the PL spectra versus 
the pump fluence. (d) Plot of the energy of polariton 
and photonic lasing modes versus the pump fluence.   

X. Li et al.                                                                                                                                                                                                                                        



Nano Energy 68 (2020) 104334

4

modes. No uncoupled exciton spectrum is observed, indicating that the 
photonic modes can be strongly coupled with the perovskite excitons in 
the microcavity. Fig. 2(e) plots the mode spacing as a function of the 
inverse of the cavity length L (film thickness). The mode spacing is linear 
inversely to the cavity length, which is consistent with the F–P mode 
characteristics. Interestingly, a typical TPL spectrum for the microcavity 
structure (L ¼ 3.52 μm) in Fig. 2(f) displays that with the increasing 
(decreasing) of wavelength (photon energy), the mode spacing between 
two adjacent modes gradually increases. The strong dispersion reveals 
an essential distinction from the normal photonic modes in the F–P 
cavity, which suggests the occurrence of exciton-photon strong coupling 
(details in Supporting Information) [32,38]. 

To investigate the lasing behavior of the MAPbBr3 monocrystalline 
films in the microcavity structure, the active medium was pumped at 
higher intensity levels to overcome the optical loss. Fig. 3(a) shows a 
dark-field image of the light emitted outside from the surface of the 
microcavity with a pump fluence above the lasing threshold, in which a 
bright green spot can be observed. In particular, the spot displays a clear 
spatial interference patterns, indicating the generation of lasing emis
sion with excellent coherence. For quantitative characterization, the TPL 
spectrum of the microcavity structure was measured versus the pump 
fluence, as shown in Fig. 3(b). At a low pump fluence, an oscillation 
spectrum dominated by the exciton-photon strong coupling is presented. 
As the pump fluence gradually increases, a sharp and narrow peak 
emerges between two adjacent polariton modes (inset of Fig. 3(b)). As 
the pump fluence is further increased, the intensity of the sharp peak 
experiences a rapid increase, demonstrating the occurrence of stimu
lated emission in the microcavity structure. Fig. 3(c) shows a log-log plot 
of the PL intensity as a function of the pump fluence. When the pump 
fluence is below 421 μJ/cm2, the PL intensity increases slowly with the 
pump fluence. While as the pump fluence is above 421 μJ/cm2, the PL 
intensity displays a superlinear increase. The typical “kink” character
istic in the log-log plot represents a typical feature for the transition from 
spontaneous emission to stimulated emission. Correspondingly, the two- 
photon pumped lasing threshold can be determined to be ~421 μJ/cm2, 
which has been decreased by 5 times compared with that of the WGM 
lasing in the MAPbBr3 microplates (Fig. S6, Supporting Information) 
[26]. Moreover, the inset of Fig. 3(c) shows that the FWHM of the PL 
spectra experiences a dramatic decrease above the lasing threshold, 
which suggests a sharp increase in the coherence and further demon
strates the lasing emission. 

The variation feature of the FWHM can offer evidence to confirm the 
lasing mechanism. The inset of Fig. 3(c) shows that the FWHM is slightly 
broadened with the pump fluence below lasing threshold, due to the 
polariton-exciton interactions [15]. While beyond the lasing threshold, 
the FWHM broadening disappears and keeps nearly the same even 
though the pump fluence is further increased, which presents a typical 
feature for the normal photonic lasing. For confirmation, we monitored 
the variation of the photon energy corresponding to the emission peak as 
a function of pump fluence, as shown in Fig. 3(d). Below the lasing 
threshold, the photon energy shows a continuous blueshift with the 
pump fluence, demonstrating the polariton-exciton interaction process 
[39]. However, as the pump fluence increases above the lasing 
threshold, a new peak close to the cavity resonance appears suddenly in 
the PL spectrum, indicating that the lasing mode is distinct from the 
intrinsic polariton modes in the microcavity. The appearance of the new 
lasing mode is an evidence of the transition from the polariton-exciton 
strong coupling to the weak coupling regime, which is consistent with 
the variation feature of the FWHM [40]. Therefore, the physical mech
anism for the lasing observed here can be attributed to the weak 
coupling induced photonic lasing, also well-known as the vertical-cavity 
surface-emitting laser (VCSEL). 

Although several polariton modes exist in the PL spectrum below 
lasing threshold, only one photonic mode is amplified for lasing in the 
VCSEL with a 3.52-μm-thick MAPbBr3 monocrystalline film. In princi
ple, single-mode lasing will be realized when only one cavity mode is 

overlapped with the gain spectrum of the medium. Fig. 4(a) plots the 
amplified spontaneous emission (ASE) spectrum (black curve) of the 
MAPbBr3 single crystal under two-photon pump. The ASE presents an 
optical amplified region between 545 nm and 557 nm, corresponding to 
a gain linewidth of ~6 nm around 552 nm. For the PL spectrum shown in 
Fig. 2(d), the adjacent mode spacing around the gain peak is ~7.4 nm, 
which is broader than the gain linewidth of the MAPbBr3 single crystal. 
As a result, single-mode lasing can be produced with a 3.52-μm-thick 
MAPbBr3 monocrystalline film. Based on the above analysis, we can 
estimate the ultimate thickness of the MAPbBr3 monocrystalline film for 
single-mode VCSELs. For the laser spectra of F–P resonance, the adjacent 
mode spacing Δx can be expressed as [41]. 

Δx¼
λ2

2ngL
; (1)  

where λ is the central wavelength of the adjacent modes, and L is the 
cavity length (film thickness). ng represents the group refractive index of 
the lasing mode, which is dependent on the wavelength. The group 
refractive index around 552 nm is determined to be ~5.8 by fitting the 
relationship between λ2/2Δλ and L with a linear function (Fig. 4(b)), in 
which λ and Δx are extracted from the PL spectra for the microcavity 
structures with various-thickness MAPbBr3 monocrystalline films. Ac
cording to Equation (1), the ultimate thickness of the film thickness is 
calculated to be ~5.2 μm when only one mode is overlapped with the 
gain region (Δx ¼ 6 nm). Experimental results in Fig. 4(c) shows that 
single-mode lasing can still be achieved with a 6.84-μm-thick MAPbBr3 
monocrystalline film. Although single-mode microlasers were obtained 
by selecting very small nanowires and microplates as the microcavity, 
the random distribution of the crystal sizes has prevented large-scale 
manufacturing of the desired devices [25,28]. In contrast, taking 
advantage of the pressure-assisted growth method, the thicknesses of the 
MAPbBr3 monocrystalline films can be controlled to make sure that most 
(80%) of the samples are suitable for single-mode lasing (Fig. S1). 
Therefore, the integrated VCSEL configuration provides a convenient 
approach for manufacturing single-mode microlasers based on perov
skite single crystals. 

Quality factor (Q factor) and divergence angle are measured to 
characterize the performance of the single-mode VCSEL. Fig. 4(d) shows 
a typical lasing spectrum (black dots) and the fitted result with a 
Gaussian model (red curve). The FWHM of the lasing spectrum was 
fitted to be 0.43 nm, giving rise to a high Q factor of ~1286 (Q ¼ λ/Δλ), 
and suggesting a high quality of the fabricated microcavity structure and 
MAPbBr3 monocrystalline films. To determine the divergence angle of 
the VCSEL, the far-field pattern was measured using an angle-resolved 
Fourier imaging setup (Fig. S7, Supporting Information), as shown in 
Fig. 4(e) [15]. One can observe that the photons are dominantly 
distributed in the center of the far-field pattern, implying a small 
divergence of the laser beam. For quantitative determination, the in
tensity distribution along the crossline in Fig. 4(e) was extracted and 
presented in the inset (white dots). The experimental data can be well 
fitted with a Gaussian function, indicating the inherent Gaussian beam 
output from the VCSEL. Furthermore, the fitted result (red curve) shows 
that the laser beam has an angular divergence of ~0.5�, smaller than 
most of the best values reported for microlasers [16,42,43]. For the 
vertical cavity structure, the emissions can be strongly confined to 
oscillate along the longitudinal axis of the microcavity, resulting in a 
dominant vertical wavevector component [36,37]. Therefore, highly 
directional lasing emission can be obtained in the direction vertical to 
the microcavity surface. On the other hand, distinctly from the micro
cavity structures with subwavelength resonators [7,8], the planar 
microcavity cooperated with high-quality and large-area MAPbBr3 
monocrystalline films is advantageous for decreasing diffraction from 
the cavity facets, and preventing the beam from diverging in the far 
field. We also calculated the far-field angular divergence of a Gaussian 
beam emitted from the VCSEL microcavity by numerical simulation 
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(Comsol Multiphysics), which agrees well with the experimental result 
(Fig. S8, Supporting Information). To further characterize the perfor
mance of the VCSEL, we checked the spatial coherence of the 
single-mode lasing emission with a Michelson interferometer. The 
interference pattern between the two arms of the interferometer was 
captured by a CCD camera, as displayed in Fig. 4(f) (Fig. S9, Supporting 
Information). Clear interference fringes can be identified in the image, 
which provides an exact evidence for the buildup of spatial coherence of 
the lasing emission. For comparison, Table 1 summarizes the typical 
parameters for two-photon pumped microlasers with different semi
conductor nanostructures [26,27,44–48]. In general, the lasing perfor
mances (lasing threshold, Q factor, divergence angle and mode 
property) of our proposed VCSEL based on MAPbBr3 monocrystalline 
films are superior to most of the others. Specifically, we present a 
single-mode lasing with very small divergence angle, which is ascribed 
to the unique and high-quality vertical microcavity structure. 

MAPbBr3 have a symmetrically cubic crystal morphology, thus 
leading to polarization dependent nonlinear properties. To investigate 
the anisotropy of the two-photon-pumped VCSEL, a half-wave plate was 
used to control the polarization of the pump laser. The angle between 
the polarization and the edge of the cubic crystal is defined as θ, as 
illustrated in Fig. 5(a). Fig. 5(b) presents the normalized TPL intensity of 

a MAPbBr3 monocrystalline film as a function of angle θ, which displays 
a period of 90� and corresponds to the 4-fold rotational symmetry of the 
MAPbBr3 crystal along the c-axis. Specifically, the maximums and 
minimums of the TPL intensity can be obtained when the laser polari
zation is parallel to the edges (θ ¼ 0�, 90�, 180�, 270�) and diagonals (θ 
¼ 45�, 135�, 225�, 315�) of the cubic crystal respectively, due to the 
anisotropic two-photon absorption of the MAPbBr3 crystal. As MAPbBr3 
has a space group of Pm3 m, the polarization-dependent TPL intensity 
can be expressed as [22]. 

ITPL ¼ A½1þ 2σ½sin4ðθ þ δÞ � sin2ðθ þ δÞ��2; (2)  

where A and δ are two fitted constants. σ is the anisotropic parameter. 
Fig. 5(b) shows that the experimental results can be well fitted by 
Equation (2), with σ being � 0.14 (red curve). Then we measured the 
power-dependent PL of the microcavity structure at two specific polar
ization angles (θ ¼ 0� and 45�) to investigate the influence of pump 
polarization on the lasing property. Fig. 5(c) shows that the lasing 
threshold at θ ¼ 0� is approximately 528 μJ/cm2, which is smaller than 
that at θ ¼ 45� (~572 μJ/cm2). For pump fluence between 528 μJ/cm2 

and 572 μJ/cm2, lasing can be switched on and off by tuning the pump 
polarization from θ ¼ 0� to θ ¼ 45�, as shown in Fig. 5(d). The 

Fig. 4. (a) Plots of ASE spectrum of a MAPbBr3 single crystal (black curve) and TPL spectrum of the microcavity structure (yellow curve). (b) Plot of the relationship 
between λ2/2Δλ and cavity length L. Red line represents the linear fitted result. (c) Measured lasing spectra for the VCSEL with various-thickness MAPbBr3 
monocrystalline films. (d) A typical lasing spectrum of the VCSEL (black dots), and the corresponding Gaussian fitted result (red curve). The FWHM of the lasing 
spectrum was fitted to be 0.43 nm. (e) Far-field pattern of the VCSEL measured with an angle-resolved Fourier imaging setup. Inset: the intensity distribution 
extracted along the crossline and the corresponding Gaussian fitting result. (f) Interference pattern between the two arms of the Michelson interferometer. 

Table 1 
Summary of typical parameters for two-photon pumped microlasers with different semiconductor nanostructures.  

Materials Cavity architecture Lasing threshold Q factor Divergence angle Lasing mode Ref. 

MAPbBr3 monocrystalline vertical F–P cavity 421 μJ/cm2 1286 0.5� single mode This work 
MAPbBr3 microwire F–P cavity 674 μJ/cm2 682 NA multimode [26] 
MAPbBr3 microdisk WGM 2.2 mJ/cm2 NA NA ASE [25] 
CsPbBr3 microcube F–P cavity 439 μJ/cm2 1150 NA multimode [41] 
CsPbBr3 nanocrystals WGM 900 μJ/cm2 1700–3500 NA multimode [42] 
CsPbBr3:ZnO films random lasing 569 μJ/cm2 NA NA ASE [43] 
CdS microwire F–P cavity 3.3 mJ/cm2 1300 NA multimode [44] 
CdSe/CdS heterostructures WGM 1.5 mJ/cm2 800 NA single mode [45]  
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polarization dependent property leads a new approach to controlling the 
lasing behavior, which shows great potential for functional applications 
such as optical switch and information encoding. 

3. Conclusion 

In summary, two-photon-pumped high-quality, single-mode VCSELs 
were realized based on MAPbBr3 monocrystalline films. The VCSEL has 
a low lasing threshold of ~421 μJ/cm2, which has been reduced by 5 
times compared with the two-photon pumped WGM lasing. Moreover, 
single-mode lasing can be conveniently achieved with the VCSEL 
configuration, which significantly reduces the complexity for fabricating 
single-mode microlasers. The single-mode VCSEL exhibits excellent 
performances with a high Q factor of ~1286, a small divergence angle of 
~0.5� and a good spatial coherence. In addition, switchable VCSEL has 
been demonstrated by taking advantage of the anisotropic two-photon 
absorption of the MAPbBr3 perovskite. The single-mode vertical-cavity 
emission, excellent lasing performances, frequency up-conversion abil
ity and switchable property suggest that the two-photon-pumped 
VCSELs show great promise for high-performance coherent nano
sources and multifunctional integrated optoelectronic devices. 
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