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Abstract： Quasi-two-dimensional （quasi-2d） perovskites are promising gain media for micro-nano lasers， yet their 
uncontrolled crystallization and abundant low-n phases often hinder optical gain and device performance.  In this 
work， we introduce ethyl acetate （EA） as a green antisolvent to fabricate high-quality quasi-2D PEA0. 4MAPbBr3 
films.  The EA-treated films exhibit superior morphology， enhanced crystallinity， and notably inhibited low n-phas⁃
es.  These improvements yield a prolonged photoluminescence lifetime of 26. 3 ns and a substantially extended gain 
lifetime of 129 ps.  Consequently， the optimized film exhibits a markedly reduced amplified spontaneous emission 
（ASE） threshold of 5. 6 µJ·cm−2 and a high net modal gain of 935 cm−1.  Leveraging these enhanced gain properties， 
we successfully demonstrate a vertical-cavity surface-emitting laser （VCSEL） based on a dielectric Bragg reflector 
microcavity， which delivers single-mode lasing at 528. 3 nm and a high quality factor of ~5 886.  This work presents a 
green-solvent-engineering strategy for high-performance perovskite lasers， advancing their prospects for scalable pho⁃
tonic integration.
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摘要： 准二维钙钛矿是微纳激光器的理想增益介质，但其不可控的结晶过程与大量的低 n 值相阻碍了其光学

增益与器件性能的提升。本研究采用乙酸乙酯（EA）作为一种绿色反溶剂，成功制备了高质量的准二维

PEA0.4MAPbBr3薄膜。经 EA 处理后的薄膜表现出更优的形貌、更高的结晶度，并且低 n 值相得到了显著抑制。

Article ID： 1000-7032（2026）03-0377-09

收稿日期： 2025⁃12⁃05； 修订日期： 2025⁃12⁃18
基金项目： 国家自然科学基金（62425502，62375060，62205081，62405073，52272013）； 浙江省“领雁”研发攻关计划（2024C01192）； 

浙江省自然科学基金（LMS25F050001）
Supported by National Natural Science Foundation of China （62425502， 62375060， 62205081， 62405073， 52272013）； the 

“Pioneer” and “Leading Goose” R&D Program of Zhejiang （2024C01192）； Zhejiang Provincial Natural Science Foundation 
（LMS25F050001）

              †： 共同贡献作者



第  47 卷发 光 学 报

这些特性促使钙钛矿薄膜的光致发光寿命延长至 26.3 ns，增益寿命显著增加至 129 ps。因此，优化后的钙钛

矿薄膜表现出显著降低的放大自发辐射（ASE）阈值（5.6 µJ·cm−2），并具有高达 935 cm−1的净模态增益。得益

于这些增强的增益特性，我们成功制备了基于介质布拉格反射镜微腔的垂直腔面发射激光器，实现了 528.3 nm波

长的单模激光发射，品质因子高达~5 886。本工作为制备高性能钙钛矿激光器提供了一条绿色溶剂工程策

略，并推动了其在光子器件应用中的发展前景。

关 键 词： 准二维钙钛矿； 绿色反溶剂； 增益特性； 钙钛矿激光

1　Introduction
Metal halide perovskites have emerged as a prom ⁃

ising class of semiconductors for laser applications, ow⁃
ing to their exceptional optoelectronic properties in⁃
cluding high optical gain, long carrier lifetimes, and 
broadly tunable emission wavelengths[1-8].  Among them, 
quasi-two-dimensional（quasi-2D） perovskites have 
exhibited outstanding light-emitting performance[9-11], 
due to their high defect tolerance, high photolumines⁃
cence quantum yield （PLQY） and high optical gain 
coefficient[9-17].  Besides, the natural quantum-well 
structure of quasi-2D perovskites facilitates rapid 
and efficient energy funneling from low-n to high-n 
domains, promoting the establishment of population 
inversion[18-21].  These characteristics render quasi-2D 
perovskites highly promising as laser gain media, 
enabling low-threshold, room-temperature, and wave⁃
length-tunable micro/nano lasers[5-7].  However, a 
major challenge remains the typically uncontrolled 
crystallization process, which often leads to an unde⁃
sirable abundance of the low-n phases[22].  These low-

n phases act as energy traps, disrupting interphase 
energy transfer and accelerating material degrada⁃
tion, thereby undermining device stability[23-28].  Addi⁃
tionally, they degrade emission performance by sig⁃
nificantly enhancing Auger recombination rates[11], 
thereby impeding the establishment of population in⁃
version.  Therefore, low defect density and well-con⁃
trolled phase distribution are critical for quasi-2D 
perovskite film achieving low-threshold and scalable 
perovskite lasers.

Solvent-engineering is presently one of the most 
prevalent strategies for producing high-quality 
perovskite thin films[29-31].  In previous studies, non-

coordinating antisolvents such as chlorobenzene 

（CB） and toluene have been used to accelerate host 
solvent extraction, modulate nucleation, and steer 
the crystallization pathway toward dense, uniform 
grains[32-33].  However, the high toxicity and volatility 
of these halogenated aromatics raise safety concerns 
and infrastructure costs for large-scale manufactur⁃
ing, thereby hindering the commercial adoption of 
perovskite optoelectronics.  Consequently, the devel⁃
opment of green antisolvents has been recognized as 
a key prerequisite for environmentally sustainable 
perovskite technology[34-35].  Ethyl acetate （EA） has 
emerged as a particularly attractive candidate owing 
to its low toxicity, moderate saturated-vapor pres⁃
sure, and appropriate extraction strength; perovskite 
light-emitting diodes and solar cells processed with 
EA already exhibit competitive performance met⁃
rics[36-40].  Nonetheless, the influence of EA on the 
fundamental optical gain properties, phase distribu⁃
tion dynamics, and ultimately the lasing performance 
of quasi-2D perovskite films remains largely unex⁃
plored and poorly understood.

In this work, we employed solvent engineering 
using EA as a green antisolvent to fabricate high-

quality quasi-2D PEA0. 4MAPbBr3 films for high-per⁃
formance vertical-cavity surface-emitting lasers （VC⁃
SELs）.  The EA treatment significantly improved 
film quality, as evidenced by enlarged grain sizes 
and enhanced photoluminescence.  More important⁃
ly, it substantially suppressed low-n phases, leading 
to an accelerated inter-phase energy funneling and a 
prolonged gain lifetime of 129 ps, as confirmed by 
transient absorption spectroscopy.  These improve⁃
ments resulted in a notable reduction of the ampli⁃
fied spontaneous emission （ASE） threshold from 
11 µJ·cm−2 to 5. 6 µJ·cm−2 and a doubling of the 
net modal gain from 436 cm−1 to 935 cm−1.  Capitalizing 
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on these enhanced gain properties, we successfully 
constructed a distributed Bragg reflector （DBR）/
perovskite/DBR vertical cavity, achieving single-mode 
lasing with a relatively low threshold of 97. 5 µJ·cm−2 
and a high-quality factor of ~5 886.  This work not 
only demonstrates a low-threshold VCSEL but also 
establishes a green-solvent strategy that paves the 
way for the scalable and sustainable fabrication of 
perovskite photonic devices.
2　Experiment
2. 1　Fabrication of Perovskite Films

Phenylethylammonium bromide （>98%）, meth⁃
ylammonium bromide （99. 9%） were purchased 
from Greatcell Solar.  Lead（Ⅱ） bromide （PbBr2, 
99. 999%）, ethyl acetate （99. 8%）, chlorobenzene 
（99. 8%） were purchased from Sigma-Aldrich.  All 
chemicals were directly used without any further 
purification.

Quartz substrates were sequentially sonicated 
（30 min each） in de-ionized water, ethanol, acetone 
and isopropanol, followed by N2 blow-drying.  Imme⁃
diately before deposition the substrates were oxygen-

plasma treated for 5 min （Harrick Plasma PDC-

002） to improve perovskite adhesion.  All solution 
preparation and film processing were carried out in 
a N2-filled glovebox.  For the PEA0. 4MAPbBr3∶EA 
film, 0. 16 mol/L PEABr, 0. 40 mol/L MABr and 
0. 40 mol/L PbBr2 were dissolved in 1 mL anhydrous 
DMSO and stirred overnight to afford a clear precur⁃
sor solution.  The solution was passed through a 
0. 22 µm PTFE syringe filter, and 100 µL were spin-

coated onto the pre-cleaned quartz at 4 000 r·min−1 
for 60 s.  During the final 30 s, 100 µL of EA were 
rapidly dispensed as the antisolvent.  The wet film 
was then annealed at 100 ℃ for 15 min.  PEA0. 4MAPb⁃
Br3∶CB films were prepared identically, replacing 
EA with an equal volume of CB.
2. 2　Characterizations

XRD patterns were collected by a Bruker D8 
Advance diffractometer with Cu Kα radiation （λ=
0. 154 nm）.  SEM images were collected by ZEISS 
Gemini SEM 300.  AFM images were collected by 
Bruker Dimension Icon.  The absorption spectra of 

perovskite films were measured by a double-beam 
UV-Vis spectrophotometer （Model: UV1901PCS, Yoke, 
China）.  The steady-state fluorescence spectra of the 
films were measured by coupling a 405 nm continuous 
laser into a confocal microscopy system （WITec Alfa 
300R） and collecting the fluorescence signals by 
a WITec ultra-high throughput （UHTS） spectrome⁃
ter.  The fluorescence lifetime was characterized by 
a home-built micro-spectroscopy system with a 405 
nm picosecond pulsed laser （repetition rate tun⁃
able）.  The photoluminescence signals, after excita⁃
tion light filtration, were coupled to a single-photon 
counter （TCSPC, PICOQUANT）.  Time-resolved 
photoluminescence can be used to obtain the fluores⁃
cence lifetime information of perovskite films.  The 
transient absorption spectra were measured by the 
Helios Fire Ultrafast Systems.  For the ASE measure⁃
ments, the 400 nm excitation pulse is generated 
by frequency doubling the Ti∶sapphire laser system 
（35 fs, 1 kHz, 800 nm） through a BBO crystal, the 
pump beam was shaped into a line spot by a cylindri⁃
cal lens, then focused onto the sample surface 
through a slit.  The line spot width was adjusted to 
an appropriate size.  The signals emitted by the sam⁃
ple were collected by a lens, passed through a filter 
to remove pump light, and then focused into a fiber 
optic spectrometer （USB 4000, Ocean Optics）.  To 
obtain slit length-dependent spectra, the slit was 
closed and then gradually opened to record radiation 
signals.  The net modal gain coefficients were derived 
by fitting the intensity variation with slit length.  
Pump fluence-dependent laser emission spectra 
were recorded under 400 nm femtosecond excitation 
by the confocal microscopy system.
3　Results and Discussion

Quasi-2D PEA0. 4MAPbBr3 films were fabricat⁃
ed via spin-coating with the introduction of an anti-
solvent.  To elucidate the impact of the anti-solvent 
on film formation, we systematically compared the 
properties of films processed with CB and EA.  Scan⁃
ning electron microscopy （SEM） images （Fig. 1（a） 
and 1（b）） reveal that the EA-treated film possesses a 
markedly smoother and denser morphology compared to 
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its CB-treated counterpart.  AFM measurements show 
that the roughness of the EA-treated film and the CB-

treated film is 7. 46 nm and 4. 95 nm （Fig. S3）, respec⁃
tively.  The corresponding XRD （X-ray diffraction） 
patterns in Fig. 1（c） show that the EA-treated film 
exhibits more intense and sharper diffraction peaks 
with a narrower full width at half-maximum （FWHM）, 
indicating superior crystallinity.  The absorption spectra 
（Fig. 1（d）） display characteristic peaks around 
403 nm and 434 nm, corresponding to the n=1 and 
n=2 excitonic phases of the quasi-2D perovskite, 
respectively.  Notably, the intensities of low n-phase 
（n=1 and n=2） peaks are suppressed in the EA-

treated film, suggesting a more favorable phase dis⁃
tribution.  Consequently, the EA-treated film exhib⁃
its a significant boost in photoluminescence （PL） 
intensity （Fig. 1（e））.  Time-resolved PL （TRPL） 
measurements （Fig. 1（f）） reveal an average carrier 
lifetime of 26. 3 ns for the EA-treated film, substan⁃
tially longer than the 11. 3 ns observed for the EA-

treated film （fitting parameters in Tab. S1）.  This 
prolonged lifetime unequivocally demonstrates the 
effective suppression of non-radiative recombination 
channels in the EA-treated film.

Benefitting from the significantly improved film 
quality and precisely controlled crystalline phase of 
the quasi-2D perovskite, the EA-treated perovskite 
exhibits markedly enhanced ASE performance.  To 
systematically evaluate the optical gain properties, 
we performed femtosecond laser pumping at 400 nm 
on both PEA0. 4MAPbBr3∶CB and PEA0. 4MAPbBr3∶
EA films.  As shown in Fig. 2（a）, the evolution of 
the emission spectra of the PEA0. 4MAPbBr3∶CB film 
under increasing pump fluence reveals a clear transi⁃
tion from broad spontaneous emission to narrowband 
ASE.  At low excitation densities, the film exhibits a 
spontaneous emission peak centered at ~530. 2 nm, 
with a full width at half maximum （FWHM） of about 
27 nm.  As the pump intensity rises, a sharp ASE 
peak emerges at 540. 7 nm, accompanied by a nota⁃
ble spectral narrowing, with the FWHM reduced 
to ~4. 5 nm.  The corresponding plot of output inten⁃
sity and FWHM as a function of pump fluence 
（Fig. 2（b）） suggest an ASE threshold of 11 µJ·
cm−2.  In contrast, the EA-treated PEA0. 4MAPbBr3∶
EA film displays a similar trend of spectral evolution 
from spontaneous emission to ASE （Fig. 2（d））, with 
the ASE peak positioned ~543. 4 nm and a FWHM 

Fig.1　（a）-（b）SEM images of CB- and EA-treated films. （c）XRD patterns， （d）UV-visible absorption spectra， （e）PL spectra， 
and （f）TRPL decay curves of CB- and EA-treated films
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of ~4. 8 nm.  Remarkably, as summarized in Fig. 2（e）, 
the ASE threshold of the PEA0. 4MAPbBr3∶EA film 
is significantly reduced to 5. 6 µJ·cm−2, underscor⁃
ing the beneficial role of EA treatment in enhancing 
optical gain while reducing lasing requirements.

The optical gain coefficient is a crucial factor 
determining the performance of the laser gain medi⁃
um.  To quantitatively compare the intrinsic gain 
properties, we employed the variable stripe length 
（VSL） method to obtain stripe-length-dependent 
emission spectra of perovskite films （Fig. S1）.  As 
depicted in Fig. 2（c） and 2（f）, the PEA0. 4MAPbBr3∶
CB film exhibits a gain coefficient of 435. 9 cm−1 at a 
pump fluence of 10 times its ASE threshold （10Pth）.  
In contrast, the gain coefficient of PEA0. 4MAPbBr3∶
EA is 934. 8 cm−1 at 10Pth, which is 2. 26 times greater 
than that of its CB-treated counterpart.  The increased 
gain coefficient of PEA0. 4MAPbBr3∶EA confirms that 
the EA anti-solvent engineering effectively enhances 
the optical gain by mitigating loss pathways and 
improving the perovskite film intrinsic quality.

To reveal the mechanisms of the enhanced opti⁃

cal amplification properties of quasi-2D perovskite 
films, ultrafast transient absorption （TA） spectrosco⁃
py measurements are performed, as shown in Fig. 3.  
Both CB- and EA-treated PEA0. 4MAPbBr3 films （Fig.  
3（a） and 3（b）） exhibit four distinct ground-state 
bleaching （GSB） signals at 403, 434, 464, 518 nm.  
These correspond to the n=1, 2, 3, n≥4 phases, 
respectively, indicating state filling from photoexcit⁃
ed excitons in these different n-value phases.  The 
evolution of the spectral features at different delay 
time is extracted in Fig. 3（c） and 3（d）, the GSB 
signals for n=2 and ≥4 are the dominant compo⁃
nents.  To illustrate the differences in phase distri⁃
bution between the two perovskite films, Fig. S2 
depicts their TA spectra at 0. 5 ps, revealing a signif⁃
icant difference in the signal intensity of the low-

dimensional phase （n=2） between the CB- and EA-

treated perovskite films.  The ratio of the GSB sig⁃
nals from the n=2 to the n≥4 phase was 1. 44 for the 
CB-treated film and 0. 92 for the EA-treated film, 
indicating that the n=2 phase is suppressed by the 
EA treatment.  Fig. 3（e） and 3（f） describe the 

Fig.2　Stimulated-emission characteristics of PEA0.4MAPbBr3 films processed with different antisolvents. （a）， （d）Pump-flu⁃
ence-dependent emission spectra for （a）CB- and （d）EA-treated films. （b）， （e）Integrated emission intensity （left axis） 
and full width at half maximum （FWHM； right axis） as functions of pump fluence for the CB- and EA-treated films， 
respectively. （c）， （f）Edge-emission intensity versus stripe length obtained from variable-stripe-length measurements for 
the CB- and EA-treated films， respectively
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representative GSB kinetics corresponding to differ⁃
ent n-phase components.  The fitting results reveal 
fast-decay lifetime of 0. 266 ps （n=2） and 0. 299 ps 
（n=3） for the EA-treated films, faster than the cor⁃
responding values of 0. 367 ps （n=2） and 0. 487 
ps （n=3） measured for the CB-treated films.  Si⁃
multaneously, the rise time of the n≥4 phase de⁃
creases from 0. 394 ps （CB） to 0. 279 ps （EA）, rep⁃
resenting an acceleration of nearly 30%.  These re⁃
sults indicate a more efficient carrier transfer pro⁃
cess in the EA-treated perovskite films, promoting 
exciton accumulation in the n>4 phase, which is ben⁃
eficial for reducing the thresholds of ASE and la⁃
sers[19,23].  As depicted in Fig. 3（c） and 3（d）, a rapid 
transition of the photoinduced absorption （PIA） 
signal from positive to negative was observed in 
the range of 530 nm to 550 nm, indicating the es⁃
tablishment of the stimulated emission arising 
from population inversion.  To further analyze the 
temporal dynamics of optical gain in both films, 
the TA kinetics probed at the ASE wavelength of 
both perovskite films are plotted in Fig. S2.  The 
gain lifetime of the EA-treated film reaches 129 
ps, which is much longer than that of CB-treated 

one （86 ps）.  The extended gain lifetime facili⁃
tates the establishment of population inversion, re⁃
sulting an enhanced optical gain property of EA-

treated perovskite films.
Leveraging the superior gain of the EA-treated 

film, we realized a single-mode VCSEL by embed⁃
ding a PEA0. 4MAPbBr3 layer between two dielectric 
Bragg reflectors （DBR/perovskite/DBR; Fig. 4（a）, 
the reflection curve of the DBR is shown in Fig. S4.  
Pump fluence dependent spectra were recorded under 
400 nm, 1 kHz femtosecond excitation （Fig. 4（b）） 
show only broad spontaneous emission （FWHM≈
1. 2 nm） below threshold.  As the fluence exceeds the 
critical value, a razor-sharp line （FWHM≈0. 09 nm） 
appears and the peak shifts to 528. 3 nm （Fig. 4（d））, 
with a quality factor of 5 886.  The nonlinear rise 
in output intensity and the concurrent linewidth 
collapse （Fig. 4（c）） suggest the laser threshold 
of 97. 5 µJ·cm−2.  The laser polarization degree is 
85. 2% （Fig. S5）.  Lasing from PEA0. 4MAPbBr3 has 
scarcely been reported.  Our device exhibits compar⁃
atively favorable performance, compared to analo⁃
gous MAPbBr3 film-based lasers, highlighting the 
efficacy of the EA antisolvent strategy.

Fig.3　TA spectra of the CB- and EA-treated perovskite films. 2D pseudo-color TA images of （a）CB- and （b）EA-treated 
perovskite film. TA spectra of the （c）CB- and （d）EA-treated perovskite film at different time delays. TA kinetics probe of 
（e）CB- and （f）EA-treated perovskite film at different wavelengths
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4　Conclusion
In summary, we demonstrate that the EA antisol⁃

vent treatment effectively suppresses the formation of 
low n-phases, improves crystallinity, and enhances 
photoluminescence.  TA spectroscopy reveals that 
EA treatment can accelerate carrier funneling into 
high-n wells and extends the gain lifetime from 86 ps 
to 129 ps.  These favorable changes collectively re⁃
duce the ASE threshold by 49%（from 11 µJ·cm−2 to 
5. 6 µJ·cm−2）, double the optical gain lifetime, and ele⁃
vate the net modal gain from 436 cm−1 to 935 cm−1.  

Benefitting from these enhancements, we successful⁃
ly realized a VCSEL based on a dielectric Bragg re⁃
flector microcavity, which achieves single-mode las⁃
ing with a high-quality factor of ~5 886.  Our find⁃
ings elucidate the origin of the gain enhancement en⁃
abled by EA and establish green-antisolvent process⁃
ing as a viable and sustainable strategy for realizing 
low-threshold perovskite lasers.

Supplementary Information and Response Letter are 
available for this paper at: http://cjl. lightpublishing.
cn/thesisDetails#10.37188/CJL.20250269
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