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Abstract： Submicron scale temperature sensors are crucial for a range of applications， particularly in micro and na⁃
noscale environments.  One promising solution involves the use of active whispering gallery mode （WGM） microresonators.  
These resonators can be remotely excited and read out using free-space structures， simplifying the process of sensing.  In 
this study， we present a submicron-scale temperature sensor with a remarkable sensitivity up to 185 pm/℃ based on a trian⁃
gular MAPbI3 nanoplatelet （NPL） laser.  Notably， as temperature changes， the peak wavelength of the laser line shifts lin⁃
early.  This unique characteristic allows for precise temperature sensing by tracking the peak wavelength of the NPL laser.  
The optical modes are confined within the perovskite NPL， which measures just 85 nm in height， due to total internal reflec⁃
tion.  Our NPL laser boasts several key features， including a high Q of ~ 2 610 and a low laser threshold of about 
19. 8 μJ·cm−2.  The combination of exceptional sensitivity and ultra-small size makes our WGM device an ideal candidate 
for integration into systems that demand compact temperature sensors.  This advancement paves the way for significant prog⁃
ress in the development of ultrasmall temperature sensors， opening new possibilities across various fields.
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摘要： 在微纳米尺度环境中，亚微米级温度传感器的应用扮演着至关重要的角色。特别地，采用主动型回音
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壁模式（WGM）的微纳谐振腔设计能够通过自由空间结构实现传感信号的远程激发与探测，极大地促进了传

感过程的便捷性和可行性。本文展示了一种基于 MAPbI3三角形纳米片（NPL）激光器的亚微米级温度传感器，

其灵敏度高达 185 pm/℃。实验研究表明，激光发射的中心波长与环境温度之间存在紧密且稳定的线性关系，

这一发现为通过监测谐振波长变化来实现高精度温度测量提供了有力支持。光学模式得益于全内反射效应，

被有效地局限在仅 85 nm 厚的纳米片内部。该 NPL 激光器展现出杰出的性能特性，其品质因数（Q）高达约

2 610，阈值低至 19.8 μJ·cm−2。高灵敏度和小尺寸使钙钛矿纳米片成为集成温度传感器的理想器件。这一研

究有望加速超小型温度传感器的技术进步，拓展其在光电技术领域的应用范畴，开创更多创新可能。

关 键 词： 温度传感器； 亚微米； 钙钛矿纳米片

1　Introduction
Temperature, as a basic physical parameter, is 

important in many applications[1-3].  Conventional 
temperature sensors are not able to measure tempera⁃
ture fluctuations in small regions, especially on the 
submicron scale[4-5].  The demand for reliable, fast, 
and precise thermal sensors with ultrasmall size has 
garnered significant attention in the fields of chemi⁃
cal, mechanical, and material engineering[6].  Over 
the decades, temperature sensors based on tapered 
fiber optics[7-8] or waveguide coupling configura⁃
tions[9-10] have been developed for thermal sensing.  
However, most of these sensors are bulky and diffi⁃
cult to apply in micro and nanoscale sample environ⁃
ments[11-13].

Optical microresonators are expected to over⁃
come these limitations[14].  Among various optical mi⁃
croresonators, whispering gallery mode （WGM） mi⁃
croresonators have gained increasing attention and 
undergone significant development due to their high-

quality factors （Q） and small size.  Among them, 
light circulates in these resonators through total in⁃
ternal reflection, which significantly enhances the in⁃
teraction between light and matter and promotes inte⁃
gration[15-16].  Resonant wavelength （λ） of WGM mi⁃
crocavity determined by refractive index （n） and 
cavity length （L）, usually expressed as λ = 2nL/p, 
where p is an integer.  Due to the sensitivity of n and 
L to temperature （T）, the peak wavelength shift 
caused by temperature variation can be defined as[17]:
dλ = λ( 1

n
dn
dT

+ 1
L

dL
dT ) dT，where dn/dT is the ther⁃

mal-optical （TO） coefficient, and dL/dT is the ther⁃
mal-expansion（TE） coefficient[18].  For most inorgan⁃

ic semiconductors and also for methylamine halide 
perovskite, the contribution of the TE coefficient is 
smaller than that of the TO coefficient[14].  Therefore, 
cavity materials with larger TO coefficients are favor⁃
able for developing temperature sensors with high 
sensitivity.  Various WGM microresonators have 
been successfully demonstrated for temperature 
sensing, typically made of silica[19].  Because of the 
low TO coefficient （~ 1×10-5 K-1） of silica, the tem⁃
perature sensitivities of sensors based on silica reso⁃
nators are limited to about ~64 pm/℃[20].  To improve 
the sensitivity, silica was usually enclosed by materi⁃
als with large negative TO coefficient, including PD⁃
MS[19], lithium niobate[21], and dye-doped polymer[13], 
which significantly increases the complexity of these 
sensors’ fabrication.  In addition to this, almost all 
WGM temperature sensors based on passive micro⁃
resonator use fiber tapers[20], waveguide or prism[22] 
for resonance detection and readout, which makes 
the whole device bulky and highly susceptible to me⁃
chanical perturbations[14].

Temperature sensors based on active microreso⁃
nator that are compatible with free-space excitation 
and readout optics, greatly simplify system imple⁃
mentation[17].  Furthermore, active WGM microreso⁃
nators, which can confine light in a submicron-scale 
region through total internal reflection, facilitate the 
integration with micro and nanoscale environ⁃
ments[23].  Traditionally, active WGM microresonators 
have been realized by combining high-Q microreso⁃
nators with a gain medium layer[24], e. g. , combining 
the WGM microresonators with fluorophores, rare 
earth elements, dyes or other types of gain medi⁃
um[25-27].  The active WGM microresonators that have 
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been demonstrated are not only robust and compact 
but also possess high Q, making them highly suitable 
for temperature sensing applications.  However, sev⁃
eral problems still exist.  Firstly, the sizes of active 
WGM microcavities temperature sensors demonstrat⁃
ed in measuring submicron-scale temperature fluctu⁃
ations in previous reports[24-27] are still on the micron 
scale, which makes integration and scalability in 
submicron-scale environments applications challeng⁃
ing[14].  Secondly, the thresholds of those active WGM 
resonators are still high （> 840 μJ cm−2）[28], which may 
damage the samples in biomonitoring.  Lastly, the tem⁃
perature sensitivities of those active WGM resonators 
are still low （~ 40 pm/℃）[29].  Therefore, it is urgent to 
develop active temperature sensors on the submicron 
scale with a low threshold and high sensitivity.

Metal halide perovskites are considered as 
promising low-cost semiconductor materials[30].  
Among various perovskite materials, organic-inor⁃
ganic hybrid materials, with MAPbI3 as a representa⁃

tive, are of particular interest in the fields of semi⁃
conductor lasers as well as solar cells[31], light emit⁃
ting diodes[32], photodetectors[33], etc. , due to their 
large absorption coefficients, exceptionally low trap-

state densities, large charge carrier diffusion lengths, 
and high charge mobilities.  The low temperature so⁃
lution processability of perovskites has attracted 
widespread interest in developing low-cost optoelec⁃
tronic devices[34-36].  In particular, methylammonium 
lead halide （CH3NH3PbX3, X = Cl, Br, I） has proven 
to be a promising material for lasers[37].  Most impor⁃
tantly, they have large negative TO coefficients 
（~ -3×10-4 K-1）[38], which makes them a promising 
material for developing temperature sensors.  Howev⁃
er, temperature sensors based on perovskite lasers 
have not been reported yet.  Tab. 1 shows the com⁃
parison of MAPbI3 NPL based devices.  This work 
lays a solid foundation for the development and ap⁃
plication of thermal sensing based on NPL and other 
metal-halide materials.

This work demonstrated a temperature sensor 
with sensitivity as high as 185 pm/℃ based on a 
MAPbI3 nanoplatelet （NPL）, which has a side 
length of 36 μm and a thickness of 85 nm.  The NPL 
also features a low lasing threshold down to ~19. 8 μJ·
cm−2, which is tens of times lower than that of the 
counterparts reported in previous reports[28].  The cen⁃
ter wavelength of the laser line remains constant for 
more than 150 s of continuous operation, indicating 
that it has good stability, thus ensuring the robust⁃
ness of the temperature sensor.  The central peak of 
the laser can be restored when the temperature re⁃
turns to its initial value.  The developed nanolaser 
temperature sensor with high sensitivity, ease of fab⁃
rication and ultrasmall size can have many potential 
applications in thermometry, such as WGM barcode 
techniques[41], monitoring of superconductors[42], bio⁃

physical sensors[43], etc.
2　Experiment

Schematic diagram of the temperature sensor 
based on a perovskite NPL laser is shown in Fig. 1.  
The MAPbI3 nanoplatelets used in our study were 
synthesized by the two-step chemical vapor deposi⁃
tion method （CVD）, which includes a first step of 
growing PbI2 nanoplatelets and a second step of con⁃
verting PbI2 nanoplatelets into MAPbI3 nanoplate⁃
lets[44].

The emission spectra at different temperatures 
were measured with a homemade microscopic photo⁃
luminescence measurement system.  The perovskite 
NPL was excited by a femtosecond laser beam 
（wavelength of 343 nm, pulse width of ~ 290 fs）, 
which was focused down to a beam radius of 57 μm 

Tab. 1　　Comparison of MAPbI3 NPL based devices

Type of laser
Photonic laser［39］

Photonic laser［18］

Plasmonic laser［40］

Photonic laser

Substrate
Mica

100 nm SiO2-diamond
10 nm SiO2-Au

Mica

Edge length/μm
28
29
10
36

Thickness/nm
150
80
50
85

Pth/（μJ·cm-2）

40
52. 19
59. 2
19. 8

Q

650
1 962
—

2 610
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by a convex lens （f = 20 cm）.  The position of the 
NPL was precisely controlled by high-resolution 
three-axis micro-positioning stages.  The emission 
from NPL was collected by a microscopic objective 
lens and split into two beams by a beam splitter.  
One was sent into a spectrometer （wavelength reso⁃
lution ~ 0. 07 nm）.  The other one was sent to a sC⁃
MOS camera.  The NPL is housed in a sealed box 
and is configured with a silicon diode thermometer 
and a 50- Ω heater to achieve precise control of the 
sample’s temperature.  Based on the voltage-temper⁃
ature characteristic curve of the silicon diode, the 

temperature at the sample location can be monitored 
and controlled in real time with an uncertainty of 
0. 1 ℃.
3　Results and Discussion

The microscopic image of a perovskite NPL is 
shown in Fig. 2（a）.  As can be seen, the NPL has 
regular and unwrinkled facets with a side length of 
36 μm.  The cross-sectional view recorded by the 
atomic force microscope showed that NPL could be 
as thin as 85 nm.  Gaussian fit is used to obtain the 
full width at half maxima （FWHM） linewidth below 
the laser threshold and Lorentzian fit is used to ob⁃
tain the FWHM linewidth above the threshold.  
These methods are widely used in laser emission 
spectra analyses[18,44].  Fig. 2（b） shows the emission 
spectra of the NPL at different pump intensities.  At 
low pump density（P~19. 8 μJ·cm-2）， it shows a 
broad Gaussian line profile with a FWHM linewidth 
of ~ 30 nm.  When the P exceeded 19. 8 μJ·cm-2, 
three narrow peaks with Lorentz line shape centered 
at 783 nm （fundamental WGM mode）, 781. 13 nm 
（first-order WGM mode）, and 785. 3 nm （first-or⁃
der WGM mode） with a FWHM linewidth of ~ 0. 3 nm 
appeared on top of the spontaneous emission, which 
is the strong evidence of lasing.  The change in the 
effective refractive index causes the variations in 

Fig. 2　（a）AFM cross section of the perovskite NPL shows that the thickness is 85 nm. Inset： image of NPL with an edge length 
of 36 μm. （b）The photoluminescence spectra of NPL near the lasing threshold. Inset： dependence of output intensity 
and FWHM of the NPL on the pump density （P）， Lorentzian fit FWHM width of ~ 0.3 nm. （c）Optical image of the NPL 
under illumination with white light （left） and laser light at pump densities of P = 19 μJ·cm−2 （below threshold） and P = 
20.4 μJ·cm−2 （above threshold）

Fig. 1　Schematic diagram of experimental setup for the 
perovskite NPL laser-based temperature sensor
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wavelength between the fundamental mode and 
higher-order modes[44].

The corresponding Q （Q = λ/Δλ）[45] is ~ 2 610.  
The spacing between two adjacent peaks, which is 
called free space range （FSR）, is almost the same 
（~ 2. 31 nm） because the higher-order modes on 
both sides of the fundamental mode are of the same 
order.  The FSR can also be calculated by equation 
Δλ = λ2/na, a and n denote the side length and effec⁃
tive refractive index of the triangular-shaped NPL, 
respectively[44].  According to the edge length 
（36 μm） of NPL, the theoretical FSR should be 
2. 31 nm which is very consistent with the measured 
value （2. 31 nm, Fig. 2（b））.  The inset in Fig. 2（b） 
shows the functional relationship between the light-
in and light-out data.  A linear fit to the output inten⁃
sity reveals a kink at the threshold （19. 8 μJ·cm−2）.  
The spectral changes furth confirm the laser thresh⁃
old （Pth） of NPL is 19. 8 μJ·cm−2.  Together with the 
intensity change, the FWHM suddenly changes from 

~ 31 nm to 0. 3 nm.  The two regimes correspond to 
spontaneous emission （below Pth） and stimulated 
emission （above Pth）, respectively.  Furthermore, we 
observe different photoluminescence intensity distri⁃
butions between excitation light intensity below and 
above Pth: below Pth NPL shows uniform photolumi⁃
nescence intensity （middle images in Fig. 2（c））; 
above Pth NPL shows strong photoluminescence with 
spatial interference from the edge of NPL （right im⁃
age in Fig. 2（c））, which is because of the light 
fields reflected between the NPL surfaces forms a 
well-confined inside the cavity.

Fig. 3（a） shows the evolution of the lasing 
spectra of NPLs as temperatures （T） rise from 21 ℃ 
to 25 ℃ .  All modes exhibit a blueshift with increas⁃
ing T.  Specifically, the laser wavelength is 785. 03 
nm at 21 ℃ .  When the temperature rises to 25 ℃ , 
the laser wavelength shifts to 784. 29 nm.  Fig.  
3（b） shows the peak wavelength shift with tempera⁃
ture.  It can be seen that the peak wavelength varies 

Fig. 3　（a）The evolution of the lasing spectra of perovskite triangular NPLs with temperature. （b）The dependence of the laser 
peaks on temperature shows that the peak wavelength shifts linearly with temperature with a coefficient of ~ 185 pm/℃ . 
（c）The dependence of the spectra of the NPL laser on time. （d）The dependence of the peak wavelength of the NPL laser 
on time
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linearly with increasing temperature.  Tab. 2 shows the 
NPL temperature varies with heating plate.  For conve⁃
nience, all the set temperatures are integers.  By fitting 
and analyzing the experimental data, the sensitivity is 
obtained to be （0. 185±0. 005） nm/℃.  The maximum 
deviation of temperature measured the NPL from the 
setting temperature is around 0. 03 ℃.

Compared with the previous temperature sen⁃
sors based on active WGM resonators[24, 26, 29], the tem⁃
perature sensor based on perovskite nanoplatelet la⁃
sers has high temperature sensitivity, while avoiding 
sophisticated fabrication processes and high pump⁃
ing power.  The high sensitivity of the fabricated tem ⁃
perature sensor based on perovskite NPL can be at⁃
tributed to the tight confinement of the optical modes 
within NPL and effective thermal conductivity via a 
large contacting surface between NPL and heating 
plate.  The laser peaks are blueshifted as the temper⁃
ature increases, unlike some conventional semicon⁃
ductors, such as Si, Ge, and GaAs, which are red⁃
shifted as the temperature increases[30].  The blue⁃
shift in perovskite NPL laser can be ascribed to its 
negative TO coefficient and electron-phonon cou⁃
pling as suggested by several experimental and theo⁃
retical investigations[14,41].  Elevated temperature both 
reduces luminous efficacy and raises the lasing 
threshold[46].  The maximum detectable temperature 
value for the NPL is around 300 K because the las⁃
ing will stop at higher temperatures.

The measurement stability of the NPL laser was 
also characterized.  These lasing spectra （Fig. 3（c）） 
at P = 20. 2 μJ·cm−2 were measured continuously for 
150 s.  As can be seen, the lasing peak at 785. 58 nm 
exhibited almost no wavelength shift.  It can be seen 

from the laser peak remains constant for more than 
150 s, which indicates that the temperature can be 
precisely measured by monitoring the central wave⁃
length of the NPL laser.  Furthermore, the laser emis⁃
sion of the NPLs can be stable for 1 200 s[45], the op⁃
erational stability data are in agreement with most of 
the reported MAPbI3 lasers[46-47].  Promoting the oper⁃
ating stability of lasers is one of the constant tasks of 
laser technology.  Changes in microscopic images of 
a NPL after leaving in pure N2 condition for 72 h and 
144 h are shown in Fig. 4.  As can be seen, the color 
of the NPL is still uniform after 144 h which indi⁃
cates that the NPL with proper encapsulation could 
have better stability.  Until now, great efforts have 
been made to improve the stability of organic-inor⁃
ganic perovskites while maintaining their outstand⁃
ing photophysical properties such as thermal man⁃
agement[18], encapsulation[45], passivation[48], etc.  Adopt⁃
ing the encapsulation and passivation strategies to 
improve the stability, the laser stabilization times of 
the NPLs would be higher than 8 500 s[45].   The com⁃
pact spectrometer used has a wavelength resolution of 
0. 07 nm, limiting the temperature resolution of the 
sensor to 0. 37 ℃.  In principle, by using a spectrome⁃
ter with a high wavelength resolution, temperature reso⁃
lution can be further improved.

In order to meet the needs of practical applica⁃
tions, we have also investigated the reversibility of 
the perovskite NPLs-based temperature sensors dur⁃
ing a heating and cooling cycle.  Organic-inorganic 
hybrid perovskites generally show no phase transi⁃
tion upon temperature variations in the temperature 
range of 160-330 K[49-50].  Therefore, the NPLs can 
measure temperatures from 160 K to 300 K.  This 
property makes them suitable for temperature sen⁃
sors.  The lasing spectra evolution during a heating 
and cooling cycle is shown Fig. 5（a）.  The lasing 

Fig. 4　Microscopic images of a NPL after leaving in pure N2 
condition for 0 h（a）， 72 h（b） and 144 h（c）， respec⁃
tively

Tab. 2　　Comparison of the set heating temperature and 

the NPL temperature

Set heating 
temperature/℃

21
22
23
24
25
26

Temperature of the 
NPL/℃

21
21. 97

23
23. 97

25
26. 03

Laser peak 
shift/nm

0
-0. 18
-0. 37
-0. 55
-0. 74
-0. 93
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peak underwent a blueshift during the heating pro⁃
cess, and the lasing peak can be recovered after cool⁃
ing down to the original temperature.  Fig. 5（b） 
shows the dependence of the center wavelength of 
the laser on the temperature in the heating （red cir⁃
cles） and cooling （blue squares） cycles.  It could be 
seen that the lasing wavelengths change linearly with 
temperature during the two processes, which shows 
that the demonstrated sensor has terrific wavelength 
accuracy and reversible property.

The produced triangular NPLs have different 
sizes and colors, as well as different edge lengths 
and thicknesses.  Therefore, the peak wavelengths 
and temperature sensitivities have a slight fluctua⁃
tion[44].  Fig. 6 shows the peak wavelengths and tem⁃
perature sensitivity of NPLs with different edge 
lengths（26-38 μm）.  However, the peak wave⁃
lengths only change slightly （~ a few nm） around 
781 nm.  Moreover, the sensitivities also fluctuate 
（± 5 pm/℃） only slightly around 185 pm/℃.

4　Conclusion
This work demonstrates a submicron-scale temper⁃

ature sensor based on triangular NPL lasers.  The devel⁃
oped temperature sensor shows a high temperature sen⁃
sitivity of ~ 185 pm/℃ and a temperature resolution of ~ 
0. 37 ℃ （limited by the resolution of our spectrometer）.  
It also features a low lasing threshold of 19. 8 μJ·cm−2, 
high Q up to 2 610, high stability, good reversibility, as 
well as a linear relation between the laser peak wave⁃

length and temperature.  The developed submicron-

scale temperature sensor is suitable for integration into 
flexible photothermal devices and chemical analyzers, 
enabling high-accuracy temperature sensing in submi⁃
cron environments.  Together with the high performance 
of the sensor, the proposed free-space optical measure⁃
ment scheme, the low-cost and ease-of-fabrication prop⁃
erties of the active material, this work lays a solid foun⁃
dation for the development and application of thermal 
sensing based on NPL and other metal-halide materials.  

Fig. 5　（a）Recovery of laser spectral after the temperature returns to the initial point. （b）The evolution of peak wavelength of 
the laser with temperature in a rising and decreasing cycle

Fig. 6　（a）Peak wavelengths of NPLs with different side lengths. （b）Sensitivity of NPLs with different edge lengths
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By studying and improving these materials, it will be 
possible to manufacture more accurate, more sensitive, 
and smaller temperature sensors.

Response Letter is available for this paper at: 
http://cjl. lightpublishing. cn/thesisDetails#10.37188/
CJL.20240133.
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