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An Ultrasensitive Perovskite Single-Model Plasmonic Strain

Sensor Based on Piezoelectric Effect

Meili Li, Junfeng Lu, Peng Wan, Mingming Jiang, Yepei Mo, and Caofeng Pan*

Interest in flexible photonics has been motivated by the development of
artificial smart skins. In particular, coupling of photonics and mechanics can
offer opportunities to realize ultrasensitive strain sensor, however, low-cost
fabrication of flexible sensing device with desired photonic functionality
remains a challenge. Hereby, the study reports an ultrasensitive strain-gauge
sensor based on the poly(ethylenenaphthalate (PEN))/monocrystal

Au/MgF, /CsPbBr; nanorod/Al,O; /polyacrylonitrile (in short
P/mAu/M/CPB@AI,O; @ PAN), which are sensitive to nanoscale structure
alterations of PEN substrate via the stress response of the single-mode laser
based on the piezoelectric-effect. Wherein a low-threshold single-mode lasing

as signal carriers, flexible photonics will be-
come an ideal strategy to extend the ca-
pabilities of artificial smart skins.>12] As
yet, various integration schemes for pho-
tonic elements including integrating laser
cavities,[®#] filters,[®] and on-chip pliable
waveguides,>!" which can dynamic manip-
ulation of the lasing emission and photonic
band structure via input pressure/strain
signals. Indeed, such flexible photonic de-
vices have also really exhibited superior-
ity performance in optical modulation or

(Py, ® 170 n) cm~2) is achieved through coating Al,O; on the CsPbBr,
nanorod, producing the higher quality factor (Q ~ 1637) to guarantee a much
higher sensitivity in sensing application. Reversible spectral regulating of

~3 nm in single-mode-lasing wavelength, with a subnanometre scale
resolution <0.4 nm and the wavelength sensitivity (S,) as high as 160 nm
RIU~, is validated in response to applied strain ranging from —1.31% to
1.31%. This work not only represents essential progress in construction of
ultrasensitive and cost-effective flexible photonic sensor, but also lays the
foundation for the potential application in smart photonic skins.

1. Introduction

Technologies based on electronic components soft and stretch-
able have accelerated advancements of flexible electronics in
robotic smart skin, wearable, and health monitoring.?/ As an
analogy, taking advantage of the noncontact nature, high color-
resolvability, and ultrasensitivity to external stimuli of photons
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sensing. For example, stretchable photonic
crystal laser sensors benefit from the spec-
trally narrow lasing signals and immunity
to electromagnetic interference, exhibiting
highly sensitive and accurate sensing to
local structural changing.®#13-1%1 However,
the complicated fabrication procedures that
render the high fabrication cost led to
the practical applications of optical strain-
gauge sensor remaining a great challenge.

Piezoelectric semiconductor nanomate-
rials, such as ZnO,*7] GaN,!3 and
metal halide perovskite etc.,[2°?2] which
have superb mechanical properties and
piezoelectric-effect, have been widely studied in the field of
optical strain sensors so far!®! Such strain-induced nonlin-
ear response optical devices mainly include photoluminescence
imaging,[?] light emitting diode (LED) and laser,>'2l which
are indispensable modules of optical strain sensors. Impor-
tantly, all-inorganic halide perovskite CsPbBr, not only possesses
piezoelectric polarization effect but also with strong light-matter
interaction,[2023-2527I holding great promise for lowering the cost-
effective of flexible photonic sensors, however, has been very
limitedly reported so far. As for a strain-sensor, the sensing
mechanism can be concluded as the lasing-mode variation in-
duced by piezoelectric polarization effect of CsPbBr;, which had
been confirmed in our previous work.['82021] In general, origin
of piezoelectric effect is associated with the distortion of cou-
pled PbBr, octahedra and atomic displacement with each oc-
tahedron, which induces surface polarization of CsPbBr; crys-
tal to change the refractive index.[?8] Because of specific field
distribution of the resonances, however, lasing-mode peaks are
highly sensitive to the local deformation of resonant cavities
and environmental variation, such as refractive index as well
as temperature.l813-162129] Particularly in surface plasmon reso-
nance (SPR) sensor, small refractive index change on the chip
surface could be achieving higher sensitivity, such as in chemical,
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Figure 1. Schematic illustration of strain-gauge sensor based on piezoelectric effect. The outputting characteristic of CsPbBr; microcavity lasers is
dependent on the piezoelectric polarization effect of CsPbBr; due to the substrate deformation. The strain-gauge sensor can distinguish diverse external
forces according to the dynamically modulated lasing wavelength (1) and intensity (I) under compressive strain (e < 0), tensile strain (¢ > 0) and without

applied strain (¢ = 0).

pathogen detection, and food safety.?-3* Therefore, fabrication

of color-tunable and noncontact optical strain sensor based on
the plasmonic cavity is essential to track micro- or nanoscale lo-
cal deformation and to manipulate light-matter interaction.l”13]
Nevertheless, the sensitivity of an optical sensor is highly depen-
dent on the structure and material of sensing element.*!l Plas-
mon sensor usually suffer from the intrinsically metal losses, in-
creasing the line width of the resonance-curve and thus limit-
ing their sensitivity.**3! Therefore, optimizing the quality factor
(Q) of the cavity mode is essential to improve the sensitivity of a
sensor.

In this work, we further designed the poly(ethylenenaphtha-
late (PEN))/monocrystal Au/MgF, /CsPbBr; nanorod/Al,O,/po-
lyacrylonitrile (in short P/mAu/M/CPB@AL,O;@PAN) device
based on our previous work,!?!l which allows for single-mode las-
ing, high stability (%8 x 107 laser shots) and high-quality fac-
tor (Q = 1637) with a remarkably low threshold (Py, =~ 170 nJ
cm~?). Low-loss single-mode lasing dramatically increased the
recognizability and accuracy of the sensing signals, which is ul-
trasensitive (S, ~ 160 nm RIU!, strain € ~ —1.31%) response
to the local structural changes of the flexible substrate, good lin-
earity of 0.986, and the spectral resolution as high as ~600 (e
~ —1.31%). Our strain-gauge sensors dynamically regulated the
color-mapping to sense a mechanical signal via lasing wavelength
and intensity, which is potential applications in color-perceived
touching sensing.

2. Results and Discussion

Microcavity lasers as sensing information carriers can realize
the high recognizable light signals due to the narrow emission
linewidth (§,).1%18] Moreover, since the lasing output character-
istics of piezoelectric semiconductor microcavity is sensitive to
strain,[*#2021] thus can transfer CsPbBr; nanorod onto PEN/mAu
substrate to construct strain-gauge sensors (Figure 1). We further
fabricated force-light coupling measurement system to investi-
gate the corresponding relationship between lasing signals and
mechanical strain (Figure S1, Supporting Information). When
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properly external mechanical stress applied along the growth di-
rection of CsPbBr, nanorods, the effective refractive index (n.q) of
the microresonator changes due to the piezoelectric polarization
effect, thus achieving the dynamical modulation of the lasing-
mode and lasing putout intensity.?!l Therefore, such strain-
gauge sensor can perceive the local deformation of the elastic
substrate stimulated by the external force according to color and
intensity mapping.[”#18]

The strain-gauge sensors (P/mAu/M/CPB@AL,O; @PAN) are
fabricated by a simple method combing directional transfer and
fixed encapsulation, of which used Al,O, (thickness T ~ 20 nm)
and PAN (T = 30 nm) serve as encapsulation layer (Figure S2,
Supporting Information). Here, we first coated Al,O; onto the
CsPDbBr; nanorods via atomic layer deposition (ALD), forming
a dense Al O, film to protect CsPbBr; nanorods against oxy-
gen and moisture in air,[?*%] and polar solvents!*®! (Figure S3
and Note S1, Supporting Information). After being protected by
~20 nm-thick Al, O, layer, PAN as encapsulation layer can be well
coated onto the surface of CsPbBr; nanorods@Al O, (in short
CPB@ALO,) to play a key role in fixing the CsPbBr; nanorods,
thereby realizing the bend strain on the CsPbBr; nanorod by ap-
plying stress to PEN substrate.

In addition, another key role of Al,O, in our strain-gauge
sensor is the surface passivation effect to decrease nonradiative
states.!26%7] Figure S4 (Supporting Information) presents the typ-
ical energy band diagram of APbX, perovskite material, where
the trap states generally include shallow defects (surfaces) and
deep defects (grain boundaries) that were identified as one of
the main factors to induce the nonradiative recombination.[*839]
Shallow defects that are usually close to the band gap and with
the lower formation energy, and are primarily X-site (CI-, Br~,
or I7) vacancies*®3%! on the crystal surface, which generate a
net positive charge due to under-coordinated metal Pb atom!*’!
(Figure 2a). However, surface species AIOH* generated in the
process of ALD is of high reactivity active, it may provide pas-
sivation effect via contributed lone pair electrons to the center
Pb atom or substitution of Br atoms to form a Pb-O coordi-
nate bond with the perovskite surface which could increase the

© 2024 Wiley-VCH GmbH

85U80|7 SUOWW0D aA1eeID 3(cedljdde au Aq peusenob ase e YO ‘88N JO Se|nl 10} ArIqiT8UIIUO /8|1 UO (SUOTPUCD-pUR-SLUB)LI0D A8 1M ATeIq U1 [UO//:SANY) SUORIPUOD pue swie | 8y 88S *[20z/80/90] Uo Akeiqiauliuo A8|1m ‘O uonmiisu| Builleg-sed Aq 0Y8E0YZ0Z WPe/Z00T OT/I0pAW0D A8 Im AIq Bl UO//Sdny WOy peapeojumod ‘0 ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a
©0 0A

O DMF

©Cs @Pb OBr

Shallow defects

d

Intensity (a.u.)

1 1 | 1 1 1 1 1 |

147 144 141 138 135
Binding Energy (eV)

ACAAAAA

z After ALD AL,O,

N
o

-
a
T

PL Intensity (x10* a.u.)
.o —
4] o
I T

©
<}

Substrate

| CPB@AI,05

[ CPB@AI203
e CPB

T T T TTTT

CPB@AI,03

T T T TTTTT

n 1 1 1 1
500 550 600
Wavelength (nm)

Integrated PL intensity (a.u.)

TTTTTI]

0

100 200 300 400 50

-

2 4 8 16 32

ALD cycle (N) Excitation fluence (uW)

Figure 2. Structure and optical characterizations of CsPbBr; nanorods with Al,O; modification. a) Schematic of the surface passivation mechanism
of perovskite. b) SEM image of CsPbBr; nanorods with Al,O; modification. Scale bar: 10 um. Inset: magnified SEM image of one end of the CsPbBr;
nanorod. Scale bar: 200 nm. c) XPS spectra of Pb 4f of the CsPbBr; nanorod with and without Al,0; modification, demonstrating the formation of
Pb—O—Al bonds. d) PL intensity of the CsPbBr; nanorod coated by Al,O; with different ALD cycles. Inset: the corresponding PL spectra of the CsPbBr;
nanorod with (%200 ALD cycles) and without Al,O; modification. e) Integrated PL intensities of the CsPbBr; nanorod with and without Al,O; coating

as a function of excitation powers.

radiative recombination ratel?*37*! (Note S2, Supporting Infor-
mation). Figure 2b shows the scanning electron microscopy
(SEM) image of CPB@AL,O; sample, which has the smoothed
surface morphologies after Al,O; modification. Here, these
CsPbBr; nanorods range in length (L) from 7 to 9 pm, in width
(W) from 200 to 300 nm, and thickness ~130 nm. The corre-
sponding element mapping images present uniform distribu-
tion of Cs, Pb, and Br elements with molar rations of 0.92: 0.85:
2.9 for the CsPbBr; nanorods after alumina coating, which con-
forms well to the CsPbBr, stoichiometry (Figure S5, Support-
ing Information). Besides, the Al and O elements were clearly
uniform distributed on the CsPbBr; nanorods that indicate the
formation of a dense Al,O, film on that of the surface. X-ray
diffraction (XRD) patterns show that the CsPbBr; nanorods and
CPB@AL O, samples generate the identical diffraction peaks,
which both can be indexed to the orthorhombic crystal phase
of the CsPbBr, perovskitel*?! (Figure S6, Supporting Informa-
tion). Overall, these CsPbBr; nanorods modified by Al,O; re-
serve their original morphologies, components, and crystal struc-
tures, which exclude the potential possibility to decrease CsPbBr,
nanorods luminescence during the Al,O; deposition.

We further conducted X-ray photoelectron spectroscopy (XPS)
measurements to probe the chemical valence states of CsPbBr,
nanorods before and after ALD coating (Figure S7a, Support-
ing Information). After 30 ALD cycles (~3 nm-thickness Al,O,),
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O 1s new peak at 531.1 eV can be attributed to the Al-O
bond which is the main driver for the efficient reactions of
ALDI?63537] (Figure S7b, Supporting Information). Combined
with Al 2p peak (74.46 eV) in the CPB@AIL,O, sample, it indi-
cates that the Al, O, has been successfully coated on the CsPbBr,
nanorods!?%3>%7] (Figure S7c, Supporting Information). Besides,
the high-resolution scans peaks of Cs 3d, Pb 4f, and Br 3d clearly
experience the movement toward high binding energy compared
with bare CsPbBr; nanorods, indicating that the new chemi-
cal bond forms between the interface of CsPbBr; and Al,O,
(Figure 2c; Figure S7d,e, Supporting Information). While the
Pb 4f peaks emerged at 143.1 and 138.2 eV (sky blue curve
in Figure 2c) correspond to Pb 4f;,, and Pb 4f;, levels in the
Pb-Br octahedra, however, it slightly became broad and two ad-
ditional high binding energy peaks were observed after Al,O,
modification.[?*”] The new peaks at 143.49 and 138.56 eV (pur-
ple curve in Figure 2¢) can be attributable to the Pb—O—-Al
bonds, which may be due to the Al, O, passivation of Pb atom on
the CsPbBr; nanorods surface.?’! The generation of Pb—O—Al
bonds is looking forward to reduce nonradiative transition and
improve the quality factor of the cavity mode.

Figure 2d shows the photoluminescence (PL) spectra of
CPB@AL O, samples with the number of ALD cycles. We ob-
served the PL intensity of CPB@AL, O, samples significantly en-
hanced up to 30 ALD cycles (~3 nm-thickness Al,O,) and then
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Figure 3. Lasing characteristics of P/mAu/M/CPB@AI,O; plasmon nanolasers. a) Schematic of P/mAu/M/CPB@AI,O; plasmon device. The beam
of femtosecond pulsed laser (400 nm, 100 fs, 1KHz) is used to pump the whole CsPbBr; nanorod. b) The lasing threshold of P/mAu/M/CPB@AI,O;
plasmon nanolasers as a function of ALD cycles. Inset: SEM image of the plasmonic device with Al,O; modification (%200 ALD cycles). Scale bar: 10 um.
) Pump power-dependent emission spectra of the P/mAu/M/CPB@AI,O; device with P increasing from 80 to 251 n] cm™2. Inset: the magnified view
of a lasing threshold mode fitted by the Lorentzian function. d) Integrated the total emission intensity (sky blue hexagon), and mode linewidth (blue
ball) as a function of pump power show a threshold behavior at Py, ~ 170 n] cm~2. e) Normalized lasing intensities of the P/mAu/M/CPB@AI, O,
device as a function of excitation pulse number under continuous operation of 24 h (295 K and 30% relative humidity). Inset: the lasing spectra of the
P/mAu/M/CPB@AI,O; device under start (t = 0) and after 24 h, respectively. f) Lasing spectra of the P/mAu/M/CPB@AI,O; device collected from 0

to 180 s after being immersed in DMF.

levels off, thus indicating formation of the dense alumina film
on the whole surface of CsPbBr; nanorods (Figure 2d). The PL
intensity after 200 ALD cycles is increased more than nine times
than bare CsPbBr; nanorods (Figure 2d inset), and the PL life-
time is decreased ~3 times (Figure S8, Supporting Information).
Apparently, the enhancement of PL intensity is mainly induced
by a faster radiative recombination, which may originate from
the passivation effect of Pb—O—Al bond to decrease nonradia-
tive states.[?®! In addition, the previous report reveals that the en-
hancement of radiative rate is ascribed to a high localized elec-
tronic state density and a larger exciton binding energy, which
are induced by oxide-bonded surface states (Pb—O—Al bond).[2°!
Because the lower dielectric constants of Al,O, increase the
Coulomb interaction of electron-hole pairs. For further reveal-
ing of the CPB@AL,O, sample surface radiative states, we car-
ried out the PL spectra with different excitation powers (P varying
from 1.56 to 37.56 uW) to investigate the excited-state dynamics
(Figure 2e). The integrated PL intensity (I;,; ) serves as the excita-
tion density power-law function, I, « PX,[*! with a power-law ex-
ponent of 0.95 for CPB@AL, O, samples (hexagon in Figure 2e).
Where the power-law exponent k = 1 and k = 2 denotes free car-
rier and excitons recombination processes, respectively.[**#*] The
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value of 1.46 for CsPbBr; nanorod sample (dot in Figure 2e) indi-
cates the coexistence of monomolecular (excitons) and bimolecu-
lar (free carriers). Therefore, CPB@AL,O, samples have a higher
exciton recombination ratio due to the smaller k value, which fur-
ther identifies a larger exciton binding energy of that.?”] These re-
search results promise to lower the lasing threshold and enhance
the sensitivity of the strain-gauge sensor.

The construction of Al,O,-modified nanolaser schematically
illustrated in Figure 3a, which consists of a CsPbBr; nanorod
(T = 130 nm, W = 200 nm, L ~ 8 um, Figure 3b inset) sit-
ting on the monocrystal Au surface separated by MgF, (T
5 nm) insulating gap layer, and then coating ~20 nm-thick
Al,O, as encapsulation layer. SEM image shows that the de-
vice P/mAu/M/CPB@AL, O, has a smoothed surface morphol-
ogy after Al,O, modification (Figure 3b inset). Using femtosec-
ond pulsed laser (400 nm, 100 fs, 1 kHz), we further inves-
tigated the Py in these devices (P/mAu/M/CPB@AI,O;) with
increasing the ALD cycles. When we increased the ALD cy-
cles, the P, of P/mAu/M/CPB@AIL, O, device reduced rapidly
from 1600 n] cm= (10 ALD cycles) to 170 n]J cm™ (200
ALD cycles) and then leveling off (Figure 3b), thereby lowering
the Py, ~16 times compared with the P/mAu/M/CPB devices
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Figure 4. Mechanically robust strain-gauge nanolaser. a) Schematic illustration of the lasing spectra measurement for P/mAu/M/CPB@AI,O; @ PAN
device under uniaxial tensile strain. b) Calculated electric field (|E|) profiles of CsPbBr; nanorod on monocrystal Au at a wavelength of 540 nm. The
thickness and width of the CsPbBr; nanorod are ~130 and 200 nm, respectively. Because of the piezoelectric polarization effect of the CsPbBr; nanorods,
the piezoelectric polarization charges formed in the CsPbBr; nanorods under compressive strain, leading to more electrons accumulating at the interface
of monocrystal Au and CsPbBr; nanorods. c) Lasing spectra of P/mAu/M/CPB@AI,O; @PAN device under different degrees of compressive strain from
€=0%toe=-131% as P= 1000 n) cm~2. d) Lasing-mode shift (AE) and e) lasing threshold (Py,) obtained from (c) as a function of effective index

() for the P/mAu/M/CPB@AI,O; @PAN device, uncertainties of AE and Py,, indicated by the error bars.

(Figure S9, Supporting Information). The decrease of Py, corre-
sponds well to enhancement of the PL intensity, which elucidates
the passivation effect of Pb—O—Al bond to increase the radia-
tive recombination.[?l The power dependent emission spectra of
a P/mAu/M/CPB@AL, O, device was further systematic studied
under femtosecond laser excitation (400 nm, 100 fs, 1 kHz), as
shown in Figure 3c. At a low pump fluence (P < 167 nJ cm™2),
the spectral was dominated by spontaneous emission (SE) cen-
tered at 531 nm with a full width at half maximum (FWHM)
of ~16 nm. After above threshold (P > 167 n] cm™), a single-
mode lasing emerged at 540 nm and the FWHM jumps from
16 nm down to ~0.33 nm (Figure 3d, blue ball), unveiling a sig-
nificant increase of temporal coherence. Besides, the relative las-
ing intensity (I) achieved superlinearly increase, eventually com-
pletely dominating the emission spectrum. The nonlinear re-
sponse of the PL output intensity as a function of P confirms
the emergence of lasing oscillation, from which the Py, was de-
rived to be 170 n] cm~ (Figure 3d, sky blue hexagon), ensur-
ing a high-quality cavity mode. The Q-factor is calculated to be
1637 according to dividing the mode wavelength (4 = 540 nm) by
the mode linewidth (64 = 0.33 nm, Figure 3c inset), which indi-
cates that the passivation effect of Pb—O—Al bond effectively im-
proved the cavity mode quality of P/mAu/M/CPB@AI, O, device
compared with P/mAu/M/CPB device (Figure S9a—c, Supporting
Information).
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We also further investigate the optical stability of
P/mAu/M/CPB@AIL, O, device at ambient conditions (24 °C
and 30% relative humidity). After ALD coating ~20 nm-thick
Al,O, layer, the lasing spectra are collected every five min-
utes under continuous pulsed laser excitation (400 nm, 100
fs, 1 kHz) for 24 h. Figure 3e shows the lasing output in-
tensity of P/mAu/M/CPB@AL,O; device under 350 n] cm™2
(=2 Py) pumping as a function of laser pulse, after 8 x 108
laser pulses without obvious dropping (Figure 3e inset), thus
exhibiting excellent optical stability. In addition, Al,O;-modified
the P/mAu/M/CPB@AL,O, device can well protected CsPbBr,
nanorods against polar solvents!®! (such as H,O or N,N-
Dimethylformamide (DMF)). Stable lasing behavior is observed
after 180 s immersion in DMF, confirming the enhancement of
material’s stability after Al,O;-modification (Figure 3f). There-
fore, we can spin-coating ~30 nm-thick PAN (10 mg mL"!
in DMF, Note S1, Supporting Information) on the surface of
P/mAu/M/CPB@ALO; device to fix the CsPbBr; nanorods,
which will well realize the visual response of tensile and
compressive strain in our strain-gauge nanolasers.

To characterize the sensing property of our strain-gauge sen-
sor (P/mAu/M/CPB@AL,O,@PAN), we used a miniature 3D
manual moving stage to apply the bend stress on the device
(Figure 4a). The construction of our strain-guage sensor and
physical photograph of the measurement setup are illustrated in

© 2024 Wiley-VCH GmbH
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Figure S10a,b (Supporting Information), respectively. The elec-
tric field |E| profiles of CsPbBr, nanorod (4 ~ 540 nm) elucidates
the basic working principle of the stress responsive plasmonic
nanolasers!'7?*! (Figure 4b). When applying strain on CsPbBr,
nanorod by bending the PEN substrate, the piezoelectric charges
were generated on CsPbBr; nanorod because of the piezoelectric
polarization effect, which can alter the electron density (N,) of
the monocrystal Au surface.['2021] When a compressive strain
is applied, the lower surface of CsPbBr; nanorod is stretched to
generate the positive piezoelectric charges, and more electrons
accumulate at the single-crystal Au surface (Figure 4b), causing
an increase in the plasmon resonant frequency to reduce the
radiative loss,['721*] which has been validated in our previous
work. In contrast, the N, and plasmon resonant frequency at the
single-crystal Au surface should reduce under applying tensile
strainl®! (Figure S11a,b, Supporting Information). Therefore, we
utilized the Drude-Lorentz model to describe the optical proper-
ties of single-crystal Au with variation of strain (e from 1.31 to
—1.31%).1“*] Here, the plasma frequency (w),) of single-crystal
Au can be written as following:

w, = VN /m,e, (1)

where m, and ¢, are effective electron mass and vacuum dielec-
tric constant, respectively. The dielectric function of single-crystal
Au (€,(w)) can be expressed in the following form:

QZ k ij
5r(w)=1——P.+Z—p ()
@ (@ —ily) j=1 <a)j2— w2> + ol

where k is the number of oscillators with frequency @, strength
f» and lifetime 1/T,.1**] As a result, when changes the N, (5.5
x 102 cm™ - 6.0 X 1022 cm™3) of single-crystal Au surface, it
will affect the dielectric function (€) of single-crystal Au (Figure
S12a—c, Supporting Information), eventually influencing that of
the propagation distance L, (Figure S12d, Supporting Informa-
tion) and effective refractive index (n.q, Figure S12e,f, Support-
ing Information). According to the Maxwell’s equations, we ul-
timately obtained the effective index (n.4 = 2.8767-2.8970) of
our strain-gauge sensor (P/mAu/M/CPB@ALO;@PAN) with
changing N_ from 5.5 x 10?2 cm™ to 6.0 X 10?2 cm~3. This re-
sult reveals that a minor alteration in N, induces surface plas-
mon polariton (SPP) and laser characteristic changes (such as 4,
I, and P),[3132131 which provide a reliable for sensing applica-
tion based on P/mAu/M/CPB@AL,O; @PAN device.

As shown in Figure 4c, we observed a monotonic linear
blueshift of the laser peak from 539 nm to 537 nm (~8.96 meV)
when gradually applied the compressive strains from ¢ = 0% up
to e = —1.31%, however, ~1 nm redshift (~4.3 meV) of the las-
ing wavelength was achieved with varying tensile strain from e =
0% to € = 1.31%. The repeated experimental results reveal that
our strain-gauge sensors (P/mAu/M/CPB@AL, O, @PAN) have
a reliable sensing behavior (Figure 4d). In addition, the lasing
intensity also changes with n.g, which increased ~70% with ap-
plying compressive strain e from 0% to —1.31%, while reduced
~50% with changing tensile strain e from 0% to 1.31% (Figure
S13, Supporting Information). Compared with lasing intensity,
the threshold was monotonic decreased from 600 n] cm™2 (e =
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0%, n.q = 2.8895) to 210 nJ cm™2 (¢ = —1.31%, n g = 2.8767), with
the performance of ~60% enhancement (Figure 4e). Conversely,
the Py, increased ~45% with applying tensile strain up to € =
1.31%, the corresponding n g rised to 2.8936 and Py, was as high
as 1100 n] cm~? (Figure 4e). It is worth noting that the sensing
behavior was also confirmed to be reliable through repeated mea-
surements (Figure 4e). More importantly, these strain-responsive
single-mode lasing peaks with a FWHM <0.4 nm not only
avoid modal competition but also lay the foundation for high-
resolution sensing application.!®]

To assess the sensing performance of the strain-gauge
nanolaser, three key parameters, such as sensitivity (in short,
S), figure of merit (in short, FOM), and optical strain-resolving
factor (in short, Foqg) were employed.’'*] The sensitivity of a
sensor is defined as 4, I, or P, to refractive index change, cal-
culating according to S, = A, — A,/An, S, = I, — I;/An, or
Sp, = Py = Pinoy/An.P*) In Figure 5a, the wavelength sensi-
tivity (S,) was plotted as a function of n 4 of our strain-gauge sen-
sor, which yield sensitivities of #160 nm RIU~! under compres-
sive strain (e = —1.31%) and ~130 nm RIU~! under tensile strain
(¢ = 1.31%). Similarly, the highest S; and S, was estimated 4.6
x 10° RIU™! and 1.9 x 10° n] cm~2 RIU™Y, respectively (Figure
S14a,b, Supporting Information). To compare these parameters
between different kinds of sensing device, we further used FOM
which considers the sharpness of the resonance and is an im-
portant dimensionless quantity (for details see Note S3, Support-
ing Information).’%>!] The FOM, of the wavelength sensing can
be calculated according to FOM, = ME/AA", which acquired to be
~600 + 50 RIU™! to 500 + 50 RIU! under strain ranging from
€ = —1.31% to € = 1.31% (Figure 5b). Therefore, it can be com-
parable with the plasmonic guided-mode resonances (GMRs),1*?]
whereas it is far more than hybrid plasmonic structure.[*>53] In
addition, the optical stress-resolving factor (FqgR) can be defined
as AA/e/64, which were estimated in the range of 400 + 200 as
a function of the external mechanical strain(®! (Figure 5c). Con-
sequently, a minimum strain of 0.3% is spectrally resolvable in
our strain-gauge nanolaser. We further investigate the stability
of the strain-gauge nanolaser, the S, barely alters after bending
25 cycles for compressive and tensile strain, exhibiting the re-
peatability and stability (Figure 5d). However, owing to the brittle-
ness and poor mechanical compatibility of perovskite monocrys-
tal material,>* and further improvements in the bending stability
of our sensor are needed.

3. Conclusion

In summary, this work has demonstrated an ultrasensitive
strain-gauge nanolaser (P/mAu/M/CPB@AIL,O;@PAN) based
on piezoelectric-effect, with the merits of high resolution, non-
contact interaction, and simple construction. Al,O;-modified
CsPDbBr; nanorods exhibited a single-mode laser with P, dra-
matically reducing to ~#170 n] cm™ as well as the high Q-factor
(1637). Mechanical control of bending strain induces the change
in the piezoelectricity-induced n.4, which allows the manipula-
tion of the photonic band gap in P/mAu/M/CPB@AL O, @PAN
device, and the subsequent shift of low-loss single-mode lasing
serves as signal sources with high recognizability (F,sz ~ 600),
ultrasensitivity (S, ~ 160 nm RIU™), and superior mechanical re-
liability for sensing application of a strain-gauge nanolaser. Our

© 2024 Wiley-VCH GmbH
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Figure 5. The sensing performance of the strain-gauge nanolaser. a) The sensitivity S, and b) FOM of the wavelength sensing are plotted as a function
of effective index (n.g) for the P/mAu/M/CPB@AI,O; @PAN device with applying strain. The black dotted lines in (a) and (b) are the situation of without
strain (¢). c) The calculated Fngp as a function of the applied strain (¢). The red and black dotted lines are the experimental singularity line (¢ = 0%) and
the mean Fqgp, respectively. d) Cycle stability tests of the S; change from e = 1.0% and ¢ = —1.0%.

strategy can be used to develop novel color-perceived sensing
nanodevices to perceive the local surface strain in many struc-
tures, and these results might establish the foundation for pro-
moting the development of flexible photonic devices as a module
of artificial smart-skins.
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