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Two-Photon Pumped Wavelength-Tunable Single-Mode
Plasmonic Nanolaser with Ultralow Threshold

Long Yuan, Junfeng Lu,* Meili Li,* Zhonglong Zhang, Wenjie Deng, Xiang Li, Caixia Kan,
Daning Shi, Wenchao Gao,* Chunxiang Xu, and Caofeng Pan*

Nonlinear optics play an important role in laser technology, optical communi-
cation, integrated optics, and other fields. However, conventional two-photon
lasing faces challenges such as high thresholds and large size, which hinder
the miniaturization of lasers. In this study, the structure of single-crystal

semiconductors, nanostructured semi-
conductors, and organic dyes. Following
the invention of the first ruby laser by
Maiman in 1960, nonlinear optics based
on extremely intense optical fields have
been reported, such as optical harmonics,2!

Au/Al, O, /CsPbBr; (ScAu/Al,O,/CPB) is constructed to achieve two-photon
pumped frequency upconversion single-mode plasmonic lasing. The strong
spatial confinement and near-field enhancement of surface plasmons in metals
enable the plasmonic lasing mode output in a hybrid nanocavity, significantly
reducing the lasing threshold. Additionally, by applying external mechanical
strain, the resonant wavelength of the lasing mode is dynamically regulated,
further reducing the threshold to 0.48 m) cm~2 based on piezo-electronic
effect. These results provide an effective strategy for all-optical integration and
the development of smaller, faster, and more efficient nanophotonics devices.

1. Introduction

As an important branch of modern optics, nonlinear optics has
been widely used in laser technology, optical communication,
integrated optics, and other fields. Since the first experimental
study of nonlinear optics, we have explored the application of
different classes of materials in nonlinear optics, including bulk
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optical,®l and differential frequencies,*
optical parametric amplification and
oscillations,’]  two-photon/multiphoton
absorption,!! and so on. The most notable
of these is the luminescence phenomenon
induced by two-photon or multiphoton
absorption, providing a new way and a
platform for achieving frequency upcon-
version lasers.l”) However, for conventional
two-photon pumped lasers, miniaturiza-
tion remains a significant challenge due to
the existence of optical diffraction limits.

Surface Plasmons (SP), an electromagnetic mode of photons
and electrons at the interface between dielectrics and metals,
provide a new way to enhance light-matter interactions at the
nanoscale,®] with the unique characteristics of highly spatial con-
finement and extremely near-field enhancement.l®) It can trans-
form photon oscillation modes in conventional semiconduc-
tors into collective electron oscillation modes at metal-dielectric
interfaces,”>1% which is not limited by the cavity size,!'') mean-
while the energy of the light field is highly localized at the inter-
face of the metal and dielectric, breaking the diffraction limit.['?!
This unique property makes surface plasmons widely used
fields such as surface-enhanced Raman scattering (SERS),!3
SP resonance (SPR) biosensor,'*l and high-bandwidth plasmon
photodetector.['] They are particularly valuable in the design and
construction of plasmon-coupled nanoscale lasers.!'®l However,
due to the existence of ohmic loss,!'”] plasmonic nanolasers,!8]
consisting of metal and gain medium often possesses relatively
high threshold and low lasing quality."”] Moreover, due to the
limitation of two-photon absorption efficiency,!?! this nonlinear
excitation behavior often requires higher incident energy den-
sity, which makes it difficult to achieve two-photon pumped plas-
monic nanolasers.[?!]

In this study, we prepared monocrystalline gold microsheets
and synthesized CsPbBr; nanowires with excellent optical prop-
erties through the anti-solvent method, to construct a single-
crystal Au/Al, O, /CsPbBr; (ScAu/Al,O,/CPB) hybrid nanocavity.
Leveraging the low ohmic loss of single-crystal Au and the high
absorption cross-section of CsPbBr, perovskite nanowire, the op-
tical diffraction limit is broken and the single-photon pumped
plasmonic nanolasers are successfully achieved. Meanwhile, by
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Figure 1. Morphological, structural, and optical characterization. a) SEM images of single-crystal CsPbBr; nanowires. b) The thickness of CsPbBr;
nanowires as measured by atomic force microscopy (AFM). The illustration is the corresponding AFM image. c) X-ray diffraction pattern (XRD) and
standard card (ICSD 97851) of orthorhombic phase CsPbBr; nanowire. d) Steady-state micro-photoluminescence (u-PL) and absorption spectra of single

CsPbBr; nanowires.

taking advantage of the extremely near-field enhancement of the
surface plasmon, two-photon pumped single-mode plasmonic
nanolaser with lower threshold is obtained at 800 nm femtosec-
ond laser excitation. Finally, an external mechanical strain is ap-
plied to achieve the dynamic modulation of lasing wavelength in
the range of 535.52 to 534.32 nm. Our research provides an effec-
tive solution for constructing low threshold, wavelength-tunable,
frequency up-conversion plasmonic nanolasers.

2. Results and Discussion

The top view scanning electron microscope (SEM) of CsPbBr,
nanowires prepared by the anti-solvent method is shown in
Figure 1a. The magnified SEM image in the inset presents the
top surface of a typical CsPbBr; nanowire, exhibiting a smooth
surface and regular shape. Figure 1b shows the cross-sectional
thickness of ~#321 + 1 nm and a width of ~#500 nm for high-
quality CsPbBr; nanowire, indicating that the light wave is re-
stricted to oscillate between two parallel end faces of the struc-
ture to achieve increased amplification so that light waves can
be fully confined to form a Fabry-Pérot (FP) cavity. The en-
ergy dispersive spectroscopy (EDS) mapping shows that the
Cs, Pb, and Br elements are uniformly distributed in the per-
ovskite nanowire (Figure S1, Supporting Information). The crys-
tal structure of the perovskite nanowires was characterized by
X-ray diffraction (XRD) as shown in Figure 1c, and the XRD
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pattern showed four distinct diffraction peaks at 14.99°, 15.15°,
30.33°, and 30.64° belong to the (020), (101), (040), and (202)
crystal planes, which were in agreement with the ICSD 97851
of CsPbBr;. In addition, the typical splitting of diffraction peaks
~15° and 30° verified that the CsPbBr; nanowires prepared
by the anti-solvent method belong to the orthorhombic phase
structure.[?l At room-temperature, the absorption spectra and
steady-state micro-photoluminescence (u-PL) spectra of a single
CsPbBr; NW on a glass substrate were measured, as shown in
Figure 1d. A strong spontaneous radiation peak is observed at
~526 nm, corresponding to the edge of the absorption band, in-
dicating intrinsic radiative complexation between the conduction
bands. The bright green fluorescence emitted by the CsPbBr,
NWs (Figure S1, Supporting Information) further confirmed that
it can provide sufficient gain for light amplification. All these
results indicate the high-quality of the CsPbBr; NWs, which is
an important factor in achieving high optical gain and exciton-
surface plasmon coupling. By measuring the PL spectra at differ-
ent temperatures from 80 to 300 K (Figure S2, Supporting Infor-
mation), a continuous blue-shift from 525.17 to 521.79 nm and
the reduced emission intensity with increasing temperaturel?!
for the central wavelength of PL emission peak can be observed,
accompanied by a widening of the half-peak full width (FWHM).
This can be attributed to the synergistic effect of thermal expan-
sion and exciton phonon coupling in the perovskite.[?*! Also, the
E, (exciton binding energy) obtained by fitting is 47 meV, which
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Figure 2. Single-photon pumped lasing characteristics of room-temperature plasmonic nanolaser. a) The structure diagram of ScAu/Al,O3 /CPB device.
b) The distribution of electric field (|E|) for the device at a wavelength of 534 nm calculated by the finite element method. c) 2D pseudo-color diagram
of the lasing spectra of the device under the different pumping energy. d) The dependence of emission intensity and FWHM on of the pumping energy
fluences. e) Polar coordinate diagram of plasmonic nanolaser emission intensity when the circular-polarized pump laser rotates the polarizer before the
collection terminal. f) Time-resolved photoluminescence (TRPL) of the ScAu/Al,O;/CPB device and CPBNW.

is higher than the thermal ionization energy of 26 meV at room-
temperature.!®] It indicates that excitons can still exist at room-
temperature, which is conducive to the realization of particle pop-
ulation inversion and establishes a good foundation for the devel-
opment of room-temperature lasers.!2°]

Figure 2a shows a schematic diagram of the device structure
(ScAu/Al,O,/CPB), where a single CPBNW is transferred onto
a ScAu micron sheet (Figure S3, Supporting Information) with
a 5 nm alumina (AL,O,) film gap layer between ScAu and CPB.
The distribution of the electric-field for this device is simulated
by using the finite element method, as shown in Figure 2b. It can
be observed that the electric field is strongly confined to the in-
terface between ScAu and CPBNW, presenting a very small mode
volume compared to conventional F-P lasers. The lasing perfor-
mance of the device (ScAu/Al, O, /CPB) is characterized by a fem-
tosecond laser excitation at 390 nm. The 2D pseudo-color plots
of lasing spectra under different pumping energy fluences are
shown in Figure 2c. As the pumping energy fluence increases,
a single narrow resonant peak appears in the SE band. When
the pumping energy fluence exceeds 3 pJ cm2, the emission in-
tensity increases sharply, accompanied by a rapid narrowing of
the full width at half maximum (FWHM) as shown in Figure 2d,
which demonstrates an extremely low lasing threshold of the de-
vice. The FWHM is approximately 0.29 nm, and the lasing qual-
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ity factor (Q) can be estimated as 1850 (Figure S4, Support-
ing Information). Meanwhile, the lasing properties of a single
CsPbBr; NWs are characterized. The lasing threshold is found
to be 5.17 uJ cm™ and the lasing quality factor (Q) can be es-
timated as ~4146 (Figure S5, Supporting Information), indicat-
ing good optical field confinement in F-P resonators formed by
single-crystal perovskite nanowires. To evaluate the polarization
characteristics of the devices, the emitted light with different po-
larization angles from both types of devices, ScAu/Al,O,/CPB
and bare CsPbBr; NW was collected. The different polarization
behavior of light emission can be observed for the two types of
devices. The former exhibits maximum intensity in the polariza-
tion direction of 0°, indicating the dominance of the transverse
magnetic mode (TM),[?”] while the laser intensity of the CsPbBr,
NWs is maximum in the polarization direction along the 90°
axis, indicating the dominance of the transverse electric mode
(TE),?] which is consistent with previous reports.['*! Figure 2f
shows the time-resolved photoluminescence (TRPL) spectra of
the plasmonic device (ScAu/Al,O,/CPB) and CsPbBr,; NW. The
decay curves of ScAu/Al,O;/CPB and CsPbBr; NW can be fit-
ted by a single exponential function, where the lifetimes (r) of
these two devices extracted as 3.1 and 4.6 ns, respectively. Com-
pared to CPBNW photonic devices, the PL decay rate of the plas-
monic devices is significantly increased due to the Purcell effect,
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Figure 3. Two-photon pumped single-mode plasmonic nanolaser. a) Schematic diagram of the u-PL system. b) The relationship between PL intensity and
the pumping energy fluence at the excitation wavelength of 390 and 800 nm, which is fitted by power exponential function. c) 2D pseudo-color diagram of
two-photon pumped single-mode lasing spectra of the plasmonic device at different pumping energy fluences. d) Dependence of the emission intensity
and FWHM on pumping energy fluence. e) Enlarged image of the laser threshold mode fitted by the Lorentz function, illustrated as the optical image
of the two-photon pumping of the plasmonic nanolaser at p > p,, and p < p,,. f) Comparison of threshold values between ScAu/Al,O; /CPB plasmonic

devices and bare CsPbBr; nanowires.

implying effective coupling between SPs of Au and excitons of
CPB.

In order to study the nonlinear optical behavior of the plas-
monic device (ScAu/Al, O, /CPB), the two-photon pumped lasing
spectra of ScAu/Al,0,/CPB hybrid nanocavity were measured
using femtosecond laser excitation at a wavelength of 800 nm
through the same y-PL system as shown in Figure 3a. Figure 3b
compares the dependence of PL intensity on the effect of pump
energy fluence for single-photon and two-photon excitations at
390 and 800 nm wavelengths, which can be fitted as a power ex-
ponential function of Ixp’. Under the excitation wavelength of
390 and 800 nm femtosecond laser, the power-law exponents of
y can be extracted as ~0.96 and ~2.02, respectively.?”! The rela-
tionship between PL intensity and pumping energy fluence of
the former is approximately linear, indicating that single-photon
excitation is dominant. The latter shows a quadratic power depen-
dence, indicating that two photons participate in the absorption
process due to the low energy of the excitation photon. Figure 3c
shows the two-photon pumped lasing spectra of the plasmonic
device excited by a 800 nm femtosecond. With increasing of the
pumping energy fluences, an extremely narrowing resonant peak
with a FWHM o0f~0.263 nm and Q factor of #2069 appears, as
shown in Figure 3e, indicating a transition from spontaneous
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emission to stimulated emission. The dependence of pumping
energy fluence on emission intensity is shown in Figure 3d. [t can
be observed that the threshold of the plasmonic device excited by
two-photon is ~0.74 m] cm~2, which is two orders of magnitude
larger than that of single-photon pumped device. It indicates that
the efficiency of two-photon excitation is much lower than that
of single-photon excitation. In order to further understand the
lasing characteristics, the lasing spectra of the plasmonic devices
with different cavity lengths from 5.47 to 7.49 ym were measured
(Figure S6a, Supporting Information). It can be observed that the
number of resonant modes in the gain region decreases with re-
duction in hybrid nanocavity size. As the cavity size reduces to
~5.47 um, the single-mode lasing output is formed due to the
existence of self-absorption effect in gain medium and the giant
“Frequency Pulling” effect in plasmonic device (Figure S6b, Sup-
porting Information).’!

Interestingly, the lasing threshold of the photonic devices is
significantly higher than that of the plasmonic devices under
the two-photon pumped conditions. Two-photon pumped las-
ing properties of the individual CsPbBr; NW was also charac-
terized. The lasing threshold was found to be 5.30 mJ cm~2 and
the Q factor can be estimated as ~2561 (Figure S8, Support-
ing Information), whose lasing threshold is nearly an order of
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Figure 4. Dynamic regulation of lasing wavelength of ScAu/Al,0;/CPB plasmonic device under compressive strain (¢). a) Schematic diagram of plas-
monic device pumped by femtosecond laser under compressive stress. b) Spectra of same plasmonic device with different compressive strain from 0%
to —0.65%. c) Change of threshold value with compressive strain. d) The dependence of PL intensity pumping energy fluences at ¢ = 0% and —0.55%.

magnitude larger than that of the plasmonic devices. To clarify
the physical mechanisms involved, a new device structure where
a single CPBNW is partially on a ScAu/Al, O, substrate and par-
tially on a SiO, substrate using fixed-point transfer (Figure S7a,
Supporting Information). The comparison of the PL intensities
of the plasmonic and photon parts under 800 nm femtosecond
lasing excitation at the same pumping energy fluence is shown
in Figure S7b (Supporting Information). The PL intensity of the
plasmonic part is higher than that of the photon part under the
same pumping energy fluence. The PL intensity of the plasmonic
structure increases more rapidly with increasing pumping en-
ergy fluence and is higher than that of the photonic structure
(Figure S7c, Supporting Information), indicating an increased
proportion of exciton recombination. The higher PL intensity in-
dicates that the introduction of Au surface plasmons results in
an increase in exciton coupling efficiency due to its near-field
enhancement effect, which increases the optical gain and pro-
motes a decrease in the lasing threshold. To verify this interest-
ing phenomenon, 19 plasmonic devices, and 19 photonic devices
were selected for lasing threshold comparison under two-photon
pumping conditions. It can be observed that the lasing threshold
of plasmonic devices is much lower than that of photonic devices
shown in Figure 3f. By means of average calculation, the lasing
threshold of the latter is nearly five times higher than that of the
former. These experimental results demonstrate the universal-
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ity of the low-threshold characteristics of the plasmonic devices,
mainly attributed to the resonant coupling between the pump-
photo-excited gold-surface plasmonic excitons and the CPB exci-
tons, which effectively enhances the exciton complex efficiency.
This is an important manifestation of the extreme near-field en-
hancement property of metal surface plasmonic excitons.
Moreover, we transferred ScAu micrometer sheets to a flexible
PEN substrate and constructed plasmonic devices on the flexi-
ble substrate, achieving wavelength-tunable two-photon pumped
plasmonic nanolaser based on strain engineering. Figure 4a
shows a plasmonic device excited with a femtosecond laser at
800 nm using the same u-PL system, with an external mechan-
ical strain applied to the substrate. The two-photon pumped
plasmonic lasing wavelength is continuously blue-shifted from
535.52 to 534.32 nm, as shown in Figure 4b. It can be attributed
to the external mechanical strain-induced change in the effec-
tive refractive index of the hybrid nanocavity, the value of which
is jointly determined by the dielectric constant of both the gain
medium and the metal. Interestingly, the lasing peak intensity
gradually increases with the gradual increase of external mechan-
ical compressive strain (Figure S9b, Supporting Information). It
can be attributed to the fact that the application of external me-
chanical strain makes the resonant energy of surface plasmons
and the excitonic energy more compatible, which promotes the
exciton complex efficiency.®!! And the effective improvement of
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the optical gain provides an important prerequisite for further re-
duction of the lasing threshold. With the increase of compressive
strain, the threshold of the plasmonic device (ScAu/Al, O,/CPB)
reduced from 0.62 to 0.48 mJ cm~2, with a performance improve-
ment of 23%, as shown in Figure 4c. The results for the threshold
of the device (ScAu/Al, O,/CPB) compared to previously reported
results for other plasmonic lasers are summarized in Table S1
(Supporting Information), which is the lowest value reported in
the literature. It provides an effective strategy to further reduce
the plasmonic excitation lasing threshold for two-photon pump-
ing. Figure 4d shows the relationship between the PL intensity
and pumping energy fluence at compressive strains of 0% and
—0.55%. With the increase of compressive strain, the power-law
exponent increases slightly but still maintains a nearly quadratic
growth, indicating that the TPA plays an important role in the
excitation process, which directly reflects the nonlinear optical
properties of CPBNW.32 As mentioned above, due to the external
perturbation, the positive and negative charges inside the crystal
are separated and a dipole moment is generated to change the po-
larization, which effectively modulates the refractive index and
nonlinear absorption of the material, providing a new idea for
lowering the threshold and dynamically modulating the nonlin-
ear optical response.

3. Conclusion

In summary, under the excitation of 800 nm femtosecond
laser, a high-quality two-photon pumped single-mode plas-
monic lasing output is achieved in a hybrid Au/Al,O,/CsPbBr,
(ScAu/Al,0,/CPB) plasmonic device structure with a threshold
0f 0.74 mJ cm~2 and Q factor of 2069. By designing a flexible plas-
monic nanolaser with the PEN/single-crystal-Au/Al, O, /CsPbBr,
structure, the threshold is effectively reduced from 0.62 to 0.48
m] cm~2 under the excitation of 800 nm femtosecond laser
through strain engineering. The continuous blue shift of lasing
wavelength from 535.52 to 534.32 nm is also realized, which can
be attributed to the change in the effective refractive index of
the hybrid nanocavity induced by the piezoelectric polarization
effect. Our work introduces a new way to improve the lasing per-
formance of piezoelectric semiconductor materials and will ex-
pand the application of piezoelectric effects in flexible lasers and
on-chip strain sensing.

4. Experimental Section

Preparation of CsPbBrs Perovskite Single-Crystal Nanowires: The
CsPbBr; precursor solution was prepared by dissolving CsBr and PbBr,
powder (Alfa Aesar, 99.999%) in anhydrous dimethylformamide (DMF)
with a molar ratio. The concentration of the CsPbBr; precursor solution
was maintained at 0.01 m. This prepared precursor solution was stirred at
45 °C for 24 h and filtered for use. Subsequently, CsPbBr; nanowires were
prepared via the anti-solvent method using toluene as the anti-solvent.
The CsPbBr; precursor solution (230 uL) was dropped onto a slide (18
mm X 18 mm) and placed in a small dish within a larger dish. A certain
amount of toluene (~30 plL) was added into a larger petri dish as an
anti-solvent, and 3 m Parafilm with small holes was used to seal it to
control the volatilizing rate of the CsPbBr; precursor solution under the
action of toluene vapor. Finally, CsPbBr; nanowires were grown in an oven
at 30 °C. The length and diameter of different nanowires were controlled
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by adjusting the growth rate of the CsPbBr; precursor fluid through the
volatilization rate.

Preparation of 2D Single-Crystal Gold Microsheets: The precursor was
prepared by adding 333 mg polyvinylpyrrolidone (PVP) into 1.5 mL of
glycol solution, stirring until completely dissolved. Subsequently, 7 mL
of glycol solution was heated to 150 °C (ethylene glycol boiling point is
198 °C). Next, 0.1 mL of tetrachloroauric acid (HAuCl,e3H,0, 50% Au ba-
sis, Sigma, 99.99%) was added to the ethylene glycol solution, with tem-
perature controlled at 140 °C, the mixture was stirred for 15 min. Then,
the solution was placed in a blast fume hood, with the reaction temper-
ature controlled at 140 °C. The prepared precursor solution was added
drop by drop until the entire solution was used. The reaction was allowed
to proceed until the solution turned gold and transparent. After cooling,
the solvent was changed to isopropyl alcohol for further use.

Fabrication of Plasmonic Device: The prepared gold microsheet was
transferred to the glass substrate by using the drip method, and the 5 nm
Al,O; film was deposited on the surface of the gold micro sheet us-
ing an ALD atomic layer deposition system. Subsequently, the CsPbBr;
nanowires grown using the anti-solvent method were transferred to the
surface of the gold micro sheet using a 2D material positioning transfer
system. This process resulted in the preparation of a plasmonic nanolaser
with the ScAu/Al, 03 /CsPbBr; NWs structure.

Morphology and Structural Characterization: Scanning electron mi-
croscopy (SEM, SU8020, Hitachi), X-ray diffraction (XRD, D/MAX-2400,
Rigaku, Cu Ka radiation), and atomic force microscopy (AFM, Cypher S,
Asylum Research) were used to morphologically and structurally char-
acterize the as-prepared CsPbBr; nanowires, and single-crystalline Au
microsheets.

Numerical Calculations: The finite-element method (COMSOL) was
used for numerical calculations. By placing the CsPbBr; nanowire on
the Al,O;3/Au substrate, the effective index (n.g) and propagation dis-
tance (L,,) of the CsPbBr; nanowire with the thickness (T) of the CsPbBr;
nanowire were calculated. The refractive index of CsPbBr; and Al,O5 at 4
= 534 nm were 2.19, and 1.768,33] respectively, during the simulations.
The Au films were described by the Drude model based on Johnson's
experiments.[34] A full 3D simulation was performed using a hybrid plas-
monic mode as input, and the near-field electric field distribution and far-
field emission were calculated.
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