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ABSTRACT: Multiphoton absorption and luminescence are fundamentally important
nonlinear processes for utilizing efficient light—matter interaction. Resonant enhancement
of nonlinear processes has been demonstrated for many nanostructures; however, it is
believed that all higher-order processes are always much weaker than their corresponding
linear processes. Here, we study multiphoton luminescence from structured surfaces and,
combining multiple advantages of perovskites with the concept of metasurfaces, we 'y e ,
demonstrate that the efficiency of nonlinear multiphoton processes can become comparable / [ [ [ t E ' I I ‘ & ’1 \ \ '\
to the efficiency of the linear process. We reveal that the perovskite metasurface can ‘ LA
enhance substantially two-photon stimulated emission with the threshold being comparable

with that of the one-photon process. Our modeling of free-carrier dynamics and exciton recombination upon nonlinear
photoexcitation uncovers that this effect can be attributed to the local field enhancement in structured media, a substantial increase
of the mode overlap, and the selection rules of two-photon absorption in perovskites.

\ |
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he study of multiphoton absorption and luminescence B RESULTS AND DISCUSSION

from thin films has gained considerable attention during To address the above challenges, we aim to improve the

recent years owing to their importance in enriching the system from two aspects. First, a resonant nanostructure
fundamental understanding of electronic, vibrational, and should be optimized to enhance the local fields and mode
rotational states of various materials. In the past decades, overlapping. Second, we should select materials with
several multiphoton processes have been observed and extraordinary nonlinear responses. Over the past few years,
employed for applications such as optical storage,' > many types of nonlinear materials have been developed.”*'*
stimulated scattering,4’5 microscopy,é_s and nanofabrica- Solution-processable lead halide perovskites (MAPbX;, X = Cl,
tion.”'? Despite a rapid progress in this research direction, Br, I, and thgif mixtures) have shown their clear
wider applications of multiphoton processes in optics are advantages.4’15_2 A high value of the refractive index ensures

strong light confinement, whereas the exceptional nonlinear
susceptibility is essential for nonlinear processes including
third-harmonic generation and multiphoton stimulated emis-

strongly limited because of their overall low efficiencies. As an
example, two-photon absorption, being the third-order non-
linear process, requires an excitation power of 2—3 orders of

. . . . 1 sions. 728 Here, by combining the intrinsic advantages of
magnitude higher than that required for linear absorption. . 23,2720 0. .
erovskites with the concept of metamateri-
Recently, several approaches have been developed to enhance 17,18,25,30—34 :
als, we observe a giant enhancement of two-

the multiphoton light—matter interaction, e.g., by employing

photon emission from MAPDbBr; perovskite metasurfaces
plasmonic hot spots with resonances or by using higher-order

comparable with the one-photon processes.

excitonic states. The enhancement factor of 10° has even been Figure 1a shows schematically our perovskite metasurface. It
demonstrated in experiments.12 Nevertheless, the overall consists of a polymer grating on an 80 nm perovskite film. The
performance of multiphoton effects usually falls into the lattice spacing filling factor and thickness of the grating are | =
category of a weak signal approximation where the power law 395 nm, FF = 0.5, and h = 200 nm, respectively. All structural
follows the number of photons involved in the corresponding parameters employed for this work are summarized in Table
multiphoton process. More importantly, the required pumping

density is far above its linear counterpart in most of the Received: May 26, 2021

nanostructures, thus significantly hindering the development of Revised:  August 15, 2021

many applications of multiphoton nonlinear nanophotonics. Published: August 24, 2021

An open question is whether any nonlinear multiphoton

process can become comparable to or even exceed the linear

process for a given material.

© 2021 American Chemical Society https://doi.org/10.1021/acs.nanolett.1c02074
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Figure 1. Design of perovskite metasurfaces. (a) Scheme of the perovskite metasurface. (b) Numerically calculated transmission and reflection
spectrum at normal incidence and the experimentally recorded transmission spectrum at normal incidence. (c) Vertical cross sections of
electromagnetic field distributions at 650 nm (top) and 660 nm (bottom), respectively. (d) Top-view SEM images of the fabricated metasurfaces.
(e) Angular dependent transmission spectrum of the perovskite metasurface: theoretical (right) and experimental (left).
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Figure 2. Two-photon photoluminescence in perovskite metasurfaces. (a) Emission spectra from the perovskite metasurface that exited by the
parallel pump (solid blue line) and vertical pump (solid red line). Here the pump density is fixed at 0.135 mJ/cm?”. The dashed dotted line shows
the transmission spectrum of the filter. (b) Output intensities of two-photon emission that exited by the parallel pump (blue circles) and vertical
pump (red circles) as a function of pump fluence. The solid gray curve represents the result of modeling.

S1. In principle, the incident light can be partially coupled into
the waveguide mode within the perovskite film via the
diffraction of top nanostructures. For a designed incident
angle and wavelength, the uncoupled light can destructively
interfere with the reradiated waves from the waveguide.
Consequently, the transmission can be greatly suppressed, and
the incident light is efficiently coupled to the waveguide
modes. Figure 1b depicts the numerically calculated trans-
mission (blue curve) and reflection (red curve) spectra at
normal incidence. A resonant dip can be clearly seen at 650
nm, where the corresponding reflection is very low. Two
panels in Figure lc show the vertical cross sections of the
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electric field at the resonant wavelength and 660 nm,
respectively. From the direct comparison in Figure lc and
the spectra in Figure 1b it is easy to determine that near 70% of
the incident light at the resonant wavelength has been coupled
into the waveguide, leading to the strong in-plane confinement
and local field enhancement.

In the perovskite metasurface, the intensity of the incident
light has been enhanced by 7.7 times (see Figure S1). More
importantly, the propagation distance of the waveguide mode
can be orders of magnitude longer than the device thickness.
Consequently, associated with its exceptional nonlinearity, the
proposed perovskite metasurface should be ideal for studying

https://doi.org/10.1021/acs.nanolett.1c02074
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the multiphoton processes, and dramatic enhancement can be
expected from it. Note that the enhancement is not limited to
the angle or wavelength. As depicted in the left part of Figure
le, the transmission dip splits into two resonances at larger
incident angle because of the linear dispersion relation of one-
dimension photonic crystal and two mode interaction (see
Supporting Information Note 2 and Figure S2), whose
confinement and field enhancement are also similar (see
Figures S3—S5).

Based on the above analysis, the perovskite metasurface was
prepared with spin-coating and patterned with a standard
lithographic process (see detail in Supporting Information
Note 4). Figure 1d shows the top-view scanning electron
microscope (SEM) image of the metasurface. The top polymer
grating has straight sidewalls with negligible surface roughness.
The lattice size and the filling factor also follow the design. The
corresponding angular dependent transmission spectrum of the
sample has been characterized with a homemade optical
microscope system (see detail in Supporting Information Note
5). The transmission at normal angle is shown in Figure 1b by
a yellow line, whereas the angular dependence is presented in
the right part of Figure le. All the results are consistent with
the numerical calculations, clearly demonstrating the promising
potential of the fabricated perovskite metasurfaces in multi-
photon processes.

Photoluminescence (PL) from the perovskite metasurface
was optically excited by weakly focusing a wavelength tunable
femtosecond laser onto it (see Figure S6). When the pump
laser was tuned to 650 nm with a density of 0.135 m]J/ cm? a
bright green light could be clearly seen with the naked eye. The
solid blue line in Figure 2a shows the corresponding emission
spectrum, which is a broad photoluminescence peak centered
at 530 nm and filtered by a bandpass filter (dash dotted line).
The photoluminescence spectrum without using the filter is
well consistent with the previous results (see details in
Supporting Information Note 6 and Figure S7). This emission
spectrum confirms the upconversion process. For a direct
comparison, the upconversion photoluminescence of the same
perovskite film exited by a vertical pump has also been
measured. We notice that the vertical pump and parallel pump
mean that the polarization of the pump laser is perpendicular
to or parallel to the grating grooves. Under the same pump
density, the green emission is very dim and hard to see. The
corresponding spectrum (solid red line) in Figure 2a is orders
of magnitude weaker, clearly demonstrating the enhancement
of two-photon luminescence in the perovskite metasurface. In
our design, there is no resonance at the emission wavelength
for the vertical case. Consequently, the Purcell effect for
spontaneous emission can be neglected, and the main effect
can be attributed to the field enhancement and an increase of
the propagating length.

Generally, PL in semiconductors is the result of two
processes: photoexcitation of charge carriers and light emission
via the carrier’s recombination. PL power can be represented
as Pp;~ QY X N, where QY is PL quantum yield and N, is
the number of photoexcited charge carriers. In this regard, the
main difference between linear and multiphoton PL is related
to the mechanisms of the carrier generation rate. The
generation rate for one-photon excitation is

(dl\rabs/dt)lw

L .
— —aF, whereas generation for two-photon
ph1

excitation is (dN,./dt),, = %ﬂFZ, where 7 is the pulse
T Epna
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E

duration, E,, is the photon energy, 7 is the incident light
coupling efficiency related to optical resonances in the
metasurface, @ is the linear absorption coeflicient, f is the
two-photon absorption coeflicient, and F is laser fluence. In
turn, QY is determined as the ratio between radiative (R,,;)
and nonradiative (R,,) recombination rates QY = R,.;/(R,, +
R..;), which can strongly depend on the photogenerated
carrier’s density.

The dependence of QY on the carrier’s density is originated
from its fundamental properties. Namely, if the photo-
generated carriers form excitons, their radiative recombination
rate is a linear function of their density (R,.4).x ~ N, On the
other hand, if the binding energy is not enough for stable
exciton formation, electrons and holes recombine as free
carriers with a radiative recombination rate proportional to the
quadratic function of their excess (Rmd)fc ~ Nfcz. Considering
the quadratic dependence of the two-photon generation rate
on the incident laser fluence, one can derive laws for the PL
power for excitons Py, ~ F* and for free carriers Py, ~ F*. In
perovskite MAPbBr;, the binding energy of the bulk exciton is
around 40 meV>> which means that at room temperature 5%
of carriers form excitons according to the Saha—Langmuir
equation at low fluences. However, the excitonic fraction
gradually decreases with an increase of the carrier density (i.e.,
with an increase of the laser fluence) until the critical density
corresponding to the Mott transition, where all carriers
become free. This results in the mixing of two types of
carriers, and, thus, the dependences of Pp; on laser fluence
shows a transition from free-carrier-like behavior to the
excitonic one. All details and calculations are given in the
Supporting Information (see details in Supporting Information
Note 7, Table S2, and Figure S8).

The above analysis has been experimentally confirmed by
exploring the output intensity as a function of the pumping
fluence. Here the coupling efficiency into the metasurface has
also been considered for accurate analysis (see Figure S9). The
experimental results are summarized as blue circles in Figure
2b. The integrated intensity of PL follows the solid gray line
which represents the calculated dependence. Estimation of the
slope reveals that it gradually changes from 3.7 at low fluences
to a slope of 2 at higher fluences (see details in Supporting
Information Note 7). Due to the presence of bimolecular
emission, the linear spontaneous emission usually has a slope
of 2.0 but can close to 1 due to the contribution of excitons to
free carriers.

The red circles in Figure 2b show the reference spectral
intensity recorded under the excitation of a 650 nm fs laser
polarized vertical to the grating strips (see Figure S$10). Since
there is no resonance at 650 nm for such a polarization, the
local field enhancement and the coupling to the waveguide
mode is negligible. As a result, the required fluence is about 2
orders of magnitude higher even though its power-dependent
slopes are quite similar. Due to the change in slopes, the
enhancement factor is also power dependent. At low fluence,
the estimated value is as large as 10° (see details in Supporting
Information Note 10 and Figure S11).

Based on the dramatic enhancement of two-photon
luminescence, it is intriguing to explore whether the multi-
photon emission can be comparable to its linear counterpart.
To answer this question, we have excited the perovskite
metasurface with the femtosecond laser at 400 nm and
recorded the emission spectra (see Figure S12). Parts of the
results are shown as red lines in Figure 3a. The solid lines of
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Figure 3. Comparison between one-photon and two-photon emissions. (a) Emission spectra under one-photon and two-photon excitation at three
pump fluences. (b) Dependence of integrated intensities under three types of excitations on the pump fluence. The solid gray curves are the results
of modeling. (c, d) Time-resolved integrated intensity of photoluminescence under one-photon (red solid line) and two-photon (blue solid line)
excitations below and above threshold at 15 K, respectively. Red and blue dashed curves present the corresponding numerical fittings.

blue tint correspond to the two-photon emission recorded with
the same pump fluences. When the pumping density is around
10 uJ/cm? the intensity of the two-photon emission is about
1/60 of the linear one. Due to the larger slopes of the
nonlinear process, the intensity of the two-photon emission
increases much faster and is around 60% of the linear emission
at a pump fluence of 79 uJ/cm® Upon further increase of the
pumping fluence, both the linear excitation and the two-
photon pumping produce similar spontaneous emissions. The
linear excitation reaches the threshold of stimulated emission
first, and the two-photon excitation also produces the
stimulated emission quickly (see Supporting Information
Note 12). The power dependences of one-photon and two-
photon emissions are summarized in Figure 3b. It is easy to see
that the thresholds for stimulated emission are very close in
two cases, indicating the nearly ideal enhancement of
multiphoton emission. In the same time, the nonlinear process
excites a much lower concentration of full charge carriers than
one photon excitation without metasurfaces. Under 0.18 m]J/
cm? excitation, the concentration of full charge carriers for one-
photon excitation N is 4.3 X 10" cm™. The value for the
nonresonant two-photon excitation is N, = 9.1 X 10'* cm™,
which is far below the linear case. Once the resonance is
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considered, the value of the two-photon case becomes N, = 6.2
X 10" ¢cm™, comparable to the value of N under one-photon
excitation. The details are given in Supporting Information
Note 7.

The experimental results shown in Figure 3a,b contradict the
common belief that a nonlinear process in a thin nanostructure
is much weaker than the corresponding linear process. In
general, there are several key parameters that determine the
photoluminescence, e.g., the enhancement of excitation, the
spontaneous emission coupling factor, the overlapping
between stimulated emission and excitation, etc. In our
perovskite metasurface, the field enhancement (~7.7 times)
at two-photon excitation is confirmed from the simulation of
electric field distribution. From our modeling of experimental
dependences of PL on pump fluence, we revel that this value of
local electric field enhancement equals ~10 for a two-photon
resonant parallel pump compared with a vertical pump.
Meanwhile, as no resonance appears at the emission
wavelength, the spontaneous emission coupling factor of
one-photon and two-photon excitation should be the same.
The third factor is typically considered to play an essential role
in thick crystals and neglected in thin film. Here, however, the
situation is different. The 400 nm pumping laser only

https://doi.org/10.1021/acs.nanolett.1c02074
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experiences a single pass transmission. In the case of two-
photon emission, the resonance at 650 nm can efficiently
couple the incident laser into the waveguide mode, transiting
the absorption length from thickness to the propagating length
along the waveguide. Such a difference makes the overlapping
between stimulated emission and excitation in two cases
different and induces the two-photon emission approaching
the one-photon luminescence.

In addition, the intrinsic material properties of perovskite
can also affect the results. Except for a few new materials, the
lowest-energy sublevel of bulk halide perovskites is usually
dark, and its transition to the ground state is dipole forbidden,
if quantum confinement does not affect excitonic proper-
ties."”?" The emission from such a sublevel requires the
assistance of the photon and is typically slow (i.e., order of
nanoseconds even at low temperatures). Consequently, this
kind of emission cannot attribute to the stimulated emission.
On the other hand, the two-photon excitation was widely used
to excite such dipole-forbidden PL and, thus, can utilize such
transitions and produce higher gain.’® This conjecture was
confirmed experimentally with the time-resolved two-photon
luminescence at 15 K (see Figure 3c). One-photon PL has a
stronger slow component than the two-photon one. There is a
fast time of 0.46 ns and slow time of 1.76 ns for the two-
photon pump, whereas for the one-photon pump the times
equal 0.58 and 2.48 ns, respectively. The larger slow
component under one-photon excitation is preserved at a
higher pump fluence. As depicted in Figure 3d, there is still a
long tail following the one-photon stimulated emission: the fast
time is 0.012 ns and the slow time is 0.34 ns. On the contrary,
the two-photon emission rapidly reduces to the noise level
(~107%) with fast time of 0.008 ns and slow time of 0.18 ns
(Figure 3d). This clearly demonstrates that the one-photon
excitation contributes less gain to the system and is consistent
with our experimental results. We notice that the resonance
with the excitonic states has not been utilized in this
experiment. If the higher-energy conduction band states are
employed, the enhancement factor can be further im-
proved.*”**

It is also important to note that the enhancement in the
perovskite metasurface is not limited in the two-photon
process. It also holds true for the other nonlinear processes. As
shown in Figure 3b, the intensity of the three-photon
luminescence is also comparable to the linear fluorescence.
The threshold for the three-photon stimulated emission is only
30 times the linear stimulated emission (see Table S3 for
multiphoton summary threshold). However, as illustrated in
the Figure S14, we must point out here that the enhancements
for a four-photon case also happens but is not as significant as
for the two- and three-photon cases. This is caused by the
competition with THG processes. We can also improve the
enhancement factor or decrease the full wave half-maximum
(fwhm) by decreasing the refractive index contrast between the
environment and polymer grating (see Supporting Information
Note 14).

In summary, we have studied experimentally the multi-
photon processes in perovskite metasurfaces. We have revealed
that two-photon fluorescence in such structures can be
enhanced dramatically to become comparable to its linear
counterpart. The threshold of two-photon stimulated emission
is only 2.7 times the linear one. This effect has been attributed
to the local-field enhancement in metasurfaces, a significant
increase of an overlap between stimulated emission and
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excitation modes, and the selection rules in lead-halide
perovskites. Similar enhancement has also been observed for
three-photon luminescence. Since the main physical mecha-
nism is the field enhancement and increase of the interaction
distance, the demonstrated effect should also be observed in
other metasurfaces and other materials with high values of the
refractive index, e.g., ZnO, GaN, etc. We believe this finding
will help to expand applications of multiphoton processes and
techniques.

B METHODS

Numerical Simulations. All numerical simulations are
carried out by using the commercial software COMSOL
Multiphysics based on the finite element method. For the
design of metasurface, we use a two-dimensional simulation as
grating is infinite in the out-of-plane direction; Floquet
periodic boundary conditions in the x direction of the unit
are employed. The perfectly matched layers (PMLs) are placed
on the top and the bottom boundaries to minimize the
reflection. The maximum mesh size is 1/10 of the minimum
wavelength. Optical properties of all materials used in the
simulation are obtained from ellipsometry measurements. A
periodic plane-wave with E, component is excited into the
structure along the y direction. We use Particle Swarm
Optimization (PSO) to find the best structure parameters that
support the strongest enhancement factor. We select five
wavelengths around the target resonance wavelength and sum
the enhancement factor as a figure of merit (FOM) to smooth
the target solution space. We use 20 particles and select
parameters of the top ten FOM, to confirm that the
enhancement factor has approached the maximum while
tolerating the fabrication error.

Deposition of the Perovskite Film. Our metasurface is
composed of a 200 nm polymer grating and 80 nm perovskite
film for two-photon emission. For the 80 nm MAPbBr; film,
0.6 mol L™" MAPbBr, precursor synthesized by dissolving
PbBr, and CH;NH;Br powders in dimethyl sulfoxide (DMF)
was stirred for 6 h at 80 °C. A total of S0 uL of precursors were
then spin-coated onto a 13 nm ITO glass at 4000 r.p.m for 60
s. A total of 70 uL of chlorobenzene was quickly dropped to
form an 80 nm dense film during the spin-coating process and
then annealed at 100 °C for 10 min. All the above processes
were operated in the Ar,-filled glovebox. The film thickness is
accurately controlled by solution concentration and spin speed
(see Supporting Information Note 15).

Fabrication of Nanostructures. The polymer grating was
fabricated by standard lithographic processes. The 200 nm
photoresist (ZEP520 A) was coated on the MAPbBr,
perovskite film, which was patterned by electron beam
lithography (Raith Eline 150Plus). The whole size of the
sample is 100 X 100 um?® with quite good uniformity (see
Supporting Information Note 15). The pattern was developed
in the developer solution (NS50) at room temperature for 50 s
after the electron beam irradiation.

Optical Characterization. For the angular dependent
transmission spectrum measurement, through adjusting the
angle of the 3D-rotate sample stage, the corresponding angular
dependent transmission spectrum was coupled to a spec-
trometer.

For multiphoton photoluminescence measurement, a
regenerative amplified femtosecond laser (Spectra-Physics,
800 nm, repetition rate 1 kHz, pulse width 100 fs, seeded by
MaiTai) pumped an oscillating parametric amplifier (TOPAS,

https://doi.org/10.1021/acs.nanolett.1c02074
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wavelength range: 290 nm—2600 nm) to generate a tunable
laser or generate 400 nm second harmonic generation (SHG)
from an a-BBO as the pump laser. The pump laser went
through a telescope, which consisted of a 75 mm plane-
concave lens and a —50 mm plane-concave lens. Changing the
distance between the two lenses could adjust the divergence
angle of the laser and, thus, change the size of the light spot on
the sample. We use the second-moment beam width method
to measure beam diameter from a picture.
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