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ABSTRACT: Metal nanocavities can generate plasmon-enhanced
light upconversion signals under ultrashort pulse excitations
through anti-Stokes photoluminescence (ASPL) or nonlinear
harmonic generation processes, offering various applications in
bioimaging, sensing, interfacial science, nanothermometry, and
integrated photonics. However, achieving broadband multiresonant
enhancement of both ASPL and harmonic generation processes
within the same metal nanocavities remains challenging, impeding
applications based on dual-modal or wavelength-multiplexed
operations. Here, we report a combined experimental and
theoretical study on dual-modal plasmon-enhanced light upconver-
sion through both ASPL and second-harmonic generation (SHG)
from broadband multiresonant metal nanocavities in two-tier Ag/
SiO2/Ag nanolaminate plasmonic crystals (NLPCs) that can support
multiple hybridized plasmons with high spatial mode overlaps. Our measurements reveal the distinctions and correlations
between the plasmon-enhanced ASPL and SHG processes under different modal and ultrashort pulsed laser excitation
conditions, including incident fluence, wavelength, and polarization. To analyze the observed effects of the excitation and
modal conditions on the ASPL and SHG emissions, we developed a time-domain modeling framework that simultaneously
captures the mode coupling-enhancement characteristics, quantum excitation−emission transitions, and hot carrier
population statistical mechanics. Notably, ASPL and SHG from the same metal nanocavities exhibit distinct plasmon-
enhanced emission behaviors due to the intrinsic differences between the incoherent hot carrier-mediated ASPL sources with
temporally evolving energy and spatial distributions and instantaneous SHG emitters. Mechanistic understanding of ASPL and
SHG emissions from broadband multiresonant plasmonic nanocavities marks a milestone toward creating multimodal or
wavelength-multiplexed upconversion nanoplasmonic devices for bioimaging, sensing, interfacial monitoring, and integrated
photonics applications.
KEYWORDS: nonlinear plasmonics, broadband multiresonant nanocavity, nanolaminate plasmonic crystals, second-harmonic generation,
anti-Stokes photoluminescence, hot electrons and holes, intraband recombination

INTRODUCTION
Metal nanocavities can support surface plasmon modes,
concentrating optical fields in the nanoscale matter to enhance
various luminescence processes, including spontaneous and
stimulated emission, resonant and nonresonant Raman
scattering, and nonlinear harmonic generation.1−6 Notably,
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even without incorporating additional luminescent materials,
metal nanocavities can directly generate plasmon-enhanced
upconversion luminescence signals under ultrashort pulse
excitations through nonlinear harmonic generation7−13 or
anti-Stokes photoluminescence (ASPL).14−19 Plasmon-en-
hanced excitation or emission transitions at metallic surfaces
with broken centrosymmetry enable metal nanocavities to
produce narrowband coherent second harmonic generation
(SHG) signals, with applications in bioimaging, sensing, and
integrated photonics.20−25 In contrast, ASPL from metal
nanocavities exhibits broadband upconversion emission spectra,
which are useful for bioimaging, nanothermometry, and
interfacial chemical reaction monitoring.14,26−31 However,
generation mechanisms of nanoplasmonic ASPL remain under
debate due to the potential involvement of several plasmon-
enhanced pathways, including interband recombination of
excited electron−hole pairs between metal sp and d
bands,32,33 intraband recombination (IBR) of excited elec-
tron−hole pairs within the metal sp band,34−37 and instanta-
neous electronic Raman scattering (ERS) of sp band electrons
via intermediate virtual states.18,19,38−40 Moreover, it is still
debated41 whether ASPL photons originate from plasmon-
enhanced radiative electron−hole pair recombination15,34,36,42

or emitted via the surface plasmons excited by a nonradiative
recombination process.43−45 Furthermore, even with growing
research efforts, limited investigation exists regarding the
differences and connections between ASPL and harmonic
generation processes in the same metal nanocavities, as well as
their dependence on optical excitation and modal conditions.
This gap impedes the mechanistic understanding of various
plasmon-mediated ASPL and harmonic generation pathways
and their interrelationships, which is crucial for developing
multimodal or wavelength-multiplexed nano-optics devices
based on plasmonic light upconversion in broadband multi-
resonant metal nanocavities.

Here, we report a combined experimental and theoretical
study on dual-modal plasmon-enhanced light upconversion
through ASPL and SHG from broadband multiresonant metal
nanocavities under near-infrared (NIR) ultrashort pulsed laser
excitation (Figure 1a). Our study employs the recently
developed two-tier Ag/SiO2/Ag nanolaminate plasmonic
crystals (NLPCs)46 that can support multiple hybridized
plasmon modes with high spatial overlap for broadband
multiresonant enhancement of multiphoton excitation and
emission transitions in ASPL and SHG from metallic hotspots
(Figure 1a,b). We have conducted measurements to investigate
the differences and correlations between the plasmon-enhanced
ASPL and SHG processes under different ultrashort pulsed laser
excitation conditions, including incident fluence, wavelength,
and polarization. Also, by engineering the NLPCs’ plasmonic
modes at the excitation and emission wavelengths, we have
studied how the plasmonic enhancement of the excitation and
emission transitions can affect the ASPL and SHG emission
properties.
To understand the observed effects of the optical excitation

and modal conditions on the ASPL and SHG emission
properties, we developed a time-domain modeling framework
combining optical simulations, coupled-mode theory, quantum
optics, and hot carrier statistical mechanics. Notably, our
plasmon-enhanced ASPL model incorporates both IBR (Figure
1d) and ERS (Figure 1e) pathways, while our plasmon-
enhanced SHG model (Figure 1f) accounts for the second-
order susceptibility modification due to the electron distribution
perturbation. By fitting the measured trends of the ASPL and
SHG power laws and spectral features, we find that the IBR can
be the dominant ASPL pathway in multiresonant metal
nanocavities of NLPCs. Our study further reveals that the
relative contribution levels of the native (thermally excited
before the excitation), excess nonthermalized, and excess
thermalized hot carriers to the IBR-mediated ASPL emission

Figure 1. Probing plasmon-enhanced second harmonic generation (SHG) and anti-Stokes photoluminescence (ASPL). (a) A cartoon
illustration of the SHG and ASPL emission from nanolaminate plasmonic crystals (NLPCs) upon NIR ultrashort pulsed laser excitation. (b)
The top-view and cross-sectional SEM images of the NLPC samples with different TiO2 capping layer thicknesses (h): H1 (h = 25 nm), H2 (h =
60 nm), and H3 (h = 130 nm). (c) The schematic illustration of the upconversion emission measurement setup. (d−f) Energy diagrams
representing the multiresonant plasmon enhancement of the (d) intraband recombination (IBR) mediated ASPL, (e) electronic Raman
scattering (ERS) mediated ASPL, and (f) SHG processes.
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can significantly influence its input-output power-law, spectral
and temporal characteristics. By analyzing the correlations
between the excitation laser and the nonlinear emission
polarizations, we demonstrate that both ASPL and SHG
photons come from radiative surface plasmon decay rather
than radiative electronic transitions within the sp band (Figure
1d−f). Furthermore, we find that ASPL and SHG from the same
metal nanocavities exhibit different plasmon-enhanced emission
behaviors due to the intrinsic differences between the incoherent
hot carrier-mediated ASPL sources with time-dependent energy
and spatial distributions and instantaneous SHG emitters. We
envision that NLPCs can provide a versatile multiresonant
nanoplasmonic platform to explore broadband multiresonant
enhancement of both ASPL and harmonically generated signals,
leading to upconversion nano-optics devices based on multi-
modal and wavelength-multiplexed operations.

RESULTS AND DISCUSSION
We have employed a combination of nanoimprint lithography
and electron beam deposition techniques47 to create Ag-based
conventional plasmonic crystal samples (G1−G3) and NLPC
samples (H1−H3) with anticorrosion TiO2 capping layers of
different thicknesses: ≈25 nm for H1/G1, ≈60 nm for H2/G2,
and ≈130 nm for H3/G3 (Table 1 and Figure 2a). By design,

G1−G3 samples consist of a single Ag layer (≈80 nm) on top of
a polymer nanopillar array (periodicity = 400 nm) to support
delocalized Bloch surface plasmon polariton (SPP) modes on
the Ag-TiO2 interface. H1−H3 samples (Figure 1b) include
additional nanolaminated SiO2 (≈6 nm) and Ag (≈30 nm)
layers to support gap Bloch SPP modes inside their periodically
corrugated Ag/SiO2/Ag metal−insulator−metal (MIM) nano-
sandwitch, in addition to the delocalized modes on the Ag-TiO2
interface. Furthermore, Ag/SiO2/Ag nanodomes on top of the
nanopillars in H1−H3 can support multiple localized MIM gap
plasmons to hybridize with their delocalized modes through
near-field optical coupling.
We employed spectrophotometry to measure the reflectance

spectra (Figure 2b) of the H1−H3 and G1−G3 samples and
compared these results with the reflectance spectra derived from
finite-difference time-domain (FDTD) calculations (Figure 2c).
Generally, the FDTD-calculated reflectance spectra exhibit good
agreement with the measurements. Due to the 80 nm Ag layer,
all the samples have negligible transmittance, and thus the
reflectance dips can represent the resonant absorption peaks of
the different modes (R ≈ 1 − A). To better understand the
microscopic characteristics of different plasmonic modes in the
samples, we plot the corresponding near-field mode profiles of
resonant features for H3 and G3 samples in Figures 2d-e. There
are several crucial observations. First, H1−H3 and G1-G3

samples exhibit similar resonant reflectance dips below 950 nm.
As revealed in the near-field profiles, the modes below 950 nm,
including the λ1, λ2, and λ3 resonances for H3 and λ′1, λ′2, and λ′3
resonances for G3, are primarily associated with Bloch SPP
modes of different grating orders on the Ag-TiO2 interface. Both
λ1−λ3 modes in H3 and λ′1− λ′3 modes in G3 can concentrate
the optical fields on the outer surface of the nanodomes with |E|2
enhancement factors of 101 to 102 (Figure 2d-e). Second, in
bothH1−H3 andG1-G3 samples, the resonances below 950 nm
redshift with increasing TiO2 capping layer thicknesses due to a
higher effective dielectric refractive index at the Ag-TiO2
interface. Third, G1−G3 samples have negligible optical
absorption above 950 nm. Only G3 shows a broad Bloch SPP
resonance around λ′4 = 1400 nm. In contrast, H1−H3 samples
show multiple resonant reflectance dips above 950 nm, almost
unaffected by the TiO2 capping layer thickness. Near-field
profiles in Figure 2d reveal that λ4 and λ5 resonances originate
from the gap Bloch SPP modes in Ag/SiO2/Ag layers, while λ6
resonance is due to the localized gap plasmons in the Ag/SiO2/
Ag nanodomes. Finally, all the λ1−λ6 near-field mode profiles
(Figure 2d) show intensely concentrated optical fields inside the
Ag/SiO2/Ag nanodomes with |E|2 enhancement factors of 102 to
103, suggesting high spatial mode overlaps due to effective
optical hybridization between the localized gap plasmonic
modes in the Ag/SiO2/Ag nanodomes and the delocalized
modes on the Ag-TiO2 interface and in the Ag/SiO2/Ag
nanosandwich.
To investigate the nonlinear optical responses of the samples,

we conducted free-space upconversion emission measurements
(Figure 1c) under ultrashort pulsed laser excitation (Δtinc = 140
fs pulse duration and f inc = 80 MHz repetition rate) at 30°
incident angle and with emission collection in the 490−890 nm
spectral range at the normal angle.With pulsed laser excitation at
incident wavelengths λinc ≥ 960 nm, G1−G3 samples can only
enhance the nonlinear emission transitions, while H1−H3
samples can simultaneously enhance both the excitation and
emission transitions due to their broadband multiresonance
with spatial mode overlap. Figure 3a shows the upconversion
emission spectra of H1/G1, H2/G2, and H3/G3 samples under
P-polarized excitation at the incident wavelength of λinc = 1020
nm and the incident fluence of Einc = 204 nJ/cm2. There are
several important observations. First, both G1-G3 and H1−H3
samples feature a sharp SHG peak at 510 nm together with a
broad ASPL emission that quickly drops below the SHG
wavelength. Compared to G1-G3 samples without MIM
nanogaps, H1−H3 samples produce one to two orders higher
SHG and ASPL emission intensities due to the absorption
enhancement by the MIM gap plasmons at the pump
wavelength of 1020 nm. Furthermore, we find a spectral
correlation between the ASPL emission peaks and the
reflectance dips (or absorption peaks) in both H1−H3 and
G1−G3 samples (SI, Figure S1), revealing that the plasmonic
modes across the ASPL spectral band enhance the emission
process through the Purcell effect.15

In Figure 3b, the measured upconversion emission spectra
from the H3 sample at different incident fluence levels (Einc)
show that the SHG and ASPL signals increase nonlinearly with
the fluence (corresponding power and irradiance levels in Table
S1). Interestingly, the ASPL spectral lineshapes (Figure 3c)
barely change with the increased fluence up to Einc ∼ 127 nJ/
cm2, and only slight spectral blueshifts occur at higher fluence
levels (Einc ≥ 178 nJ/cm2). Also, the ASPL emission below the
SHG wavelength at 510 nm is negligible for the fluence levels

Table 1. Description of H1−H3 and G1−G3 Plasmonic
Crystal Samples, Where the Metal and Dielectric Layers Are
Deposited on a Polymer Nanopillar Array with 400 nm
Periodicity

sample description

H1 Ag (80 nm)/SiO2 (6 nm)Ag (30 nm)/TiO2 (25 nm)
H2 Ag (80 nm)/SiO2 (6 nm)Ag (30 nm)/TiO2 (60 nm)
H3 Ag (80 nm)/SiO2 (6 nm)Ag (30 nm)/TiO2 (130 nm)
G1 Ag (80 nm)/TiO2 (25 nm)
G2 Ag (80 nm)/TiO2 (60 nm)
G3 Ag (80 nm)/TiO2 (130 nm)
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less than Einc ∼ 204 nJ/cm2 (Figure S2 in SI). By exponential
fitting, we find that the SHG signals (integrated from 505 to 515
nm) and the ASPL signals (integrated from 530 to 890 nm) have
power-law exponents of ≈2.36 and ≈2.22 across all the input
fluence levels (Figure S3b in SI), suggesting that the two-photon
excitation processes dominantly contribute to the nonlinear
emission signals. However, as shown in Figure 3d, the
differential power-law exponents of the SHG and ASPL signals
(SI, section 1) vary with the fluence due to the contribution of

higher-order processes to the plasmon-enhanced SHG and
ASPL emissions. Both the SHG and ASPL power-law exponents
increase with Einc from 76 to 102 nJ/cm2 and from 127 to 178
nJ/cm2 but show an anomalous decrease around Einc = 127 nJ/
cm2, especially for SHG. We hypothesize that the observed
anomalies in the fluence-dependent SHG and ASPL power-law
exponents may be associated with the subtle reversible
geometric modifications (e.g., local thermal expansion) and
the uneven lattice temperature induced by the plasmonic

Figure 2. Passive optical properties of the designed samples. (a) Schematic illustration of the H1−H3 andG1−G3 samples. (b-c) Themeasured
and FDTD-calculated reflectance spectra of the samples. (d-e) FDTD-calculated near-field |E|2 profiles of the H3 and G3 samples at the
resonances marked in their reflectance spectra.

Figure 3. Influence of design geometry and fluence on the upconversion emission spectra. (a) The measured upconversion emission spectra of
the H1/G1, H2/G2, and H3/G3 samples under ultrashort pulsed laser excitation (P-polarized, λinc = 1020 nm, and Einc = 204 nJ/cm2). H and G
samples in each graph share the same TiO2 capping layer thickness. (b) The measured upconversion emission spectra and (c) lineshapes from
the H3 sample under ultrashort pulsed laser excitation (P-polarized, λinc = 1020 nm) at different fluence levels (Einc = 76 nJ/cm2 up to Einc = 204
nJ/cm2). (d) The fluence-dependent spectrally integrated power-law exponents (p) from the measured SHG (505−515 nm) and ASPL (530−
890 nm) signals, and simulations based on the IBR-ASPL and ERS-ASPLmodels. (e) The spectrally resolved power-law exponents (p) from the
measured ASPL spectra and simulations based on the IBR-ASPL and ERS-ASPL models at two different fluence ranges.
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photothermal effects at the metal interface. The SHG power-law
anomaly could also result from the alteration of the second-
order susceptibility χ(2) due to plasmon-enhanced hot carrier
generation and the subsequent changes in electron distribution
at the metal surface.48,49 Further investigation is required to fully
understand the observed power-law anomalies.
By spectral analysis of the fluence-dependent ASPL power-

law exponents16 in Figure 3e and Figure S3d in SI, we find that
the power-law exponent can vary with the emission photon
energy (hν) but remains ≈2 for Einc ≤ 127 nJ/cm2. As Einc
increases above 127 nJ/cm2, the power-law exponent grows
above 2 and gradually assumes an increasing trend with hν,
consistent with the slight blueshift observed in the ASPL
emission spectral shape in Figure 3c. In what follows, we will
show that the observed fluence-dependent behaviors of the
ASPL emission result from an IBR-dominant PL process.
Before the ultrashort pulsed laser excitation, the electrons

in the metal are at thermal equilibrium with the lattice and
f o l l o w t h e F e r m i − D i r a c d i s t r i b u t i o n
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, where ϵ is the electron

energy, EF = 5.49 eV is the silver Fermi energy, KB denotes the
Boltzmann constant, and T0 = 300 K is the room temperature.
The system only contains a small concentration of thermally
excited native hot carriers (i.e., hot electrons and hot holes) in
the pre-excitation state. Absorption of ultrashort laser pulse
photons can abruptly generate excess hot carriers to perturb the
equilibrium electron distribution in the energy range from ∼ EF
− hνinc up to ∼ EF + hνinc, where h is Planck’s constant and νinc is
the incident laser frequency. The incident laser pulse also
resonantly excites the surface plasmons that enhance the light
absorption and hot carrier generation through the Landau
damping process.50 The time-dependent hot carrier generation
rate, Ginc (ϵ,t), can be expressed to the first order as51,52
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depends on the system modal characteristics and excitation
condit ions such as wavelength and polar izat ion.
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is the instantaneous incident

irradiance, where Δtinc = 140 fs and Einc are the temporal
width and fluence of the laser pulse, respectively, and “sech”
represents the hyperbolic secant function.
A common perturbation-based approach is to divide the total

electron distribution as ρ(ϵ,t) = ρnt (ϵ,t)+ρt (ϵ,t), where the
nonthermalized component ρnt has a non-Fermi distribution,
and the thermalized component ρt has a Fermi−Dirac
distribution at the electronic temperature Te (t) ≥ T0.

53 In the
equilibrium condition before the excitation (t = −∞), Te = T0
and ρnt = 0. The excitation process (eq 1) initially generates

nonthermalized carriers ( = |Ginc
d

dt gen
nt ) but as soon as the

generation occurs, electron−electron (e−e) collisions transfer
the energy from the nonthermalized carriers to the thermalized
ones, leading to a rise in Te. Simultaneously, electron−phonon
(e−ph) collisions transfer the energy stored in the excess hot
carriers to the lattice, and thus eventually, both the non-

thermalized and thermalized electron populations decay to their
pre-excitation levels. The photoluminescence process also
consumes the hot carriers but has a negligible effect on the
hot carrier concentration due to its low quantum yield
(<10−5).37 We model the above-described time-evolution of ρt
and ρnt using two master equations (SI, Section 2) rigorously
built on the charge and energy conservation laws instead of
assuming a fixed effective electronic temperature17 or using a
temperature-dependent electronic heat capacity.19 Given Minc,
λinc, and Einc, we can employ the master equations to model the
time evolution of the electron distribution upon the ultrashort
pulsed laser excitation. As an example, Figure S4 (in SI) shows
ρnt(ϵ,t), ρt(ϵ,t), and ρ(ϵ,t) = ρnt(ϵ,t) + ρt(ϵ,t) curves for a system
withMinc = 2 × 10−3 cm2/nJ and excited by a λinc = 1020 nm and
Einc = 204 nJ/cm2 laser pulse.
We next use the obtained time-dependent electron distribu-

tions to calculate the ASPL emission rate. ASPL emission results
from electronic transitions across the sp band states induced via
the perturbation of the metal intrinsic Hamiltonian (H0) by the
incident field and all the excited and unexcited optical modes:H0
→ H0+Hint, where Hint is the interaction Hamiltonian.54 We
neglect the interband transitions since both the pump and ASPL
emission photon energies (1.22 eV ≤ hν ≤ 2.44 eV) are much
lower than the ∼4 eV energy separation between d band and the
Fermi energy level in silver. After expanding Hint with the
Coulomb gauge in Maxwell’s equations and using Fermi’s
golden rule, we can express ASPL spectral intensity as (see SI,
Section 3):

[ + ]
i
k
jjjj

y
{
zzzzS f h

c
L( )

4
( ) ( ) (1 ) ( )ASPL inc eff IBR ERS

3

3

(2)

where Lef f (ν) is the effective emission enhancement factor
that equals the quantum yield enhancement factor for the
intrinsically low-yield metallic PL processes,1 β is a ratio factor
between 0 and 1 determining the relative contribution of the
IBR or ERS pathways to the ASPL emission, and ψIBR(ν) and
ψERS(ν) represent the number of electron−hole pairs available
for ASPL at frequency ν via the IBR and ERS processes,
respectively. ψIBR(ν) and ψERS(ν) can be expressed as follows (SI
section 3):
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w h e r e = a e( , ) ( )IBR
h b KT/ ( ) a n d

= e( , ) a ( )ERS
h b KT( )/ ( )inc account for the momentum

provided by the plasmonic modes in electronic transitions, and a
≈ 32.2, b≈ 11.6, a′ ≈ 23.4, and b′ ≈ 23 are good approximations
for our modeling in this work. In the IBR-ASPL process (Figure
1d), the emission of a photon with the energy hν requires the
recombination of an electron in the state ϵ with the hole in the
state ϵ − hν (i.e., an inverse Landau damping process).
However, to generate a similar photon in the ERS-ASPL process
(Figure 1e), absorption of an incident photon or annihilation of
a surface plasmon quasiparticle at the fundamental frequency
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first excites the electron in the state ϵ to the virtual state ϵ + hνinc.
Then, the electron in the virtual state recombines with the hole
in the state ϵ + hνinc − hν. As illustrated in eqs 3−4, once the laser
excitation pulse intensity Iinc (t) decays, ERS-ASPL emission
stops while the IBR-ASPL emission can continue. However, as
the electronic temperature Te decreases to the ambient
temperature T0, the IBR-ASPL emission spectrum gradually
redshifts toward the blackbody radiation spectrum at T0.
In eq 2, Lef f(ν) determines the PL resonance features and

accounts for both the Purcell effect and quantum efficiency of
the plasmonic modes. In the modeling, we estimated Leff(ν)
from FDTD simulations using electric dipole sources (please see
SI, sections 3 and 4). For a z-oriented dipole above the silver
dome, the FDTD-calculated spectra decently mimic the
resonances in the experimental line shapes (Figure 4a and SI,
Figures S2 and S5), revealing that the ASPL is prevailed by the
dipole-like z-oriented hot electron−hole pairs inside themetallic
dome likely due to the combined effects of higher generation
rate and larger Purcell factor. Hence, the only unknowns in eqs
1−4, and the twomaster equations (SI, Section 2) areMinc and β.
By fitting the measured ASPL power law exponents, we found
Minc = 2 × 10−3 cm2/nJ and β = 1, revealing that the IBR process
dominates the ASPL emission (Figure 3d-e and SI, Figure S3).
Using the fitted Minc and β values, other model predictions can
also decently match the experimental observations (SI, Figure
S2e-f): (i) IBR-ASPL line shapes weakly depend on the incident
power and sharply drop below the SHG wavelength; (ii) Above
Einc ≈ 127 nJ/cm2, the IBR-ASPL line shape starts to blueshift
and rise below the SHG wavelength. In contrast, several

predictions of an ERS-dominant model (β = 0) contradict the
experimental observations (Figures 3d,e and SI Figures S2 and
S3): (i) The spectrally integrated power-law exponents from the
ERS-ASPL model have minor sensitivity to the incident fluence
and cannot exceed ≈2 (Figure 3d); (ii) The ERS-ASPL spectral
power-law exponents below ≈1.9 eV go down as the incident
fluence increases (Figure 3e and SI, Figure S 3f); (iii) ERS-ASPL
model can generate emission below the SHG wavelength
(Figure S 2d).
As shown in Figure 3, both the ASPL’s power-law exponents

and spectral features are dependent on the incident fluence,
suggesting that various mechanisms might dominate the ASPL
emission at different excitation strength levels. Excitation
strength is generally influenced by both the incident fluence
and plasmonic absorption enhancement at the fundamental
wavelength λinc, and can be characterized by the unitless factor
Minc Einc, based on eq 1. To better understand the underlying
ASPL mechanisms, we calculated the ASPL emission’s spectral
profiles (Figure 4a top panel) and power-law exponents at
different excitation strength levels (Figures 4b-c). Here, the
spectrally integrated power law exponent (Figure 4b) spans the
whole upconversion range (ν ≥ νinc) and the ASPL cutoff
frequency νc (Figure 4c) is the frequency where the ASPL
intensity drops 20 dB below its peak value. By dropping the
temporal integrations in eqs 2−4, we also analyzed the ASPL
emission in the time domain (Figure 4a bottom panel) and
calculated the emission duration (ΔtASPL = fwhm of the emitted
ASPL pulse) at the different excitation strength levels (Figure
4b).

Figure 4. Simulated influences of the excitation strength on the temporal, spectral, and power-law characteristics of the IBR-ASPL emission
from the H3 sample under ultrafast pulsed laser excitation (Δtinc = 140 fs and λinc = 1020 nm). (a) Typical spectral (top panel) and temporal
(bottom panel) lineshapes of the ASPL emission at weak (Minc Einc ≤ 10−4), moderate (10−4 < Minc Einc ≤ 0.25), and strong (Minc Einc > 0.25)
excitation regimes. The black curve in the bottom panel displays the temporal line shape of the incident laser pulse. (b) The excitation strength
dependency of the emission power-law exponent (p), emission duration (ΔtASPL), and the relative contribution ratios of the native (r0), excess
nonthermalized (rnt), and excess thermalized (rt) carriers to the emission. Power-law exponent (p) is calculated across the whole upconversion
spectral range, and τe−e = 350 fs is the electron thermalization time constant in silver. Two-dimensional maps illustrating the dependences of
our: (c) spectral power-law exponent, and (d-f) relative contribution ratios for (d) native, (e) excess nonthermalized, and (f) excess thermalized
carriers on the emission photon energy and excitation strength. The red line represents the normalized cutoff photon energy of the ASPL
emission.
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We find that depending on the excitation strength, the ASPL
process can generally be categorized into weak (Minc Einc ≤
10−4), moderate (10−4 <Minc Einc ≤ 0.25), or strong (Minc Einc >
0.25) excitation regimes (Figure 4a-c), each exhibiting distinct
temporal, spectral, and power-law features. In Figure 4a,Minc Einc
= 10−5 curves represent the ASPL’s typical spectral and temporal
line shape characteristics in the weak excitation regime. In this
regime, the ASPL emission cutoff frequency is about νc = 1.16νinc
(Figure 4c), the ASPL duration is about ΔtASPL = 220 fs
(0.63τe−e), and the spectrally integrated power-law exponent
remains close to p = 1 across the whole regime (Figure 4b).
However, the spectral power law exponent (Figure 4c and SI,
S6) is composed of a p = 1 flat region at lower photon energies,
which sharply transitions into a p = 2 flat region at hν ≈ hνinc(1−
log(Minc Einc)/18). Weak excitation of the H3 sample requires
Einc < 5 × 10−2 nJ/cm2, which was not easy to test due to the low
signal-to-noise ratio. Nevertheless, the predicted power law and
spectral features for the weak regime are consistent with the
experimental observations for continuous-wave excitation,15 as
in both cases, the electronic temperature remains close to the
lattice temperature (Te ≈ T0).
In Figure 4a, Minc Einc = 0.2 curves depict the ASPL’s typical

spectral and temporal line shape characteristics in the moderate
excitation regime. In the moderate regime, the ASPL emission
cutoff frequency shifts from νc = 1.35νinc atMinc Einc = 10−4 to νc =
2νinc = νSHG at Minc Einc = 5 × 10−3, remaining constant at νc =
2νinc afterward (Figure 4c). The spectrally integrated power-law
exponent also gradually increases from p≈ 1 atMinc Einc = 10−4 to
p ≈ 2.25 at Minc Einc = 0.25, while ΔtASPL decreases from 220 fs
(0.63τe−e) at Minc Einc = 10−4 to 195 fs (0.56τe−e) at Minc Einc =
0.03 and then rises to∼210 fs (0.6τe−e) atMinc Einc = 0.25 (Figure
4b). The spectral power law exponent gradually transitions into
a nearly flat p∼ 2 region with a mild broad peak below the cutoff
photon energy hνc while increases steeply at higher photon
energies above the cutoff (Figure 4c and SI, S6). A similar broad
peak is also observed in the measured spectral power law
exponents of the H3 sample in Figure 3e and Figure S3 in SI.
Minc Einc = 0.6 curves in Figure 4a represent the ASPL’s typical

spectral and temporal lineshapes in the strong excitation regime.
As the excitation strength Minc Einc increases in this regime, the
ASPL cutoff frequency surpasses the SHG frequency νSHG = 2νinc
(Figure 4c), and the spectrally integrated power law and ΔtASPL
quickly increase toward p = 3 and∼300 fs (0.85τe−e) atMinc Einc =
0.6, respectively (Figure 4b). The spectral power law exponent
also goes up (especially at higher photon energies) and gradually
transforms into an increasing function of the photon energy hν,
with a steep slope around hνSHG = 2 hνinc (Figure 4c and SI,
Figure S6). These results align with the experimentally observed
features of the H3 sample for Einc > 127 nJ/cm2 (Figure 3 and SI,
Figures S2 and S3). Our model’s predictions in the moderate
and strong excitation regimes also agree with the experimental
observations in other studies.16,17

By decomposing ρ(ϵ,t) = ρ0(ϵ) + ρnt(ϵ,t) + [ρt(ϵ,t) − ρ0(ϵ)]
in eqs 2−4 (SI section 3), we can infer that the ASPL power-law,
spectral, and temporal characteristics depend on the relative
contribution ratios of the native (ρ0 distribution), excess
nonthermalized (ρnt distribution), and excess thermalized (ρt
− ρ0 distribution) hot carriers to the emission (r0, rnt, and rt,
respectively). The thermally generated native carriers have a
constant population independent of the laser excitation. Excess
nonthermalized carriers are generated by the laser pulse (1
incident photon per carrier), and their population decays due to
both electron−electron and electron−phonon scattering events,

with the time constant of +i
k
jjj y

{
zzz1/ 250 fs1 1

e e e ph
.52 On the

other hand, excess thermalized carriers arise from the
equilibration of the ρnt(ϵ,t) population due to electron−electron
scattering events with the time constant of τe−e ≈ 350 fs52 and
could indirectly consume multiple incident photons, depending
on the electronic temperature and carrier energy. Moreover,
population of the excess thermalized carriers decays solely due
to the electron−phonon scattering events, with the time
constant of τe− ph) = 850 fs.52

Calculating the spectral and spectrally integrated r0, rnt, and rt
at different excitation levels (Figure 4b,d−f) reveals the strong
correlation between these parameters and the ASPL’s power-
law, spectral, and temporal features (Figure 4a−c). Notably, the
emission is almost equally contributed by the native and excess
nonthermalized carriers (r0 ≈ rnt ≈ 0.5) in the weak-excitation
areas with p = 1. In the moderate-excitation areas with p ∼ 2,
excess nonthermalized carriers become the dominant contrib-
utor to the emission (rnt ≫ r0,rt). Emission duration (ΔtASPL)

remains close to +i
k
jjj y

{
zzz1/ 1 1

e e e ph
, the excess nonthermalized

carrier lifetime, throughout the weak and moderate excitation
regimes. Upon entering the strong-excitation regime (p > 2),
heightened electronic temperatures diminish rnt while raising rt,
leading to a dramatic increase in both the power law exponent
(p) and emission duration (ΔtASPL) (Figure 4b).
Figure 5a shows the H3 nonlinear emission spectra under P-

polarized ultrashort pulsed laser excitation with different
incident wavelengths λinc from 960 nm to 1040 nm and a
constant fluence of Einc = 204 nJ/cm2. We find that changing the
excitation wavelength λinc not only affects the ASPL and SHG
intensities but also their ratio. Notably, ISHG (integrated between

± 5 nm
2
inc ) increases as λinc increases from 1000 to 1040 nm
while IASPL (integrated in 530−890 nm) becomes the highest for
λinc = 1020 nm (Figure 5b). Moreover, ISHG is ∼2 times more
sensitive to λinc change than IASPL. The high sensitivity of ISHG to
the λinc change can come from (i) λinc-dependent modification of
plasmonic enhancement in both the excitation and emission
transitions, and (ii) spectrally dispersive χ(2)at the metal surface.
ASPL emission manifests a more complex behavior as

changing λinc nonuniformly affects the spectral ASPL intensity
across the emission band, as revealed by the spectral intensity
ratios, =R( , )inc

S
S

( , )
(1040 nm, )

inc , in Figure 5c. Furthermore, as

indicated by the distinct resonance features in the R(λinc,λ)
spectra for each λinc value (e.g., 960, 980, 1000, and 1020 nm),
changing the incident wavelength not only alters the ASPL
intensity but also modifies its spectral line shape (SI, Figure S7).
A primary reason for the modification of the ASPL intensity and
line shape is the λinc-dependency of the number of available
electron−hole pairs (ψIBR(ν)) in eq 3.ψIBR(ν) is a function of the
electron distribution ρ(ϵ,t) and from eq 1, changing λinc can
modify ρ(ϵ,t) by changing the incident photon energy (hνinc)
and the excitation strength factor Minc (Figure 5d inset). We
previously found Minc(λinc = 1020 nm) = 2 × 10−3 cm2/nJ by
fitting the experimental power law exponents in Figure 3.We can
estimate Minc values for the other incident wavelengths (Figure
5b) from the H3 sample’s linear absorption spectrum (SI,
section 3).
Utilizing the IBR-ASPL model, we calculated Rψ(λinc,λ), the

spectral intensity ratios due to λinc-dependency of ψIBR (Figure
5d), and found that the Rψ(λinc,λ) spectra can capture the general
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experimental trend that R(λinc,λ) increases with λinc. However,
Rψ spectra do not show the resonant features in R(λinc,λ) curves,
indicating that the resonant features are not due to modified
ψIBR(ν) but originate from a λinc-dependent effective emission
enhancement factor Leff(ν). Considering the incoherent nature
of the IBR-ASPL process, Lef f(ν) can be expressed as (SI, section
4):

=
=

L r F r d r( ) ( , ) ( , )eff
l x y z V eff

l
l

, ,

3

m (5)

where Vm denotes the metallic parts of the system, and Fl(r,ν)
represents the radiative decay enhancement of an l-̂oriented
dipole at position r and frequency ν versus a similar dipole in free
space.54 FDTD simulations show that Fl(r,ν) spectrum is very
sensitive to r and l (SI, Figure S5). ϕef f

l (r,ν) describes the
effective spatial distribution of the l-̂oriented electron−hole
pairs (dipole approximation) with the energy hν and is
normalized such that ∑l=̂x̂,ŷ,z∫̂ ∫ ∫ V dm

ϕef f
l (r,ν)d3r = 1.ϕef f

l (r,ν) is
a function of the hot carrier energy and spatial distributions
throughout the emission, which can evolve as the hot carriers
recombine or quasi-ballistically transport and scatter through
the metallic parts.55,56 However, initial distributions of the
generated hot carriers highly depend on the excitation
conditions, and hence, ϕef f

l (r,ν) (and thus Leff (ν)) is also a
function of the excitation conditions. In particular, λinc variation
can modify the hot carrier energy distributions by affecting hνinc
and the factor Minc (Figure 5d inset). Furthermore, by affecting

the excitation ratio of the plasmonic modes active at different
hot spots, λinc variation can modify the spatial absorption profile
and, thus, the spatial distribution of the hot carriers.55

By studying the incident polarization effects, we can better
understand the significance of the hot carrier spatial distribution
in the nonlinear emission process. Figure 6a displays the H3
nonlinear emission spectra for polinc = P,S incident polarizations
when the incident wavelength and fluence are fixed at λinc = 1020
nm and Einc = 102 nJ/cm2, respectively. We see that SHG and
ASPL emissions are both higher for polinc = S. Also, the ASPL
intensity ratio R(λ) = S(polinc = S,λ)/S(polinc = P,λ), is not
uniform and exhibits multiple resonances across the emission
band (Figure 6b). The incident polarization has a negligible
effect on ψIBR(ν) since the incident photon energy hνinc is
constant and polinc barely affects the excitation strength factor
Minc (Figure 5d inset and Figure S8). Hence, higher nonlinear
emission intensity for polinc = S and R(λ) resonances must stem
from the polinc-dependency of Leff(ν) due to the alteration of the
hot carrier spatial distribution.
As depicted in Figure 6a, the S and P incident polarizations

yield similar ASPL emission spectral lineshapes. However,
placing an analyzer on the emission path shows that the ASPL
emission is approximately five times more uniformly distributed
across different polarization angles for polinc = S than polinc = P
(Figure 6c and SI, Figure S9). This observation suggests that the
emitted free-space ASPL photons predominantly originate from
radiative surface plasmon decay rather than radiative carrier
recombination, for three reasons: (i) The electron−hole pairs
are randomly oriented, and as a result, ASPL emission generated
via radiative electron−hole pair recombination would be
unpolarized regardless of the incident polarization, in contrast
to the experimental observations. (ii) Our FDTD-based spectral
line shape analysis demonstrated that the ASPL emission is
dominated by dipole-like z-oriented electron−hole pairs that
cannot directly emit along the z-direction to the far field. (iii)
Residing inside the metal, electron−hole pairs predominantly
interact with the plasmonic optical states rather than the free-
space optical states. Therefore, according to the second
quantization picture of emission, recombining electron−hole
pairs have a low probability of directly emitting free-space
photons.54 Instead of directly generating far-field ASPL photons,
electron−hole pairs act as microscopic dipole sources with
ϕef f
l (r,ν) distribution (eq 5) that can excite the plasmonic modes

at the ASPL emission wavelengths (Figure 1d). The excited
plasmonic modes then convert a portion of their received energy
to the ASPL photons traveling to the far field, while the
remaining energy gets reabsorbed by the metal.
To include the surface plasmon mediation process into eq 5,

we use the black-box coupled-mode theory57 to express Fl(r,ν)
as a summation of the contributions from different plasmonic
modes (SI, Section 4):

= =F r l r( , ) ( , , )l
r

r p
p p0
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where γr and =r c
0 4 2

3 are the radiative decay rates of the dipole
in the plasmonic system and the free space, respectively.
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factor of the pth plasmonic mode, where Ep(r) is the mode
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+
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Figure 5. Dependency of the SHG and ASPL emissions on the laser
excitation wavelength λinc. (a) Measured upconversion emission
spectra S(λinc,λ) of the H3 sample under ultrashort pulsed laser
excitation (P-polarized and Einc = 204 nJ/cm2) at different incident
wavelengths λinc. (b) λinc-dependency of the SHG intensity ISHG
(505−515 nm), ASPL intensity IASPL (530−890 nm), and the
excitation strength factorMinc (see eq 1). (c) The ratiometric ASPL

spectra, =R( , )inc
S

S
( , )

(1040 nm, )
inc , from the measurements at different

incident wavelengths in Figure 5a. (d) The simulated ratiometric
ASPL spectra, Rψ(λinc,λ), when we only consider the effects of λinc on
the electron energy distribution. The inset: Simplified representa-
tion of the laser-induced perturbation of the electron energy
distribution when the electron−electron and electron−phonon
scattering effects are neglected. hνinc and Minc Einc determine the
perturbation energy range and strength, respectively.
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mode spectral line shape. νp is the mode resonance frequency
andΓp =Γp

r+Γp
nr is the mode decay rate, withΓp

r and Γp
nr being the

radiative and nonradiative components. Also, ηp = Γp
r/Γp is the

quantum efficiency of the pth plasmonic mode for radiative
coupling to the far field. By combining eqs 2−3 and 5−6, we can
rewrite the ASPL spectral intensity formula as

S f( ) ( )ASPL inc
p

p p
ASPL

(7)

where γpASPL(ν) ∝ (hν)ψIBR(ν)σp(ν)∑l=̂x̂,ŷ,z∫̂ ∫ ∫ V dm
ϕef f
l (r,ν) |

Ep(r).l|̂2d3r represents the level of energy transfer from the hot
carriers to the pth plasmonic mode at the frequency ν. eq 7 shows
that the contribution level of the pth plasmonic mode to the PL
emission depends on: (i) ψIBR(ν)σp(ν), i.e., the spectral overlap
between the hot electron−hole pairs and the plasmonic mode,
(ii) ∫ ∫ ∫ Vdm

ϕef f
l (r,ν)|Ep(r).l|̂2d3r, i.e., the spatial overlap between

the hot electron−hole pairs and the plasmonic field, and (iii) the
plasmonic mode quantum efficiency ηp.
Due to structural symmetry, nanolaminate plasmonic crystals

support two sets of degenerate plasmonic modes with
perpendicular polarizations (Figure 6d and SI, Figure S10). As
per eq 7, the amount of the ASPL emission mediated by each set
depends on the extent of its spatial overlap with the hot
electron−hole pair distribution ϕef f

l (r,ν). Spatial distribution of
ϕef f
l (r,ν) is contingent on the initial spatial distribution of the hot

carriers, which follows the excitation intensity profile (|Eex|2)
within the metallic components.55 Our FDTD simulations show

that |Eex|2 profile, and hence ϕef f
l (r,ν) spatial distribution, are

more uniform for polinc = S than for polinc = P (Figure 6e), leading
to a more balanced contribution of the two sets of perpendicular
degenerate plasmonic modes to the ASPL emission for polinc = S.
As a result, switching polinc from P to S yields a more uniform
angular distribution of the emission polarization with minor
alterations to the ASPL line shape, consistent with the
experimental observations in Figures 6a and 6c. The more
uniform |Eex|2 profile under polinc = S can also cause its higher
ASPL emission intensity observed in Figure 6a (see more details
in SI, Section 4). While our FDTD-based analysis reasonably
captures the trends observed in the excitation and emission
polarization measurements, it cannot precisely reproduce the
experimentally observed angular distributions of the ASPL
emission polarization (Figure 6c). A more comprehensive
analysis necessitates considering the nonidealities, such as
structural defects and surface roughness, which can modify the
plasmonic field distributions and act as scattering or trapping
centers for the hot carriers.
Figure 6f shows the angular distribution of the SHG emission

polarization for the S and P incident polarizations. Like ASPL,
the nonuniformity observed in the SHG emission polarization
and its dependence on polinc manifests that the emitted SHG
photons come from the radiative decay of the second-harmonic-
excited surface plasmons (Figure 1f) rather than direct emission
of the microscopic SHG dipole sources at the metal surface to
the free space. However, unlike the observed ASPL responses in
Figure 6c, SHG intensity becomes the highest when the

Figure 6. Dependency of SHG and ASPL emissions on the excitation polarization. (a) Our measured upconversion emission spectra S(polinc,λ)
of the H3 sample upon ultrashort pulsed laser excitation (λinc = 1020 nm, and Einc = 204 nJ/cm2) with polinc = P and polinc = S incident
polarizations. (b) The ratiometric ASPL spectra, R(λ) = S(polinc = S,λ)/S(polinc = P,λ), from the measurements in Figure 6a, and Rψ(λ), the
ratiometric ASPL spectra when only the effect of polinc on the modification of the electron energy distribution is considered. (c) The observed
ASPL intensity IASPL (530−890 nm) as a function of the emission polarization angle for each of the P and S incident polarizations. (d) FDTD-
calculatedRe(Ez) distributions at 761 nm for theH3 sample under normal excitationwith P and S incident polarizations. The dashed lines in the
schematics represent the field monitor planes. The Re(Ez) profiles manifest the presence of degenerate plasmonic modes with perpendicular
polarizations. (e) FDTD-calculated |E|2 distributions at 1020 nm for the H3 sample under 30°-angled excitation with P and S incident
polarizations. |E|2 profiles at the excitation wavelength determine the spatial distribution of the hot carriers right after their generation. (f) The
observed SHG intensity ISHG (505−515 nm) as a function of the emission polarization angle for each of the P and S incident polarizations.
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excitation and emission polarizations are aligned, manifesting
the coherence between the excitation and SHG photons.
Since NLPCs consist of centrosymmetric materials, bulk

second-order susceptibility χ(2) is negligible, and SHG mainly
arises from the metallic interfaces with broken centrosymmetry
and high plasmon-enhanced optical field intensity.7 We can use
the black-box coupled-mode theory57 to express the SHG
emission intensity as a summation of emission intensities from
individual plasmonic modes (SI, section 5):

S f(2 ) (2 )SHG inc inc
p

p
SHG

inc p
(8)

w h e r e γ p
S H G ( 2 ν i n c ) ∝

(νinc)2σp(2νinc)∫ −∞
+∞|∫ ∫ ∂ dm

χ(2)(t)(Eex(t).n̂)2(Ep.n̂)*dS|2dt, with
∂m and n̂ representing the metallic surfaces and their normal
vectors, respectively. Since SHG is a coherent process, the phase
information for Eex and Ep electric field components is essential
in the γpSHG formulation, in contrast with the γpASPL formulation in
eq 7. Time-dependency of χ(2) in γpSHG formula reflects that
perturbation of the electron distribution by the intense
excitation electric fields can modulate χ(2) in the time domain.
For high incident intensities, χ(2) becomes Einc-dependent,
leading to >2 power-law exponents for SHG, as experimentally
observed in Figure 3d.
eq 8 suggests that (SI, section 5), irrespective of the incident

polarization, SHG should ideally be x-polarized (polarization
angle = 0) since the angled incident beam only breaks the
symmetry in the x-direction (SI, Figure S11). However,
experimental observations deviate from this theoretical
prediction (Figure 6f), implying that surface imperfections in
the fabricated NLPC samples can disrupt the geometrical
symmetry and randomize the Eex and Ep phases, thereby
preventing the completely destructive interference of the
microscopic SHG sources for y-polarized emission (polarization
angle = 90°).

CONCLUSIONS
In conclusion, we have demonstrated dual-modal plasmon-
enhanced light upconversion through ASPL and SHG from
broadbandmultiresonant metal nanocavities in two-tier NLPCs.
Our combined experimental and theoretical study investigates
the differences and correlations between the plasmon-enhanced
ASPL and SHG processes under various ultrashort pulsed laser
excitation conditions, including incident fluence, wavelength,
and polarization. We developed a robust time-domain modeling
framework to understand the observed influences of optical
excitation and modal conditions on ASPL and SHG emissions.
This framework captures the mode coupling-enhancement
characteristics, quantum excitation−emission transitions, and
hot carrier population statistical mechanics. Notably, our ASPL
model considers (i) both IBR and ERS pathways, (ii) time-
evolved hot carrier energy distributions with electron-photon,
electron−electron, and electron−phonon interactions, and (iii)
momentum conservation in electronic excitation and emission
transitions. Our study reveals that the IBR pathway dominates
the ASPL emission from NLPCs under ultrashort pulsed laser
excitation. We found that the excitation strength as a function of
the incident laser fluence and plasmonic enhancement level at
the excitation wavelength can significantly influence the
temporal, spectral, and power-law characteristics of the ASPL
emission through controlling the contribution ratios of the
native, excess nonthermalized, and excess thermalized carriers.

Furthermore, our study shows that ASPL and SHG photons
both originate from radiative surface plasmon annihilation but
exhibit different emission behaviors due to the intrinsic
difference between instantaneous SHG sources at the metal
surface and the incoherent hot carrier-mediated ASPL emitters
that feature a temporally evolving energy and spatial
distribution. Further investigation is needed to examine the
dependence of ASPL and SHG processes on plasmonic metal
types (e.g., Ag, Au, Cu, Al) both with and without interband
photoluminescence pathways. Nevertheless, our findings
represent a significant step toward understanding and applying
ASPL and SHG upconversion in broadband multiresonant
metallic nanocavities for multimodal or wavelength-multiplexed
operations in bioimaging, sensing, interfacial monitoring, and
integrated photonics.

METHODS AND EXPERIMENTAL
Numerical Calculations. We performed three-dimensional Finite

Difference Time Domain simulations using the software ANSYS-
Lumerical FDTD solutions to numerically calculate the far-field spectra
and the near-field distributions for the plasmonic crystals. We used a
uniform mesh size of 3 nm with periodic boundary conditions in the x
and y directions and PML boundaries in the z direction. The silver
dielectric function was obtained from the Palik handbook of optical
constants for solids.58 Also, the constant refractive index of 1.5 was used
for SiO2.

Absorption Measurements. We used Cary 5000 spectropho-
tometer to measure the reflectance (R) spectra with a monochromator
and integrating sphere setup. As the samples have zero transmission (T
= 0), we obtained the absorption (A) spectra from the equation:A = 1−
R.

Nonlinear Emission Measurements. As shown in Figure 1c, we
exploited a wavelength-tunable Ti: Sapphire laser module (Chameleon
Ultra II) to generate ultrashort laser excitation pulses with the duration
of Δtinc = 140 fs and the repetition rate of f inc = 80 MHz. We used an
acousto-optic modulator to attenuate the laser pulses and control the
irradiance power incident on the sample. The laser incidence angle was
30°, and its polarization was controlled using a half-wave plate. We
adjusted a set of beam-shaping lenses to get a ∼1 mm laser spot size on
the samples and utilized a NA = 0.1 collimating lens to collect the
nonlinear emission signals from samples in the normal direction. After
going through a set of filters (490−900 nm) to block the excitation
background signal, the collected emission signals were spectrally
analyzed by a nitrogen-cooled CCD spectrometer (Horiba iHR550).
We also placed an analyzer on the emission beam path to measure the
nonlinear emission spectra at different emission polarization. All the
measurements were conducted at the room temperature T0 = 300 K.
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