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Broadband and efficient third-harmonic generation
from black phosphorus-hybrid plasmonic metasurfaces

in the mid-infrared

Song Zhu'*t, Wenduo Chen't, Tugba Temel 3, Fakun Wang', Xiaodong Xu*, Ruihuan Duan®,
Tingting Wu', Xuan Mao’, Congliao Yan', Jianbo Yu', Chongwu Wang’, Yuhao Jin', Jieyuan Cui’,
Jinghao Li', Dora Juan Juan Hu®, Zheng Liu®, Robert T. Murray>*, Yu Luo®*, Qi Jie Wang"”*

Black phosphorus (BP), with a mid-infrared (MIR) bandgap of 0.34 eV, presents itself as a promising material for

Copyright © 2025 The
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works.
Distributed under a
Creative Commons
Attribution
NonCommercial
License 4.0 (CC BY-NC).

MIR nonlinear optical applications. We report the realization of MIR third-harmonic generation (THG) in both BP
and BP-hybrid plasmonic metasurfaces (BPM). BP exhibits a high third-order nonlinear susceptibility () exceed-
ing 107"® m?/V? in the MIR region with a maximum value of 1.55 x 10~'” m?/V? at 5000 nm. The BP flake achieves
a THG conversion efficiency of 1.4 x 107>, surpassing that of other 2D materials by over one order of magnitude. To
further enhance this nonlinear performance, a BPM is designed and fabricated to achieve a two-order-of-magnitude
enhancement in THG, leading to a record conversion efficiency of 6.5 x 10™*, exceeding the performance of previ-
ously reported metasurfaces by more than one order of magnitude. These findings establish BP as a promising

platform for next-generation MIR nonlinear optical devices.

INTRODUCTION

High-performance mid-infrared (MIR) nonlinear optical materials
are of great importance for emerging nonlinear optical applications,
including tunable MIR coherent sources (1), frequency up-conversion
photodetection and imaging (2), and MIR frequency comb-based
spectroscopy (3). Among these nonlinear optical processes, third-
harmonic generation (THG) in the MIR region plays a critical role in
detecting molecules resonance (4), probing intraband transitions in
the quantum structures (5), and enabling MIR up-conversion imag-
ing (6). While THG in the MIR has been explored in various materi-
als systems such as germanium (7) and phase-change material (8),
achieving broadband and highly efficient nonlinear frequency con-
version remains a challenge for ultrafast photonics, frequency con-
version, and on-chip nonlinear optics in the MIR regime, necessitating
the research into novel material platforms.

Two-dimensional (2D) van der Waals materials have recently
emerged as promising candidates for nanoscale nonlinear optics
due to their exceptionally high nonlinear coefficients (9-11), out-
performing traditional bulk materials. Investing MIR THG in these
materials not only enables the detection of fundamental band tran-
sitions, as demonstrated in graphene (12) and PtS, (13) but also pro-
vides insight into their third-order susceptibilities (3*), enabling
advanced nonlinear applications such as four-wave mixing and the
Kerr-based integrated photonics (14, 15). However, most studies on
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the nonlinear optics of 2D materials have primarily focused on the
visible to near-infrared (NIR) spectral range (9, 14, 16), with few 2D
materials exhibiting strong nonlinear responses in the MIR region.
Graphene, for instance, has ® values on the order of 107" m*/V?at
3100 nm but suffers from limited THG conversion efficiency due to
its atomic-scale thickness (12). Black phosphorus (BP), a layered van
der Waals material with a widely tunable bandgap from the visible
(1.8 eV in monolayer) to MIR (0.34 eV in bulk), has been exten-
sively explored for applications in MIR photodetection (17), modu-
lators (18), light sources (19, 20), and nonlinear optics (21-23). Its
MIR bandgap offers unique opportunities for enhancing third-order
nonlinear processes, yet this potential remains largely unexplored,
with prior nonlinear optical studies of BP flakes restricted to wave-
lengths below 1550 nm.

A major challenge in applying van der Waals layered materials
for nonlinear frequency conversion is their intrinsically low conver-
sion efficiency due to limited interaction volumes. Micro- and nano-
photonic structures, including metamaterials (24, 25), waveguides
(26-28), and optical cavities (29, 30), have been used to overcome
this limitation by enhancing local field intensities. In particular, plas-
monic metasurfaces are highly effective in amplifying nonlinear op-
tical responses by confining light into subwavelength volumes with
highly enhanced local electric fields (24, 25, 31). Compared to con-
ventional metasurfaces, metal-insulator-metal (MIM) plasmonic
architectures offer superior field enhancement and larger interac-
tion volumes within the dielectric layer, making them particularly
advantageous for boosting nonlinear processes in thick van der Waals
flakes such as BP (31, 32).

In this work, we present the experimental demonstration of
broadband and highly efficient MIR nonlinear processes in BP and
the BP-hybrid plasmonic metasurface (BPM) via THG. We reveal
that BP exhibits remarkable large y® values exceeding 10™'* m*/V*
in the MIR region from 3000 to 5000 nm, attributed to multiphoton
transition resonances (12). x® increases monotonically with wave-
length, reaching a peak value of 1.55 X 10™'7 m*/V* at 5000 nm,
enabling a record THG conversion efficiency of 1.4 X 107>, which is
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over one order of magnitude higher than that of other 2D materials.
To further enhance THG performance, we design and fabricate a
MIR BPM that achieves a two-order-of-magnitude enhancement in
THG intensity over a broad spectral range from 3000 to 4000 nm.
The BPM yields a maximum enhancement factor of ~170 at 3500 nm,
resulting in an effective nonlinear susceptibility (ng)) exceeding
107" m?/V* across the entire 3000 to 5000 nm range. This unprec-
edented enhancement leads to a record-high THG conversion effi-
ciency of 6.5 x 10™* in a 50-nm BP flake at 3500 nm, surpassing the
best-performing metasurfaces reported to date by over one order of
magnitude (33). Our findings establish BP as a promising platform
for MIR nonlinear nanophotonics, providing a compelling route to-
ward high-efficiency ultrafast photonic devices, frequency conver-
sion technologies, and integrated nonlinear optics. This work not
only expands the fundamental understanding of MIR nonlinearities
in BP but also paves the way for next-generation nonlinear optical
components with record-breaking performance.

RESULTS

THG processes from BP in the MIR region

Figure 1A presents the schematic structure of a single unit cell of the
BPM, which consists of three key components: a bottom gold (Au)
layer, a dielectric spacer, and an Au dimer antenna with a nanoscale
gap. As shown in Fig. 1B, the dielectric layer consists of a ~7-nm
layer of aluminum oxide (Al,O3) along with a BP flake. The struc-
tural anisotropy of the BP crystal, indicated by the distinction between
the armchair (AC) and zigzag (ZZ) crystallographic directions,
gives rise to anisotropic band transitions (20), as depicted in Fig.
1C. Atomic force microscopy (AFM) analysis confirms a BP flake
thickness of 38 nm (Fig. 1D). Furthermore, the absorption band-
edge and anisotropic absorbance of the BP flake are experimentally
validated across multiple wavelengths (1500, 2500, 3000, and 4200 nm)

(note S1 and fig. S2). The absorption spectrum reveals a band-edge
absorption at ~3600 nm, corresponding to a photon energy of ~0.34 eV
(Fig. 1E). Anisotropic absorbance measurements show maximum
absorption along the AC direction, with negligible absorption along
the ZZ direction (Fig. 1F).

The THG processes are characterized using an optical setup in-
corporating both reflection and transmission configurations (Fig. 2A
and Materials and Methods). The emission spectrum of the third-
harmonic light at 1220 nm from fundamental excitation at 3660 nm
is shown in Fig. 2C. Power-dependent measurements show a char-
acteristic cubic dependence (slope = 2.9) on the excitation power,
consistent with perturbative nonlinear optical behavior (inset in Fig.
2C) (22). Given that the BP bandgap (~0.34 eV) aligns with a funda-
mental wavelength of ~3647 nm, wavelength-dependent THG experi-
ments are performed within the 3600 to 3900 nm range (Fig. 2D).
The THG intensity exhibits a monotonic increase as the fundamen-
tal wavelength increases. For a deeper insight into the wavelength-
dependent THG in the MIR region, the nonlinear susceptibility ( X(S))
is evaluated over a broadband spectral range (1500 to 5000 nm)
(Fig. 2E and Materials and Methods). We find that the x® value of BP
at 1550 nm is ~2 x 10~ m*/V?, consistent with prior reports on bulk
BP (21, 22). In the MIR region, ¥ values reach 5.88 x 10™® m?*/V?
at 3250 nm, 10.4 x 10™'® m*/V? at 4000 nm, and 15.5 X 10™"* m*/V*
at 5000 nm, exceeding the values at 1550 nm by one to two orders of
magnitude. These values surpass those in conventional nonlinear
optical materials, including various 2D and bulk materials, and are
comparable to those observed in monolayer graphene (table SI).
This enhancement can be attributed to mixed contributions by the
interband and intraband transitions within the two-band system
of BP, which facilitates multiphoton transition resonance (Fig. 2B,
notes S4 and S5, and fig. S9). These multiphoton transitions corre-
spond to incident photon energies of i = E,, hw = E, /2, and ho =
E, /3, same as the transition processes in monolayer graphene (12).
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Fig. 1. BPM and optical characterization. (A) Schematic diagram of the BPM. a and b are the length and width of a single antenna in the dimer structure, respectively. Py
and P, represent the periods in the AC and ZZ directions of BP, respectively. (B) Cross-sectional geometry of the BPM. (C) 3D crystal structure of BP. (D) AFM profile of the
BP flake. The left inset: optical image of the BP flake. Scale bar, 15 pm; the right inset: AFM image of the BP flake. Scale bar, 15 pm. (E) Polarized absorption of the BP flake
in the MIR region. (F) Angle-resolved absorption around the band-edge from the BP flake. The dashed line represents the fitted curve derived from the experimental data.

Zhuetal,, Sci. Adv. 11, eadt3772 (2025) 14 May 2025

20f10



SCIENCE ADVANCES | RESEARCH ARTICLE

A
A . DM DM Lens Obj. Lens B !
p ’ i
~- " r '{(M:H_f”? 1
MIR light HWP Sample  Filter S ‘
BS m .__._D\/\V/\/\_[ Kymera '
White 2o Filter Lens Fiber 228 -
light ! n
[ D Fundamental wavelength (nm)
s 3600 3750 3900
= 0.02} £ 001 ‘A —
= 2 FW 3 = 0.04
g 30 20.001 0.9 = =
w =0 > I
3 THG ] Slope 2.9 = g 0.03 N
2 0.01} w o 06 g 8 0.02
0] T 1000 2000 £ o /
E Excitation power (uW) 10.3 T 0.01 \
\
0.00 0.0 0.00
1170 1300 3250 3380 3510 3640 3770 1200 1250 1300
Wavelength (nm) THG wavelength (nm)
E
s ; F oo G 6 4000-nm excitation
E 10 f =003 N e
2 N s ! = °
. e 3 ; N~
g = L ! o 100-nmBP
= ol . 0.01}, 4000-nm excitation 04} .
2000 3000 4000 5000 30 60 90 120150 0.0 0.1 0.2 0.3

Fundamental wavelength (nm) BP thickness (nm) Excitation intensity (TW/cm?)

Fig. 2. THG measurements of BP flakes under MIR excitation. (A) Experimental setup for THG measurements through reflection and transmission configurations.
HWP, half-wave plate; DM, dichroic mirror; BS, beam splitter; Obj., objective; CCD, charge-coupled device. (B) Multiphoton resonances for THG processes in BP with
the two-band system. The red arrows represent the fundamental photon at ® and the blue arrow represents the THG photons at 3w. CB, conduction band; VB, valence
band; £, bandgap. (C) Spectra of the fundamental wave (FW) at ~3660 nm (right axis) and the THG signal at ~1220 nm (left axis) under 2.3-mW excitation. Left inset,
schematic diagram of the THG process; right inset, log-log plot between the THG intensity and the excitation power. (D) THG spectra at different fundamental wave-
lengths across the MIR region from 3600 to 3900 nm under 3-mW excitation. (E) Experimentally extracted ¥ values of the BP from the NIR to MIR (1550 to 5000 nm)
regions. They® values (red dots) between 3600 to 4000 nm are extracted from (D). (F) Thickness-dependent THG intensity in the transmission configuration under
3-mW excitation. The error bars and dashed line represent experimental and calculated results from Eq. 1. (G) THG conversion efficiency () versus the excitation in-

tensity under 4000-nm excitation.

The observed x® dispersion closely aligns with the theoretical pred-
ications based on the density functional theory in combination with
the Wannier interpolation method (note S4 and fig. S9). Minor dis-
crepancies may stem from the crystalline quality of the BP flakes
used in the experiments.

To further investigate THG behavior, thickness-dependent THG
measurements are performed using the transmission configura-
tion (Fig. 2A). Since BP exhibits negligible absorption at ~4000 nm
due to its lower photon energy relative to its bandgap, thickness-
dependent THG is conducted at this wavelength. The coherence
length (L_y,) between the fundamental and forward propagating
third-harmonic waves is calculated to be ~950 nm using the equa-
tion (21): L.y, = A/ 6(n, —ns, ), where A = 4000 nm represents the
fundamental wavelength, n, = 4.2 and n,, = 3.5 are refractive indi-
ces (RIs) at the fundamental and THG wavelengths, respectively (34).
Given that the coherence length substantially exceeds the used BP
thickness (typically at 100 nm or thinner), the THG intensity initially
increases with the BP thickness, reaching a maximum at ~90 nm,
before experiencing attenuation due to strong optical absorption at

Zhuetal,, Sci. Adv. 11, eadt3772 (2025) 14 May 2025

the THG wavelength (Fig. 2F). The experimental results can be well
fitted using the following equation (21)

2o _gcos(Akle™™ +1
o + Ak?

e” —
13“)(1) o | X(S) |2 I(i 2al

(1)

where I, and I, represent the excitation and THG intensities, respec-
tively, [ is the thickness of the BP flake, adenotes the absorption coef-
ficient of the THG signal, and A k is the phase-mismatch parameter
between the fundamental wavelength and the THG wavelength
(Materials and Methods).

Here, we investigate THG conversion efficiency for a ~100-nm
BP flake under 4000-nm excitation, corresponding to the peak THG
intensity (Fig. 2, F and G). The efficiency exhibits a gradual increase
with increasing excitation intensity before saturating at ~0.2 TW/cm?,
primarily due to two-photon absorption leading to fundamental
light depletion (35, 36). A maximum THG conversion efficiency
(n=P3* /P, where P° is the incident power of the fundamental
light, while P>® represents the THG power output from BP accounting
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for absorption and reflection effects of the BP flake) of 1.4 X 107 is
achieved at an excitation intensity of 0.3 TW/ cm?, surpassing values
observed in commonly used 2D van der Waals materials by over an
order of magnitude (table S1). THG conversion efficiency at 4000 nm is
six orders of magnitude larger than that of monolayer graphene (at
3100 nm), despite comparable > values in both materials (12). The
high enhancement is primarily attributed to BP’s intrinsically high
x® in the MIR region, which remains independent of flake thick-
ness (Fig. 2E).

Extreme polarization anisotropy for THG in the MIR region

BP displays pronounced optical anisotropy due to its intrinsic in-
plane asymmetry between the AC and ZZ directions (Fig. 1, E and
F) (37). To investigate this anisotropy, we study in-plane polarized
THG across the MIR region (Fig. 3). The in-plane THG anisotropy
is quantified by the ratio I, /I,,, where I, and I, represent the
THG intensities generated when the excitation light is polarized
along the AC and ZZ directions, respectively. The THG spectra are
measured for fundamental excitations ranging from 1400 nm to
5000 nm (Fig. 3, A to C, and fig. S6). The THG anisotropy in the BP
flake has values of ~2.5 under 1400-nm excitation and increases to
~50 at 3500 nm. It is worth noting that for excitation wavelengths
exceeding 3500 nm, the THG signal along the ZZ direction becomes
negligible compared to that along the AC direction, demonstrating
an extreme polarization anisotropy comparable to that observed in
1D carbon nanotubes (38). Since the excitation light is normally in-
cident on the BP flake, the THG process is primarily governed by
four independent third-order susceptibility tensor elements (y;;,
Ya» X1s and ¥,9) (note S3). Angle-resolved THG measurements at

different excitation wavelengths (Fig. 3, D to G) reveal a pronounced
evolution in the polarization-dependent intensity profiles, which are
well fitted by eq. S3. This evolution is attributed to wavelength-
dependent variations in the relative magnitudes of yx;;, X2 15 and

Xao- Specifically, the dispersion behaviors of x1; (X )> X22 ( Xyyyy ),
Xis (Xxxy},>, and ¥, (nyxy> varies across the MIR region, influenc-

ing the observed THG anisotropy. The dominant contribution to
THG arises from the y,;, x;s and x,, elements, which are associ-
ated with the E, component along the AC direction. In contrast,

X2z ( Xyyyy ), which corresponds to the ZZ direction, shows negligible

dispersion due to the absence of transition resonance along this axis.
Figure 3H shows the retrieved relative magnitudes of y;,, X2 X1s
and Y, as a function of the excitation wavelength. While y,; and y,4
remain within a range of 0.3 to 0.53 across 1400 to 5000 nm, Y,
becomes negligible relative to j,,; beyond 3500 nm. This behavior
arises from the enhanced multiphoton resonance along the AC
direction in the MIR region. Furthermore, thickness-dependent
analyses indicate that j,, remains largely invariant for BP flakes ex-
ceeding 10 nm in thickness, as the band structure undergoes mini-
mal modifications beyond this threshold (Fig. 3I) (39). The extreme
polarization anisotropy observed in BP confirms that y;, is the dom-
inant component of the third-order nonlinear susceptibility () in
the MIR region, resulting in a highly directional THG signal for ex-
citation polarized along the AC axis. This behavior is in stark con-
trast to the nearly isotropic THG observed in group VI transition
metal dichalcogenides (e.g., MoS;) (40). Furthermore, BP’s THG
anisotropy surpasses that of other asymmetric 2D materials (41),
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Fig. 3. Polarization-dependent THG progresses in the BP flake. (A to C) THG spectra for the light polarization along AC (blue) and ZZ (red) directions under 1400-nm
(power, 0.58 mW), 2950-nm (power, 7 mW), and 4980-nm (power, 5.6 mW) excitations, respectively. (D to G) Polar plots of the THG intensity versus the polarization angle
under 1400-, 2950-, 4000-, and 4800-nm excitations, respectively. (H) Retrieved relative magnitudes of y;; ¥, X1s @and x,o as a function of the fundamental wavelength.
The red lines are calculated by eq. S3. (I) Retrieved relative magnitudes of ), x> X15 and ¥, as a function of the BP thickness.
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highlighting its potential for polarization-sensitive nonlinear pho-
tonic applications.

Enhanced THG processes by the BPM

To further enhance THG performance of BP in the MIR region, we
design and fabricate a BPM. The local electric field enhancement in
the BPM at 3500 nm is first analyzed through the finite-difference
time-domain (FDTD) simulations (Fig. 4, A to C, and Materials and
Methods). Figure 4A shows the x component (E,) of the local electric
field in the x-z cross section of the dimer and dielectric layer, revealing
a 67-fold enhancement in the dimer gap region. Since BP serves as
the primary material in the dielectric layer of the MIM plasmonic
structure, it is necessary to analyze the electric field distribution in
the BP flake. Figure 4 (B and C) shows the electric field distributions
of the x and z components in the x-z cross section of the BP layer,
demonstrating a 14-fold enhancement in the E, component on the
BP surface due to the combined effects of the dimer gap and the reflec-
tive bottom Au layer. An exceptional decay of the electric field from the
top surface of the BP layer is observed when the dimer gap is 30 nm, as
depicted by the orange dashed line in Fig. 4D. The electric field perme-
ates over 20 nm into the BP flake before decaying to 1/e of its maxi-
mum value. Given the challenge of obtaining large, high-quality BP
flakes thinner than 50 nm, a 50-nm BP flake is used for metasurface
fabrication. Comparations with a metal-insulator (MI) plasmonic
metasurface (fig. S14) indicate that the maximum E, enhancement in
the MI structure is only 3.2-fold, over four times lower than that in the
MIM-based BPM (Fig. 4D). Besides, the E, component is enhanced by
27-fold at the BP surface (Fig. 4C). However, x,, and y,, are much

lEx/Eol B

smaller than y,, due to the absence of resonance absorption in the
out-of-plane direction of BP, the enhancement of E, is the primary fac-
tor driving THG enhancement. The dimer gap affects the electric field
distribution in the dielectric layer. Simulations of BPMs with varying
dimer gaps (20, 30, 60, 100, and 150 nm) (Fig. 4D and fig. S13) confirm
that a smaller gap results in higher electric field enhancement in BP and
consequently greater THG enhancement (42). Because of limitations in
the minimum gap possible with our fabrication process, a dimer gap of
~30 nm is designed and fabricated in this work. However, it is impor-
tant to note that excessively confining the electric field within the dimer
gap by continuously reducing the gap size is not advisable, as excessive
field confinement leads to a decrease in the THG intensity and the con-
version efficiency (note S6 and fig. S12).

The BPM is fabricated using a standard lift-off process (Materials
and Methods). The fabricated metasurface has an effective size of
~33 pm X 40 pm, exceeding the focused beam diameter (~30 pm) of
the incident light (Fig. 4E). A scanning electron microscopy (SEM)
image of a unit cell (Fig. 4F) shows a dimer structure with a gap of
~34 nm, with individual antennas measuring 480 nm in length and
198 nm in width. To maximize THG along the AC direction, where
X11 1s the highest, the dimer orientation is aligned parallel to the AC
direction of the BP flake (Fig. 1B). Since BP is sensitive to water and
oxygen, an Al,O3 protective layer is deposited before metasurface
fabrication (Materials and Methods and fig. $8). AFM analysis con-
firms the BP flake thickness (~50 nm) and dielectric layer thickness
(~57 nm) (Fig. 4G). Raman spectroscopy verifies that BP remains
undamaged throughout fabrication, as no shift in Raman peak posi-
tions is observed (Fig. 4H).
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Fig. 4. Design and fabrication of the BPM. (A) Simulated E, component of the BPM in the x-z cross section of the domain from BP to the dimer in one unit cell. (B) E,
component in the x-z cross section of 50-nm BP. (C) E, component in the x-z cross section of 50-nm BP. (D) Decay of the enhanced electric fields (E, / E,) versus the distance
to the top surface of BP in the MIM and MI metasurfaces with different dimer gaps. (E) Optical image of the BPM acquired by the optical microscope. Scale bar, 5 pm.
(F) Top view of the SEM image of the fabricated BPM (scale bar, 500 nm). Inset: SEM image of a unit cell (scale bar, 200 nm). (G) AFM profile of the BP flake used for meta-
surface fabrication. Inset: AFM image of the BP flake. Scale bar, 2 um. (H) Raman characterization of the BP flake before and after fabrication.
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Figure 5A shows the reflection spectra of the BPM and a bare BP
flake (~50 nm thick). A pronounced resonance dip appears at 3500 nm
in the BPM under AC-polarized light, while the bare BP flake exhib-
its negligible absorption. The negligible absorption from the bare BP
arises from the measurement in a small area (<30 pm X 30 pm),
which is comparable to the metasurface size, limiting its absorption
(note S7 and fig. S16). There is negligible resonance dip when the
linear polarized light is along the ZZ direction, confirming the aniso-
tropic nature of the BPM. To verify THG enhancement, power-
dependent THG measurements of the BPM at varying polarization
angles confirm the expected cubic dependence on the excitation
power (Fig. 5B). The polarization-dependent THG intensities are
also analyzed (note S8 and fig. S17). The results demonstrate that
the line shape is strongly dependent on the rotation angle and show
strong anisotropy due to the directional electric field enhancement
of the BPM. THG spectra under different excitation polarizations
at a fixed excitation power of (~6 mW) are shown in Fig. 5C. THG
signal is negligible when the excitation polarization is along the ZZ
direction by comparing to that from the bare BP flake (fig. S6D).
Figure 5D shows the corresponding THG signals as the bare BP
flake and BPM are excited by the fundamental light with a central
wavelength of ~3500 nm. A 170-fold enhancement is observed since
the incident light is highly enhanced at 3500 nm, which fully dem-
onstrates the strong plasmonic enhancement of third-order optical
nonlinearity of BP.

Wavelength-dependent THG enhancement is further investigated
by tuning the fundamental wavelength from 2500 to 4650 nm (Fig.
5E). The THG enhancement increases from 3000 nm (~46-fold),
reaching its maximum (~170-fold) around 3500 nm, before gradu-
ally decreasing to ~17-fold at approximately 4000 nm. However, the
THG enhancements are only ~6 at 2500 nm and ~3 at 4650 nm, as
the electric field enhancement is much weaker than that at 3500 nm
due to the large wavelength detuning from the resonance (Fig. 5A).
Simulations confirm that the BPM exhibits maximum electric field
enhancement at ~3500 nm, while showing lower enhancement at

~3000 nm (fig. S15). The effective nonlinear susceptibility <X£2) of

BP in the BPM is calculated over the wavelength range of 3000 to
4000 nm based on the equation (43): |XS,()
and Iyp are the THG intensities from the BPM and bare BP flake at

the same excitation power. Because of the strong plasmonic enhance-

I
|= % |x®|, where Iypy,

ment and intrinsic nonlinearity of BP, XST) exceeds 1077 m?*/V? over
a broadband spectral range from 3000 to 5000 nm (Fig. 5F). The
performance in the MIR region surpasses that of other 2D materials
by one to two orders of magnitude (10 to 100 times), as detailed
in table S1. The THG conversion efficiency is also enhanced by
~170-fold at 3500 nm. The THG conversion efficiency at 3500 nm is
also investigated in the 50-nm BP flake (note S9 and figs. S21 and
S§22). The results indicate that the THG conversion efficiency of BP
in the reflection configuration is 1.84 X 107 at a maximum excita-
tion intensity of 0.044 TW/cm?, corresponding to a peak efficiency
of 3.16 x 10~* from the BPM. This value corresponds to 86% of that
in the transmission configuration. The maximum THG conversion
efficiency of 4.4 x 10~® in the transmission configuration is achieved
at an excitation intensity of 0.17 TW/cm® using a reflective objective
(LMM40X-P01). Considering the efficiency ratio (with 86% effi-
ciency ratio between the reflection and transmission configurations),
BPM-enhanced THG at 3500 nm is expected to reach 6.5 x 10~ at
0.17 TW/cm?, which is over one order of magnitude higher than
that of other 2D materials and metasurfaces (tables S1 and S2).
Compared to monolayer graphene (12), this structure offers advan-
tages in terms of the higher efficiency and a broader spectral range
(3000 to 5000 nm) along with higher XSE. In addition, BPM reso-
nance can be tuned across the MIR region by designing geometric
parameters, as demonstrated by BPMs with a resonance at around
3000 nm, achieving over two orders of enhancement (figs. S18
and S19).

DISCUSSION
In this work, we have investigated MIR parametric processes through
the THG response in both BP and BPM structures. Our results

A B C
~25 BP 0° 0° (AC)
s —— 277 of BPM - . 30° 210 450
£20 ——ACOofBPM | © - 60° s — @
S15 2 1000 . 30 5
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o 05’\\/"— £ :l'°pe :5 =
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2400 3200 4000 4800 3 4 5 1050 1120 1190 1260
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Fig. 5. THG enhancement in the BPM. (A) Experimental reflection spectra from the pure BP flake and the BPM. (B) Power-dependent THG intensity from the BPM with
different polarization angles relative to the AC direction of BP. (C) THG intensity with different polarization angles relative to the AC direction of BP. (D) Measured THG

spectra from the BP flake and the BPM under 3500-nm excitation. (E) THG enhancement as a function of the fundamental wavelength. (F) x

hancement versus the fundamental wavelength.
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(3)

o« Of BP by the plasmonic en-
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reveal that BP exhibits exceptionally high third-order nonlinear sus-
ceptibility (x®) values exceeding 107'* m*/V? in the MIR range,
with a broadband spectral range from 3000 to 5000 nm. This en-
hancement is attributed to the combined contributions from the
interband and intraband transition resonances, leading to multiphoton
resonance. The magnitude of the ¥ value continues to increase as
the wavelength increases, reaching a maximum of 1.55 x 107 m*/V*
at 5000 nm. The high THG conversion efficiency of BP, reaching the
107° range under 4000-nm excitation, represents the highest reported
value among all 2D materials. One reason for BP’s high conversion
efficiency is its ability to maintain an ultrahigh nonlinear coefficient
even with a large flake thickness. While other monolayer 2D materi-
als (e.g., graphene and MoS;) also exhibit ultrahigh nonlinear coef-
ficients, their conversion efficiencies are not as high as that of BP. In
addition, BP’s strong optical anisotropy, in particular its large y,
component along the AC direction, result in extreme polarization
anisotropy for THG, which is comparable in magnitude to that
observed in 1D carbon nanotubes (38). Theoretical modeling fur-
ther demonstrates that y,, is negligible relative to y;; in the MIR
region (3500 to 5000 nm). This anisotropic nonlinear response
holds potential for applications in polarization-sensitive MIR up-
conversion detection (44) and nonlinear imaging with polarization
functionality (25).

To further enhance THG performance and increase the effective
nonlinear coefficient (ng) of BP, we design and fabricate BPMs. The
BPM exhibits plasmonic electric field enhancement and an increased
light-matter interaction mode volume, leading to a remarkable
~170-fold enhancement in THG at 3500 nm, compared to a BP
flake. Moreover, broadband THG enhancement is demonstrated,
with X(e? exceeding 10”7 m*/V? from 3000 to 5000 nm. The extraor-
dinary plasmonic-induced enhancement results in a THG conver-
sion efficiency of 6.5 x 10™* at 3500 nm, which is over one order of
magnitude higher than that achieved with other 2D materials and
metasurfaces. Compared to all-dielectric nanostructures (30, 45, 46),
plasmonic nanostructures offer advantageous broadband enhance-
ment, making them highly promising for MIR nonlinear photonics.
Further optimization of BPM geometrical parameters could further
enhance THG performance. Given these findings, the demonstrated
high-performance MIR parametric nonlinear processes in BP and
the BPM paves the way for advancing MIR nanoscale nonlinear
photonic devices.

MATERIALS AND METHODS

Sample preparation and device fabrication

The BP crystal was purchased from HQ Graphene and mechanically
exfoliated onto polydimethylsiloxane stamps using blue Nitto tape.
The exfoliated BP flakes were then transferred onto BaF, or Au sub-
strates and subsequently encapsulated with a ~7-nm Al,O3 coating,
which was grown using atomic layer deposition (ALD) at 250°C
within 2 min.

The BPM was fabricated using a standard lift-off process. First, a
150-nm-thick Au reflective layer was deposited onto a Si substrate
via electron-beam evaporation (AJA ebeam evaporator). After trans-
ferring the BP flake onto the Au layer, a 7-nm AL, O3 encapsulation
was deposited to protect the BP surface. The designed metasurface
pattern was then defined by using electron-beam lithography (JEOL
6300FS), followed by the deposition of a 5-nm Ti/50-nm Au layer
onto the polymethyl methacrylate pattern after the developing process.

Zhuetal,, Sci. Adv. 11, eadt3772 (2025) 14 May 2025

The metasurface structure was fabricated via the lift-off process. The
Al O3 encapsulation plays a crucial role in preventing damage and
corrugation of the BP surface (fig. S23).

Sample and device characterization

The thickness of the BP flake was measured using an AFM system
(Park NX10). High-resolution Raman spectra were obtained using a
confocal Raman microscopy system (WITec CRM200). The samples
were excited with a 532-nm laser through an objective [X100, numeri-
cal aperture (NA) = 0.8], and the Raman signal was analyzed using
a spectrometer integrated with a cooled charge-coupled device (CCD).
The MIR absorption spectra of the BP flakes were measured by a
Fourier transform infrared (FTIR) spectrometer (Bruker) equipped
with a cooled mercury cadmium telluride (MCT) detector (InfraRed
Associates). A broadband polarized light source, produced by filter-
ing the emission of an 800-K blackbody (wavelength range, 0.7 to
18 pm) through a broadband polarizer, was used as an incident light
for reflection and absorption measurements. The absorption spectra
were obtained by comparing the transmission spectra of the BP flakes
with those of the BaF, substrate. The polarized absorption of BP was
measured by rotating the polarizer in the incident light path. The
reflection spectra of the BPM were measured by the FTIR spectrom-
eter equipped with a cooled MCT detector. The reflection spectra
were calculated using the equation: R = Rypy / Ry, Where Rypy, rep-
resents the reflection from the BPM and Ry, is the reflection from
the Au substrate.

Numerical simulations

The numerical simulations were performed with commercial FDTD
software (Lumerical FDTD Solutions). The excitation source was a
normal incident plane wave along the z direction. To ensure accu-
rate boundary conditions, perfectly matched layers were applied along
the z direction, and periodic boundary conditions were introduced
in the x (AC) and y (ZZ) directions. The optical constants of BP were
taken from (34), while those of Au and Al,O3; were taken from the
Lumerical software database.

Nonlinear optical measurement

The nonlinear optical activities were measured using a home-built
optical setup in both reflection and transmission configurations
(Fig. 2A). A home-built optical parametric amplifier pumped by a
mode-locked femtosecond (fs) laser (Amplitude-Yuja, 1030 nm,
100 kHz, 400 fs) was used as the excitation source with a tunable
wavelength range of 1350 nm to 5000 nm. For NIR excitation, an
objective (x50, NA = 0.45) was used to excite the samples. The THG
signals were collected by another objective (X20, NA = 0.45) and
analyzed with a spectrometer (Kymera 328i Spectrograph) integrated
with a cooled Si CCD. A reflective objective (LMM40X-P01) was used
for MIR power-dependent, wavelength-dependent, and thickness-
dependent measurements. For MIR polarization-dependent and
metasurface measurements, a MIR lens (Edmund) with a focal
length of ~12.7 mm was used to focus the fundamental light onto
the samples. The transmitted THG signals were collected by another
objective (20, NA = 0.45), and the reflected THG signals were col-
lected by the sample lens. The collected signals were analyzed by a
spectrometer integrated with a cooled InGaAs CCD. To measure the
angle-dependent THG, half-wave plates were used to control the
polarization of the fundamental light.
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Wavelength-dependent THG measurements require calibrating the
optical setup’s wavelength-dependent losses, which arise from the objec-
tive, filter, focus lens, fiber, grating, and CCD quantum efficiency. The
spectral response in the THG spectral range was calibrated using a
standard calibrated light source (AVALIGHT-HAL-CAL-MINI).

Estimation of third-order susceptibilities (y*)

The third-order nonlinear susceptibility (3 ) was estimated using
the following equation for average THG power (P5,,) as a function of
the incident average power (P,) (21)

3
907 |y Py
16 |71, | 13 €2c4 3
|13 | 15, 0 frzepw412<L)

4ln2

e™2% —2cos(Akle™ +1 o2l
o212+ Ak2[?

30

2

where o is the fundamental frequency, I (typically ~20 nm) is the BP
thickness, which is much smaller than L_;, of BP, P, and P;, are the
average excitation and THG powers inside the sample, respectively,
|73, represents the complex RI of BP at the THG wavelength, n,, is
the real part of the complex RI of BP at the fundamental wavelength,

6n(n,~ns,) . .
Ak = M is the phase-mismatch between the fundamental

light and the forward THG light, where A, is the fundamental wave-
length. Optical constants of BP are extracted from (34), where g, =
8.85 x 10™'* F/m is the vacuum permittivity, ¢ = 3 x 10® m/s is the
velocity of light in the vacuum, f,., = 100 kHz is the laser repetition
frequency, T ~ 600 fs is the pulse duration, a = 22 is related to the
absorption coefficient of BP at the THG wavelength, where k and A,
are the imaginary part of RI and the THG wavelength, respectively
(34). The focused beam diameter W (full width at half maximum ~
30 pm) was estimated using the knife-edge technique (47) (note
S11 and fig. S24). Before performing measurements, we also cali-
brated the response of the spectrometer using lasers working at
corresponding THG wavelengths. Interface reflectivities (BP sur-
face, surface of the BaF, substrate, and surface of the Al,O3 film)
were also taken into account in the estimation (note S12 and fig.
$25). The ¥® value of BP at 1550 nm was also estimated by com-
paring it with monolayer MoS,, using the following expression
Igp(3w)
Iztos, B0)
in table S1 and fig. $26), where Iy, and I, are thicknesses of mono-
layer MoS; and BP, respectively, I, (30) and Igp(3w) are THG
intensities from MoS, and BP, respectively, Iy;,s (@) and Igp() are
excitation intensities in MoS, and BP, respectively.

Lios, @) (3
JER) XMos,

o =3.6x10"" m¥V?

L3 _ hwes
(22): % —2 Mos,

BP T [,
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