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High harmonic generation (HHG) opens a window on the fundamental science of strong-
field light-mater interaction and serves as a key building block for attosecond optics and
metrology. Resonantly enhanced HHG from hot spots in nanostructures is an attractive
route to overcoming the well-known limitations of gases and bulk solids. We demonstrate a
nanoscale platform for highly efficient HHG driven by strong mid-infrared laser pulses: an
ultra-thin resonant gallium phosphide (GaP) metasurface. The wide bandgap and the lack
of inversion symmetry of the GaP crystal enable the generation of even and odd harmonics
covering a wide range of photon energies between 1.3 and 3 eV with minimal reabsorption.
The resonantly enhanced conversion efficiency facilitates single-shot measurements that
avoid material damage and pave the way to controllable transition between perturbative

and non-perturbative regimes of light-matter interactions at the nanoscale.

Traditionally, high harmonics generation! has been observed in gases subjected to tunneling
ionization by ultra-strong laser fields exceeding those that bind electrons to nuclei>®. High
ionization thresholds, inversion symmetry, and infrastructure requirements imposed by gas
chambers present challenges to the development of small-footprint low-power sources integrable
in existing optoelectronic platforms for efficient and broadband HHG. Solid-state materials
represent an attractive alternative for tabletop HHG sources’®. However, conventional
approaches to HHG utilizing bulk crystals fail to simultaneously achieve high conversion
efficiencies and broad spectral bandwidth owing to significant harmonics reabsorption and phase
mismatch. More recently, designer nanostructures’'* have attracted considerable attention
because they can potentially alleviate these problems due to locally enhanced optical “hot spot”
fields through a variety of mechanisms: operation in the epsilon-near-zero regime, as in CdO,'*

high-quality-factor collective modes, which were demonstrated in Si metasurfaces'!, or



plasmonic field enhancement’. However, several challenges to achieving highly efficient HHG
in the strong-field regime assisted by spectrally selective metasurfaces may be identified. First,

narrow- and moderate-bandgap semiconductors, with bandgap energies A, that are not much

larger than the laser photon energy hw, are damaged at moderate laser fluences due to multi-
photon absorption followed by rapid free-carrier generation'>!®. Moreover, the overabundance of
free carriers can drastically reduce the quality (Q) factor of a resonant metasurface!’, thereby
defeating its key purpose: the creation of resonantly-driven optical hot spots. Second, harmonics
absorption by opaque materials reduces the HHG-emitting volume and dramatically decreases
the HHG efficiency!®. Finally, only a subset of harmonics (odd) can be produced by
centrosymmetric materials. Currently, non-centrosymmetric materials enabling even-order
harmonics'®>!” have not been utilized for nanostructure-based HHG: to date, high (N > 4)
harmonics have only been reported from nanostructures biased by an external dc field'? or 2D

semiconductors®’.

Therefore, it is desirable to develop a photonic platform and an optical system providing both
the access to non-perturbative physics (defined by a strong perturbation by a laser pulse of the
electron/hole motion in their respective conduction/valence bands), as well as the ability to use
HHG as a probe of the microscopic processes inside a crystal’?*. Such combination of a
photonic platform and optical system must meet the following conditions: (a) the electronic
bandgap of the constitutive material should be sufficiently large, so that multiple harmonic
orders can be utilized; (b) the optical system should enable single-shot measurements that do not

24-26 and

suffer from the inherent limitations of multi-pulse averaging, such as long-term damage
measurement biases (e.g., produced by a single high-intensity outlier in a train of laser pulses);

and (c) the photonic structure should enable the production of nanoscale regions of a strongly-



driven material phase embedded inside a weakly perturbed phase, thus opening the possibility of

studying nonlocal effects in condensed matter phase without confounding laser damage.

The transition to nonlinear carrier motion occurs when the momentum gained from the laser
electric field over a single period exceeds the size of the Brillouin zone of a solid material. This
condition is expressed as f = wg/2w > 1,%*?7 where wg = eEa/Hh is the Bloch oscillation

frequency28’29’30

, a a crystalline period, w is the laser frequency, h is the reduced Planck’s
constant, and E is the hot spot optical field. Concurrently, the injection of free carriers (FCs) into
the conduction zone also takes place. The latter is governed by the dimensionless Keldysh

parameter’' y = w, /m*Ag/eE, where m” is the effective electron mass. Approximately equal to

the ratio of the carrier injection time to laser period, the Keldysh parameter characterizes electron
tunneling across the bandgap. Therefore, highly-efficient non-perturbative (saturated) HHG

requires that 8,y 1 > 1.

The key challenge addressed by our work is finding the appropriate photonic platofrm for
entering this new regime without producing large numbers of FCs that can blue-shift*? or
dampen'’ the metasurface resonance. As illustrated by Figure S1 (see Supplementary
Information Section 1 for the calculation of strong-field-induced FC generation), our choices of
the metasurface material and laser wavelength A = 2mc/w are strongly constrained if we are to

access the non-perturbative regime of HHG in nanostructures.

Here, we design and fabricate an ultrathin (= A/10, where A = 3.95 um) photonic platform
for enhanced HHG — a resonant metasurface — based on a transparent, high-index, wide-bandgap
semiconductor: gallium phosphide (GaP)**. The combination of high refractive index (n =~ 3)
and mid-infrared (MIR) transparency enables highly localized “hot spots” of the electromagnetic

field inside GaP-based metasurfaces, akin to those made of silicon and gallium arsenide®®’.
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Large electronic band gap (A(gdir) = 2.78¢eV and A(gindir) = 2.24 eV > hw) of GaP drastically

reduces multi-photon absorption of MIR light (see Supplementary Information Section 1) and
prevents visible HHG reabsorption up to the N = 7 harmonic frequency wy = Nw. Finally, the
non-centrosymmetric zincblende crystal structure of GaP enables generation of even-order

harmonics from the bulk!>23,

This selection of the laser wavelength and the underlying metasurface material enabled us to

produce record-breaking unsaturated conversion efficiencies into high harmonics even in the

perturbative regime of moderate laser intensity 1,%? ~ 80 GW/cm? in the multi-pulse (MP)

illumination regime. By employing single-pulse (SP) measurements, we avoid laser-induced

damage and reach the non-perturbative regime of HHG for incident laser intensities as high as

1P

max

~ 480 GW/cm?. We observe a resonance-dependent saturation of the HHG at high
estimated values of normalized Bloch oscillation frequencies (f =~ 2), opening exciting new

opportunities for non-perturbative light-matter interactions at the nanoscale.

The metasurfaces for enhanced HHG (Fig. 1a) were fabricated from 400 nm thick GaP films
using thin film bonding, electron beam lithography and reactive ion etching (see Supplementary
Information Section 2 for details). A scanning electron image of a typical metasurface sample is
shown in Fig. 1b. The metasurfaces consist of densely packed domino-shaped dielectric resonant

antennas (DRAs) supporting externally excited resonant electric dipole (ED) electromagnetic

10

modes at the nominal resonant wavelength A5

= 3.95 um. These modes were experimentally

identified for several metasurfaces with varying dimensions (and, correspondingly, varying

resonant wavelengths A,es = /1&2)5 + 8¢5 ) using Fourier-transform infrared (FTIR) collimated

beam spectroscopy>®. At resonances — manifested as the transmission dips in the experimental



(Fig. 1d) and numerical (Fig. 1e) spectra due to the excitation of the ED modes of the DRAs —

metasurfaces funnel the MIR radiation into the “hot spots” (see Fig.1c for a numerical

2
~ 10 intensity

Eloc

simulation). The metasurface was nominally designed to provide moderate

ext

enhancement of the MIR radiation A = Aﬁ?s. The most efficient excitation of an ED mode occurs

when its spectral bandwidth matches that of the MIR pump shown in Fig. 1d in gray.
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Figure 1. GaP metasurfaces for strong-field light-matter interactions in the mid-infrared | a. Illustration of the
HHG process: resonant GaP metasurfaces show efficient even and odd high harmonic generation (up to order H9)
due to the wide direct electronic bandgap, high refractive index and non-centrosymmetric lattice. The indirect band

gap is not shown. b. Fabricated GaP metasurfaces: SEM images. ¢. Calculated local field map of the metasurface

(0).

res; Peak local field enhancement: |Ejoc/Eeyc|? = 10 at resonant

mode excited by a MIR pulse with 4 = A
wavelengths. d. Collimated (normal incidence) FTIR transmission spectra of three samples with varying DRA sizes:
largest (upper curve) to the smallest (lower curve) size. The second and third data sets are offset for clarity by +0.4

and +0.8, respectively. e. COMSOL simulations of d. The second and third data sets are offset for clarity by +0.5

and +1.0, respectively. Red stars indicate the estimated wavelengths of the maximum local field enhancement.
Figure 2a shows a simplified sketch of the experimental setup for the detection and

spectroscopy of HHG. Visible high harmonics are emitted from the metasurfaces driven by a

femtosecond (tpr = 200 fs) pulse train centered at a wavelength 4 = 3.95 um from a MIR



optical parametric oscillator. The harmonics detection was performed via back focal plane (BFP)
imaging or with a visible spectrometer; see Supplementary Information Sections 3-5 for details.
A typical HHG spectrum, with the luminescence background subtracted, is shown in Fig. 2b.
Even- and odd-order harmonics are observed in the near-infrared and visible ranges: from Aw, =
1.2 eV to hwg = 3.0 eV (where wy = 2mNc /A is the N’th harmonic frequency). No detectible
harmonic signal was observed from either unstructured GaP film of the same thickness, or the
Si02/ALL O3 substrate. The power of the 7™ harmonic (H7) emitted from the sample was
calibrated using an external laser source of the known power and a similar wavelength; see
Supplementary Information Section 7 for the calibration procedure details. The absolute
conversion efficiency reaches a value of ; ~ 2 - 1072 for H7 at I = 80 GW/cm?, i.e. two orders
of magnitude larger than the previous demonstration in a metasurface!! and more than one order

of magnitude larger than that in an epsilon-near-zero material %,
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Figure 2. High harmonic generation in the perturbative multi-pulse (MP) regime | a. Simplified schematic of
the HHG detection setup, with the detection arm represented by either a spectrometer or a back focal plane (BFP)
imager. b. MP-HHG spectra of the resonant sample at Iy;;g = 80 GW/cm?. The N = 8 harmonic is not observed due
to the onset of indirect interband transitions in GaP. The arrows indicate the predicted HHG wavelengths. c.
Polarization dependence of HS shows two orders of magnitude contrast between the resonant (horizontal) and non-
resonant (vertical) MIR polarizations with Iy;;g = 100 GW/cm?. d. Linear polarization of the odd-order (H7: green
dots) and elliptic polarization of the even-order (H6: orange circles) harmonics. Dashed lines: MIR laser pulse
polarization (Iyjg = 80 GW/cm?). e. Solid lines: HHG intensity as a function of the pump intensity for the N = 4

(dark-red), N =5 (red), N = 6 (orange), N = 7 (green), and N = 9 (blue) orders. Dashed lines: corresponding guide-

to-the-eye power laws, [ ~ I 0.



Crucially, even-order (H4 and H6) harmonics were detected alongside the odd-order
harmonics (HS, H7 and H9) because of the non-centrosymmetric (zinblende) crystal structure of
GaP. Note that H8 was not detected in our experiment because of the combination of the indirect
transitions at hwg = 2.28 eV (making GaP partially opaque at H8) and the inherently lower
conversion efficiency of the even-order harmonics. The relatively low efficiency of the even
harmonics can be attributed to unfavorable orientation of the GaP principal crystalline axes
inside the DRAs; it can be improved by about two orders of magnitude by a judicious choice of

the crystal axis orientation (see Supplementary Information Section 8 and Supplementary Fig.

S6).

To validate the importance of the dipole-active metasurfaces resonances, we have
investigated the dependence of the H7 conversion efficiency on the polarization of the MIR
pulse. The non-resonant pump polarization along the short side of the metasurface DRAs results
in the efficiency reduction by two orders of magnitude compared with the resonant one as shown
in Fig. 2c. This implies that optical field enhancement inside the hot spot produced by the
resonant laser polarization aligned with the dipole moment of the ED mode is essential for the

high efficiency of HHG observed in our experiments.

Next, we have analyzed the polarization states of the odd- and even-order harmonics.
Specific examples for H7 and H6 harmonics are plotted in Fig. 2d for the (1, 0) diffraction order,
as measured by BFP imaging. We observe that the odd harmonics (green dots) are co-polarized
with the MIR pump (dashed lines). In contrast, the even harmonics (orange circles) are found to

be elliptically polarized owing to the highly asymmetric structures of the even-order nonlinear

susceptibility tensors )(i(JI-V")_k,39 where the N™"-order nonlinear polarization density of the medium

is given by Pl.(N) = )(i(]{\.’_).kE ; . E) (see Supplementary Information Section 8 for details). For odd

9



(N

values of N, the diagonal matrix elements of y; j__?k dominate, and the Nth harmonic polarization

is collinear with that of the MIR pump. In contrast, for even N, the elements of the )(l(]N)k tensor

are predominantly off-diagonal, thereby enabling polarization changes of the even-order

harmonics.

To investigate whether the HHG in the multi-pulse (moderate peak power) regime obeys the
perturbative scaling laws, we have plotted in Fig. 2e the dependences of the harmonic intensity
I™) on the MIR intensity Iy r. The unsaturated dependences I™Y) ~ Il are plotted as the guides
for the eye. In striking difference with the previous findings of HHG in nanostructures'!’!440, the
response of the GaP metasurface does not exhibit any appreciable saturation. We conclude that

the perturbative regime of harmonics generation persists up to the maximum pump intensity

(Imr = Ir%? = 80 GW/cm?) used in these experiments, which is equivalent to the hot spot

intensity Is = 0.7 TW/cm? inside the metasurface. This is in agreement with our estimates of

p < 1 for this range of intensities (see Table S1 of the SOM).

Because metasurfaces subjected to multi-pulse trains were visibly damaged for incident laser
intensities of order Iyg = 200 GW/cm?, the only non-destructive pathway to accessing the non-
perturbative regime of laser-matter interaction is to resort to single-pulse (SP) experiments.
Moreover, unlike MP averaging that may not provide the full picture of nonlinear processes, the
SP exposures yield accurate relationships between the pulse energy, HHG signal, and the
excitation site within the sample while avoiding the accumulation of MP damage®*2°. In order to
access the high-intensity regime (0.2 — 0.6 TW/cm?), we replaced the focusing optics and
synchronized the elements of the setup. As schematically shown in Fig.3a, the OPA triggers a

mechanical shutter, which directs a single laser pulse to the sample and into the pick-off



detection arm. The sample resides on a three-dimensional translation stage and is monitored by a
visible-light imaging system (not shown). Each area of the sample is exposed to a single laser
pulse by moving it out of the laser path by 50 um after each shot. For each shot, the trigger starts
the fast camera acquisition that records BFP images of the HHG pattern; a typical single-shot

BFP image is shown in Fig. 3b.
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Figure 3. Single-pulse (SP) fifth harmonic generation reveals the non-perturbative regime and high damage
thresholds of resonant metasurfaces | a. A setup for SP-HHG back focal plane (BFP) imaging. Single pulses pass
through a mechanical shutter, split into the main beam (sample irradiation) and the pick-off beam (individual pulse
power calibration). The diffracted harmonics are detected in the BFP configuration by triggered camera exposure. b.
A typical BFP image of the HS from the resonant sample at non-destructive intensities. ¢. Zeroth diffraction order
intensity of the HS as a function of MIR pump intensity for five different metasurfaces with resonances at 4., from
the farthest from (blue circles) to the closest to (purple triangles) the driver wavelength. Solid lines: best fits to the
power law I®) = al”. Deviation from the expected I®® ~ I° indicates the saturation of nonlinear response. Inset:

power exponent b vs resonance wavelength A..s. The mask damage threshold and the metasurface damage threshold

are shown for the most resonant metasurface .o = /152)5 =A

As an example, the zeroth diffraction order is plotted as a function of the field intensity in
Fig. 3c for five different metasurfaces, from the one with the smallest detuning between the

pump and the resonance (purple triangles: Ao = AS;)S) to the largest detuning (blue circles). The

11



solid lines show the best fits to the power law I ~ aI?, where the exponent b is expected to be
equal to 5 for the perturbative HS process. However, in contrast with moderate-intensity data in
Fig. 2e, the drastic reduction of the H5 exponent (b < 5) signifies the onset of the non-
perturbative regime. The inset of Fig. 3c shows b(4,s) as a function of the detuning between the
incident pulse and the resonant wavelength A..s. The exponent b varies monotonically between

b = 2.8 for the least resonant metasurfaces to b = 0.9 for the most resonant metasurface.

The scanning electron micrographs (SEMs) of the degraded metasurfaces reveal two types of

damage caused by the single pulses: the mask damage for Iyg > Ir(:;iQ) ~ 280 GW/cm?

(detachments of the HSQ cap from the GaP resonators) and the structure damage for Iyr >

I(GaP)

max .~ 480 GW/ cm? (removal of the GaP resonators from the substrate). Surprisingly, even

though well-defined damage thresholds are identified by observing the metasurface degradation,

no abrupt changes in HHG are experimentally observable at those threshold intensities II(n};iQ)

and Ir(n(;ip) (see Fig. 3c). The lack of any abrupt changes in the HHG dependences is attributed to
the finite size of the beam: the HHG output is maintained at the beam’s periphery even when the
centrally positioned portion of the sample is damaged by a laser pulse. The estimated conversion
efficiency of H5 in the single-pulse regime at I = 200 GW/cm? for sample #5 (resonant case) is
Nse = 1.4 - 107°, which is almost two orders of magnitude larger than that in the multi-pulse

case. A comparison between various solid-state HHG sources, provided in Supplementary Table

S2, shows that the GaP metasurface provides the largest specific (per unit length) conversion

efficiency among all the materials provided.

One of the primary mechanisms contributing to the HHG in the non-perturbative regime is

the generation of the nonlinear currents by the Bloch oscillations® of the FCs. The local (hot



spot) field strength that does not destroy the most resonant GaP metasurface (corresponding

to Iyr = II(I%(P) ) can be estimated to be Eglj,z ~ 0.24 V/A (assuming a factor X 10 intensity
enhancement at the hot spot), bringing the value of the Bloch frequency up to wg ~ 2-10%> 57!,
The corresponding ratio of the Bloch frequency to the driving MIR laser frequency is f =
wg/2w = 2.1, thus suggesting a transition to a non-perturbative response of the underlying
GaP crystal (see Table S1). The anisotropic response of the electron subsystem suggests the
importance of crystal lattice orientation, whereby one can tailor the contributions from different

harmonics by engineering the crystal axes with respect to the nanostructure. These effects

comprise an intriguing topic for future studies.

In conclusion, we have demonstrated efficient visible high harmonics generation using mid-
infrared resonances in ultra-thin gallium phosphide metasurfaces. Our approach provides record-
high conversion efficiency at the nanoscale, enabled by the combination of strong hot spot
enhancement of the optical field, high resilience of the underlying material to strong fields, and
the low level of HHG reabsorption. Single-pulse illumination format enabled us to utilize much
higher laser intensities than in the multiple-pulse format, thereby accessing the non-perturbative
regime of HHG without confounding structural damage. The robustness of the metasurface to
laser damage under ultra-intense illumination opens new routes to accessing strong-field regimes

with tailored light fields and enables non-perturbative light-matter interactions on a chip.
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Figure 1

GaP metasurfaces for strong-field light-matter interactions in the mid-infrared | a. lllustration of the HHG
process: resonant GaP metasurfaces show efficient even and odd high harmonic generation (up to order
H9) due to the wide direct electronic bandgap, high refractive index and non-centrosymmetric lattice. The
indirect band gap is not shown. b. Fabricated GaP metasurfaces: SEM images. c. Calculated local field
map of the metasurface mode excited by a MIR pulse with [ =llres(0); peak local field enhancement: |lloc/
Mext|2=10 at resonant wavelengths. d. Collimated (normal incidence) FTIR transmission spectra of three
samples with varying DRA sizes: largest (upper curve) to the smallest (lower curve) size. The second and
third data sets are offset for clarity by +0.4 and +0.8, respectively. e. COMSOL simulations of d. The
second and third data sets are offset for clarity by +0.5 and +1.0, respectively. Red stars indicate the
estimated wavelengths of the maximum local field enhancement.
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Figure 2

High harmonic generation in the perturbative multi-pulse (MP) regime | a. Simplified schematic of the
HHG detection setup, with the detection arm represented by either a spectrometer or a back focal plane
(BFP) imager. b. MP-HHG spectra of the resonant sample at IMIR=80 GW/cm2. The N = 8 harmonic is not
observed due to the onset of indirect interband transitions in GaP. The arrows indicate the predicted HHG
wavelengths. c. Polarization dependence of H5 shows two orders of magnitude contrast between the



resonant (horizontal) and non-resonant (vertical) MIR polarizations with IMIR=100 GW/cm?2. d. Linear
polarization of the odd-order (H7: green dots) and elliptic polarization of the even-order (H6: orange
circles) harmonics. Dashed lines: MIR laser pulse polarization (IMIR=80 GW/cm2). e. Solid lines: HHG
intensity as a function of the pump intensity for the N = 4 (dark-red), N = 5 (red), N = 6 (orange), N = 7
(green), and N = 9 (blue) orders. Dashed lines: corresponding guide-to-the-eye power laws, () ~ EMIRK.
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Figure 3

Single-pulse (SP) fifth harmonic generation reveals the non-perturbative regime and high damage
thresholds of resonant metasurfaces | a. A setup for SP-HHG back focal plane (BFP) imaging. Single
pulses pass through a mechanical shutter, split into the main beam (sample irradiation) and the pick-off
beam (individual pulse power calibration). The diffracted harmonics are detected in the BFP
configuration by triggered camera exposure. b. A typical BFP image of the H5 from the resonant sample
at non-destructive intensities. c. Zeroth diffraction order intensity of the H5 as a function of MIR pump
intensity for five different metasurfaces with resonances at lres, from the farthest from (blue circles) to
the closest to (purple triangles) the driver wavelength. Solid lines: best fits to the power law §(5) = RIK.
Deviation from the expected [(5) ~ 5 indicates the saturation of nonlinear response. Inset: power
exponent il vs resonance wavelength Ares. The mask damage threshold and the metasurface damage
threshold are shown for the most resonant metasurface lres=[res(0)=N.
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