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ABSTRACT: Resonant photonic nanostructures exhibiting enhanced nonlinear response and eﬃcient frequency conversion are an emergent platform
in nonlinear optics. High-index semiconductor metasurfaces with rapidly
tuned high-quality-factor (high-Q) resonances enable a novel class of timevariant metasurfaces, which expands the toolbox of color management at the
nanoscale. Here, we report on the dynamic control of the nonlinear optical
response in time-variant semiconductor metasurfaces supporting high-Q
resonances in the near-infrared spectral range. Germanium metasurfaces
reveal frequency conversion of the fundamental beam and blue-shift of 10 nm
(3.05ω) and 40% broadening in the third-harmonic spectrum due to a
subpicosecond-scale time-variant refractive index. A time-dependent coupled-mode theory, in qualitative agreement with the
experimental data, validated the time-variant nature of the system. Our ﬁndings expand the scope of time-variant metasurfaces and
may serve as base for the next generation of nanoscale pulse shapers, optical switches, and light sources.
KEYWORDS: metasurfaces, nonlinear optics, time-variant materials, ultrafast processes, high-Q resonances, all-optical modulation
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eﬀects and other beneﬁts for creating various compact
nonlinear photonics devices.
In the extreme case where resonances of metasurfaces are
tuned rapidly, a novel class of eﬀects pertaining to the timevariant nature of metasurfaces emerges. Under this framework,
harmonic waves cease to be solutions of Maxwell’s equations,
and eﬀects such as frequency conversion,40−42 photon
acceleration,39 nonreciprocal light reﬂection, beam steering,
or focusing43−45 that are impossible in stationary systems rise,
similar to original works in rapidly generated plasmas.46,47 The
frequency conversion that has recently been shown for
metasurfaces also has origins similar to that of the coherent
artifact in ultrafast time-resolved infrared (IR) spectroscopy of
vibrational transitions in chemical systems48,49 and for
semiconductors,50,51 which manifest at negative pump−probe
time delays when the probe pulse precedes the pump pulse.
Even though many systems have revealed linear frequency
conversion due to abrupt time modulation, ultrafast studies of
the nonlinear response,52−55 which are prominent in resonant
metasurfaces, are yet to unveil the control of light frequency for
nonlinearly generated waves. This concept bears signiﬁcant
importance for attosecond physics and high harmonic
generation, where isolated attosecond pulses beneﬁt from
spectrally alternated harmonic signals.56

etasurfaces, arrays of periodically arranged nanoparticles,1,2 have established themselves as a promising
alternative for various optics elements like lenses,3 holograms,4,5 deﬂectors,6,7 and polarizers.2 As an emergent
platform in nonlinear optics, resonant photonic nanostructures
revealed an enhanced nonlinear response and eﬃcient
frequency conversion.6,8−15 One of the downsides of
metasurfaces is their ﬁxed optical properties, imposing
restrictions on their use after fabrication. Many works were
dedicated to active and tunable metasurfaces, where an
external stimulus changes the properties of the structures. As
such, mechanical,16 electrical,17,18 or thermal control,19 optical
excitation,20−22 magneto-optical control,23−25 use of phasechange materials,26,27 or chemical approaches28 and hybrid
systems like liquid crystals29,30 can tune the spectral position of
metasurfaces’ resonances. Many of the potential applications of
metasurfaces, especially in nonlinear and tunable cases, require
sharp spectral features and high local electric ﬁelds. To fulﬁll
these conditions, Mie-type resonances are widely used,31 ﬁrst
demonstrated in high-index particles with spherical form and
other shapes such as disc-shaped particles.1,32 Individual
resonant nanoparticles can be combined into strongly coupled
arrays, where high-quality-factor (high-Q) modes enable
metasurfaces with sharp spectral features and enhanced
light−matter interactions,33,34 leading to many exciting
applications.35,36 Using high-Q structures, photonic devices
with properties beyond what is available with bulk materials
and low-Q metasurfaces can be attained.37−39 High-index
semiconductor metasurfaces with specially designed high-Q
resonances have great capability for enhanced nonlinear optical
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Figure 1. External optical drive enables time-variant resonances in a nonlinear germanium metasurface. (a) The concept of optically driven
nonlinear response of a time-variant amorphous germanium (a-Ge) metasurface. The absorption of a pump pulse rapidly modiﬁes the refractive
index of a-Ge. As a result, the third-harmonic signal generated by the probe beam can get dynamically up-converted, following the fast evolution of
the resonance. (b) The experimental and simulated transmittance spectra of the a-Ge metasurface in the absence of optical pumping (solid and
dashed black curves, respectively) and transmittance spectra after illumination by various pump ﬂuences at time delay τ = 100 fs (colored curves).
The gray region shows the spectrum of the probe pulse. (c) A scanning electron microscope image of a typical metasurface sample (top view). The
white arrow represents the polarization direction of the probe pulse. (d) A map of the simulated ﬁeld amplitude |E/E0| (color) and direction (black
arrows) at the central wavelength of the metasurface resonance inside the a-Ge cuboid in horizontal cross-section of a cuboid exhibiting high local
ﬁeld enhancement pertaining to the high-Q resonance. (e) Schematic of pump−probe spectroscopy setup.

■

RESULTS
Metasurface Samples and Concept. The work is
conceptualized in Figure 1a. A semicondictor metasurface
formed by an array of amorphous germanium (a-Ge) cuboids
was chosen as a time-variant medium, and its capabilities as a
frequency converter were investigated using pump−probe
spectroscopy. Due to a-Ge cuboids located close to each other,
the metasurfaces manifested high-Q resonances,35 and a-Ge
provided the free-carriers generation under the optical pump
illumination and, therefore, enabled rapid changes of the
refractive index; see Methods for the sample fabrication
procedure. A scanning electron microscope (SEM) image of a
typical metasurface (top view) is represented in Figure 1c: dark
areas correspond to Ge. The Q-factor of the resonances
depended on the size of the gap between the short sides of the
cuboids and varied from 30 to 65. We chose the metasurface
with Q = 65 as a sample for this study. Its experimental and
simulated transmittance spectra in the near-IR in the
unperturbed regime are displayed in Figure 1b by solid and
dashed black curves, respectively; see Methods for the

Here, we report on the dynamic control of the nonlinear
optical response of a time-variant semiconductor metasurface.
We design and experimentally implement a germanium-based
metasurface that possesses a high-Q resonance in the nearinfrared spectral range and exhibits a frequency conversion due
to the rapidly photoinduced time-variant refractive index in a
subpicosecond pump−probe experiment. Owing to the
combination of the high-Q resonance and time-variant
refractive index, the metasurface demonstrates blue-shifted
and spectrally broadened fundamental beam and thirdharmonic generation (THG) at negative pump−probe time
delays. We observe a blue-shift of 10 nm and 40% broadening
in the third-harmonic generation spectrum around a wavelength of 540 nm, as well as its complete suppression at
positive delays. To model the experimental results, a coupledmode theory is developed, which has conﬁrmed the observed
wavelength shifts and validated their time-variant nature. The
observed external photoinduced control over the frequency of
nonlinearly generated photons establishes a new utility for
time-variant metasurfaces and opens opportunities for novel
light sources at the nanoscale.
494

https://doi.org/10.1021/acsphotonics.1c01222
ACS Photonics 2022, 9, 493−502

ACS Photonics

pubs.acs.org/journal/apchd5

Article

Figure 2. Experimental linear frequency conversion in a time-variant a-Ge metasurface. (a) Transient transmittance of a metasurface with the
resonance at 1640 nm as a function of the probe wavelength and pump−probe delay. The dashed black rectangle denotes the zoom area for insert
in (b); the vertical dashed lines correspond to τ = −680 fs (the resonance close to the unperturbed case: T−680 ≈ Tno pump) and τ = 100 fs (after
pump illumination) for transmittance spectra in Figure 1b. (b) The diﬀerence between probe spectrum under pump illumination and without
pump illumination, logarithmic scale, as a function of the probe wavelength and pump−probe delay. Inset: zoom of the dashed white rectangle area,
showing new frequency components generated at wavelengths as short as 1450 nm.

laser spectrum of the probe passing through the sample in the
absence of the pump pulse, and Tpump(τ), Ipump(τ) are the
values under the pump illumination at the pump−probe time
delay τ.
Frequency Conversion in Fundamental Spectrum.
Figure 2a represents transient transmittance ΔT/T for an a-Ge
metasurface with the resonance at the central wavelength 1640
nm. A signiﬁcant change in transmission is observed, with
positive (up to +80% near the resonance central wavelength)
and negative variation (down to −25%) in consequence of
blue-shift and reduced Q-factor of the resonance in the
transmittance spectrum (Figure 1b) due to the refractive index
changes under the induced free carriers. In transient spectroscopy experiments, we focus on negative time delays close to
zero delay, where the eﬀects associated with the time-variant
nature of the system can be observed.39−45 The photoinduced
modulation of the metasurface’s resonance enables frequency
conversion of the fundamental beam, as seen in Figure 2a,b,
between −300 and 0 fs time delays. At such negative time
delays, as a result of a long lifetime of the mode, characteristic
fringes42,49,57 can be observed. They originate from the
interference between the resonant part of the probe that is
being dynamically frequency-converted in the metasurface (the
central part of the probe spectrum, which interacts with the
resonance of the metasurface) and the nonresonant part of the
probe (the edges of the probe spectrum that are outside of the
metasurface resonance’s bandwidth). The extent to which the
new frequencies are generated in the metasurface through time
variance can be appreciated at wavelengths far from both the
unperturbed resonance and the probe carrier wavelength. The
diﬀerential intensity plot in Figure 2b demonstrates that, at
small negative pump−probe delays around −70 to −40 fs, the
above-noise signal is generated at wavelengths as short as 1450
nm, that is about 200 nm away from the initial resonance
position, signifying strong frequency conversion due to the
time-variant nature of the metasurface.
Frequency Conversion of the Third-Harmonic Signal.
The free-carrier-induced time-dependent refractive index of the
metasurface imposes femtosecond dynamics in the THG
response, causing conversion of the THG frequency. The

calculation and measurement details. The polarization of the
incident light was perpendicular to the long sides of the
cuboids, depicted on the SEM image with a white arrow. The
gray region denotes the spectrum of the incident probe pulse,
which resonantly excited a magnetic quadrupolar Mie mode in
the metasurface. A calculated ﬁeld distribution inside the a-Ge
cuboid at the resonant wavelength in Figure 1d demonstrates
two electric ﬁeld vortices that generate two out-of-phase, outof-plane magnetic dipoles. The transmittance spectra after
illumination by diﬀerent pump ﬂuence (colored curves) at
pump−probe time delay τ = 100 fs exhibit a shift of the
resonance and a decrease in its Q-factor due to the
modiﬁcation in the a-Ge refractive properties. These changes
become more apparent with increasing the pump ﬂuence, as
more free-carriers are generated. For a pump ﬂuence of 1 mJ/
cm2 (pink curve), the resonance is still visible and experiences
a blue-shift of about of 30 nm. We estimate the resonance shift
at a ﬂuence of 3 mJ/cm2 to be approximately 100 nm.
Transient Linear and Nonlinear Spectroscopy. The
ultrafast dynamics of infrared transmittance and thirdharmonic generation signal were studied using the pump−
probe technique. The setup is schematically shown in Figure
1e. Ti:sapphire ampliﬁed femtosecond pulses were used to
pump the metasurface and induce rapid changes of the
refractive index. The pulses from the optical parametric
ampliﬁer were used to probe the response of metasurfaces.
The system ran at a low repetition rate of 1 kHz to minimize
the residual pulse-to-pulse heating. The probe pulse duration
was 50 fs and its central wavelength of 1640 nm was tuned to
the metasurface resonance (gray area in Figure 1b). The pump
pulse was 60 fs long, with a central wavelength of 800 nm and a
ﬂuence varied from 0.25 to 3 mJ/cm2. The probe was focused
under normal incidence, whereas the pump fell on the sample
at a small oﬀ-normal angle; for experimental details, see
Methods. The transmitted probe pulse spectra were measured
both under and without the pump presence as a function of
time delay τ between the pump and probe pulses in the nearinfrared and visible spectral ranges. The transient transmittance
is deﬁned as ΔT/T = (Tpump(τ) − T)/T = ΔI/I = (Ipump(τ) −
I)/I, where T is the transmittance of the sample and I is the
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Figure 3. Frequency conversion of the harmonic response in a time-variant metasurface. The normalized spectra of the third-harmonic signal
generated by the probe pulse under pump as a function of the pump−probe delay (a) and without pump illumination as a function of time (b). The
black dashed lines indicate the position of central wavelength λ0 from (e). The vertical red dashed lines in (a) denote the time delays for the THG
intensity spectra cross sections in (c). The hatched white rectangle marks the area with noisy signal that prevents meaningful normalization. (c)
THG spectra under pump illumination at time delays τ = −130 fs (blue curve) and τ = −50 fs (pink curve). The extracted width of spectrum σ (d)
and central wavelength λ0 (e) of the THG spectrum as functions of τ under pump illumination (red dots) and without pump illumination (black
dots).

= −130 fs has similar parameters as all spectra for more
negative delays and as unperturbed spectrum (without pump
illumination). The THG signal exhibits blue-shift and
broadening at negative delays near zero with values increasing
with increasing the time delay. We ﬁt the spectra in Figure 3a,b
by a sech2 function:

experimental ultrafast all-optical nonlinear modulation of a-Ge
metasurfaces is displayed in Figure 3a. The normalized thirdharmonic signal generated by the probe pulse with a central
wavelength of λprobe = 1610 nm under the pump illumination
reveals a blue-shift of the THG wavelength at the femtosecond
scale for negative pump−probe time delays. This blue-shift (or
photon acceleration47) of the nonlinear signal occurs due to
the negative term of the photodoped semiconductor refractive
index that is proportional to the number of free carriers
generated by the pump beam, Δn ∝ −NFC(t). The hatched
white rectangle marks the area with noisy signal that prevents
meaningful normalization. The unperturbed a-Ge metasurface
generates the third-harmonic signal with stable behavior in
time but with small deviation in spectrum from delay to delay
due to some instability of the probe laser (Figure 3b). These
ﬂuctuations are similar enough to each other for far from zero
negative time delays and thus allows to conclude that such
eﬀect is not related to the time-variant nature of the system.
Red dashed lines in Figure 3a denote the time delays for the
THG intensity spectra cross sections in Figure 3c. Figure 3c
represents unnormalized THG spectra at time delays τ = −130
and −50 fs under pump illumination. The THG spectrum at τ

i λ − λ 0 yz
zzz
y = y0 + A sech2jjjj
k σ {

(1)

where y0 is the oﬀset, A is the amplitude, λ0 is the central
wavelength, and σ is the spectral full width at half-maximum.
The extracted values of σ and λ0 as a function of τ under pump
illumination (red dots) and without pump illumination (black
dots) are displayed in Figure 3d and e, respectively. The error
bars of the data points that are not near zero delay are smaller
than the data point markers. The blue-shift and broadening of
the THG signal without the pump ﬂuctuate due to the
instabilities of the probe beam with characteristic deviation
values less than the spectrum modiﬁcation caused by the
pump. The highest values of measured blue-shift and
broadening of the THG spectrum are 10 nm and 40%,
respectively, at τ = −10 fs. The blue-shift of 10 nm
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Figure 4. Coupled-mode theory results. (a) Temporal dynamics of pump−probe interaction for three main cases: pump1 with pump−probe time
delay τ ≪ σprobe (blue curves in (a) and (b)), so in (d) the unperturbed resonance is observed (blue curve); pump2 with negative τ ≈ 0, the
resonance mode is present in the resonator, while the material properties are changed (orange curves in (a) and (b)); so the mode is transformed
by the time-variant parameter and the fringes that indicate the frequency conversion occur in the transmittance spectrum (orange curve in (d));
pump3 with τ > 0, the probe arrives shortly after the pump makes changes in the material and both the blue-shift and reduced Q-factor of the
resonance are observed in transmittance (red curve in (d)). Dashed curves display the pump-induced dielectric permittivity changes of the material
ε(t). (b) Corresponding temporal dynamics of the resonance mode for the three cases. (c) The transmittance spectrum of the metasurface with the
resonance at 1640 nm in the absence of optical pumping (black curve) and the spectrum of the probe pulse (gray region). (d) Transmittance
spectra of the metasurface for tree main cases under pump. (e) Transient transmittance of the metasurface as a function of wavelength and pump−
probe time delay. Red dashed lines denote the time delays used in (a), (b), and (d). (f) The diﬀerence between probe spectrum under pump
illumination and without pump illumination as a function of wavelength and pump−probe time delay, logarithmic scale. (g) The normalized thirdharmonic signal generated by the probe pulse under pump illumination. Red dashed lines in (g), (i), and (j) denote the time delays for the THG
intensity spectra cross sections in (h). (h) THG spectra under pump illumination for some pump−probe delays; here ITHG
pump(−1000 fs) =
2
ITHG
no_pump(−1000 fs). The ﬁtting result of THG intensity by the sech function, eq 1, with spectral width σ (i) and central wavelength λ0 (j) under
pump (red curves) and without pump illumination (dashed black curves).

fs is characterized by the most pronounced and spectrally
broad fringes (Figure 2a,b). Similar temporal dynamics one
can observe in the nonlinear response as well. Finally, when the
resonance shifts far enough from the fundamental spectrum
center, near τ = 0, the nonlinear response becomes highly
impeded by the formed plasma; the signal for τ > 0 can no
longer be detected under the same experimental conditions
(hatched white rectangle area in Figure 3a).
Theory. We construct a time-dependent coupled-mode
theory (CMT)58 to conﬁrm the description of our experiment
and to get a better understanding of the metasurface’s
dynamics. This theory allows simulating the ultrafast all-optical
modulation of the metasurface’s resonant mode as a function

corresponds to the frequency conversion of 3.05ω in
comparison with unperturbed nonlinear signal that is expected
at 3ω. The essence of the THG blue-shift eﬀect is associated
with the metasurface resonance blue-shift at the fundamental
wavelength under pump illumination and subsequent redistribution of the frequency components of the third-harmonic
spectrum. As shown in Figure 1b, the higher is the pump
ﬂuence, the larger is the blue-shift of the resonance. The
nonlinear modulation of the a-Ge metasurface was measured at
a pump ﬂuence of 3 mJ/cm2 when the resonance shift is
estimated to be about 100 nm. The main feature related to the
shift of the resonance at the fundamental frequency occurs at a
time scale of ∼−100 fs since the region τ between −200 and 0
497
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DISCUSSION
A part of the probe pulse that couples to the metasurface stays
with it for a time comparable to the lifetime of the mode. The
powerful pump pulse arrives shortly after the mode is
populated and generates free carriers, altering the refractive
index of the semiconductor and shifting the resonance by up to
100 nm at a pump ﬂuence of 3 mJ/cm2. This shift, along with
the dynamic widening of the resonance, enables broadband
frequency conversion at up to 200 nm away from the carrier
wavelength at negative time delays in pump−probe traces.
Due to the high values of the intrinsic third-order nonlinear
susceptibility χ(3) of a-Ge, one can observe the third-harmonic
signal generated by the probe pulse in the a-Ge material. The
THG is described by the nonlinear polarization
(3)
P(3)
NL (3ω) = ε0χ (3ω) ∂ E(ω)E(ω)E(ω), and owing to the
electric ﬁeld enhancement in the metasurface, the THG signal
is observed at a lower power compared to the bulk a-Ge. The
femtosecond-scale changes in the fundamental beam spectrum
lead to the femtosecond changes in the third-harmonic signal
generated by the probe pulse and revealed in the blue-shift and
broadening of the third-harmonic spectrum. While this
observation is deemed possible in high-Q metasurfaces, our
modeling shows that the femtosecond dynamics of THG at
negative time delays τ < 0 displayed in Figure 3 is signiﬁcantly
smaller for lower Q-factors, see Supporting Information, Figure
S1. Since in the CMT calculations we used pulses of the same
duration as in the experiment, we expected to see the
maximum value of the THG blue-shift at delays ∼−100 fs
time scale. In addition, the four-wave mixing (FWM) process:
2ωpump − ωprobe, for the fundamental probe wavelength λprobe =
1610 nm and the pump wavelength λpump = 800 nm yields a
resulting wavelength λFWM ≈ 530 nm that is close to the
maximum achieved shifted THG. To exclude the inﬂuence of
the FWM, we measured the THG signal for λprobe = 1670 nm
for the case when both the fundamental probe wavelength
located close to the metasurface resonance, and it is possible to
separate the THG and FWM processes (λTHG ≈ 560 nm, λFWM
≈ 525 nm). As a result, the FWM process does not manifest
itself and does not aﬀect the measured visible response (see
Supporting Information, Figure S2), and we can conclude that
the measured nonlinear signal is attributed to the THG.
Moreover, we use the pump−probe scheme with diﬀerent
pump and probe wavelengths, and so we expect that coherent
artifacts occurring in such experiments at near-zero time delays
due to the interference of pump and probe60 beams cannot be
observed in our experiment. Our results pinpoint the
signiﬁcance of high-Q resonances in the processes of frequency
conversion in time-variant metasurfaces and serve as an
important step to the full understanding of this phenomenon.
To conclude, we have designed, fabricated, and studied an aGe-based metasurface that exhibits photoinduced frequency
conversion via a high-Q resonance with rapidly varying
parameters. Pump−probe experiments show pronounced
spectral features in the probe beam and its third optical
harmonic at negative pump−probe delay times. In the ﬁrst
observation of switching and frequency tuning of a harmonic
signal in a semiconductor metasurface, we demonstrated a 10
nm blue-shift and 40% broadening of its spectrum on the
subpicosecond time scale at negative pump−probe delays and
almost complete suppression of the THG at positive delays.
The observed blue-shift and broadening are caused by the
pump-induced dynamics of the high-Q factor metasurface

of both time delay between the pump−probe pulses and probe
wavelength. The probe is the short sech2 pulse (Figure 4a,c,
gray region) and the pump inﬂuence is imitated by timedependent mode parameters: central frequency ω0(t) and
damping factor γ(t), which arise as a result of a change in the
dielectric permittivity ε(t) under the induced free-carriers
(Figure 4a, dashed curves). There are three main cases for
pump−probe time delays shown in Figure 4a,b,d. In the ﬁrst
case (pump1), with the pump−probe time delay τ being much
less than the duration of the probe pulse σprobe, the pump pulse
arrives at the metasurface after the probe has almost
completely radiated out of the resonator (blue curve in Figure
4a,b) and the resonance is close to the unperturbed one
(Figure 4d, blue curve). In the second case (pump2), with
negative τ near zero, due to the ﬁnite lifetime of the resonance,
the mode excited while the material properties are changed
(orange curves in Figure 4a,b). The mode is transformed by
the time-variant metasurface, and the fringes that indicate the
frequency conversion appear in the transmittance spectrum in
Figure 4d (orange curve). In the third case (pump3), with τ >
0, the probe arrives shortly after the pump made changes in the
material; thus, the probe interacts with the material whose
dielectric permittivity has changed, and both the blue-shift and
the reduced Q-factor of the resonance are observed in the
transmittance spectrum in Figure 4d (red curve). The given
delay times for the main cases are marked by red dashed lines
in Figure 4e.
The transmittance of the unperturbed mode is shown in
Figure 4c and is quite similar to the transmittance of the
experimental a-Ge metasurface (Figure 1b, black curve). The
probe spectrum width σ = 50 nm is also taken close to the
experimental value of σ = 55 nm (for more calculation details,
see Methods). Figure 4e represents the calculated transient
transmittance of the metasurface, which is in excellent
agreement with the experiment. The region with high
modulation values (dark red area at short wavelengths) occurs
due to the division by small values of the unperturbed
spectrum, and may not describe well the experimental probe
spectrum as far as the spectral tails are concerned. This area
can be clearly seen without division in Figure 4f, where the
absolute diﬀerence between probe spectrum under pump
illumination and without pump illumination is shown on a
logarithmic scale. The corresponding normalized thirdharmonic signal is given in Figure 4g. The signal reveals the
blue-shift on a femtosecond scale as obtained in the
experiment. The red dashed lines denote the time delays for
the intensity spectra cross sections in Figure 4h. These cross
sections of THG spectra under pump illumination display the
blue-shifting and broadening of the spectra which increase at τ
≈ 0. The THG probe spectrum at τ = −1000 fs under pump
(black curve) completely matches with the THG probe
spectrum without pump in this region. The shift of the THG
spectrum at positive time delays relative to the unperturbed
spectrum without pump is related to the changed resonance
properties of the media (red curve in Figure 4d), but is not
associated with the time-variant nature of the system (see
Supporting Information for the details).59 The temporal
dynamics for width of spectrum σ and central wavelength λ0
was obtained from ﬁtting by sech2 function with eq 1 as a
function of time delay between the pump−probe pulses
(Figure 4i,j). The blue-shift reaches a maximum value of about
10 nm and the broadening is about 40%, which is in excellent
agreement with the experimental values.
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with a frequency from 0.1 to 50 Hz depending on the
averaging time of the spectrometer. A normalized 3D map of
THG intensity was obtained by normalizing the spectrum at
each pump−probe time delay to its maximum. The area with
noisy signal that prevents meaningful normalization have
artiﬁcially low values and is shown by the hatched white
rectangle in Figure 3a. The normalized intensity of THG was
used for a clearer observation of the signal blue-shift due to the
decreasing of the signal value with increasing time delay of
pump−probe and due to the instability of the probe laser. The
main ﬁngerprints of the time-variance in the system (the
central wavelength and the spectrum width) are not connected
to the intensity instability of the probe beam. According to the
predictions by the CMT, we expected to see the maximum
value of the THG blue-shift at delays around −100 fs time
scale, which is indeed seen in the experimental results.
FDTD Simulations. The transmittance spectra were
calculated using a commercial Lumerical FDTD Solutions
software for an a-Ge metasurface with the following
parameters: the dimensions of the cuboid short side x = 360
nm, long side y = 753 nm, the period along the Ox axis Px =
1035 nm, along the Oy axis Py = 1060 nm and the a-Ge layer
thickness of 140 nm. The characteristic geometric parameters
was achieved from the SEM image of the sample. There was a
residual silica cap due to the fabrication process on top of the
a-Ge cuboid. We used a nondispersive dielectric material with
n = 1.6 and hSiOx = 100 nm for this cap and n = 1.45 for the
CaF2 substrate. For the a-Ge material, we used the available
tabulated experimental data.61 Periodic boundary conditions
were used to simulate periodic structure of metasurface and
perfectly matched layer (PML) conditions were used in the z
direction. The plane wave excitation was from the top at a
normal angle with the polarization perpendicular to the long
sides of the cuboids, as shown by a white arrow in the SEM
image of the sample in Figure 1c.
CMT Calculations. The experimental data can be understood in terms of a time-dependent coupled-mode theory.58
We considered a single resonant mode being excited by a short
pulse, for which CMT gives the following equation:

resonance, as conﬁrmed by coupled-mode theory calculations.
Nonlinear time-variant metasurfaces represent a promising
novel class of artiﬁcial semiconductor nanostructures that can
serve as the base for new-generation pulse shapers, optical
switches, and light sources.

■

METHODS
Sample Fabrication. Samples of germanium metasurfaces
were fabricated by thermal deposition of a thin (200 nm) a-Ge
ﬁlm on a CaF2 substrate, subject to electron beam lithography
with 100 nm-thick HSQ resist exposed at a dose of 800 μC/
cm2, development in TMAH (120 s, 3% solution), and reactive
ion etching in SF6 plasma. The total dimensions of the
nanostructured areas were 500 × 500 μm2.
Sample Characterization. Near-infrared spectroscopy of
the samples was performed using a home-built setup. The
beam from an incandescent light source was focused to a spot
size of about 300 μm with a numerical aperture of NA = 0.05.
The transmitted beam was analyzed by an IR InGaAs CCDbased spectrometer. Normalization was done by the spectrum
of the source with the sample removed from the optical path.
The setup allowed measuring transmittance for diﬀerent angles
of incidence and linear polarization states of the incident light.
The resonances with high Q-factors were observed for the
polarization orientation of the incident light perpendicular to
the long sides of the a-Ge cuboids.
Pump−Probe Spectroscopy. A Ti:sapphire regenerative
ampliﬁer (Coherent Libra) serving as a pump and an optical
parametric ampliﬁer (OPA) serving as a probe were used to
investigate frequency conversion in the semiconductor
metasurface. The pump was a 60 fs laser pulses train (as
measured using an autocorrelator) of 800 nm wavelength with
1 kHz repetition rate. Its average power was varied using a
variable optical density ﬁlter from 0.5 to 6 mW, while retaining
a spot size of about 500 μm in diameter in the sample plane.
We chose the pump wavelength λpump = 800 nm because its
photon energy Epump = 1.55 eV is larger than a-Ge band gap Eg,
so that the linear absorption is dominant over the higher-order
absorption processes in a-Ge. The probe was a 50 fs pulses
train with 1 kHz repetition rate and wavelength tunable in the
range from 1610 to 1670 nm, with an average beam power of
about 40 mW. Both beams were p-polarized at the metasurface
plane. The duration of the probe was measured by a crosscorrelation scheme with the use of a pump as one of the pulses
and using a BBO nonlinear crystal that produced a sumfrequency beam. The transmitted probe pulse spectra (or
third-harmonic generated by the probe) were measured as a
function of both time delay between the pump and probe
pulses and the probe fundamental wavelength (or THG
wavelength) under and without pump presence by a near-IR
spectrometer (or visible spectrometer). In order to increase the
signal-to-noise ratio of the measured third-harmonic spectra, a
probe of higher intensity in comparison with linear measurements was used. The high intensity of the probe leads to the
noticeable change in the quality factor of the resonance due to
the increased nonradiative losses under free-carriers generated
in Ge. In our case, the used intensity level resulted in the
decrease of the Q-factor almost 2 times from the initial and the
Q-factor of the resonance became equal to 30. In addition to
this, the central wavelength of the probe was shifted from λ =
1640 (used in linear measurements) to 1610 nm to increase
the signal-to-noise ratio of the “red”-part of the blue-shifted
generated THG spectra. The measurements were carried out

a(̇ t ) + [iω(t ) + γnr(t ) + γr ]a(t ) =

γr s(t )

(2)

Here, a(t) is the complex amplitude of the exited mode, ω is
the resonant frequency of the mode, γr and γnr are the radiative
and nonradiative contributions to the decay rate, and s(t) is the
exciting pulse. We added a time dependence to the properties
of our mode (γnr and ω) to model the eﬀects of the pump. We
use a sech2 excitation pulse: s(t) = sech2((t)/σprobe) exp[−iωprobet], where σprobe controlled the width of the pulse and
ωprobe corresponded to the central frequency.
We determined the time dependence of the resonant mode
by the following consideration. Since we used a short pump
pulse with a Gaussian-type proﬁle to excite free carriers in the
metasurface, the change in the dielectric permittivity of
germanium could be approximated by the error function:
ε(t) = ϵ−∞ + Δε/2[erf[(t + τ)/σpump] + 1], where ϵ−∞ is the
permittivity without the pump, Δε is the total change induced
in the material, τ is the pump arrival time, and σpump is the
duration of the pump pulse. Here the model does not take into
account the relaxation processes of free carriers, since the
typical relaxation time is longer than the studied one.
Assuming that the mode resonant frequency is linearly
dependent on the permittivity, we can write the same equation
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for ω by substituting ϵ−∞ for the unperturbed resonant
frequency ω−∞ and Δε for the change in resonant frequency
Δω:
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demonstrated in Figure 4g. The spectra for several pump−
probe delays are displayed in Figure 4h on the logarithmic
scale, where a blue-shift of the spectrum is clearly seen as the
delay approaches zero. By ﬁtting these spectra with a sech2
function, we estimate the width and central wavelength of the
spectra, these results are shown in Figure 4i,j.
These simulation results provide qualitative agreement with
experimental data in both linear and the third-harmonic
spectra. We see the same periodic modulations in the linear
spectra that stretch far from the original probe spectrum
(Figure 4f). In third-harmonic simulations, we observe a shift
in central frequency of 10 nm and a widening of the spectrum
by approximately 40%, which is very close to the experimental
results.

In addition to changing the resonant frequency, the free
carriers also add absorption, which leads to a change in γnr.
Since permittivity and absorption generally have the same
dependence on the free carrier concentration, here we assumed
that γnr(t) behaved the same way that ω(t) did: γnr(t) − γnr−∞
= ξ(ω(t) − ω−∞), where γnr−∞ is the unperturbed nonradiative
decay rate and ξ is a numeric coeﬃcient that is determined by
the material used for the resonator. Since the correct value of ξ
is unknown for a-Ge, we performed these simulations for
various values from ξ = 0.5 to 2. We found that ξ = 1 yielded
results closest to the experimental measurements, so we used
this value for all the data presented here. Since the relative
change of the refractive index of a-Ge is small, we assumed that
the mode proﬁle remains largely unchanged, and γr did not
change signiﬁcantly in the process, so we take it to be constant.
Equation 2 was numerically solved using the explicit
Runge−Kutta method as implemented in the NDSolve
function from Wolfram Mathematica computation engine.
The parameters we used were close to the experimental ones:
ω−∞ = 1150 THz (λ−∞ = 1640 nm), Δω = 63 THz (Δλ = 100
nm), σprobe = σpump = 50 fs, ωprobe = 1158 THz (λ = 1628 nm,
for linear calculations) and 1171 THz (λ = 1610 nm, for
nonlinear calculations), γnr,−∞ = 4.5 THz, γr = 4.5 THz
(equivalent to Q = 65 for linear calculations) and 8 THz
(equivalent to Q = 36.6 for nonlinear calculations). The two
diﬀerent decay rates and central wavelengths were used due to
the diﬀerent probe intensities and wavelengths used in the
linear and nonlinear experiments. Due to diﬃculty in
measuring the third-harmonic spectra, a probe of higher
intensity at λ = 1610 nm was used in nonlinear experiments,
generating free carriers in germanium increasing the nonradiative losses. A much weaker probe at λ = 1628 nm is used
in linear experiments, leading to no noticeable changes in the
quality factor of the resonance. To model the pump−probe
experiment, the pump arrival time τ from eq 3 is varied
between τ = −1000 and 500 fs.
The light radiated by the mode can be obtained using the
following equation: sr(t ) = s(t ) − γr a(t ). We then performed a Fourier transform: Isimul(ω) = abs[F[sr(t) ]]2,
where Isimul(ω) is the simulated transmission spectrum and F
denotes the Fourier transform. The resulting transient
transmission spectra as a function of the delay between the
probe and the pump are shown in Figure 4e. By performing the
same calculation without any temporal changes to the resonant
mode, we get the spectrum for the case when there is no pump
present (the transmission in this case is indicated with a black
curve on Figure 4c), then we can plot the same value as
simul
presented in experimental results |Isimul
pump − Ino_pump| (Figure 4f).
To simulate the third-harmonic generation, the real part of
the complex amplitude of the resonant mode was raised to the
third power: ITHG(ω) = abs[F(Re[a(t)]3)]2. Although this
approach ignores several important eﬀects that inﬂuence thirdharmonic generation in the system, it gives a good estimate of
frequency conversion in the third-harmonic generation
spectrum. The normalized calculated nonlinear spectra are
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