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ABSTRACT

Optical modulation of high harmonic generation (HHG) at ultrashort timescales is of fundamental interest and central importance for
emerging photonic applications. Traditionally, this modulation is realized by injecting incoherent electrons into the conduction band, which
can only result in the suppression of HHG intensity. In this work, we have proposed and demonstrated an all-optical route to amplify a spe-
cific order of high harmonic generation in (11-20)-cut wurtzite zinc oxide (ZnO) based on the pump-probe configuration. Specifically, inten-
sity enhancement is demonstrated by tuning the wavelength of the generation middle-infrared pulse when the wavelength of HHG matches
the energy of a specific defect state. The maximum enhancement factor is observed to be 1.8, while the modulation speed varies with different
defect states, which are 0.1 ps for the 5th HHG and 1.5 ps for the 4th HHG. This work might enlighten a new path for ultrafast modulation

of HHG in solids for the future development of all-optical devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0145728

Benefitting from the development of high-intensity lasers, high
harmonic generation (HHG) in solids has achieved great success in
the last two decades (e.g., the solid-state HHG has been demonstrated
for the first time in ZnO with up to the 25th-order HHG,' and strong
HHG generation induced by elliptically polarized light excitation has
been validated in graphene’). After demonstrating the generation,
how to modulate HHG in solids via external stimuli is becoming the
current research focus, considering that modulating HHG would ben-
efit the development of advanced laser sources with a pulse width of
attoseconds.” Optical modulation is of paramount importance among
various proposed HHG modulation mechanisms, which is attributed
to the impressive modulation behaviors with a large modulation depth
and an ultrafast response time." Furthermore, optical modulation
would also help clarify the underlying mechanisms of HHG in solids
via perturbation of electronic transitions.”

Unfortunately, although outstanding modulation performance of
HHG in solids based on optical methods has been demonstrated (e.g.,
Wang et al. have reported a modulation depth of larger than 90% and
a response time of hundreds of picoseconds in ZnO"), these proposed

optical modulation schemes are all based on the same physical effect: a
control pulse is utilized to pump incoherent electrons from the valence
band (VB) to the conduction band (CB) and suppress the interband
contribution,” and, thus, it can only suppress the intensity of HHG.
This modulation limitation has enormously hindered the potential
applications of HHG in ultrafast optics-related applications since the
enhancement of HHG would significantly and immediately impact
much research areas in strong-field physics. Therefore, how to
enhance HHG in solids by an optical route lies in the main interest of
the HHG research community.

Here, the selective enhancement of HHG in the (11-20)-cut single
crystal ZnO at the picosecond timescale is demonstrated with the all-
optical pump-probe configuration. In our experiment, the wavelength
of the middle-infrared (MIR) probe pulse to generate the HHG is varied
from 2200 to 2400 nm, and the pump wavelength is fixed at 400 nm.
When the HHG wavelength matches the energy of the defect state, a
specific order of HHG can be amplified via the stimulated emission
process. By changing the time delay between the pump pulse and the
MIR pulse, an enhancement factor of 1.8 is observed, while the
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modulation speed is determined to be 0.1 ps for the 5th HHG and 1.5
ps for the 4th HHG. The relatively large enhancement factor and the
extremely high modulation speed show a quite good modulation per-
formance, which is rarely reported in traditional optical modulation
methods. Our works have shown the potential of defects engineering in
modulating high harmonic generations, which may enlighten novel
photonic applications, e.g,, generating intense femtosecond pulses” and
optimizing the speed of optical switching and communication.”

The sample used in our experiments is the (11-20)-cut wurtzite
ZnO single crystal, which is prepared by mature hydrothermal growth
technique (MTT Co.). First, we have checked the absorption spectrum
of the sample, as shown in Fig. 1(a). Based on the spectrum, the
bandgap of our sample has been measured to be 3.26 eV (~380 nm).
Two defect states have been resolved at the mid-gap position, which
can be seen more clearly in the inset of Fig. 1(a). Based on the afore-
mentioned results, the energy band of our sample is illustrated in Fig.
1(b), matching well with our previous work® or other works about
7n0.” The native ZnO defects are donor-type defects (i.e., the carriers
are electrons), which are associated with the crystalline imperfection
due to point defects.”"”

The experimental setup is shown in Fig. 1(c). Femtosecond laser
pulses from a regenerative amplified Ti:sapphire system (Spectra-
Physics, central wavelength: 800 nm, pulse duration: 50 fs, and the rep-
etition rate: 1 kHz) are used as the laser source. A TOPAS laser system
(an optical parametric amplifier, Spectra-Physics) is utilized to convert
the 800 nm pulses to the MIR pulse with a wavelength ranging from
2200 to 2400 nm, which is used to generate the HHG with a fixed flu-
ence of 400 mJ/cm® The HHG spectra are detected with a commercial
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spectrometer (Ocean Optics). Another 800 nm pulse from the femto-
second laser source is frequency-doubled by a BBO crystal (barium
metaborate) to serve as the pump beam and then focused on the ZnO
crystal at the same position as the MIR beam. The pulse duration of
the pump is 70 fs, and the pulse duration of the MIR is about 150 fs.
The bandwidth of the MIR measured in the experiment is about
30 nm (the full width at half maximum, FWHM). The polarization of
the pump beam is set parallel to the polarization of the MIR beam
using a half-wave plate, for the purpose of obtaining a strong optical
response. The time separation between the pump and MIR beams is
adjusted by a delay line stage, which is synchronized to the spectrome-
ter by a computer. All the experiments are done at ambient pressure
and room temperature.

The HHG spectra of the sample generated by the MIR pulse with
the wavelength of 2310nm are shown in Fig. 1(d). The 4th HHG
(HH4) to the 9th HHG (HH9) spectra can be clearly observed, and no
physical damage to our sample is identified during the measurement.
It is worth noting that the (11-20)-cut ZnO is anisotropic, and differ-
ent MIR polarizations would induce different HHG spectra. In this
experiment, the MIR polarizations are either parallel or perpendicular
to the c-axis (i.e., the (0001)-axis). When the MIR polarization is per-
pendicular to the c-axis, the even-order HHG is suppressed, and only
HH4 is observed. While for the parallel condition, the even-order
HHG becomes much stronger. Specifically, the intensity of HH4 is
above the instrument measurement range with this integration time
setup. Our HHG spectra results are consistent with previous works."”

Then, a pump pulse with a wavelength of 400 nm is used to mod-
ulate the HHG spectra. The polarizations of the MIR pulse and the

(b) E
CB
3.26 eV
2.64 eV
220eV
VB
64 Perpendicular to the c-axis
Parallel to the c-axis
HH4
4
24
0 T T T T
300 400 500 600
Wavelength (nm)

FIG. 1. (a) The absorption spectrum of the ZnO sample. The inset shows two defect-state-related absorption features. (b) The energy band sketch map based on the absorp-
tion spectrum. (c) A schematic of the experimental setup. (d) HHG spectra of the (11-20)-cut ZnO excited by the 2310 nm MIR pulse with two different polarizations.
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pump pulse are perpendicular to the c-axis of our sample. The mod-
ulation result is shown in Fig. 2(a), and the detailed dynamics of
HH4, HH5, and HH7 is demonstrated in Fig. 2(b). When the delay
is positive (i.e., the pump pulse arrives earlier than the MIR pulse),
the intensity of HHG is modulated with different performances for
different-order HHG. For HH4, HH7, or other orders not shown in
this figure, the intensity would be temporally suppressed, which is
consistent with the results in earlier works.”™'"'*'* Based on the con-
clusion of the previous works,'' the HHG suppression process
should be related to the electron excitation process from the VB to
the CB. After the excitation process, the electrons at CB decay to VB,
thus inducing a recovery process. However, it is pretty abnormal for
HH5, with the intensity larger than the initial value with an
enhancement factor of 1.8. The unusual dynamics of HH5 is incon-
sistent with the reported suppression behavior, requiring further
investigations. Also it is worth noting that the modulation speed in
this experiment is extremely fast, determined to be 0.1 ps. For the
traditional method based on electron injection into the conduction
band, the modulation speeds are usually several picoseconds or even
longer. In addition to the aforementioned phenomena, it is also
observed that the spectral shape of HH5 splits in the delay time
range of 0.5-1.5 ps in Fig. 2(a). This phenomenon has been system-
atically investigated in our previous HHG modulation work'' and
can be attributed to the coherent mixing-frequency process. The
nonlinear frequency mixing process occurs efficiently with a thresh-
old; therefore, the high-intensity part of HH5 will be suppressed,
which makes the spectra look like “splitting.”
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The dynamics of HH5 with a delay time around zero is shown in
Fig. 2(c) for several MIR wavelengths. It is found that the enhance-
ment is quite sensitive to the MIR wavelength. For 2310 nm, the inten-
sity is enhanced, while for 2290 or 2330 nm, we can only observe the
suppression effect. Meanwhile, we have also checked the pump
fluence-dependent HH5 intensity when the MIR wavelength is fixed at
2310 nm, as shown in Fig. 2(d). Surprisingly, we observed no monoto-
nous trend in the enhancement factor with an increase in pump flu-
ence (i.e., the largest enhancement factor of 1.8 is observed with a
fluence of 16 mJ/cm?, even stronger than the 24 mJ/cm? excitation).
These results cannot be interpreted by the traditional HHG modula-
tion mechanisms’ and indicate a complex and competing mechanism.

As shown in Figs. 1(a) and 1(d), the wavelength of the enhanced
HHS5 is 462 nm (2.68 eV), quite close to the energy of the defect state
at 2.64 eV (please note that the slight energy difference between HH5
and the defect state can be possibly attributed to the quiver energy
induced resonance tuning effect”'”). Thus, a rational assumption is
that the enhancement is associated with the specific defect state. To
verify this assumption, we have tried to explore the enhancement of
other-order HHG, and the HH4 intensity has been successfully
enhanced. In this experiment, the MIR polarization is set parallel to
the c-axis; thus, we can easily detect the intensity change of HH4
because HH4 is relatively strong at this condition. As shown in
Fig. 3(a), the enhancement of HH4 is obtained when the MIR wave-
length is 2240 nm. Meanwhile, the HH5 shows almost no change with
different pump fluences, which can be seen in the inset. Similar to the
last case, the enhancement is also quite sensitive to the MIR
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FIG. 2. (a) and (b) The HHG spectra as a function of the delay time. The whole intensity spectrum is shown in (a), and the relative intensities of HH4, HH5, and HH7 are shown
in (b). The HH5 is obviously enhanced by a factor of 1.8. (c) The HH5 dynamics at the region near the zero delay with different MIR wavelengths of 2290, 2310, and 2330 nm.
HH5 is enhanced only for the 2310 nm condition. (d) The HH5 dynamics with different pump fluences. The maximal enhancement factor is achieved at 16 mJiem?.
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FIG. 3. (a) The HHG spectra with pump or without pump when the MIR wavelength
is 2240nm. The inset shows the HH5 spectrum. The HH4 is enhanced obviously,
while the HH5 has almost no difference. (b) The relative intensity of HH4 as a func-
tion of the delay time when the MIR wavelength is 2240 nm.

wavelength, and it cannot be observed for 2220 or 2260 nm. The
results have shown strong evidence to support our assumption because
the wavelength of HH4 is detected to be 548 nm (2.26 eV), quite close
to the defect state at 2.20 eV.

As shown in Fig. 3(b), the HH4 dynamics has also been mea-
sured, showing different dynamic curve compared to the HH5

CB

Suppressed
Defect

..... -

Enhance

VB,

Low pump fluence

A MIR laser
HHS

High-harmonic
generation
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dynamics in Fig. 2. For HH5, the enhancement near the zero delays
can only last for 0.2 ps (i.e., the half of which is the modulation speed),
while 3 ps for HH4. The significant time difference indicates that the
enhancement for HH4 and HH5 should originate in different states. It
is rational since we attribute the different dynamics to the different
defect states.

Based on the aforementioned results, we have proposed an
assumption to explain the HHG enhancement phenomenon. As
shown in Fig. 4, we take the enhancement of HH5 as an example and
draw a sketch map to illustrate the proposed mechanisms. Generally,
two conflicting mechanisms would participate in our experiments,
which have inverse effects on the intensity of HHG. First, we would
mention the three-step model in HHG: (i) electron tunneling excita-
tion, (ii) electron or hole acceleration, and (iii) electron-hole recombi-
nation.'”'® With a pre-excitation pump pulse, electrons in the VB
would be excited to the CB, which should suppress step iii (ie., the
interband contribution to HHG). Thus, the intensity of HHG is sup-
pressed, which has been widely observed in previous works.”"' " In
these experiments, the electrons in CB should be the dominant mecha-
nism, and it is also one ongoing process in our work. However, in our
hypothesis, there should be another process with the inverse effect: the
pre-excitation pump pulse would also excite electrons to the defect
state. It is worth noting that the electrons in defect states should come
from two channels: (i) electrons can be directly excited to the defect
level from the lower part of the valence band; (ii) electrons in the con-
duction band can be trapped by the defect level before they recombine
to the valence band. If the wavelength of HH5 is quite close to the
energy of the defect state (2.64 eV), the electrons in the defect state will
participate in the HHG generation process. The HH5 photons gener-
ated by MIR would induce the radiative recombination of electrons
from the defect state to VB, similar to the three-energy level stimulated
emission process.'” As a result of this process, additional HH5 photons
are radiated, and the enhancement of HH5 is achieved. Please note
that the wavelength of HHG is the key to the enhancement mecha-
nism. The ultra-narrow bandwidth of the enhancement is due to the
energy distribution of the discrete defect state. As shown in Fig. 1(a),
the density of states of two discrete defect states is restricted in a nar-
row wavelength range. If the wavelength of HH5 is shifted from the
energy of the defect state, the stimulated emission would disappear,

CB

Suppressed

Enhanced

VB,

High pump fluence

FIG. 4. The sketch map of the amplified HHG mechanisms. The pump pulse would inject electrons into defect states and CB, resulting in two competiton HHG modulation
mechanisms (the left panel). The electrons in defect states would enhance the specific order of HHG via the stimulated emission, while the electrons in CB would suppress all
orders of HHG via incoherent electron injection. Higher pump fluence would increase the populations of electrons in both defect and CB. However, if the electron population in
defect states is saturated, higher pump fluence would not induce large enhancement (the right panel).
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and the radiation from the defect state to VB cannot enhance the HH5
intensity anymore. The suppression effect would be the dominant
mechanism for this condition, and no enhancement would be observed.
The earlier is the interpretation of the HH5 enhancement, which is also
applicable to the enhanced HH4 in Fig. 3. The HH4 enhancement phe-
nomenon should be associated with the defect state at 2.20 eV.

Furthermore, the unusual phenomenon in Fig. 2(d) can be inter-
preted using the above-proposed mechanisms. In principle, the popula-
tion of electrons excited to the CB, and the defect state would be larger
with higher pump fluence. Based on our hypothesis, these two increased
populations of electrons would have opposite influences on the intensity
of HHG, inducing the complex phenomenon in Fig. 2(d). On the one
hand, more electrons in the CB would suppress the intensity of HHG
by decreasing the interband contribution. On the other hand, more elec-
trons in the defect state could radiate more HH5 photons. For ease of
understanding, a brief description of these two competitive mechanisms
has been shown in Fig. 4. When the pump fluence is 8 mJ/cm” in Fig,
2(d), few electrons are excited to the defect state, resulting in weak radia-
tion from the defect state to the VB. Thus, the enhancement factor is
only 1.3 for low pump fluence. However, the enhancement factor is still
relatively small (1.4) for high pump fluence (24 mJ/cm?). This can also
be interpreted by our hypothesis, shown in the right panel of Fig. 4. For
this condition, the population of electrons in the defect state would be
saturated, and the enhancement effect is independent of the further
increase in pump fluence. On the other hand, a higher pump fluence
would continuously inject electrons into CB and make the suppression
effect larger. Therefore, a higher pump fluence may not ensure a larger
enhancement effect, which is verified in Fig. 2(d) (i.e., the enhancement
of 16 mJ/cm? is larger than that of 24 mJ/cm?). Based on the aforemen-
tioned discussion, an optimized pump fluence is required to achieve an
outstanding performance of HHG enhancement.

Based on the aforementioned conclusions, the increase/decrease/
increase shape for HH5 in Fig. 2(b) can also be explained. The first
increase trend is because of the stimulated emission enhancement. In
this condition, there are increasing electron populations both in the con-
duction band and defect state, and electrons in the defect state would
enhance HHG via the stimulated emission process. After this trend, the
intensity of HHG would decrease because of the decrease in electron
population in the defect state, attributed to the ultrafast lifetime of the
stimulated emission process. As a result, incoherent electrons in the con-
duction band would dominate the modulation process of HHG after
the stimulated emission process, leading to a decreased trend in the
HHG intensity. Finally, the HHG intensity would increase again because
of the interband recombinations of the electrons. The population of the
electrons in the conduction band would decrease gradually, and, thus,
the suppression of HHG would also become weaker.

In our works, all dynamic curves are fitted by the following expo-
nential function convoluted with a Gaussian instrument response,'’
shown as solid lines in Figs. 2(b)-2(d) and 3(b):
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where 11, 75, and 75 are the lifetime constants for different processes,
while 7y is the pulse width of the pump pulse (i.e., the instrument
response). The coefficients A;, A,, and As are the amplitudes of each
process. When the coefficient is positive, it is an enhancement process,
while it is a suppression process for the negative coefficient. All fitting
parameters are provided in the supplementary material as Table S1.

In principle, all the exponential terms of the normal HHG modu-
lation are decaying,'"'” which would indicate the interband transition
process from the CB to the VB. For our HHG enhancement data, the
exponential terms would be a growing term and two decaying terms,
corresponding to the two competitive mechanisms. Based on the
aforementioned discussion, the growing term indicates the electron
dynamics of defect states, while the decaying terms reflect the dynam-
ics of CB. Thus, we can directly obtain the dynamics of the defect state
using the HHG enhancement experimental data. According to the fit-
ting parameters, the growing lifetimes are 0.1 and 2 ps for the 2.64 and
2.20 eV defect states, respectively. It is worth noting that the dynamics
of HH5 and HH4 is quite different in Figs. 2 and 3, showing the poten-
tial to detect the defect state dynamics.

In conclusion, we have generated HHG in (11-20)-cut ZnO with
MIR excitations and modulated it using a 400 nm pump pulse. In our
experiment, the specific order of HHG has been enhanced using the
all-optical pump-probe method. An enhancement factor of 1.8 has
been obtained by varying the time delay between the pump pulse and
the MIR pulse. The enhancement can be achieved when the HHG
wavelength matches the energy of a specific defect state, which is
attributed to the stimulated emission. Also, we have found that the
enhancement performances are quite different for different-order
HHG. Specifically, the modulation speed is determined to be 0.1 ps for
the 5th HHG and 1.5 ps for the 4th HHG. The significant difference
has shown the potential to determine the carrier dynamics of the spe-
cific defect state. Our work has enriched the optical modulation
scheme of HHG in solids.

See the supplementary material for fitting parameters to fit all
dynamic curves shown in Figs. 2(b)-2(d), and 3(b).
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