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Abstract: Optical modulation of high harmonic generation (HHG) is of fundamental interest
in science and technology, which can facilitate understanding of HHG generation mechanisms
and expand the potential optoelectronic applications. However, the current established works
have neither shown the advanced modulation performance nor provided a deep understanding
of modulation mechanisms. In this work, taking wurtzite zinc oxide (ZnO) single crystal as a
prototype, we have demonstrated an all-optical intensity modulation of high-order HHG with
a response time of less than 0.2 ps and a depth of more than 95%, based on the pump-probe
configuration with two different pumping wavelengths. Besides the achieved excellent modulation
performance, we have also revealed that the modulation dynamics in ZnO single crystal highly
depend on the excitation conditions. Specifically, the modulation dynamics with the near-bandgap
or above-bandgap excitation are attributed to the non-equilibrium interband carrier relaxations,
while for mid-gap excitation, the modulation dynamics are dominated by the nonlinear frequency
mixing process. This work may enhance the current understanding of the HHG modulation
mechanism and enlighten novel device designs.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

High harmonic generation (HHG) has been discovered in gases and liquids for decades with the
development of high-intensity lasers [1,2,3], which have shown various applications in molecular
imaging and photoelectronic spectroscopy [4,5]. More recently, the HHG generation in solids
(e.g., ZnO [6,7], MgO [8], GaSe [9], MoS2 [10], SiO2 [11], graphene [12]) has achieved great
success with the lower requirement of driving laser intensity [13]. It has been demonstrated that
HHG in solids would be a powerful detection tool for condensed matter physics, showing great
application potentials in detecting crystal structure, restructuring the energy band of crystals,
and generating attosecond pulses [8,14,15]. Meanwhile, due to its promising prospects in
better understanding the HHG generation mechanism and designing novel photonic devices, the
all-optical modulation of HHG in solids is becoming frontier research and received enormous
research interest.

By far, only a few works about all-optical HHG modulation have been reported: (i) Yang
Cheng et al. utilized a pump pulse to modulate HHG in graphene monolayer, and a response time
of 60 ps and a modulation depth of 35% are demonstrated [16]; (ii) Zhou Wang et al. modulated
HHG in ZnO via photo-carrier doping, which shows that the response time could be hundreds
of picoseconds and the modulation depth could be larger than 90% [17]; (iii) Bionta. M. R. et
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al. modulated HHG in VO2 via photo-induced phase transition, showing a response time of
tens of picoseconds and a modulation depth of larger than 90% [18]; (iv) Christian Heide et al
modulated the HHG in MoS2 via resonant photodoping with a modulation depth of 50% [19]. All
the modulations were based on above-bandgap and linear excitation. Therefore, the modulation
parameters have only been explored very limitedly. On the other side, the reported works have
not shown good modulation performance (e.g., the response time is tens of picoseconds or even
longer).

In this work, using ZnO single crystal as a prototype, we demonstrate the all-optical modulation
of the HHG at various excitation conditions to better understand the modulation mechanism. We
have revealed two distinct modulation mechanisms, depending on the excitation parameters. For
near-bandgap or above-bandgap excitation conditions, the modulation is due to the recombination
processes from quasi-continuum broad defect states and the conduction band to the valence
band, while for mid-gap excitation, the modulation results from both mixing-frequency spots
radiation and the interband recombination. Moreover, an excellent modulation performance
has been demonstrated, in which the intensity of HHG is decreased to less than 5% of initial,
showing a modulation depth of more than 95%, and the ultrafast response time, determined by
the descending edge and the rising edge of HHG dynamics, is demonstrated to be less than 0.2 ps.

2. Results and discussion

As shown in Fig. 1(a), a regenerative amplified Ti: sapphire system (Spectra-Physics), emitted
femtosecond laser pulses with a central wavelength of 800 nm, the pulse duration of 50 fs, and
the repetition rate of 1 kHz, has been used as the laser source. A TOPAS laser system, converting
the 800 nm pulse to the middle-infrared (MIR) beam of 2350 nm, has been used to generate
the HHG in a (0001)-cut ZnO single crystal with a thickness of 0.5 mm. To obtain relatively
strong and stable HHG signals, we have fixed the fluence of the MIR beam at 400 mJ/cm2, under
which condition no physical damage in the ZnO crystal has been observed. Figure 1(b) shows the
spectra of the HHG signals with the fifth (HH5) to the ninth (HH9) order driven by the MIR
beam. Due to the lattice symmetry of (0001)-cut ZnO single crystal, only odd-order HHG signals
could be detected. This phenomenon is rational and was observed in several other works [6,7].
Another 800 nm pulse emitted from the femtosecond laser source could be frequency-doubled
by a BBO crystal to serve as the pump beam, which has been used to modulate the HHG and
then focused on the ZnO crystal at the same position as the MIR beam. The intensity of the
pump beam has been controlled by the combination of a half-wave plate and a polarizer. A
time-delay device, synchronized to the spectrometer by a computer, has been used to adjust the
time separation between the pump and MIR beams. The HHG spectra, modulated by the pump
as a function of the time separation, are shown in Figs. 1(c) and 1(d) for the 400 nm and 800 nm
pump wavelength, respectively. It is demonstrated that when the delay is positive (i.e., the pump
pulse arrives earlier than the MIR probe pulse), the intensity can be suppressed for all orders of
HHG.

More detailed HHG dynamic results are shown in Fig. 2, in which Fig. 2(a) is 400 nm pumping
and Fig. 2(b) is 800 nm pumping that the pump fluence is 13mJ/cm2. All orders of HHG have
shown similar behaviors: the pump light can suppress HHG when the delay is positive, followed
by a recovery process. The recovery dynamics consist of two sub-processes: a fast process
whose time scale is picosecond and a slow process which is almost a platform in our measured
time window. By exponentially fitting the experimental data, we have determined that the time
constant of the fast process is 3.4 ps for the 400 nm excitation and 0.15 ps for the 800 nm
excitation, respectively.

In contrast, the pump-probe experiment of (0001)-cut ZnO has also been done by selecting the
pump wavelength of 400 nm (Fig. 2(c)) or 800 nm (Fig. 2(d)) and the probe wavelength of 470
nm (the wavelength of HH5) with the pump fluence of 5mJ/cm2. The time constant of the fitted



Research Article Vol. 30, No. 23 / 7 Nov 2022 / Optics Express 41352

Fig. 1. (a) The sketch map of the experimental setup. (b) HHG spectra driven by a MIR
femtosecond laser of 2350 nm in a (0001)-cut ZnO single crystal. The HHG spectra as a
function of delay at the condition of (c) 400 nm pump and (d) 800 nm pump.

curve is 2.6 ps in Fig. 2(c) and 0.18 ps in Fig. 2(d), which is the same order of magnitude as the
fast process in Figs. 2(a) and 2(b). Good agreements between the two experiments indicate that
the process of HHG modulation dynamics can reflect the excitation and relaxation processes of
electrons, which may enlighten the mechanism of HHG modulation. More discussions will be
given later.

The pump fluence-dependent experiments have been done to understand further the distinct
modulation dynamics with different excitation wavelengths, shown in Figs. 3(a) and 3(b). In this
experiment, an excellent performance of HHG modulation has been demonstrated. At the lowest
point, the intensity of HHG could be less than 5% of the initial, which means the modulation
depth could be more than 95%. The response time, which depends on the descending edge and
the rising edge of HHG, could be less than 0.2 ps when the pump wavelength is 800 nm. The
large modulation depth and the ultrafast response time show considerable potential in the future.

Besides the excellent modulation performance, we have also concluded that the slow process
would be more evident when the pump fluence becomes higher while the fast process is contrary.
For the 400 nm excitation, the fast process could seldom be observed when the pump fluence is
higher than 13 mJ/cm2. For the 800 nm excitation, similar fluence-dependent behavior has been
observed. At 7 mJ/cm2, the fast process has dominated the whole recovery process with almost
no slow process. The weight of the fast process is 75% at 13 mJ/cm2, while at 115 mJ/cm2, it is
only 30%.

To identify the carrier excitation processes in our experiments, we measured the changes in
relative intensities of HH5 at the zero delay versus pump fluences, as shown in Fig. 3(c). When
the pump fluence is low, the relative intensities of HHG change rapidly as the pump fluence
changes. While for high pump fluence, the relative intensities have almost no dependence on the
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Fig. 2. The results of HHG modulation experiments and pump-probe experiments. Dots are
data and lines are the fitted curve of the data. (a) shows the relative intensities of HH5 and
HH7 versus delay when the pump wavelength is 400 nm. (b) shows the relative intensities of
HH5 and HH7 versus delay when the pump wavelength is 800 nm. (c) and (d) show the
pump-probe experimental results when the probe is 470nm, where (c) is 400 nm excitation
and (d) is 800 nm excitation, respectively. The ylable of (c) and (d) is the change of the
transmissivity in the normal pump-probe experiment.

pump intensity since the inhibition effect of HHG is saturated. Thus we have fitted the curves
at the low pump region via the power-law fitting. For 400 nm excitation, the scaling factor is
1.75, indicating the mixed excitations: the electrons would be excited to the conduction band via
two-photon absorption or to a state below the conduction band via one-photon absorption (the
band gap of ZnO is 3.37 eV). For 800 nm excitation, the scaling factor is 1.04, indicating that
one-photon absorption dominates the excitation process. It means that the fast process under
the 800 nm excitation could not be the relaxation processes of electrons in the conduction band
since one photon’s energy is less than the bandgap of ZnO. Beyond the low-fluence region, the
above-bandgap excitation would dominate the excitation process via multi-photon absorption.

Based on the above results, the modulation dynamics in HHG can be interpreted via the carrier
dynamics, which show two distinct modulation mechanisms highly depending on the pumping
wavelength. For the 400 nm excitation, the carrier dynamics in Fig. 2(c) have been discussed in
our previous work [20], enlightening the HHG modulation mechanism. For the near-bandgap
excitation, one electron could be excited to the quasi-continuum broad defect states in the bandgap
via absorbing one photon of 400 nm, whose recombination time at the valence band is 2.5ps
[20]. This has been considered the origin of the fast process in Fig. 2(a). For the above-bandgap
excitation via two-photon absorption, one electron could be excited to the conduction band; thus,
the slow process should be attributed to the interband recombination, whose time constant is
hundreds of picoseconds [21].

On the other hand, how the carrier dynamics affect the intensity of HHG could be further
understood based on the well-known three-step model for HHG generation, that is, (i) electron
tunneling excitation, (ii) electron or hole acceleration, and (iii) electron-hole recombination
[22,24–27]. Based on this model, the contribution of HHG could be divided into two types:
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Fig. 3. (a) The relative intensities of HH5 versus delay with different pump fluences for 400
nm excitation. The points are experimental data and the lines are the fitted curves. (b) The
relative intensities of HH5 versus delay with different pump fluences for 800 nm excitation.
The points are experimental data and the lines are the fitted curves. (c) The change of relative
intensities of HH5 at the zero delay at different pump fluences. The ylable means the change
of the relative intensity from initial to the zero delay in the pump-probe HHG experiment.
The equation of the fitted curves is y=Axq. The parameter q is 1.04 for 800 nm excitation
and 1.75 for 400 nm excitation.
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intraband HHG and interband HHG, which are generated by the second and the third step of the
three-step model, respectively. With a pre-excitation pump, the population of carriers would be
changed both in the valence band and conduction band. The excited carriers would suppress the
intensity of HHG because it might, to a large extent, inhibit the interband HHG, which is the
dominant HHG contribution in ZnO [17]. This should be caused by the strong scattering effect,
which could prolong the electron-hole dephasing rate and suppress the interband HHG [19]. After
the zero delay, the relaxation of the electrons will diminish the inhibition effect of HHG, shown as
the recovery process in our experiment. Thus it is rational that the HHG modulation experiments
can reflect the carrier dynamics of ZnO. Meanwhile, the fluence-dependent experiments can
also be explained. With low pump fluence, partial electrons are excited to the quasi-continuum
broad defect states via one-photon absorption. Others are excited to the conduction band via
two-photon absorption. Thus, both fast and slow processes have been observed. While at high
pump fluences, most electrons are excited to the conduction band that the slow process would
dominate the recovery process. In this case, the pump fluence should have almost no effect on the
modulation depth (Fig. 3(c)) that the inhibition effect is saturated. A large population of excited
electrons suppresses the interband HHG to zero and only intraband HHG with weak intensity
remains.

It is worth noting that several sub-processes originating from carrier decay among discrete
defect states have been observed in Fig. 2(c), which were already discussed in detail in ref. [20].
While in Fig. 2(a), they are seldom observed, which should show the difference between the
HHG modulation experiment and the pump-probe experiment. This is rational according to
the three-step model of HHG [22], which means that HHG is dependent on the carriers in the
conduction band and valence band. Thus, the HHG modulation experiment would be more
sensitive to detecting the recombination process at the valence band than seeing carrier decay
among discrete defect states.

For the 800 nm excitation, one-photon absorption could only excite one electron to a virtual
mid-gap state, which could be further supported in the following emission experiment, showing
another different modulation mechanism from the near-bandgap or above-bandgap excitation. As
shown in the inset of Fig. 4(a), several emission spots have been observed when the delay is near
zero in the HHG modulation experiments. The emission angles of the spots are different from that
of MIR or pump. In principle, five emission spots can be generated due to the frequency mixing:
an orange spot (597 nm, ωpump +ωMIR), a blue spot (472 nm, ωpump + 2ωMIR), a purple spot (337
nm, ωpump + 4ωMIR), an ultraviolet spot (295 nm, ωpump + 5ωMIR), and a green spot (2ωpump -
ωMIR). Four of them have been detected in our experiment. The 393 nm (ωpump + 3ωMIR) spot
near the bandgap has not been observed, considered to be reabsorbed by ZnO. These spots are
thought to arise from the nonlinear frequency mixing process between the MIR pulse and the
pump pulse, as observed before in Ref. [23].

The intensity dynamics of the blue and purple spots have also been investigated, shown in
Fig. 4(a). Comparing the HHG dynamics in Fig. 2(b) with the spots’ dynamics, the processes
coincide well near the zero-time delays (-0.5 ps∼0.75 ps), further indicating the fast process for
800 nm excitation should have relationships with the spots. More importantly, the blue spot with
the most significant intensity, originating from the frequency mixing between one pump photon
and two MIR photons, is another piece of evidence to support our explanation: one 800 nm
photon could excite one electron at a mid-gap state whose lifetime is quite small. When the pump
and MIR pulses are overlapped, it would suppress HHG and radiate mixing-frequency spots.

Thus the mechanism of the fast process for 800 nm excitation could be interpreted as the
mixing-frequency spots radiation. Near the region of zero delays, when the pump and MIR
pulses are overlapped, electrons are pumped to a virtual mid-gap state and then driven by several
MIR photons. We have conjectured that the energy of MIR would be consumed to radiate the
mixing-frequency spots; thus, the HHG would be suppressed. Based on this, it is rational that the
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Fig. 4. (a) The intensities of blue spot and purple spot versus delay compared with the
relative intensity of HH5. The inset is the picture of mixing-frequency spots. The positions
of HHG, pump light, blue spot, and purple spot are labeled. (b) The sketch map of the
mechansims.

energy of HHG would be the lowest while the mixing-frequency spots are contrary when the
delay is zero in Fig. 4(a). Also, the lifetime of the fast process within hundreds of femtoseconds
could be interpreted for it would vanish when the pump and MIR pulses completely separate. A
much slower process has been observed at larger pump intensities, which should be attributed to
interband recombination that partial electrons are excited to the conduction band via three-photon
absorption [21].

Finally, a schematic of the modulation mechansims has been shown in Fig. 4(b). In this
figure, the upward arrows indicate the excitation process while the downward arrows indicate
the recombination process. The left half of the figure is the 400 nm pumping condition with
two excitation processes. One-photon process could excite the electrons from VB to the quasi-
continuum broad defect state while two-photon process could excite the electrons from VB
to CB. The right half is the 800 nm pumping condition that contains the mixing-frequency
radiation process. With high pump fluence, the electrons could also be excited from VB to CB
via three-photon absorption.

3. Conclusion

In conclusion, the optical modulation of HHG generated in (0001)-cut wurtzite ZnO bulk
crystal has been demonstrated with different pumping wavelengths. An excellent modulation
performance has been achieved with all orders of HHG being ultrafast and effectively suppressed.
According to our experimental results, the ultrafast response time could be less than 0.2 ps, and
the modulation depth could be more than 95%. Furthermore, we have revealed that two different
modulation mechanisms would dominate the HHG modulation dynamics, highly depending on
the pumping wavelength. For the 400 nm excitation, the fast recovery process with a lifetime of
3.4 ps is considered as the recombination process from quasi-continuum broad defect states to
the valence band; however, the slow recovery process is the interband recombination process.
While for the 800 nm excitation, extremely high-speed dynamics occurring on the time scale
of 0.15 ps are identified, which can be attributed to the mixing-frequency spots radiation. This
work has provided an effective and convenient way to modulate HHG in solids with excellent
performances. We expect that HHG would have better performance in ultrafast science and
semiconductor physics.
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