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We investigate the ultrafast carrier dynamics in a ZnO crystal irradiated by a strong, linearly polarized
midinfrared laser pulse. Depending on the laser intensity, there exist two dominant light wave-driven processes,
i.e., the electron-hole collision recombination and the electron-electron impact excitation. The corresponding
optical signatures are high-order harmonic generation and stimulated emission, respectively. By adding a weak
infrared or telecom wavelength laser pulse with an orthogonal polarization, we show that these two carrier
dynamic processes can be effectively controlled by tuning the time delay between the two laser pulses. This
all-optical control has an ultrafast speed, a low threshold, and a broad spectral responsiveness, which have
implications in understanding the ultrafast carrier dynamics in the condensed matter and the design of next-

generation optoelectronic switches.

DOLI: 10.1103/PhysRevB.107.L.161301

Optoelectronic information devices are being developed to
achieve ultrafast speed, an ultrasmall size, and ultralow power
consumption. The rate of signal processing and sampling is
determined by the switching time of the transient current [1].
Light wave—driven electronic devices with ultrashort lasers
can overcome the limits of conventional transistor-based elec-
tronics and push the electronic signal processing and sampling
rate into the petahertz (10" Hz) frequency regime [2—4]. The
interaction of a strong ultrashort laser with gaseous atoms and
molecules has been extensively investigated. It has opened
the door to observing and controlling the motion of electrons
with a subatomic resolution in both space and time domains
[5,6]. In the past decade, the interaction of a strong ultra-
short laser with matter has been extended to the condensed
phase [7-11]. Such an interaction can control the electron
dynamics on the subcycle timescale and provides a promising
candidate for photo-controlled switching and electron sam-
pling. However, the applied laser intensity of higher than
10 TW /cm? limits its practical application due to the low
damage threshold of the condensed matter. The interaction
of a strong ultrashort laser with the condensed matter is far
more complicated. The excited carriers have multiple interac-
tions, such as the electron-hole (e-h) recombination [10,12],
electron-electron (e-e) collision [13—15], and electron-phonon
scattering [16,17]. Understanding the laser-induced, ultrafast
nonequilibrium carrier dynamics and controlling them with
weak laser pulses is pivotal for designing and developing
next-generation optoelectronic devices [18].
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Solid-state high-order harmonic generation (HHG) in-
volves electron motion in strong laser fields and provides
an ultrafast probe to monitor the carrier dynamics within
the subcycle temporal resolution [18-21]. In 2011, Ghimire
et al. [7] reported the experimental observation of nonper-
turbative HHG in ZnO bulk crystals and opened the door to
studying HHG in solids. Irradiated by a midinfrared (MIR)
femtosecond laser with photon energy much smaller than
the bandgap, electrons in the valence band are excited to
the conduction band, leaving associated holes in the valence
band. Driven by the oscillating laser electric field, electrons
and holes are accelerated along the corresponding bands.
High-order harmonic (HH) photons are emitted due to the
nonlinear currents in the individual bands or the collision
recombination of the electron with its associated hole. The
relative contribution of the so-called intraband and interband
HH depends on the laser parameters as well as the band
structures of the solid sample [22]. Very recently, the e-e im-
pact excitation process was identified in polycrystalline ZnO
thin film by strong MIR laser fields [15]. Once the energy
of the electron in the conduction band obtained from the
laser field is larger than the bandgap energy, the e-e impact
excitation promotes a bound electron from the valence band to
the conduction band and results in stimulated emission (SE)
in the near-ultraviolet spectral range. Electron multiplication
caused by the e-e impact excitation has been reported for the
zero-bandgap monolayer graphene, which takes place in the
early stage of electron thermalization. These properties make
graphene an ideal material in photovoltage generation and
photon detection [ 14]. However, the requirement is too critical
for the electron multiplication in semiconductors. The e-e im-
pact excitation requires that the electron energy be larger than

©2023 American Physical Society


https://orcid.org/0000-0002-3131-7559
https://orcid.org/0000-0001-5733-6427
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.107.L161301&domain=pdf&date_stamp=2023-04-11
https://doi.org/10.1103/PhysRevB.107.L161301

YANG WANG et al.

PHYSICAL REVIEW B 107, L161301 (2023)

Control Zn0

‘ Grating
MIR e

Excitation

Hole

Acceleration
(intraband)

Collision recombination
(interband) t

Electron

Control
MIR

FIG. 1. Emission spectrum measurement of ZnO irradiated by
a two-color laser with orthogonal polarization. The inset illustrates
the underlying mechanism for a weak control laser that introduces a
transverse displacement to suppress the e-h collision recombination.

the bandgap energy, in accordance with energy conservation
[15,23].

In this Letter, we experimentally investigate the ultrafast
carrier dynamics of a ZnO crystal irradiated by a strong MIR
laser. Two light wave—driven carrier dynamic processes are
monitored through measuring corresponding optical signa-
tures. One is the e-h collision recombination, which leads to
HHG around and above the bandgap. The other is the e-e
impact excitation, which leads to SE near the bandgap. By us-
ing another orthogonally polarized weak laser in the telecom
or the infrared wavelength range, we demonstrate the precise
control of these two carrier dynamic processes on a timescale
of a few hundred femtoseconds with a threshold intensity of
3.4GW /cm?. This all-optical switch in the condensed matter
has an ultrafast speed, a low threshold, and a broad spectral
responsiveness. It can be potentially integrated into chips and
boost the speed of optoelectronic information devices into the
tens of terahertz region.

In Fig. 1, we show the schematic diagram of the experi-
mental setup. The 800-nm femtosecond laser pulse launched
from a Ti:sapphire amplifier is introduced into an optical
parametric amplifier (OPA) to generate a wavelength-tunable
near-infrared (NIR) laser (1.1 to 2.6 um). A MIR laser (3 to
9 um) is further generated through the collinear difference
frequency between the signal and idler beams of the OPA.
The MIR laser and the NIR laser are collinearly combined
with a dichroic mirror, and the time delay is controlled by
a Michelson interferometer configuration. Measurements are
performed on a 350-um-thick (0001) ZnO crystal with an
energy difference between the valence and conduction bands
that is quasi-isotropic in the center of the Brillouin zone.
The strong MIR laser creates e-h pairs through strong field
excitation. During the laser-driven e-h pair acceleration, an
additional perturbation in the vertical direction caused by the
weak control laser generates a transverse displacement and
suppresses the e-h collision recombination. It should be noted
that the control laser is too weak to excite the electron alone.
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FIG. 2. Interaction of ZnO with a two-color laser. (a) Emission
spectra as a function of the time delay between the two laser pulses
with orthogonal polarization. (b) The control scheme for the ultra-
fast switch from the e-h collision recombination to the e-e impact
excitation.

We measured the emission spectra of ZnO irradiated by
the 3.5-um MIR laser with various intensities. The laser pulse
duration is about 80 fs. In addition to typical HH peaks,
the photoluminescence (PL) due to the spontaneous emission
and SE can be identified at around 3.2 eV. The relatively
intensity between HH and SE strongly depends on the laser
intensity of the MIR laser. When the laser intensity is be-
low 0.9 TW/cmz, HH dominates. While the laser intensity is
above 1.5TW/ cm?, SE becomes dominant. It should be men-
tioned that HH is linearly polarized as the pump laser. While
the polarization of SE is anisotropic, the ratio is about two
between the parallel component and the vertical component.
The polarization is isotropic for PL. In Fig. 2, the MIR pump
laser is fixed around 1.3 TW /cm?. When the pump laser is
applied alone, the ninth HH (H9) and PL are exhibited around
the bandgap. When the weak 1.3-um telecom wavelength
control laser is further injected, the spectra strongly depend
on the time delay between the two lasers. When the two lasers
do not overlap in time, the spectrum is the same as that of
the MIR laser alone. In contrast, when the two lasers overlap
in time, the SE peak appears and becomes stronger. In the
meantime, HH peaks quickly diminish.

According to the semiclassical framework [22], the solid
HHG originates from an intraband current or an interband
current. The intraband current is caused by the strong laser
field-driven dynamic oscillation of electrons and holes within
individual bands. The interband current is the result of the
collision recombination of the electron with its associated
hole. It has been shown that interband harmonics are sensitive
to the trajectories and strongly depend on the e-h coherence
[24-26]. The transverse displacement induced by the control
laser can suppress the e-h collision recombination [27]. In
contrast, such displacement has a negligible effect on in-
traband harmonics, especially in the isotropic region of the
energy band [28]. Hence, the responses to the orthogonally
polarized control laser can serve as sensitive probes for dis-
tinguishing the intraband and interband contributions. The
observed large attenuation of the harmonic intensity shows
that interband harmonics play the dominant role. This con-
clusion is consistent with our simulation that the interband
contribution is about two orders of magnitude higher than that
of the intraband contribution [29]. The interband HHG results
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FIG. 3. Spectral shape and integrated intensity as a function
of the time delay between the two-color laser pulses. Emission
spectrum around the bandgap at three different delays: (a) 100 fs,
(b) 30 fs, and (c) O fs. (d) Envelope of the strong mid-infrared pump
laser. Spectral integrated intensity of (e) H9 and (f) SE versus the
time delay of the two-color laser pulses.

from a subcycle ultrafast electron-hole collision. The effi-
ciency of the collision recombination can be modulated by the
weak orthogonally polarized laser field, which is reflected by
the detectable optical signatures. The e-h collision recombina-
tion is efficiently suppressed by the transverse misalignment
generated by the orthogonally polarized laser field. The max-
imum of the transverse misalignment Ad is proportional to
E}?/4m*mc? [7], where E and A are the peak amplitude and
the wavelength of the control laser, respectively. Under our
experimental conditions, Ad is estimated to be less than 0.2 A.
Such a transverse misalignment between the electron and the
hole is small compared to the spatial drift (~20 A) induced
by the MIR laser and the lattice constant (4.4 ;\) of ZnO.
Figure 2(b) illustrates the control scheme. When the MIR
laser is applied, e-h pairs are created and accelerated by the
strong laser field. The e-h collision recombination leads to
HHG. When a control laser with an orthogonal polarization
is further applied, it can induce a transverse misalignment and
greatly suppress the e-h collision recombination. As a result,
the harmonic intensity is decreased. At the same time, the
surviving electrons continue to be driven and accelerated by
the strong MIR laser field. Once the energy of the electron
in the conduction band is larger than the bandgap energy,
the e-e impact excitation can promote a bound electron from
the valence band to the conduction band. These electrons in
the conduction band will be accelerated by the strong MIR
laser in the next optical cycle, which leads to the electron
multiplication. When the population inversion is built, the
near-ultraviolet SE is subsequently generated.

We have demonstrated that the weak control laser with an
orthogonal polarization can switch the e-h collision recom-
bination to the e-e impact excitation. This switch is ultrafast
and depends on the time delay between the two laser pulses.
In Fig. 3(a)-3(c), we present the integrated spectra at three
typical delays. The spectra are fitted with three functions
to distinguish the contribution of H9 (red), SE (blue), and
PL (gray). When the control laser is behind the MIR laser

(delay = 100 fs), H9 and PL are both clearly observed. The
spectrum is essentially the same as that of the MIR laser alone.
When the two lasers partially overlap in time (delay = 30 fs),
the SE peak appears between H9 and PL, accompanied by
the significant attenuation of H9. When the two lasers overlap
completely (delay = 0 fs), the H9 intensity is decreased by
one order of magnitude. Concurrently, the SE peak reaches
its maximum and becomes the major component. This shift
from HH to SE signifies the switch from the e-h collision
recombination to the e-e impact excitation. The weak control
laser has served as an optical switch. In Fig. 3(d)-3(f), we
show the evolution of the integrated intensity of H9 and SE
as a function of the time delay between the two laser pulses.
As depicted in Fig. 3(e), the H9 attenuation reaches maxi-
mum at zero delay. The harmonic intensity is symmetrically
distributed for a positive and a negative delay, exhibiting a
Gaussian shape attenuation. This measurement implies that
both the strong MIR and the weak control laser maintain
a Gaussian envelope without introducing any pulse-shaping
effects during the propagation. As shown in Fig. 3(f), the SE
intensity increases with the overlap of the two laser pulses and
reaches the maximum enhancement factor of almost 20 when
the two lasers entirely overlap. In contrast to the harmonic
attenuation, the SE enhancement on both sides of the pulse
center exhibits an asymmetric distribution, with a leading
edge of about 100 fs and a falling edge of almost 50 fs. It
should be emphasized that the data in Fig. 3(e) and 3(f) are
taken from the same record, which eliminates the influence
of the measurement on the symmetry differences between H9
and SE.

The different distributions of SE and H9 intensity with
respect to the leading and falling edges of the MIR pump
laser can be explained by the corresponding carrier dynamics.
Harmonics are generated through the e-h collision recombi-
nation and repeat every half cycle of the MIR pump laser.
The introduction of the orthogonally polarized control laser
suppresses the e-h collision recombination, resulting in a sym-
metric distribution of the harmonic attenuation with respect to
the positive and negative delays. However, SE is generated
through the e-e impact excitation, which requires electrons to
obtain enough energy from the MIR laser field to overcome
the bandgap. The average energy of free electrons in an os-
cillating electric field is proportional to the laser intensity.
When the control laser is injected at the leading edge of the
MIR pump laser, the electron that has survived from the e-h
collision recombination can be further accelerated. Once the
electron energy obtained from the MIR laser field is greater
than the bandgap, the e-e impact excitation can be greatly
enhanced. The excited electrons in the conduction band are
further accelerated by the MIR laser field. The process repeats
and leads to the electron multiplication. Once the population
inversion is built, the SE will be greatly enhanced. However,
when the control laser is injected at the falling edge of the
MIR laser, the electron that has survived from the e-h collision
recombination cannot be efficiently accelerated due to the de-
crease of the laser intensity at the falling edge. If the electron
energy obtained from the MIR laser field does not exceed the
bandgap energy, the e-e impact excitation cannot occur. As a
result, the enhanced SE intensity is no longer symmetrically
distributed relative to the peak value of the MIR pump laser.
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FIG. 4. Emission spectra around the bandgap at different in-
tensities for both the pump laser and the control laser. A grating
polarizer has been utilized to filter the harmonics out. The con-
trol laser intensity is marked by the numerical number at each
curve in units of gigawatts per square centimeter. (a) The pump
laser intensity is 0.9 TW/cm?. (b) The pump laser intensity is
1.3 TW/cm?. (c) Spectra intensity of (b) as a function of the power
of the control laser, from which a threshold intensity can be clearly
determined.

In the experiment of two-color laser fields with orthogonal
polarization, the electron energy obtained from the MIR pump
laser depends on the time delay between the two laser pulses.
In the following, we fix the time delay at zero but vary the
intensity of the MIR pump laser to control the energy the elec-
tron obtained from the MIR pump laser. The results are shown
in Fig. 4, where a grating polarizer is utilized to filter the
harmonics out by the polarization selection. When the MIR
laser intensity is around 0.9 TW /cm?, the maximum energy
the electron obtained from the laser field is just lower than
the bandgap of 3.2 eV, which is inadequate to trigger the e-e
impact excitation channel. Under this condition, the e-h col-
lision recombination is still suppressed with the introduction
of the orthogonally polarized control laser. As a result, the PL
intensity of the spontaneous radiation increases monotonically
with the increase of the control intensity. In contrast, when the
MIR laser intensity is 1.3 TW /cm?, the maximum energy the
electron obtained from the laser field is around 4.7 eV, which
is much greater than the bandgap. The injection of the control
laser can switch the e-h collision recombination to the e-e
impact excitation. As the control laser intensity is increased,
the SE peak appears and becomes the dominating component
of the spectrum. Figure 4(c) depicts the dependency of the
spectral intensity of Fig. 4(b) on the control laser intensity.
The difference in the intensity scaling between the low and
high laser intensity regions indicates the switch from the e-h
collision recombination to the e-e impact excitation channel.
The switching threshold is around 3.4 GW/cm?. Our result
indicates that an ultrasensitivity of the all-optical switch can
be realized through manipulating the e-h and e-e collision with
a weak control laser.

Last but not least, we have also carried out the measure-
ment with various wavelengths for both the pump laser and
the control laser. Our results show that the ultrafast switch
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FIG. 5. Emission spectra of ZnO as a function of the time de-
lay between the two laser pulses with orthogonal polarization. The
intensity is 1.3 TW/cm? and the wavelength is 3.75 um for the
pump laser, while the intensity is 50 GW /cm? and the wavelength is
800 nm for the control laser.

can operate over a wide range of the control laser wavelength.
In Fig. 5, we show the emission spectra as a function of the
time delay between the two laser pulses. The pump laser has
a wavelength of 3.75 um and an intensity of 1.3 TW /cm?; the
control laser has a wavelength of 800 nm and an intensity of
50 GW/cm?. It can be seen that the switch can also operate,
but with a slight increase in the threshold intensity of the
control laser. The qualitative consistency for the control laser
with different wavelengths suggests that the ultrafast switch
can operate over a wide variety of wavelengths and has a broad
spectral responsiveness.

In conclusion, we have provided an all-optical method to
observe and control the ultrafast carrier dynamics in semicon-
ductors. The light wave—driven e-h collision recombination
and e-e impact excitation are identified by measuring the spec-
trum intensity of HH and SE. We demonstrate that these two
processes can be efficiently controlled by a weak control laser
with an orthogonal polarization. The control of the e-h col-
lision recombination and the e-e impact excitation can serve
as an ultrafast all-optical switch. It has an ultrafast switching
speed and reaches 10 THz (100 fs) for the leading edge and
20 THz (50 fs) for the falling edge. The threshold intensity
is 3.4 GW /cm? for the 1.3-um telecom wavelength laser. In
addition, this ultrafast all-optical switch has a broad spectral
responsiveness. These properties make the ultrafast switch
have potential applications for next-generation optoelectronic
information devices. It can potentially be integrated into chips
and boost the speed of optoelectronic information devices into
the tens of terahertz region.
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