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Petahertz optical drive with wide-bandgap

semiconductor

Hiroki Mashiko, Katsuya Oguri', Tomohiko Yamaguchi'?, Akira Suda? and Hideki Gotoh’

High-speed photonic and electronic devices at present rely
on radiofrequency electric fields to control the physical
properties of a semiconductor', which limits their operating
speed to terahertz frequencies (102 Hz; ref. 2). Using the
electric field from intense light pulses, however, could extend
the operating frequency into the petahertz regime (10™ Hz;
ref. 3). Here we demonstrate optical driving at a petahertz
frequency in the wide-bandgap semiconductor gallium nitride.
Few-cycle near-infrared pulses are shown to induce electric
interband polarization though a multiphoton process. Dipole
oscillations with a periodicity of 860 as are revealed in the
gallium nitride electron and hole system by using the quantum
interference between the two transitions from the valence and
conduction band states, which are probed by an extremely
short isolated attosecond pulse with a coherent broadband
spectrum. In principle, this shows that the conductivity of the
semiconductor can be manipulated on attosecond timescales,
which corresponds to instantaneous light-induced switching
from insulator to conductor. The resultant dipole frequency
reaches 1.16 PHz, showing the potential for future high-
speed signal processing technologies based on wide-bandgap
semiconductors.

The growing demand for unprecedented speeds and capacities
in the advanced information society has been creating challenges
in signal processing technology based on modern semiconductor
photonics and electronics. High-speed operation depends on
ultrafast control of physical properties with radiofrequency (RF)
electric fields'. This principle is common to semiconductor
applications ranging from the field-effect transistor, which is
one of the building blocks for high-clock-rate logic operation in
digital electronics, to the electro-absorption modulator for high-bit-
rate transport in optical communications**”. In such high-speed
semiconductor devices, the maximum operational frequency is in
the terahertz (10> Hz) regime?, which is limited by the response
time of band energy modulation with RF electric fields and by the
temporal characteristics of carrier transit time (mobility) and carrier
lifetime (recombination)’.

To extend the operational frequency into the petahertz
(10" Hz) regime, lightwave field control has potential’. An isolated
attosecond pulse (IAP) source® has the ability to detect such
ultrafast electron dynamics, as experimentally demonstrated in
atomic'*"®, molecular’é, and solid'”'® systems. Our approach uses
the attosecond dynamics of electronic interband polarization in
the wide-bandgap semiconductor gallium nitride (GaN) induced
by a few-cycle near-infrared (NIR) pulse. The extremely short
IAP with a coherent broadband spectrum monitors the quantum
interference between the valence band (VB) and conduction band

(CB) states, which reveals an electronic dipole oscillation with
attosecond periodicity.

GaN semiconductor, with its high breakdown voltage, high
heat capacity, and high thermal conductivity, is a promising
material because it supports interband polarization efficiently
without high-intensity light injection and serious optical damage.
In this experiment, we used epitaxially grown bulk GaN with the
waurtzite (hexagonal) structure [0001] as a target. Figure la shows a
schematic view of the experimental set-up for transient absorption
spectroscopy with GaN using the IAP and NIR pulse (for details
of the system, see Supplementary Section 1). Figure 1b shows the
energy level diagram of intrinsic GaN (ref. 20). The Fermi level E;
and the work function ¢ are 1.7 and 4.5 eV, respectively. GaN allows
a direct optical transition at the I" point on wavevector K (ref. 21).
The NIR pulse induces ultrafast electronic interband polarization
through a multiphoton process in the semiconductor material®.
Simultaneously, the IAP (centre photon energy of 20.5eV) allows
the excitation of electrons from both the VB and CB. Here we
define the high-energy levels of the CB with the IAP excitation
as the continuum state. Figure 1c shows the measured absorption
spectrum in the energy region from 1 to 6 eV. The bandgap energy
E, is 3.35eV (blue filled circles) at room temperature. An impurity
state between the VB and CB does not exist in GaN. The NIR pulse
(red shaded area) has a centre photon energy of 1.6 eV. Therefore,
the interband transition from the VB to the CB requires a process
with at least three photons in GaN*.

In this experiment, a few-cycle pulse (7-fs duration) from a
Ti:sapphire laser was used for high-harmonic generation and as a
NIR pump pulse for the transient absorption spectroscopy. The IAP
is generated by means of the double optical gating (DOG) technique
using argon gas*. The IAP has a duration of 660 as (for details of
the IAP temporal characterization, see Methods and Supplementary
Section 2). The collinearly propagating IAP and NIR pulse are
focused onto stand-alone 102-nm-thick GaN without a substrate.
The thin GaN sample is manufactured from millimetre-thick bulk
GaN by a combination of mechanical polishing and ion beam
milling. In this pump-probe system, the root mean square timing
jitter is 23 as. After passing through the GaN, the transmitted IAP is
sent to a vacuum ultraviolet (VUV) spectrometer. The spectrometer
resolution is 180 meV at a photon energy of 20.5 eV.

Figure 2a shows the measured attosecond transient absorption
trace. The trace shows the deviation of optical density (AOD)
with and without the NIR pulse as a function of time delay
(for the definition of AOD, see Methods and Supplementary
Section 3). The GaN is irradiated by a NIR pulse with an intensity
of approximately 1 x 10 Wcm ™. The transient absorption
trace exhibits characteristic temporal modulation throughout the
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Figure 1| Experimental set-up and energy level diagram of GaN. a, Schematic view of the experimental set-up for transient absorption spectroscopy with
the 102-nm-thick GaN using the IAP (660-as duration) and NIR pulse (7-fs duration). The transmitted |AP is detected by the VUV spectrometer. b, Energy
level diagram of wurtzite structure GaN [0001]. Orange and green shaded areas are VB and CB structures at the M, T, and A points in wavevector K,
respectively. The Fermi level Er and work function ¢ are 1.7 eV (purple dashed line) and 4.5 eV (brown arrow), respectively?°. Red and blue arrows show
the NIR pulse and IAP, respectively. The pink arrow shows the bandgap E;. ¢, Measured transmittance (blue filled circles) and spectrum of the NIR pulse
(red solid line). The bandgap is 3.35 eV (pink dotted line) at room temperature.
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Figure 2 | Attosecond transient absorption trace with GaN wide-bandgap semiconductor. a, Measured trace using 102-nm-thick GaN. The temporal delay
between the IAP and NIR pulse is stepped by 100 as in the measurement. The trace shows the deviation of optical density (AOD) with and without the
NIR pulse as a function of the temporal delay. The definition of AOD is given in the Methods and Supplementary Section 3. The trace is averaged over

30 measurements. b, Trace of the interband polarization simulated using a multilevel optical Bloch equation26-28,
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Figure 3 | Line profile structures of dipole oscillation. a, The upper graph
shows the integrated line profile structure (red solid line) for the

17.5-23.5 eV photon energy region in Fig. 2a. The lower graph shows the line
profile structure (red filled circles) in the shorter delay region, from which
one can determine that the oscillation periodicity is 860 as (pink arrows).
Error bars represent the standard deviation over 30 measurements.

b, Electric field of the NIR pulse (blue open squares) reconstructed by the
FROG-CRAB method?® using krypton atoms. The 2.58-fs duration (pink
arrows) corresponds to the full-cycle periodicity of the NIR pulse.

entire energy region, indicating sub-femtosecond electric dipole
oscillation in the GaN. When the IAP or NIR pulse couple to
another discrete electronic state, the transition opens a new discrete
absorption channel'®*. However, because the temporal modulation
is distributed throughout the entire energy region, as shown in our
results, the continuum state transition dominates the absorption
process. To develop a better understanding of this observation, we
numerically simulated the interband polarization using a multilevel
optical Bloch equation®**. The result is shown in Fig. 2b. In this
simulation, for an intuitive understanding, we modelled the GaN
electronic system as a two-level system in which the ground and
excited states mimic the VB and CB, respectively. Our formulation
is based on previous simulations®**, and we extend the previous
two-level formalism to a three-level system, taking free continuum
states into account (for the calculation model and conditions, see
Supplementary Section 4). The coherent broadband IAP excites the
superposition state of electrons in the VB and CB to the continuum
level. The induced coherence of the superposition state leads to
quantum interference, which results in a temporal modulation of
the IAP absorption spectrum in the entire photon energy region
from 17.5 to 23.5 eV. The calculated absorption trace reproduces the
experimental observation.

Figure 3 shows the line profile structures. Figure 3a (top) shows
the integrated line profile (red solid line) for the 17.5-23.5eV
photon energy region in Fig. 2a. The base absorption reduces slightly
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Figure 4 | Photon energy component with Fourier analysis. a, Spectral
distribution with Fourier transformation for the temporal delay axis in
Fig. 2a. b, Line profile structure (red solid line) integrated for the
17.5-23.5 eV photon energy region in a. The green shaded area shows the
CB state. The pink arrows correspond to the o, 2w, 3w, and 4w angular
frequency components of the NIR pulse.

as the temporal delay between the IAP and NIR pulse advances.
Because the NIR pulse excites electrons from the VB to the CB,
the IAP probes the absorption decay (approximately 5% increase
in transmittance). The decay time is estimated to be approximately
7 fs, which is almost the same as the duration of the NIR pulse,
thus indicating that the coherence time of the induced polarization
is comparable to the NIR pulse duration. During the decay, a
fine oscillation structure is observed (maximum increment of 2.5%
transmittance in the oscillatory part). The oscillation periodicity is
860 as, as shown in the expanded section in the lower part of Fig. 3a
(red solid line with filled circles). The most important feature is
that the frequency of the temporal modulation is 1.16 PHz. The
observed frequency on the attosecond timescale breaks the 1-PHz
barrier in electron motion in solid-state materials and is the highest
frequency ever reported. For comparison with the oscillation, we
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also temporally characterize the NIR pulse’s electric field (in Fig. 3b),
which is reconstructed from the frequency-resolved optical gating
for complete reconstruction of attosecond bursts (FROG-CRAB)
method® based on the attosecond streak effect”® using krypton
atoms. The measured periodicity is 2.58 fs, which corresponds to the
full-cycle periodicity of the NIR pulse. Thus, the temporal delay is
calibrated well in this system.

Figure 4a shows the spectral distribution with Fourier transfor-
mation of the temporal delay axis in Fig. 2a. The result indicates
that the dipole oscillation obviously has an energy component of
4.8 eV. Figure 4b is the line profile structure corresponding to the
integrated 17.5-23.5 eV photon energy region in Fig. 4a. The green
shaded area shows the CB state. The pink arrows correspond to
the o, 2w, 3w, and 4w angular frequency components of the NIR
pulse. The result indicates that the 3w component dominates the
temporal modulation. The energy value needs to exceed the barrier
of the bandgap of 3.35eV. Thus, the w and 2w components with
lower energy are hardly detected. This observation supports the
assumption that the third-order interband polarization is dominant
because of the first resonance excitation condition. The temporal
variation of the relative phase ¢(t) between the VB and CB is
expressed as ¢(t) = AE/h=2n/T (ref. 12), where /i is PlancK’s
constant divided by 2mt. Here, AE is the transition energy of 4.8 eV
corresponding to the 3w component of the NIR pulse (1.6 eV at w).
The value AE =4.8¢eV implies that the dipole oscillation period
T is 860as. In principle, the ultrafast electron motion observed
with the wide-bandgap semiconductor indicates manipulation of
the conductivity on the attosecond timescale.

In previous reports, observations of third harmonic generation
with spectral and interferometric measurements confirmed that
third-order nonlinearity can be induced by interactions between a
few-cycle NIR pulse and semiconductors such as GaAs®, ZnO%,
and TiO,”. Because third harmonic generation corresponds to elec-
tromagnetic radiation originating from the third-order nonlinear
polarization, these studies indirectly suggested electronic dynamics
occurring on a sub-optical-cycle timescale. In contrast to these indi-
rect observations, our attosecond transient absorption spectroscopy
provides the direct time-domain observation of electronic dipole os-
cillation resulting in third-order nonlinear polarization. In addition,
it is likely that the resonance excitation and the sensitive detection
system enable us to detect the third-order nonlinearity with a one-
or two-order lower intensity of the NIR pulse (1x 10" Wcm™?)
compared to previous reports (10" ~ 10" W cm?). This ultrafast
property revealed by the direct time-domain observation will pro-
vide an ultrafast manipulation technology for dipole oscillation. The
benefit is directly linked to controlling absorption, reflection, refrac-
tive indices, photocurrent, photoemission and diffraction, which are
important for implementing photonic and electronic devices with
unprecedented speed in the future.

In other solid-state experiments using the IAP, Zener tunnelling
of electrons in an insulator (quartz) and a step-wise population
increase in a semiconductor (silicon) have been reported, both
of which were monitored by an inner-shell transition'**. Zener
tunnelling is an extreme highly nonlinear effect induced by an
intense lightwave field (peak intensity higher than 10" Wcm™2).
Because the phenomenon depends on the peak electric field of the
NIR pulse, the driving frequency corresponds to a half-cycle period
up to 800 THz. Here, the advantage of the interband transition
using a multiphoton process with the NIR pulse in wide-bandgap
GaN is that a driving frequency higher than 1 PHz can be achieved.
In addition, a lightwave field whose intensity is two orders of
magnitude lower can be used, thus avoiding serious optical damage
to the target material. This result also suggests that when an
ultraviolet laser is directly used for the pump field instead of the
present NIR pulse, the transition efficiency would be increased and
the intensity of the lightwave field could be further reduced.

744

The demonstrated petahertz optical drive using wide-bandgap
semiconductor has the potential for use in constructing high-clock-
rate logic operation systems in digital photonics and electronics,
because the ultrafast electron dynamics in the attosecond time scale
activates the semiconductor device with instantaneous switching
from insulator to conductor and vice versa. This study shows the
potential of future petahertz signal processing technology based on
ordinary wide-bandgap semiconductor devices.

Methods

Methods and any associated references are available in the online
version of the paper.
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Methods Supplementary Section 2). In our experiment, the system configuration is
Definition of deviation of optical density (AOD). The transient absorption similar to that used in the transient absorption spectroscopy. The collinearly
spectrum at delay time 7 between the JAP and NIR pulse is given by propagating IAP and NIR pulse are focused into a gas jet of krypton atoms
AOD(w, 1) =log[L(w,7)/Ixr (w, 7)], where w is the laser frequency. Here, (50-um interaction length; 740-mbar backing pressure). The estimated target
I (w,7) is the absorption spectrum of the IAP in the GaN without the NIR pulse, intensity of the NIR pulse is approximately 5 x 10! W cm™ in this
whereas Iy (w, T) is the absorption spectrum with the NIR pulse. Consequently, measurement. The ionized photoelectrons induced by the IAP are detected
AOD(w, 7) monitors the spectral deviation in the presence of the NIR pulse. by a regular time-of-flight system. The temporal profile and phase of the IAP are
reconstructed by the FROG-CRAB method”. Here, the IAP characterized
Temporal characterization of IAP. The IAP is characterized using the with a centre photon energy 20.5 eV has a duration of 660 as full-width at
attosecond streak method®~° (for details of the IAP temporal characterization, see half-maximum.
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