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We demonstrate the generation of THz pulses with electric field strength reaching 34 kV/cm from low-temperature-
grown GaAs (LT-GaAs) interdigitated photoconductive antennas (PCAs) driven by 1030 nm optical pulses delivered by
a commercial ytterbium-doped fiber laser operating at a repetition rate of 200 kHz. By probing the Urbach absorption in
LT-GaAs layers, we show that the THz generation mechanism predominantly relies on the photoexcitation of electrons
from the valence band to shallow defect states arising from the incorporation of excess As during the growth process.
Our THz source opens the route toward nonlinear time-resolved study of low-energy excitations in matter with high
signal-to-noise ratios.

Recent years have witnessed significant progress in the
generation of high-intensity terahertz (THz) pulses with
single- and few-cycle duration. These sources have opened
up new avenues for the direct exploration, manipulation,
and coherent driving of low-energy excitations and lattice
vibrational modes in quantum materials on their intrinsic time
scales1,2. Particular examples are THz pulses with peak elec-
tric fields exceeding several tens of kilovolts per centimeter,
which serve as a unique tool for probing nonlinear light-
matter interactions, including high-harmonic generation3–5,
optical Stark effect6,7, and collective excitations of ordered
phases such as Higgs bosons in superconducting states8,9.
The prevailing sources of intense THz pulses are currently
driven by femtosecond optical pulses at ∼800 nm wave-
length, generated by Ti:sapphire amplifiers that operate at low
repetition rates (in the kHz range)10–13. Nevertheless, many
applications necessitate a high signal-to-noise ratio, thereby
calling for an increase in the repetition rate of the excitation
optical pulse train. Recently, the advent of Yb-doped fiber
amplifiers capable of delivering femtosecond pulses centered
at 1030 nm and at repetition rates of hundreds of kHz with
energies reaching hundreds of µJ has facilitated the realiza-
tion of intense THz pulses at high repetition rates. Indeed,
using Yb-doped fiber amplifiers, mW-level THz pulses at
repetition rates >100 kHz with peak electric fields exceeding
100 kV/cm by optical rectification14,15 and of 1 MV/cm peak
electric fields by two-color plasma generation16 have been
recently reported.

In the pursuit of compact intense THz sources with a
repetition rate of a few hundred kHz17, photoconductive
antennas (PCAs) deserve particular attention as they deliver
THz pulses with high spectral amplitudes below 3 THz.

Moreover, their ability to be electrically modulated at high
frequencies further mitigates noise-related issues in THz
spectroscopy and imaging systems. PCAs based on low-
temperature-grown (LT) GaAs driven by optical pulses at
800 nm wavelength delivered by Ti:Sapphire amplifiers are
widely used for the generation of intense THz pulses at low
repetition rate18–20. Intensive efforts are devoted to the devel-
opment of PCAs driven by longer wavelength optical pulses
matching those delivered by powerful Yb-doped lasers. To
this purpose, lower energy bandgap semiconductors, which
associate short carrier lifetimes and high resistivity are being
investigated21–24. For instance, very broadband THz pulses
(up to 70 THz) from Au-implanted germanium-based PCAs
excited by 1100 nm optical pulses at 10 MHz repetition rate
have recently been reported with moderate peak electric fields
of ∼0.8 kV/cm24. However, the potential of PCAs as sources
of intense THz pulses at repetition rates in the hundreds of
kHz range remains elusive so far.

In this work, we demonstrate the generation of intense THz
pulses with peak electric fields of up to 34 kV/cm at a rep-
etition rate of 200 kHz by large-area interdigitated LT-GaAs
PCAs illuminated by 1030 nm wavelength optical pulses de-
livered by a ytterbium-doped fiber laser. We investigate both
wide- and small-gap devices, identify the optical saturation
regime, and show that the emitted THz spectra are in the low-
frequency part of the THz spectral range, i.e. below ∼3 THz.

The 2-µm-thick LT-GaAs layers used in this work as active
layers of the PCAs were grown at 290 ◦C by molecular beam
epitaxy and subsequently annealed for 15 min at 550 ◦C.The
PCAs are fabricated by bonding the LT-GaAs layer to an
insulating sapphire substrate using benzocyclobutene. The
growth process details can be found in Ref.19. Sapphire,
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with its high level of insulation and coefficient of thermal
expansion close to that of GaAs, is an ideal substrate for
high-energy optical excitation pulses, as it significantly
delays the thermal breakdown of the devices. To prevent
destructive interference of THz pulses between adjacent gaps
of the PCAs, we remove the LT-GaAs layer in every-other
gap instead of masking them. Using this method, we fabricate
two interdigitated devices: a small-gap and a wide-gap
device. The small-gap device allows for the application
of a low bias voltage modulated at a frequency of several
tens of kHz, achievable with a standard function generator,
while still delivering near-breakdown electric fields across
the electrodes25, which is very promising for achieving a
high signal-to-noise ratio. On the other hand, the wide-gap
device benefits from an easier fabrication process, and optical
saturation effects occur later, as they are less affected by
space-charge screen effects26. However, large electrode
spacing requires a high-voltage power supply, in the kV
range, which is known to add electronic noise. The wide-gap
device has LT-GaAs gaps of 130 µm, an area of 2 mm×2
mm, and consists of 7 active gaps, while the small-gap device
has gaps of 5 µm, an area of 1 mm×3 mm and contains 78
active gaps. Optical microscope images of the LT-GaAs PCA
devices are shown in Fig. 1 (a). The electrodes are made
up of Ti/Au (15/200 nm) and their width is 50 µm on the
wide-gap antenna and 5 µm on the small-gap device.

FIG. 1. (a) Optical microscope images of the LT-GaAs PCAs devices
studied in this work. The wide- and small-gap devices are displayed
on the left- and right-hand side respectively. The LT-GaAs gaps and
the Ti/Au electrodes are shown. (b) Absorption coefficient of the
LT-GaAs layer as a function of photon energy. The star corresponds
to 1030 nm wavelength. The inset shows a schematic diagram of the
energy levels in LT-GaAs. Photons with less energy than the bandgap
excite electrons from the valence band to shallow-level defect states.

Previous studies have shown that the absorption of LT-
GaAs differs considerably from that of semi-insulating

GaAs27, which is zero at 1.2 eV (λ = 1030 nm) due to its
larger bandgap energy (1.42 eV). Indeed, the incorporation of
excess As in the form of arsenic antisite and arsenic interstitial
point defects during the growth at low temperatures induces
local potential fluctuations in the LT-GaAs, which result in a
quasi-continuum of weakly bound shallow defect states in the
vicinity of the conduction band (see Fig 1 (b), inset). These
shallow defect states promote the absorption of photons with
energy lower than the SI-GaAs bandgap energy, leading
to a spectral broadening of the absorption edge referred to
as the Urbach absorption tail28,29. Subsequent annealing
of the LT-GaAs layer results in the precipitation of a large
number of point defects in the As clusters, which give rise to
mid-gap states acting as effective capture and recombination
centers for photoexcited carriers. To gain insight into the
Urbach absorption of the LT-GaAs active layer, we measured
its absorption spectrum using Fourier transform infrared
spectroscopy in transmission geometry. Figure 1 (b) shows
the absorption coefficient of LT-GaAs layer from 0.7 to 1.3
eV, revealing a large absorption in this spectral range due
to the Urbach tail. The absorption coefficient at 1.2 eV
reaches 3 900 cm−1, a value consistent with previous works27

and which is exploited here to achieve THz emission from
LT-GaAs photoconductive antenna driven by optical pulses at
λ = 1030 nm.

Next, we investigate the coherent THz radiation emitted
from the LT-GaAs PCAs excited by 30-fs-long optical pulses
centered at 1030 nm delivered by a Yb-doped fiber laser op-
erating at 200 kHz repetition rate. Our optical setup is ex-
plained in detail in Ref.14. The PCAs are illuminated by a
divergent optical beam, corresponding to a spherical wave-
front optical excitation30, using a 1/2 inch parabolic mirror
with an f-number of 2. The optical pulse energy can be tuned
up to 45 µJ (9 W). We record the THz pulses generated by
the PCA devices in transmission geometry using electro-optic
sampling in a ⟨110⟩-cut ZnTe crystal of a thickness 200 µm.
To minimize attenuation and dispersion of the THz pulses in
the sapphire substrate, we employ back-side illumination, al-
lowing the optical beam to pass through the substrate before
exciting the LT-GaAs active layer. To apply electric fields of
several tens of kV/cm (Ebias) to the wide-gap PCA, we use
a high-voltage DC power supply delivering hundreds of volts.
The emitted THz signal is modulated using an optical chopper
operating at a frequency of 625 Hz placed on the excitation
pump beam. In contrast, we apply electric fields of several
tens of kV/cm to the small-gap PCA using a standard wave-
form generator delivering a few volts square bias, modulated
at a frequency of 18 kHz.

Figure 2 (a) depicts the emitted THz waveforms from
the wide- and small-gap devices. For these measurements,
we illuminate the entire active region of the antenna. The
temporal waveforms are asymmetrically bipolar with a first
peak resulting from the fast rise of the surge current by the
injection of the photocarriers and their subsequent acceler-
ation under the bias field. The rise time from the negative
to the positive cycle is about 350 fs. The corresponding
amplitude spectra obtained by the fast Fourier transform of
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FIG. 2. (a) Time-domain waveforms from the wide-gap emitter bi-
ased at 450 V (Ebias= 34.6 kV/cm) and small-gap emitter biased at 15
V (Ebias= 30 kV/cm), driven by optical pulses with incident fluences
of 1.5 mJ.cm−2 and 0.4 mJ.cm−2, respectively. (b) The amplitude
spectra obtained by the fast Fourier transform of the time-domain
waveforms. The inset displays the amplitude spectra on a logarith-
mic scale. (c) The THz spot images at the focus for the wide-gap
(upper) and small-gap (lower) devices. Superimposed are the inten-
sity profiles along the x coordinate (y=0) and y coordinate (x=0).

the waveforms are displayed in Fig. 2 (b). The spectra have
a central frequency at ∼0.4 THz and ∼0.7 THz for the wide-
and small-gap devices, respectively, with spectral components
extending up to 3.2 THz. The higher central frequency of
the emitted spectrum for the low-gap device is attributed
to faster spatial charge screening effects of the polarizing
field when the electrode spacing is reduced31. We attribute
the high-frequency dips observed in the logarithmic spectra
(inset Fig. 2 (b)) to echoes in the time-domain signals. The
THz pulse duration is determined by extracting the intensity
profile of the Hilbert transform of the THz transient. The
wide-gap device exhibits a pulse duration of 487 fs, while
the small-gap device has a pulse duration of 458 fs. The
signal-to-noise ratio is about 450 (i.e. 53 dB in power) for an
integration time of the lock-in amplifier of 500 ms.

The spatial profiles of the THz beams are probed using
an uncooled micro-bolometer camera. The two-dimensional
spatial distributions in the focal plane of the THz beams, with
(x,y) as the coordinate framework, are displayed in Fig. 2 (c)
upper for the wide-gap emitter and lower for the small-gap
emitter. The waist radius are wx=395 µm, wy=365 µm for the
wide-gap emitter and wx=340 µm, wy=225 µm for the small-
gap emitter. We measure the average THz power by replacing

the THz camera with a calibrated pyroelectric power meter.
The THz average power emitted by the wide-gap device
reaches 340 µW, corresponding to a conversion efficiency of
3.9 ×10−5, and that emitted by the small-gap device reaches
22 µW, corresponding to a conversion efficiency of 3.1
×10−6. From average THz power, THz beam spot size, and
electro-optical measurements we estimate a maximum peak
electric field of ∼ 34 kV/cm generated by the wide-gap device
and of 12.3 kV/cm for the small-gap device, demonstrating
THz electric field strengths of a few tens of kV/cm at a
repetition rate of 200 kHz. These electric field amplitudes are
comparable with those emitted by BNA organic crystals of
29 kV/cm at 540 kHz repetition rate32, but the latter requires
low duty-cycle pump chopping to suppress thermal effects33

whereas LT-GaAs PCAs can be electrically modulated at high
repetition rates. Also, THz electric field strengths of up to 79
kV/cm at 400 kHz repetition rate have been recently reported
using lithium niobate crystals but with a lower frequency
spectrum34.

Next, we investigate the dependence of the THz electric
field emitted by the LT-GaAs PCAs on bias electric field
and optical fluence. The linear growth of the peak-to-peak
THz electric field with applied electric field observed in
Fig. 3 (a) indicates the absence of any valley scatterings of
photogenerated carriers up to 34.6 kV/cm. We emphasize that
due to the different active areas of the two devices and the
different THz signal modulation techniques, whether elec-
trical or optical depending on the device, the data show the
performance of each THz emitting device, but do not provide
a quantitative comparison of their efficiency. The maximum
voltage that could be applied to each device was limited by
the breakdown of air between the narrower gaps where the
LT-GaAs material had been removed. We probe the fluence
dependence of the THz electric field emitted by the wide-gap
device in order to limit the effects of antenna capacitance,
which are less important for the wider gap. Figure 3 (b)
shows that the THz electric field amplitude increases linearly
with the incident optical fluence at low fluences and exhibits a
saturation behavior at high fluences. To interpret the observed
saturation regime, we derive the peak-to-peak amplitude of
the THz electric field, Epp, considering that the local electric
field acting on the photoexcited carriers is the sum of the
applied electric field and the polarization resulting from
the space charge induced by the separation of photoexcited
electrons and holes at the end of the optical pulses35, giving
Epp ∝ Flaser/(Flaser +F0) with F0 = εhν/(qα(1−e−αl)µτlas).
ε is the permittivity of the LT-GaAs, l is the thickness of
the LT-GaAs layer, α its absorption coefficient at the laser
energy, µ the electron mobility in the LT-GaAs layer, hν

the optical photon energy and τlas the pulse duration. The
excellent agreement between the experimental data and the
fit validates our simple analysis and highlights the effective
screening of the applied electric field by the space-charge
field at high photocarrier density. With ε= 10.9ε0, l= 2 µm,
α= 3900 cm−1, hν= 1.2 eV and τlaser= 30 fs, we extract the
mobility µ = 1800 cm2V−1s−1 from the fit corresponding to
the mobility of electrons in high concentration in the early
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phase after their creation.

FIG. 3. (a) THz peak-to-peak electric field as a function of bias field
for the wide-gap emitter (fluence, 1.5 mJ.cm−2) and small-gap emit-
ter (fluence, 0.4 mJ.cm−2). (b) ET Hz versus optical excitation fluence
incident on the wide-gap device. The solid black line shows the sat-
uration law model. The inset shows the THz electric field growth in
the low fluence regime.

The linear rise of the emitted electric field at low opti-
cal pump fluences, highlighted in the inset of Fig. 3 (b),
provides evidence that two-photon absorption processes do
not contribute to the mechanism of THz generation36,37.
Consequently, the THz generation mechanism solely involves
photoexcited electrons from the valence band to the shallow
defect states in the vicinity of the conduction band. We
assume that the photoelectrons are trapped within the shallow
defect states and must escape to the conduction band, by
hopping or scattering, to be effectively accelerated by the
bias electric field and subsequently radiated THz waves.
Consequently, we attribute the limited bandwidth of the
emitted THz spectra to the escape time of trapped electrons
to the conduction band, which delays electron acceleration
by the bias electric field. In other words, the pulse duration
no longer limits the THz spectra but it is mainly the time
needed for photoelectrons trapped in As defect states to
reach the conduction band. This explanation is further
supported by a comparison of the THz spectra emitted by
the small-gap LT-GaAs PCA when illuminated by optical
pulses at a wavelength of 1030 nm and at a wavelength of
800 nm. For the illumination with optical pulses at 800
nm wavelength, we use an experimental set-up based on a
Ti:sapphire amplifier19. We observe in Fig. 4 (a) that the
amplitude spectrum emitted by the PCA excited by optical
pulses at 800 nm wavelength extends up to 5.5 THz and
is therefore significantly broader than that emitted by the
PCA excited by optical pulses at 1030 nm wavelength, while
the optical pulse durations are essentially similar (45 fs for
optical pulses at 800 nm wavelength). We attribute this
enhanced bandwidth to the fact that at the 800 nm wavelength
optical pulses excite electrons directly from the valence band
to the conduction band resulting in an emission process
that is mainly limited by the optical pulse duration rather
than the escape time of trapped photocarriers. Furthermore,

we compare the THz spectra emitted by the LT-GaAs PCA
emitter and by optical rectification in a 1 mm-thick gallium
phosphide (GaP) crystal, both excited by optical pulses at a
wavelength of 1030 nm, in the same experimental setup. As
shown in 4 (b), the THz spectrum emitted by the GaP crystal
is broader, confirming that the low-frequency THz spectrum
emitted by LT-GaAs PCAs excited at 1030 nm is not limited
by the bandwidth of our experiment. Therefore, the THz
pulses emitted by LT-GaAs PCAs excited by optical pulses
with a wavelength of 1030 nm concentrate their energy in the
low-THz frequency range, which is difficult to access using
nonlinear crystals.

FIG. 4. (a) Amplitude spectra of THz pulses emitted from the LT-
GaAs PCA excited by optical pulses at a wavelength of 1030 nm and
at a wavelength of 800 nm. (b) Amplitude spectra of THz pulses
delivered by a LT-GaAs PCA and a GaP crystal under identical exci-
tation configuration with optical pulses at 1030 nm wavelength.

In conclusion, we have shown the potential of LT-GaAs
PCAs excited by optical pulses at 1030 nm wavelength as
sources of intense THz pulses at a repetition rate of 200 kHz.
We have demonstrated the generation of THz pulses whose
spectra lie in the low-frequency part of the THz spectral range
(<3 THz) with an electric field strength exceeding 34 kV/cm.
Our source fills a critical gap that is challenging to address
using optical rectification in nonlinear crystals and paves the
way for time-resolved studies of low-energy excitations in
matter with a high signal-to-noise ratio. Finally, the absorp-
tion efficiency, and potentially bandwidth, of the LT-GaAs
PCAs driven at 1030 nm could be improved by optimizing
the annealing temperature of the LT-GaAs layer, by adding an
anti-reflective coating for 1030 nm, or by adding plasmonic
nano-structures to LT-GaAs surface. Increasing the absorption
efficiency of LT-GaAs PCAs driven at 1030 nm would allow
saturation to be reached with lower fluences thereby allow-
ing larger arrays for the same optical pulse energy and higher
fields to be generated.
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