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Abstract: Pressure effects on photocarrier dynamics such as interband relaxations and intraband
cooling in GaAs have been investigated using in situ time-resolved terahertz spectroscopy with a
diamond anvil cell. The interband photocarrier lifetime significantly decreases by nearly two
orders of magnitude as the external hydrostatic pressure is increased up to 10 GPa. Considerable
pressure tuning for the intervalley scattering processes has also been observed, and the time
constants under different pressures are extracted based on the three-state rate model. This work
provides new perspectives on tailoring nonequilibrium carrier dynamics in semiconductors using
hydrostatic pressure and may serve as the impetus for the development of high-pressure terahertz
spectroscopy.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Because hot carriers with excess energy above the band extrema in semiconductors play an
essential role in the photovoltaic and photothermoelectric effect, as well as high-field electron
transport [1–3], tuning the dynamics of hot carriers has fundamental significance for the
development of photoelectric and electric devices such as the terahertz (THz) emitter, light-
harvesting, high-frequency electronics. For example, accelerating the cooling processes of
photocarriers in semiconductors helps to optimize the efficiency and bandwidth of THz emission
using defect engineering, including low-temperature grown molecular beam epitaxy (MBE)
and radiation damage [4–6]. In contrast, reversing hot carriers via the intervalley scattering of
satellite valleys [7] or the phonon bottleneck of high-energy carrier scattering [8–11], promises a
significant increase in energy conservation efficiency in solar cells. The high-pressure technique
based on the diamond anvil cell (DAC) provides a simple and clean route to tune the lattice
and electronic structures [12], whereby pressure tuning on ultrafast dynamics including Auger
recombination [13], thermal transport [14], and hot carrier cooling [15] has been achieved. GaAs,
serving as a versatile platform, hosts intriguing ultrafast photophysics such as THz nonlinear
absorption [16–18], and phonon-decoupling [19] as dictated by hot carriers. Indeed, it is the
earlier investigations of photocarrier dynamics in GaAs that established the principles of hot
carrier effects and the corresponding dynamic mechanisms [20,21]. Therefore, understanding
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of photocarrier dynamics of GaAs under high pressure is expected to provide new insights to
improve the photoelectric performance of semiconductor devices.

It is well known that GaAs, a typical direct gap semiconductor, has a conduction band (CB)
composed of Γ, L and X satellite valleys. With the application of hydrostatic pressure, the Γ and
L valley extrema move upward, however, the X valley minimum moves downward [22,23]. Above
4 GPa, a crossover between the Γ and X valley extrema occurs, forming an indirect bandgap at
the X point. In earlier works [22,24–27], time-resolved photoluminescence spectroscopy was
employed to study the interband recombination dynamics of GaAs under pressure. It was found
that the lifetime of the shallow donor-exciton state increased remarkably as the Γ-X crossover
occurred in p-type GaAs [25], while the recombination lifetime in n-type GaAs decreased [26,27]
under hydrostatic pressure. In addition, Grivickas et al. [28] observed a linear order of magnitude
lifetime reduction in n-type GaAs under uniaxial pressure produced by a shock wave. However,
the ultrafast hot carrier cooling processes in picoseconds timescale, such as intervalley scattering
and fast surface trapping in compressed GaAs have not yet been investigated.

Time-resolved terahertz spectroscopy (TRTS) has emerged as an ideal non-contact probe method
for carrier dynamics with a subpicosecond temporal resolution, benefiting from simultaneous
access to the frequency and time-resolved photoconductivities. This technique was first applied to
the study of free carrier dynamics in GaAs [29–31] at ambient pressure. TRTS has facilitated the
profound understanding of ultrafast photocarrier dynamics, including interband recombination,
surface recombination, spatial diffusion, and intervalley scattering in GaAs [16,32]. However, as
the THz beam with mm-scale spot size would be attenuated dramatically by the DAC with a small
clear aperture, the application of in-situ TRTS under high pressure is currently limited. In this
work, we investigate the photocarrier dynamics in GaAs under hydrostatic pressure using TRTS.
Experimentally, a DAC is utilized to generate hydrostatic pressures up to 10 GPa. To overcome the
huge attenuation from DAC, the intense THz pulses from a LiNbO3 crystal are used as the probe
in TRTS. Under pressure, the photocarrier lifetime corresponding to the interband relaxation is
found to reduce to a few picoseconds, comparable with that in low-temperature-grown GaAs
(LT-GaAs), from nanoseconds at ambient condition. This considerable decrease is attributed
to a pressure-induced augmentation in the density of surface defect states. Pressure effects on
the inter-valley scattering of hot carriers in GaAs have also been observed, consistent with the
pressure evolution of energy band structures. This work provides new insights on tailoring
the photocarrier dynamics in semiconductors using hydrostatic pressure, likely stimulating the
development of high-pressure THz spectroscopy.

2. Experiments

A DAC with a culet size of 500 µm was used to exert external hydrostatic pressure (see Fig. 1(a)).
The aperture of the drilled stainless steel gasket was about 300 µm in diameter. A piece of
undoped GaAs single crystal wafer with <100> orientation was polished into a thin-platelet
sample with a size around 200 × 150 µm and thickness of about 10 µm to be loaded in the DAC
together with a ruby particle as shown in Fig. 1(b). Figure 1(c) shows the photograph of the
sample in the DAC device. Silicone oil was used as a pressure transmitting medium (PTM), and
the pressure was gauged using ruby fluorescence [12].

The experimental scheme was plotted in Fig. 1(c). A 1-kHz, 45-fs Ti: sapphire amplifier
(Coherent Legend) was used as the laser source. The laser beam was divided into three portions
for generating and sampling THz transients, as well as optical excitation of the sample inside
the DAC, respectively. THz pulses with 500 nJ were generated in a LiNbO3 prism using the
tilted-pulse front technique [33,34]. Free-space electro-optic sampling was used to coherently
detect the THz electric field transmitted through the DAC. The DAC chamber with the sample
was globally illuminated by both THz and pump beams. The optical chopper was placed in either
the THz generation path to detect the THz electric field waveform or the optical pump path to
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record the photoinduced transmission change. Furthermore, the time evolution of differential
transmission at the main peak of the THz pulse, ∆T/T0 = (Tp − T0)/T0, was recorded using
a lock-in amplifier by varying the optical pump-THz probe delay and keeping the delay of
optical gating pulse with respect to the THz pulse fixed. Here, Tp and T are the transmissions
at THz peak with and without photoexcitation, respectively. The output of an equipped optical
parameter amplifier (OPA) at 600 nm was also used as a pump beam. In the following, the
pump laser for photoexcitation was at an 800 nm wavelength unless otherwise specified. All
the TRTS experiments were performed at room temperature. In the measurements, the applied
pump fluences were kept below 60 µJ/cm2 to avoid the multiphoton absorption from diamonds.
The ∆T/T0 signal of DAC with only the PTM under high pressure was also examined, and no
signal was observed. To inspect the decompression effects for large-scale sample, a high-quality
single-crystal GaAs wafer with ∼1.5×2.5 mm size and ∼0.5 mm thickness was compressed
at 7 GPa at room temperature in a multi-anvil press (MAP) and then was unloaded from the
MAP apparatus. The TRTS measurement for this pre-compressed sample was taken at ambient
conditions. The experimental detail of the MAP was previously described [35].

Fig. 1. (a) Schematic of the DAC for in-situ TRTS. (b) Morphology of the sample in the
pressure chamber at 0.2 GPa. (c) Optical layout of the TRTS setup.

3. Results and discussion

3.1. Pressure tuning on interband photocarrier dynamics

The THz waveform passing through DAC without photoexcitation under an initial pressure of
0.2 GPa is shown in Fig. 2(a). The corresponding spectrum is plotted in the inset. It worth
noting that the THz-electric-field induced nonlinear absorption in photoexcited GaAs should
be negligible because about 90% of THz energies are blocked by the DAC apparatus. The
normalized -∆T/T0, proportional to the THz photoconductivity change, for GaAs at ambient
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pressure is displayed in Fig. 2(b), in agreement with a single exponential function with a lifetime
of approximately 4 ns. Figure 2(c) presents the transient -∆T/T0 within a 22 ps time window
under different pressures at an excitation fluence of 1.3 µJ/cm2. The amplitude of -∆T/T0 is
significantly reduced with increasing pressure and approaches zero above 2 GPa. It is illustrated
more clearly in Fig. 2(d), which plots the maximum amplitude of -∆T/T0 as the function of
pressure. One can see that the amplitude is attenuated by an order of magnitude as the pressure
exceeds 2 GPa. The direct bandgap of GaAs is 1.65 eV at 2 GPa, beyond the 800 nm (1.55 eV)
photon energy, as calculated by the empirical pressure coefficient of the bandgap of GaAs, i.e.,
E(eV) = 1.4 ± 0.01 + (0.125 ± 0.005)P − (3.7 ± 0.5)10−3P2 [25]. Thus, under high pressure, the
direct single-photon transition between the valence band and conduction band should be less
efficient and can account for the significant pressure-induced decrease of -∆T/T0.

Fig. 2. (a) Transmitted THz waveform of the GaAs without optical photoexcitation at 0.2
GPa, where the THz main peak is denoted by the arrow. The corresponding frequency
spectrum is plotted in the inset. (b) Normalized -∆T/T0 as the function of pump-probe delay
for GaAs at ambient pressure. The black circle and red line are the experimental data and the
fitting curve using an exponential equation, respectively. (c) -∆T/T0 transients at different
pressures. For comparison, the curve at 1.5, 2, 2.5 and 3 GPa is scaled up by 1.8, 5.5, 8 and
8 times, respectively. (d) Peak value of -∆T/T0 as the function of pressure.

The applied pump fluence is raised to 20 µJ/cm2 to access the photocarrier dynamics under
a higher pressure range, allowing for the interband excitation via two-photon absorption, as
discussed later. The normalized -∆T/T0 curves obtained between 2.5 GPa and 10 GPa are shown
in Fig. 3(a). The decay, indicating the interband photocarrier relaxation, becomes faster under
higher pressure. The relaxation dynamics can be well reproduced using single exponential
functions with additional offsets below 4 GPa. However, double exponential functions are
required to obtain a proper fit under higher pressure. The extracted average lifetime under
different pressures is displayed in Fig. 3(b). It can be seen that the lifetime is significantly reduced
from about 4 ns at ambient conditions to 65 ps under a pressure of 10 GPa, showing a decrease
of nearly two orders of magnitude. Furthermore, we investigate the pump fluence dependence
of photocarrier dynamics at 10 GPa by varying the pump level from 11 to 53 µJ/cm2 as shown
in Fig. 3(c). Correspondingly, the maximum amplitude of -∆T/T0, as a function of the pump
fluence, is consistent with a power function with a factor of 1.3, as displayed in the inset. This
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nonlinear increasing trend with pump fluence can verify the existence of double photon transition
[36] and explain the photoexcitation induced by pump photons with energy below the bandgap
under high pressure. The pump-fluence-dependent time constants for the fast and slow decay
components, τf and τs, are shown in Fig. 3(d). The τf is increased while the τs is decreased with
elevating pump level. The reduction of τs may indicate that the Auger recombination process
plays important role in the case of high photoexcitation level [37]. However, the pump-fluence
dependence of τf implies that the fast decay stems from surface defect trapping [38]. The
defect-related relaxation pathway normally gives rise to the augment of the photocarrier lifetime
at a high photoexcitation level in view of the filling effects, that is, the available defect trapping
channels should be decreased with the increasing number of photocarriers due to the constant
density of defects [39]. It is known that the external pressure can facilitate the formation of
surface defects in semiconductors [40,41], and therefore increase the density of nonradiative
recombination centers, which leads to the fast trapping of photocarriers under high pressure.
Therefore, this defect-assisted relaxation pathway should be responsible for the pressure-induced
reduction of photocarrier lifetime. Other factors such as the variety of penetration depth of
the pump beam and band bending may also affect the photocarrier relaxation under pressure
due to the changes of band structure. Moreover, the photocarrier lifetime keeps as short as 57
picoseconds even the external pressure is totally released as shown in the inset of Fig. 3(b). This
fact indicates that the pressure-induced defects in GaAs are irreversible. Furthermore, MAP is
used to examine the decompression effect of photocarrier dynamics for mm-scale large-sized
GaAs, by which the sample (∼1.5×2.5 mm) is first compressed under 7 GPa before taking the
TRTS measurement. One can see that the lifetime can be reduced to 5.5 ps, which is quite
comparable with that in LT-GaAs [31]. It is worth noting that the GaAs compressed by MAP
under 7 GPa has much shorter lifetime than by DAC under 10 Gpa. This anomaly should be
ascribed to the non-hydrostatic pressure condition in MAP.

3.2. Pressure tuning on intraband photocarrier dynamics

Now we turn to the discussions on the rising processes of -∆T/T0 under pressure, which contain
intraband photocarrier dynamics such as intravalley cooling and intervalley scatterings [29].
Figure 4(a) focuses on the -∆T/T0 transients within the time window of 20 ps. At ambient pressure,
the -∆T/T0 signal features an initial fast rising, and subsequently approaches maximum within
the subpicosecond time scale, implying the completion of intraband photocarrier cooling and
temporal peaking of THz photoconductivity. As increasing pressure, the initial growing process
slows down, which is prolonged to almost 10 ps under 2.5 GPa. Then, it becomes relatively
shortened when the pressure is increased above 3.5 GPa. We propose that the pressure behaviors
of rising processes of -∆T/T0 have close correspondences with the intervalley scatterings in
GaAs. If the photo-injected electrons have excess kinetic energies larger than the threshold
between energy valleys, e.g., the extreme points of the Γ and L valleys, a fraction of the electrons
in the Γ valley can transfer into the neighboring (N) valley within tens of femtoseconds via
LO phonon scattering followed by a slower returning process of several picoseconds. Such
intervalley scattering tends to decrease the carrier mobility and relax the initial rising process of
THz photoconductivity due to the larger effective mass in the N valley [42]. At ambient pressure,
the fast rising dynamics is dominated by the intravalley cooling because the direct photoexcitation
with 800 nm cannot provide excess energy above the intervalley threshold. However, under
high pressure, the electrons scattering between the Γ and N valleys (including the L and X
valleys) in GaAs should take place due to two-photon absorption (∼ 3.1 eV photon energy), as
mentioned above, and therefore contribute to the intraband carrier cooling. For example, from the
estimations of electronic structures under pressure [25,43], the direct bandgap of GaAs is about
1.67 eV under 2.5 GPa, so the conduction band electrons injected with two phonon excitations
can gain excess energy of more than 0.72 eV, far above the Γ-L energy difference of 0.17 eV, as
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Fig. 3. (a) Normalized -∆T/T0 of GaAs with 800 nm photoexcitation under different
pressures. Solid lines are the fitting curves using exponential functions. (b) Average lifetime
constant corresponding to interband relaxations as the function of pressure. The inset plot
the -∆T/T0 signal of unloaded GaAs sample from DAC (10 GPa) and Multi-anvil press (7
GPa), respectively. The applied pump fluence is about 2.0 µJ/cm2. (c) -∆T/T0 at different
pump fluences. The solid lines are the fitting results using the exponential functions. Inset is
the peak value of -∆T/T0 at different fluences. (d) Pump fluence dependences of fast (black
line), τf , and slow decay time (red line), τs, fitted by the exponential equations.

illustrated by Fig. 4(b). Since both the Γ and L valleys move upward with increasing external
pressure, while the X valley behaves oppositely, e.g., as P= 3.5 GPa, Γ=1.86 eV, and X=1.851 eV,
the Γ-X valley scattering should play a nontrivial role with further increasing pressure. However,
the extreme point of the X valley is lower than that of the Γ valley, and an indirect band structure
forms when the pressure exceeds 4 GPa. As a result, the electrons scattering to the X valley
cannot go back to the Γ valley. Instead, they recombine with defects or holes directly, as shown
in Fig. 4(c). Consequently, the rising processes of -∆T/T0 essentially remain constant and are
less sensitive to the external pressure above 5 GPa.

We also measured the -∆T/T0 signal using a photoexcitation with a 600 nm wavelength,
ensuring that the photocarrier has excess energy larger than the Γ-L threshold (see Fig. 4(d)).
The initial rising time is pronouncedly delayed compared with that photoexcited by 800 nm under
ambient pressure, emphasizing the occurrence of intervalley scattering. As illustrated in Fig. 4(e)
and (f), the band gap further opens, and the excess energy of photocarrier is expected to reduce
with increasing pressure. Consequently, the intervalley scattering effect begins to fade, and the
rising process of -∆T/T0 signal speeds up under higher pressure.

Furthermore, the intraband photocarrier dynamics under pressure are quantitatively investigated
using the well-established three-state model [31,44,45]. In this model, electronic states in the Γ
valley are separated into Γ+ and Γ− energy levels as shown in Fig. 4(b), only the electrons in Γ+
state can energetically transfer into N valleys. The electronic states in the N valley are set as the
third state, in which the electrons can only scatter into the Γ+ state. Meanwhile, the Γ− electrons
are relaxed to the bottom of CB through intravalley inelastic phonon scattering. The populations
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Fig. 4. (a) and (d) Normalized -∆T/T0 in the short time range of 20 ps for photoexcitation
at 800 nm and 600 nm respectively. The curves are shifted vertically for comparison. The
solid circles and solid lines represent the experimental data and fitting results using the three
state model, respectively. The shaded area indicates the rising process of the signal. (b),
(c), (e) and (f) Schematic of the electronic band structure of GaAs and related intervalley
scattering mechanism. (b) and (c) represent the photoexcitation condition with 800 nm at
2.5 and 5 GPa, respectively. (e) and (f) correspond to the photoexcitation using 600 nm at
ambient pressure and 6 GPa, respectively.

of electrons in Γ+, Γ− and N state are determined by the three-state rate equations

dNΓ+(t)
dt

=
I0α

hv
I(t) − (

1
τΓN
+

1
τ∆

)NΓ+(t) +
1
τNΓ

NN(t), (1)

dNN(t)
dt

=
1
τΓN

NΓ+(t) −
1
τNΓ

NN(t), (2)

dNΓ−(t)
dt

=
1
τ∆

NΓ+(t). (3)

Here, NΓ+(t), NN(t) and NΓ−(t) represent the number of electrons in the Γ+, N and Γ− state,
respectively. An excitation term corresponding to the pump pulse with temporal Gaussian shape,
I(t) = I0exp(− t2

τ2
d
), is introduced. τd = 45fs is the pump pulse duration. α is the interband

absorption coefficient, and hv is photon energy. τΓN , τ∆ and τNΓ denote the average scattering
time of Γ+→ N (L or X), Γ+→ Γ−, and N → Γ processes, respectively. It is known that -∆T/T0
is proportional to the photoinduced change in the real part of THz conductivity [46]. Because the
Γ-valley electron has a far smaller effective mass than that in the L- (or X-) valley, we only take
into account the Γ-valley contribution to the carrier mobility. Thereby, the normalized -∆T/T0
with respect to its maximum can be simplified as

−
∆T
T0

(Norm.) =
NΓ+(t) + NΓ−(t)

N0
. (4)

Here, N0 denotes the maximum photoexcited carrier density. It should be mentioned that the
nonparabolic effect of the Γ valley is neglected in the calculations. As shown in Fig. 4(a) and (d),
the good agreement between calculated and experimental −∆T/T0(Norm.) curves can be seen,
whereby the dynamic parameters are extracted and summarized in Table 1. One can see that the
intravalley cooling time of the Γ valley characterized with τ∆ changes slightly (110-140 fs) for
different pressures. The obtained Γ→ N valley (Γ→ N) scattering time, τΓN , falls in the 30-60
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fs time scale under high pressure, consistent with the earlier reported result (50 fs) based on the
three-state model in GaAs at ambient condition [44]. The scattering process from the N valleys
to Γ (N → Γ) is highly pressure-dependent, e.g., the τNΓ decreases from 0.81 ps to 0.2 ps in the
range of 2.5-4 GPa, which is related to both the L and X valley intervalley scatterings. Such
pressure behavior could be attributed to the varieties of energy band structures.

Table 1. Fitting parameters of τNΓ, τ∆, τΓN fitted by the
three-state model at photoexcitation at 800 nm and 600 nm

at different pressures.

Wavelength P (GPa) τNΓ (ps) τ∆ (ps) τΓN (ps)

800 nm
2.5 0.81±0.1 0.11±0.05 0.06±0.05

3.5 0.34±0.08 0.14±0.05 0.04±0.05

4 0.2±0.06 0.1±0.05 0.03±0.05

600 nm
0 0.8±0.12 0.12±0.05 0.06±0.05

2 0.85±0.1 0.14±0.05 0.06±0.05

4 0.57±0.08 0.13±0.05 0.11±0.05

Firstly, the effective mass of the Γ valley in GaAs increases with pressure [47], indicating a
large density of states under high pressure. It means that the available phase space for the N →

Γ scattering increases with pressure and accelerates the return scattering processes. Secondly,
more phonon modes with large q would be enabled to participate in the intervalley scattering
as the minima energy of band valleys changes with pressure [48], which will decrease the N
→ Γ scattering time as well. For photoexcitation at 600 nm, only the Γ- L valley scattering
participates at ambient pressure. The N → Γ time constant increases marginally around 2 GPa,
while decreasing to 0.57 ps under 4 GPa. Compared with photoexcitation at 800 nm through

Fig. 5. Fraction of photoexcited electrons transferred to neighboring valleys (NN ) as a
function of time according to the three-state model calculations under different pressures
with (a) 800 nm and (b) 600 nm photoexcitation, respectively.
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two-photon transition, the 600 nm single-photon excitations provide relatively small excess
energies above the conduction band minima for electrons, and therefore less optical phonon
modes assisting the N → Γ scattering can be activated. As a result, the N → Γ scattering time
constant is larger than that under photoexcitation at 800 nm and 4 GPa. In addition, the population
ratio (NN) of hot carriers transferred to N valleys at different pressures is extracted using the
fitting parameters, which is shown in Fig. 5. The NN curve can be described by a fast-rising
process followed by a slow decay in a few ps time scale, which agrees with the pressure effects,
as shown in Fig. 4. Notably, the depopulation time of the N-valley electrons originated from the
competing transfer processes between the Γ +→ Γ− and N → Γ, is far longer than the intervalley
scattering time constant, τNΓ [45]. On the other hand, the N-valley electron fraction is larger
than 60%, emphasizing more electrons take part in intervalley scattering than that in intravalley
cooling. It is reasonable since the obtained time constants of Γ→ N scattering are shorter than
that of intravalley scattering under high pressure, i.e., the Γ→ N scattering rate is faster than the
intravalley relaxation rate of the Γ valley electrons.

4. Conclusions

In summary, photocarrier dynamics in GaAs under hydrostatic pressure up to 10 GPa using
TRTS with a DAC are studied. The intense THz source from an LiNbO3 crystal overcomes
the drastic attenuations from the DAC and gives access to the nonequilibrium carrier dynamics
such as interband relaxation and intervalley scattering. The THz photoconductivity lifetime
associated with interband relaxation is found to drop to a few picoseconds at high pressures
compared with the nanosecond time scale under ambient pressure. Such significant decrease
of two orders of magnitude in the photocarrier lifetime can be understood in terms of the
pressure-induced augmentation in the density of surface defect states. Meanwhile, the pressure
effects on the intraband carrier cooling are observed. Based on the three state equations, the
intervalley scattering time constants are obtained from the transient THz transmission under
different pressure. The scattering time from neighboring valleys to the Γ valley is reduced
nearly four-fold as the pressure increases from 2 GPa to 4 GPa, in agreement with the change of
conduction band structure with pressure. This research provides a new perspective to examine the
photocarrier dynamics in semiconductors using high-pressure THz spectroscopy. It is valuable for
tailoring the photocarrier lifetime of GaAs under high pressure, which is essential for developing
GaAs-based high-speed photoelectric devices.
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