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Graphene hosts intriguing photocarrier dynamics such as negative transient terahertz (THz) photoconductivity, high
electron temperature, benefiting from the unique linear Dirac dispersion. In this work, the pressure effects of photocarrier
dynamics of graphene have been investigated using in sifu time-resolved THz spectroscopy in combination with diamond
anvil cell exceeding 9 GPa. We find that the negative THz conductivity maintains in our studied pressure range both for
monolayer and bilayer graphene. In particular, the amplitude of THz photoconductivity in monolayer graphene manifests an
extraordinary dropping with pressure, compared with that from the counterparts such as bulk silicon and bilayer graphene.
Concomitantly, the time constant is reduced with increasing pressure, highlighting the pressure-induced hot carrier cooling.
The pressure dependence of photocarrier dynamics in monolayer graphene is likely related with the enhancement of the
interfacial coupling between diamond surface and sample, allowing for the activity of new electron—phonon scattering. Our
work is expected to provide an impetus for the studies of high-pressure THz spectroscopy of two-dimensional materials.

Keywords: terahertz, photocarrier dynamics, graphene, high pressure

PACS: 78.20.—e, 78.47.J—, 68.65.Pq, 07.35.4+k

1. Introduction

Ultrafast photoexcitaion in material enables an establish-
ment of a transient hot carrier system, that is, the nonequib-
rium electronic subsystem featuring the quasi-Fermi—Dirac
distribution (QFD) with electron temperature (7¢) higher than
that of lattice subsystem (77), which is followed by the ki-
netics processes of energy exchange between phonon and
electron.!!=1 The knowledge and understandings of hot carrier
dynamics are crucial for the applications of devices involving
the photovoltaic effect, light emission, photothermoelectric ef-
fect and others.®”! For example, if hot carriers can be har-
nessed before the energy is lost, it is expected to break the
Shockley—Queisser limitation and facilitate the energy con-
version in photovoltaic devices.!®°! Graphene is found to be
a prototypical Dirac semimetal that hosting hot carrier dy-
namics. Benefiting from the unique linear dispersion rela-
tionship, vanishing density of state (DOS) near Dirac point,
small Fermi surface, and low electron heat capacity, the photo-
injected carriers in graphene are prone to occupy the high-
energy side in k space via the electron—electron scattering

H0-15] Dye to the electronic

within a few tens femtoseconds.
redistribution featuring with the high-energy tail far larger
than the energy of excitation photon, the hot-carrier temper-
ature approaching a few thousands Kelvins can be achieved
in subpicosecond time scale under moderate photoexcitation
level.l' In particular, the hot-carrier dynamics are essential
for the ultrafast photophysics in graphene including the energy

transfer, [17-20] high-harmonic wave generation,[21’22] terahertz
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(THz) transport, and photothermoelectric effect. At ambient
condition, the different methods such as transient absorption,
time-resolved THz spectroscopy (TRTS), time- and angle-
resolved photoemission spectroscopy (tr-ARPES), erc.[23-2]
have been demonstrated to be powerful to decipher the pho-
tocarrier dynamics in graphene. Among them, TRTS serves
as an ideal non-contact technique providing the information of
photoconductivities both in frequency and time domain, which
simultaneously reflects the intraband transport and interband
recombination dynamics of photocarriers with a subpicosec-
ond temporal resolution.?0-28! In graphene, TRTS have been
utilized to unveil a mount of interesting phenomena related
to the hot carrier dynamics such as the negative THz photo-
conductivity, the multiplication hot-carrier generation, ultra-
fast plasmon thermalization. >93]

Diamond anvil cell (DAC) is able to produce the hydro-
static pressure, and serves as a clean knob to continuously tune
the interatomic interactions, leading to the modifications of
the electronic and lattice structure in materials.*3! In recent
years, a few pioneering works have been devoted to address
the pressure effect on the physical properties of graphene. 34!
Pressure may provide a unique route to convert the multi-
layer graphene to the diamond-like structures.?>3¢! Ke er al.
observed a semimetal-to-semiconductor transition in Bernal-
stacked trilayer graphene above 30 GPa, and achieved the
maximum intrinsic bandgap of 2.5+0.3 eV through the pres-
sure tuning.?”! Tao et al. studied the pressure dependence of
Raman modes of bilayer graphene up to 50 GPa, and identi-
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fied a transition from sp” to metastable sp> bonding at high
pressure when the water was taken as the pressure transmis-
sion medium (PTM).38 On the other hand, regulating the
hot-carrier dynamics has fundamental significance for the de-
velopment of photoelectric and electric devices such as the
terahertz (THz) emitter, lightharvesting, high-frequency elec-
tronics. Pressure tuning on ultrafast dynamics including the
Auger recombination, %! thermal transport,!*°! and hot carrier
cooling!*!*?] have been reported. For instance, basing on the
femtosecond pump—probe optical spectroscopy, it was found
that the external hydrostatic pressure could effectively reduce
the cooling time of hot carrier in bilayer graphene by enhanc-
ing the interlayer coupling and providing a new energy dissi-
pation channel stemming from interlayer phonon modes.!*!! In
addition, the direct accesses into the photocarrier dynamics in
THz frequency under pressure have been demonstrated using
the TRTS in combination with DAC in recent years.*3] How-
ever, the THz photophysics under pressure in two-dimensional
(2D) material with atomic thickness have not been addressed
so far. In this work, we take the graphene as the testbed,
and perform the TRTS under pressure above 9 GPa. We re-
veal that the THz transmission and photo-induced THz con-
ductivity remain nearly constant and negative in our studied
pressure range, respectively, while the amplitude and relax-

(a) (b)

ation time constants for THz photoconductivity from mono-
layer graphene are reduced with pressure. Our work shows
the feasibility probing the photocarrier dynamics under pres-
sure for ultrathin 2D material using TRTS, which is expected
to facilitate the developments of the high-pressure THz spec-
troscopy.

2. Experiments

DAC (Fig. 1(a)) with a culet size of 1000 pm was used
to exert the external hydrostatic pressure. The aperture of the
drilled stainless steel gasket was about 400 um in diameter.
The methods for sample fabrication and loading are similar as
in reference were applied.*!! In briefly, the monolayer and bi-
layer graphene films on CuNi alloy substrate were fabricated
using chemical vapor deposition (CVD) method. The poly-
methyl methacrylate (PMMA) assisted method was employed
to transfer the graphene films onto the diamond of DAC. For
the measurement of bulk silicon, a piece of undoped silicon
single crystal wafer was polished into a thin-platelet sample
with a size around 200 pm x 200 um and thickness of about
10 um before being loaded in the DAC. Silicon oil was uti-
lized as PTM and the value of pressure was gauged by means
of the photoluminescence of ruby balls.
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Fig. 1. (a) Schematic diagram of DAC apparatus for in-situ TRTS. (b) Optical layout of the TRTS setup.

The experimental scheme for TRTS measurement was
plotted in Fig. 1(b). An amplified Ti:sapphire laser (Coherent
Legend) was used as the source, which deliver the femtosec-
ond pulses with average power of 4.0 W, duration of 45 fs,
central wavelength of 800 nm, repetition of 1 kHz. The laser
beam was divided into three portions for the generation and
sampling of THz pulses, as well as for the photoexcitation of
the sample in DAC, respectively. THz pulses with the aver-
age power of 300 mW were generated from an LiNbO3 prism
using tilted-pulse front technique;***! the laser beam with

power of 2 W was dispersed by a grating with the groove den-
sity of 1800 gr/mm, and then was imaged onto the LiNbO3
crystal through a 4f lens assembly. The THz beam was fo-
cused onto the sample in DAC via the off-axis parabolic mir-
rors assembly. The THz signal passing through the sample was
collected by the ZnTe detection crystal with 1-mm thickness,
by which the THz waveform was gated using the free-space
electro-optic sampling technique. For the photoexciation, the
DAC chamber with sample was globally illuminated by the
pump beam with the wavelength of 800 nm. In the measure-
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ment, the lock-in amplifiers were applied to record the voltage
signal from the balanced photodetector. The optical chopper
was placed in either the THz beam path for the sampling of the
THz waveform or the optical pump path in order to detect the
photoinduced transmission change. The laser pulses were syn-
chronized in time by the motorized stages with retroreflector
mirrors. The time evolution of differential THz transmission
was measured by varying the time delay between the pump
pulse and THz pulse, while keeping the delay of optical gating
pulse with respect to the THz pulse fixed. All the TRTS experi-
ments were performed at room temperature. The applied pump
fluences incident on the DAC were kept below 50 uJ/cm? to
avoid the multiphoton absorption from diamonds. We also ex-
amined the differential THz transmission with photoexcitation
for the DAC only with PTM under high pressure. No any pho-
toinduced modulation of THz transmission signal could be ob-
served.

3. Results and discussion

In Fig. 2(a), we show the THz waveform passing through
monolayer graphene in DAC without photoexcitation at differ-
ent pressure. The corresponding spectrum extracted through
fast Fourier transform (FFT) at each pressure is plotted in
Fig. 2(b). It should be mentioned that the THz-electric-field
induced nonlinear absorption in graphene should be negligi-
ble because about 80% of THz energies are blocked by the
DAC apparatus. As can be seen, the THz transmission does
not exhibit significant changes both in time and frequency do-
main with pressure. Since no recognizable shrink or expansion
occurs to the clear aperture of the DAC in the studied pres-
sure range, it indicates the pressure dependence of the THz
transmission reflect the intrinsic properties of graphene. Such
pressure independence of THz transmission signifies that the
highly stability of electronic and lattice structure for graphene
at the pressure below 10 GPa, which is consistent with previ-
ous results obtained using the experimental methods such as
Raman spectroscopy and electric transport. 1371

FFT amplitude (arb. units)

THz electric field (arb. units)
; N

2 4 6 8 0.5 1.0 1.5 2.0
Frequency (THz)

Time delay (ps)

Fig. 2. (a) Transmitted THz waveform through monolayer graphene in
DAC at different pressures, (b) corresponding FFT spectrum for each
pressure.

TRTS allow us to directly track the time evolution of the
photo-induced modulation in the THz transmission, that is,
AT (tp) =T (tp) — To(tp), by varying the time delay (z,) between
THz and pump pulses. Here the T and Ty denotes the THz
peak transmission with and without photoexcitation, respec-
tively. In Fig. 3, we presents the differential THz transmission
(DTT), —AT /Ty, as the function of time delay (z,) at different
pressures. In our study, the sample system can be considered
as the graphene film on the diamond substrate. In this case,
the DTT is proportional with the photo-induced variety of the
real part of sheet conductivity (ReAo), i.e.,

. ReAc (l‘p) Zy
o 1+ns

Here ng and Z represent the THz refractive index of diamond
and the impedance of the free space, respectively. At ambient
condition, the photoexcitation is able to induce the negative
(positive) THz photoconductivity due to the intraband carrier
heating (interband electron—hole injection), depending on the
Fermi level (or doping level) of graphene. To determine the
sign of the DTT, we measured TRTS for undoped bulk silicon
under pressure by keeping the parameters of lock-in amplifier
unchanged. Because silicon maintains semiconductor phase
below 10 GPa, the photoexcitation using 800-nm photons tend
to generate the electron—hole pairs and increase the THz con-
ductivity, leading to the positive photoconductivity (negative
DTT). As shown in Fig. 3(a), the sign of DTT of silicon is
opposite with that of graphene under pressure. This substan-
tiates that the THz photoconductivity of graphene holds nega-
tive in our studied pressure range. The main feature revealed in
Fig. 2 is that the amplitude of DTT is pronouncedly reduced
with elevating pressure, e.g., the peak magnitude of DTT is
declined by a factor of three at the pressure of 3.2 GPa com-
pared with that obtained at low pressure (0.2 GPa). Indeed,
the attenuation magnitude of DTT signal with pressure even
approaches that in bulk silicon as exemplified by Fig. 3(a).
Since the THz transmission without photoexcitation almost
keep constant under pressure as discussed above, such reduc-
tion of the DTT amplitude is nontrivial in view of the atomic
layer thickness of graphene. Although the amplitude does
not manifest obvious change in the pressure range between
3.2 GPa and 6.2 GPa, the DTT signal totally disappears as
the pressure is above 8 GPa. Different mechanisms for the
negative THz photoconductivity (positive DTT) of graphene
have been proposed. For instance, the earlier works sug-
gested that the photoinduced population inversion near the
Dirac point, in concomitant with the stimulated THz emis-
sion contributed to the reduction of THz photoconductivity. 46!
Tielrooij et al. evidenced that the generation of the secondary
hot carrier could play key role for the negative THz photo-
conductivity. Furthermore, the correlations between THz pho-
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toconductivity and Fermi energy or doping level were thor-
oughly interrogated, which unveiled the microscopic pictures
underlying the negative THz photoconductivity, including the
enhancement of carrier—carrier scattering due to the high elec-
tron temperature, the increase in carrier—impurity scattering
stemming from the reduction of long-range Coulomb screen-
ing. In addition, the carrier temperature dependence of opti-
cal phonon scattering was also proposed to be possible rea-

471 QOverall, the ori-

son for negative THz photoconductivity.
gins of the negative THz photoconductivity have close corre-
spondences with the hot carrier. The high-energy carrier re-
distribution upon photoexcitation allows for the activities of
multiple cooling channels involving the carrier—carrier scatter-
ing, carrier-optical phonon scattering, carrier—impurity scat-
tering, as well as the electron temperature regulation on these
scattering processes. To understand the pressure effect of the
DTT transient, we first take into account the change of opti-
cal absorption coefficient with pressure. Indeed, the electronic
structure of graphene is demonstrated be very stable at low
pressure range.*!l Thereby, the pressure dependence of op-
tical absorption has negligible impaction on the THz photo-
conduction in our studied pressure region. Second, we need
to consider the pressure effect of Fermi level. As indicated
in previous reports, the reduction of Fermi level can help to
decrease the weight of negative THz photoconductivity. If
the drop of DTT amplitude with pressure is a consequence
of the shift of Fermi level, it is expected that the switching
from negative to positive in the sign of DTT takes place above
8.2 GPa. However, we do not observe the emergence of pos-
itive DTT signal even at higher pressure. As a result, the
factor related with Fermi level should be excluded. In addi-
tion, it was found that the pressure-induced augmentation of
defect concentration contributed to the reduction of THz pho-
toconduction in semiconductor such as bulk GaAs.[*8! Such
defect state evolution with pressure should also occur to bulk
silicon as revealed in Fig. 3(a), where both DTT amplitude
and photocarrier relaxation time is obviously reduced with in-
creasing pressure. Nevertheless, the pressure effect of defect
state in the photocarrier dynamics of graphene has proved to
be insignificant.[*!] Especially, the decay process of DTT tran-
sient does not continue to shorten above 4 GPa as shown in
Fig. 5(a), which will be discussed later. This pressure behavior
of photocarrier relaxation is contrast with that in bulk silicon.
Therefore, the defect effect under pressure cannot explain the
pressure dependence of photocarrier dynamics in monolayer
graphene. Herein, we propose that the pressure behavior of
DTT has close correspondence with the enhancement of cou-
pling between graphene film and diamond surface. With in-
creasing pressure, the effective contact between graphene and
DAC surface become stronger. Although the new bonding or
orbital hybridization between the carbon atoms from graphene

and diamond should not be formed below 10 GPa, the interface
van der Waals force may be boosted in such pressure range.
Consequently, the phonon modes associating with the inter-
face vibration likely become robust at high pressure, and act
as a new channel for electron scattering. As for the photocar-
rier dynamics in graphene, most studies pointed out that that
the electron—electron (e—e) and electron—phonon (e—ph) inter-
actions dominated the formation of hot electron and the en-
ergy relaxation. Upon ultrafast photoexcitation, the electron—
hole pairs are injected or excited immediately via interband
or intraband transitions, which is followed by a rapid ther-
malization through e—e scattering and e—ph scattering in sub-
picosecond, creating the QFD with higher 7; than 7;.. The
activity of more phonon modes likely participate in the hot
electron redistribution and subsequent cooling, and is able to
decrease the initial electron temperature under pressure, re-
ducing the amplitude of DTT.*’] Noteworthily, the amplitude
of DTT exhibits weak pressure dependence between 3.2 GPa
and 6.2 GPa. We suggest that this pressure dependence is due
to the nonhomogeneous effect both in graphene sample and
hydrostatic pressure. On one hand, there exists the nonhomo-
geneous bubbles and wrinkles in graphene. On the other hand,
the pressure distribution is also not spatially uniform for large
sized diamond culet. As consequently, the enforcement of in-
terface coupling between graphene and diamond surface does
not manifest monotonous increasing trend with pressure.

h P=4.4 GPa
-(e) T T T T

P=6.2 GPa

—AT/T, (%)
OHNM%OHMW%@HMWVP

T T
O N W AR H N W AR H N W s

i} &l P=3.2 GPa

-5 0 5 10 15 20 -5 O 5 10 15 20
Time delay (ps) Time delay (ps)

Fig. 3. The measured differential THz transmission (DTT) transients
upon photoexcitation at different pressures for monolayer graphene.

To further examine the interfacial coupling effect, we
measured the TRTS under pressure for double-layer graphene.
In Fig. 2(b), we plotted the DTT transient at different pres-
sure. In analogy with monolayer graphene, the sign of the
DTT signal maintains positive in the studied pressure range,
indicating the negative THz photoconductivity. Differently,
the amplitude of DTT of bilayer graphene does not drop as
rapidly as that in monolayer sample. In contrast with mono-
layer graphene, the peak of DTT still amounts to 0.2% at the
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pressure of 9.8 GPa. Such relatively weak pressure depen-
dence of DTT amplitude furthermore emphasize that the de-
fect effect should not play important role for the photocarrier
dynamics of pressurized graphene. Otherwise, the DTT am-
plitude should decline faster in bilayer graphene than that in
monolayer graphene because the pressure-induced defect aug-
mentation is expected to be more prominent while the layer
number is increased. From the viewpoint of interfacial cou-
pling effect, the increase in the thickness of graphene is favor
of the relief of van der Waals interaction from diamond-sample
interface. As a result, it is reasonable that the DTT amplitude
of bilayer graphene is less sensitive to the external pressure
compared with monolayer graphene. Therefore, our proposed
interface coupling mechanism can provide a plausible inter-
pretation for the pressure dependence of DTT amplitude in

graphene.
0.5
0"% (a) (b)
o 1{’/——” 0.4f
X —10f s ()
~ . < 0.5 GPa
= _15} - 4.1 GPa
E . 6.0 GPa
| —20F -
—25F °
a0l M
0 10 20 30 0 5 10 15 20

Time delay (ps) Time delay (ps)

Fig. 4. The measured DTT transients upon photoexcitation at different
pressures for (a) bulk silicon and (b) bilayer graphene at different pres-
sures, respectively.
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Fig. 5. The extracted time constant as a function of pressure for (a) mono-
layer graphene and (b) doube-layer graphene, respectively.

In the next, we proceed to analyze the pressure effects
on the photocarrier relaxation in graphene, and interrogate
if the interfacial coupling impacts the cooling process of hot
carrier under pressure. In Figs. 5(a) and 5(b), we displayed

the time constants versus pressure, which were extracted us-
ing the single-exponential function fittings for DTT curves of
monolayer and bilayer graphene, respectively. For monolayer
graphene, the time constant is initially reduced with increas-
ing pressure, however, shows somewhat rising above 6 GPa.
It implies that the cooling of photocarrier can be acceler-
ated with the application of pressure. In general, the differ-
ent phonon modes including the optical phonons, the acous-
tic phonons, as well as the disorder-assistant acoustic phonons
(named as supercollision) are proposed to dominate the e—ph

.03 Especially,

scattering and carrier cooling in graphen
the high-frequency optical phonons participating in the car-
rier cooling can set a phonon bottleneck for the energy re-
laxation, i.e., the optical phonon emission is less efficient as
the energy of electron is lower than that of optical phonon.
Thereby, the subsequent energy dissipation is dominated by
the e—ph scatterings through low-frequency acoustic phonons,
or supercollision.>*! Under ambient condition, the time scale
for carrier cooling of graphene ranging from a few to a few
hundred picoseconds, depending on the carrier density and

d.5557] Herein, we suggest

temperature, have been reporte
that enhancement of graphene—diamond interfacial coupling
under pressure allow for the activity of new phonon mode,
provide a new channel for e—ph scattering. Such new scat-
tering pathway may intermediate the e—ph interactions from
the high-frequency optical phonon and low-frequency acous-
tic phonon, and then can suppress the hot phonon bottleneck
to some extent, speeding up the carrier cooling. At higher
pressure beyond 6 GPa, the phonon structure of monolayer
graphene probably is changed and dominate the e—ph scatter-
ing again, e.g., the frequency of optical phonon should be in-
creased with pressure. The prolonging of relaxation dynamics
above 6 GPa likely marks the robustness of the hot phonon bot-
tleneck effect under pressure,[58] which need to be further in-
vestigated in future. As shown in Fig. 5(b), the carrier cooling
process is also found to be shortened with elevating pressure in
bilayer graphene. As discussed above, the effect of graphene—
diamond interfacial coupling is relatively weak in comparison
with monolayer graphene in DAC, which cannot account for
the pressure dependence of time constant in bilayer graphene.
Ni et al. found that the cooling time of hot carrier in bilayer
graphene was pronouncedly decreased with increasing pres-
sure, basing on the femtosecond near-infrared pump—probe
spectroscopy. Furthermore, the interlayer phonon modes, i.e.,
the shear and breathing vibrations, were evidenced to play vi-
tal roles for the hot carrier cooling at high pressure.*!l Our
observed pressure behavior of photocarrier relaxation in bi-
layer graphene result is qualitatively consistent with this re-
ported work although our current pressure range is low. The
near-infrared pump—probe spectroscopy mainly track the time
evolution of hot carrier distribution by probing the interband
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transition. In contrast, the TRTS detects the photocarrier re-
laxation dynamics through monitoring the intrband transition
benefiting from the small photon energy of THz pulse. There-
fore, it is reasonable that the two methods have different sen-
sitivities, and normally may give some discrepancies for the
measured photocarrier dynamics.

4. Conclusion

In summary, we employed the TRTS in combination with
DAC to investigate the photocarrier dynamics of graphene
with the application of external hydrostatic pressure beyond
9 GPa. The photo-induced increase of THz transmission, sig-
nifying the negative THz conductivity, is found to maintain
in the studied pressure range both for monolayer graphene
and bilayer graphene. Interestingly, the amplitude of DTT
from monolayer graphene shows extraordinary drop with pres-
sure compared with that from counterparts such as bulk sil-
icon and bilayer graphene. In addition, the relaxation time
constant characterizing the hot carrier cooling manifests de-
creasing trend with pressure. We proposed that the enhance-
ment of the interfacial interaction between diamond surface
and graphene under pressure provides a new channel for e-ph
scattering, which hinder the initial elevation of electron tem-
perature and lead to the acceleration of cooling process of hot
carrier in graphene. Our work establishes a benchmark for
the understanding of ultrafast photophysics of graphene un-
der pressure, and is expected to stimulate the studies of high-
pressure THz spectroscopy of 2D materials.
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