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ABSTRACT: Two-dimensional materials with a unique layered structure have
attracted intense attention all around the world due to their extraordinary physical
properties. Most importantly, the internal Coulomb coupling can be regulated, and thus 2
electronic transition can be realized by manipulating the interlayer interaction
effectively through adding external fields. At present, the properties of two-dimensional
materials can be tuned through a variety of methods, such as adding pressure, strain,
and electromagnetic fields. For optoelectronic applications, the lifetime of the
photogenerated carriers is one of the most crucial parameters for the materials. | R
Here, we demonstrate effective modulation of the optical band gap structure and ’ $
photocarrier dynamics in CuS nanoflakes by applying hydrostatic pressure via a 2 f
diamond anvil cell. The peak differential reflection signal shows a linear blueshift with
the pressure, suggesting effective tl.ming of inteArlayer interaction inside CuS ]?y pressure L A W (SGPa)" N U
engineering. The results of transient absorption show that the photocarrier lifetime

decreases significantly with pressure, suggesting that the dissociation process of the

photogenerated carriers accelerates. It could be contributed to the phase transition or the decrease of the phonon vibration
frequency caused by the pressure. Further, Raman spectra reveal the change of Cu—S and S—S bonds after adding pressure,
indicating the possible occurrence of structural phase transition. Interestingly, all of the variation modes are reversible after releasing
pressure. This work has provided an excellent sight to show the regulation of pressure on the photoelectric properties of CusS,
exploring CuS to wider applications that can lead toward the realization of future excitonic and photoelectric devices modulated by

high pressure.
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B INTRODUCTION importantly, the electronic transition can be realized by
regulating the interlayer interaction through effective external

Two-dimensional (2D) materials beyond graphene and their i B )
mampulatlon, such as temperature, pressure, strain, and

van der Waals heterostructure have created tremendous

; 1—4 ; ; : electromagnetic.”> > Among these methods, pressure presents
interest. Due to their thickness-tunable exceptional & g ) P p

electrical, chemical, thermal, and optical properties, 2D layered a unique ability of effectively modulate the interlayer
materials have made significant progress in field-effect interaction in 2D layered materials, change the electronic
transistors,” photovoltaic devices,’ photodetectors,” optical structures,”’ and even promote phase transition.”” ™ Recently,
modulators,” and integrated circuits.” The optical properties of Guo et al.”* has proved that pressure processing can effectively
2D materials are closely related to their photocarriers, which reduce the exciton binding energy of 2D perovskite Cs,PbI,Cl,
are generated from free electron—hole pairs or excitons.'’ The from 133 to 78 meV. Xia et al. demonstrated that the interlayer
dynamical properties of photocarriers, such as carrier thermal- coupling of 2H-stacked WSe,—MoSe, heterostructures can be
ization, hot carrier dynamics, exciton formation, transport, and adjusted by using pressure engineering. Band changeover can
recombination, are critical factors to the performances of be generated by pressure, resulting in a clear evolution and

optoelectronic and phase-change electronic devices. Hence,
understanding the photocarrier dynamics of target materials is
essential. Recently, more studies have focused on time-resolved
optical techniques of photocarrier dynamics in 2D materials, -
including ultrafast laser spectroscopy,1 =13 transient THz Rec_e“'ed: Feb_mary 9, 2024
spectroscopy,*™'® and time-resolved photoluminescence,'” > Revised: Apr¥1 17, 2024
and have been successful to reveal insight on various aspects of Acce_Pted’ April 30, 2024
photocarriers. Published: May 13, 2024
Due to the unique layered structure, 2D materials can not
only show the thickness-tunable properties but more

transition of interlayer excitons.’® The band structure for the
WS,/MoSe, heterostructure can also be tuned by high
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Figure 1. (a) Microscope image of the mechanically exfoliated CuS nanoflakes at standard atmospheric pressure and (b) under the pressure of ~8
GPa. (c) Reflectance contrast spectra of the Cu$ nanoflakes under different pressures. (d) The peak signal of the peak differential reflection signal
of the Cu$ nanoflakes as a function of the probe wavelength under different pressure conditions and is fitted.

pressure, which enhanced the interlayer exciton behavior and
revealed the robust peak of interlayer excitons.”” The essence
of optoelectronic phenomena under pressure proceeding is due
to its high-pressure modulation of microscopic optoelectronic
processes at material interfaces.””*’

However, there are rarely reports on the tunable dynamics
by phase transition under high pressure, which may be due to
the absence of an in situ spectroscopy system with pressure
and the difficulty in the fabrication of high-quality samples
inside the high-pressure chamber. Here, an in situ spectroscopy
system is set up that can achieve the measurements of
microscopic transient absorption, PL, and Raman under high
pressure. The tunable optical band gap and the photocarrier
dynamics are investigated in copper monosulfide (CuS)
nanoflakes regulated by pressure. CuS is mostly used as the

40,41

hole-transporting material for solar cells; at the same time,

as a layered transition metal chalcogenide, it also has the
advantage of strong nonlinear optical response**~** which can
be applied to photodetectors* and other fields. We observed
that under high pressure, the optical band gap moves
monotonously and the photocarrier lifetime decreases
significantly, resulting in the acceleration of carrier dissociation
speed by nearly 10 times. The results of steady-state absorption
and Raman spectrum indicated that the changes of optical
band gap and carrier lifetime are attributed to the phase
transition and the phonon vibration frequency. This work
opens up an effective method for studying the properties of
pressure-tunable optoelectronic materials.
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B RESULTS AND DISCUSSION

Figure la shows a typical optical image of relatively large-scale
and uniform Cu$S microflakes (size: 30 X 20 um; thickness: 10
um). The optical microscope image of the CuS nanoflakes in
the DAC under the same reflection conditions at about 8 GPa
is shown in Figure 1b. We can observe that the color of CuS
changes from blue to orange-brown under pressure. This
intuitive change in color makes us suspect that the absorption
of the material was changed due to the pressure. To further
confirm this speculation, the reflectance contrast spectra of the
material under pressure are studied, as shown in Figure lc. In
the limit of weak reflective contrast (such for transparent
substrates), the reflective contrast is proportional to the
sample’s absorption,*® and this approximation is very beneficial
for understanding the absorption of materials under high
pressure. Here, the reflection contrast is defined as AR/R; =
(Rs — Rq)/Rq. Rg and Ry, are the reflectance of the sample and
the substrate, respectively. We found that the absorption peak
of CuS nanoflakes has a straightforward blueshift process with
pressure (from the dashed line a to b) and became weaker and
weaker, which is consistent with the previous report.*’

To investigate pressure regulation on the optical band gap,
we perform probe wavelength measurements of the transient
absorption spectrum in a CuS nanoflake. In the previous work,
a weak peak centered at ~636 nm with about 200 nm width
could be observed on the photoluminescence (PL) spectrum
of the CuS nanoflake.** Combined with its PL spectrum, we
did a differential reflection spectroscopic experiment over an
extensive spectral range. A 410 nm pump pulse with a flounce
of about 27.8 uJ/cm® is used in this experiment. The peak
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Table 1. Parameter Setting and Data Analysis of Transient Absorption Spectrum

pressure (GPa) 0.52 1.40 2.06 3.69 424 5.38 648 7.18 8.52
peak (nm) 667 655 650 632 627 616 598 595 585
ODB (eV) 1.86 1.89 1.90 1.96 1.98 2.01 2.07 2.08 2.12
lifetime (X 10 ps) 1.35 1.30 0.68 0.64 047 0.42 0.38 0.33 0.35
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Figure 2. (a) Differential reflection signal as a function of the probe delay under different pressure conditions. The solid curves are fits. (b) Same as
(a) but over a short time range near zero delay. The dashed curves represent a Gaussian function with a fwhm of 0.35 ps and its integral. (c) Red
line represents single-exponential fits to the lifetime of the photocarrier as a function of the pressure. The green line is the fit to the peak signal of
the photocarrier as a function of the pressure. All error bars reflect the uncertainties in the fit.

differential reflection signal is measured as a function of probe
wavelength by selecting the probe delay that corresponds to
the signal’s maximum value. This ensures that the most
accurate and representative data are obtained for further
analysis. Then, we extract the highest peak signals under
different pressures and optimum probe wavelength in Figure
1d left and right axes, respectively. Given that the differential
reflection signal peaks occur precisely when the probe
resonates with the direct optical band gap,'’ this finding
unequivocally establishes the existence of a direct optical band
gap in CuS under varying pressures. The direct optical band
gap in Figure 1d (right axis) shows a pronounced tendency
with the pressure increase, and we can figure out a distinct
blueshift up to about 0.3 eV (see Table 1 for specific values).
When decompressed, we found it is reversible. Such a regular
and exciting phenomenon should be studied. The blueshift
behavior of the direct optical band gap could be due to the
following two factors: (i) the lattice distortion caused by
pressure, such as the bond length between Cu—S and S-S,
leads to the change of the electronic structure; (ii) the phase
structure changes due to the lattice distortion.

22250

Subsequently, we study the photocarrier dynamics of CuS
nanoflakes under different pressure conditions by measuring
the differential reflection signal. The colored hollow icons with
different shapes in Figure 2a show the results measured with
different pressure conditions. We normalize the data, as shown
by the curves in Figure 2a. In order to show the lifetime
changes caused by pressurization more clearly, we only choose
three fitting curves under 0.52, 4.24, and 7.18 GPa to present.
The dynamics have a fast component of less than 1 ps, and a
slow one persists for more than 300 ps. The slow process can
be attributed to the recombination of photocarriers, i.e.,
photocarrier lifetime,” and the pulse width limits the fast
process. Upon investigation, we discovered that the 667 nm
probe (1.85 eV) is specifically tuned to align with the band gap
of CuS. Meanwhile, the 410 nm pump (3.02 eV) injects
photocarriers, manifesting as free electron—hole pairs, with an
energy surplus exceeding several hundred millielectronvolts.
However, the peak signal was observed at a very early probe
delay, suggesting that the hot carriers alter the band-edge
absorption instantaneously. Figure 2b shows the signal near the
zero probe delay of Figure 2a. To quantify the feature, we fit
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Figure 3. (a) Hexagonal (left) and orthorhombic (right) crystal structure of CuS. (b) Raman spectra of bulk CuS; the green line is excited by a
continuous-wave 532 nm and the red dashed line is by 633 nm. (c) Phonon frequencies of bulk CuS as a function of pressure with Ej, mode at

~108 cm™.. (d) Same as (c) but for the Ajg mode.

the peak near zero delay with a Gaussian function, as shown by
the red dashed line in Figure 2b. At each pressure condition,
the peak signal on an ultrafast time scale can perfectly coincide,
and all time constants are independent of the pump fluence.
The fwhm of 350 fs is close to the used pulse widths. Drawing
upon the obtained results, we can confidently attribute this
peak to the direct nonlinear interaction occurring between the
pump and probe pulses. This interaction could encompass
processes such as sum-frequency generation or two-photon
absorption, both of which are unrelated to the photocarriers.

The slow decay of the signal can be satisfactorily fit by an
exponential function AR/Ry = A exp(—t/7;) + B. The time
constants obtained from these fits are summarized in the table.
The time constant at 0.52 GPa is in the same order as the
previous reports at ambient conditions.”® Moreover, the
periodic oscillation in the signal is due to the excitation of
coherent optical photons.”’ The photocarrier lifetime
decreases with increasing pressure; all of the photocarrier
lifetime constants are plotted in Figure 2c, and the red line has
been used as its fitting curve. The photocarrier lifetime
decreases sharply under the early pressure until ~2 GPa, and
then this rapid decrease gradually slowed down and maintained
the slow trend until ~8 GPa. We suggest that there might be
two main factors to change the photocarrier lifetime: (i) the
pressure makes the initial continuous phase transition process
of CuS, which leads to the continuous change of the
photocarrier lifetime. We have also observed the phenomenon

22251

of different carrier lifetimes in the two phases of one material,
such as MoTe,.’” As the CuS nanoflakes are more sensitive to
the pressure at the early time, the rapid change in the initial
stage may vary due to this. (ii) This can be attributed to the
indirect band structure inherent in the bulk material, which
results in a reduced exciton recombination rate due to the
necessity of phonon involvement in satisfying the requirement
of crystal momentum conservation.”®> Shortening the bond
length reduces the frequency of phonons moving along the
long axis of the unit cell, increases the exciton recombination
ratio, and reduces the lifetime. Because the whole experiment
is carried out in the linear range between the pump energy
density and the peak signal, at this time, the peak value of the
differential reflection signal reflecting the carrier life is directly
proportional to the carrier density. When the pump power is a
fixed value, Figure 2c (green line) shows the monotonic
increase trend of carrier density with the increase of pressure.
The density of photogenerated carriers rises rapidly in the
range of 0—4 GPa and tends to be stable after 4 GPa. The
relationship between the differential reflection signal and the
density of excited-state carriers in samples is AR/R, = N/N. N
is the density of excited-state carriers, while N; is the density of
excited-state carriers when the absorption coefficient decreases
to 50% due to photogenerated carriers. It can be obtained that
AR/R, at 4 GPa is 8 times more than that at the ambient
conditions from Figure 2c. So, compared with ambient
conditions, the carrier density under high pressure increases
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nearly 8 times. With the increase of pressure, the carrier
density excited by pump pulse increases, but the overall
lifetime shortens to about a quarter of that under ambient
conditions, and the carrier dissociation speed increases by
nearly 10 times. This result shows that in the process of
pressure modulation, the dissociation process of photo-
generated carriers accelerates with the increase of pressure,
which has a positive impact on the current enhancement of
solar cells made of it. It also shows that high-pressure
modulation may be one of the effective means to improve
the efliciency of solar cells. This discovery also provides
theoretical reference for the understanding of CuS in
optoelectronic applications under extreme conditions.

CuS owes a hexagonal structure (Figure 3a, left) with space
group P63/mmc (Z = 6) at ambient conditions”* and is not the
most stable structure. Instead, the orthorhombic crystal
symmetry structure (Figure 3a, right) with space group
Cmcm is the thermodynamic ground-state structure,”> which
will maintain under low temperature (above 55 K).*® Previous
studies report that the change of CuS material caused bg
pressurization is similar to that caused by low temperature,®
which may lead to CuS moving to a more stable state. The
structure of CuS may change from the hexagonal structure to
the orthorhombic crystal symmetry, and we call it “trans-
lationengleiche,” which is not a sharp but continuous change.
For CusS, the tetrahedral site and the trigonal site have different
electronic structures with Cu®' centers and Cu'* centers,
respectively. According to the first-principle calculation,” the
valence band maximum of CuS is mainly contributed by the 3d
orbital hybridization of Cu(1) and Cu(2), and the conduction
band minimum is mainly donated by the 3s and 3p orbits of
S(2). The pressure changes the distance of Cu—S and S—S$
bonds and the interrelated atomic occupation, then causes the
change of electronic structure, and eventually leads to the
change of the optical band gap.

In order to further verify our inference, we then carried out
Raman spectrum measurement. The hexagonal crystal
structure of CuS, by group-theoretical analysis, has the
symmetries of the zone-center optical phono modes as follows:

2Ay; + 4By, + 2E g + 4By, + 3A,, + 2By, + 3Ey, + 2E,,, where
eight modes of 2A;, + 2E;, + 4E,; are active in the Raman
spectra. As shown in Figure 3b, the green and red dashed lines
are the Raman spectra of the same CuS nanoflakes under the
excitation of 532 and 633 nm continuous laser at ambient
conditions. These two modes correspond to 4E,, which
donate as E‘{g (~17 cm™) and Egg (~59 cm™).>” We assign
~138 and 473 cm™ as A%g and A}g which are thought to be the
Ajg transverse optic and longitudinal optic (LO) modes,
respectively. We suggest that the two modes, ~265 and ~947
cm™', which can only be observed under 532 nm, are Egé
(~265 cm™") and the higher-order modes (~947 cm™) of LO
modes, respectively.

Figure 3c shows the pressure dependence of the vibrational
frequencies of CuS. The ~17 and ~108 cm™' mode decrease
with pressure. The lowest frequency peak observed at ~17
cm™! (Egg), under ambient conditions, shifts to lower
frequencies even beyond the measurement limit with
increasing pressure in the spectra at ~4 GPa. This mode has
shown the soft mode behavior, which can be attributed to the
structure phase transition and implies the possibility of
continuous phase transition.’” It decreases very rapidly and
is consistent with the early pressure-sensitive characteristics of
the materials that we mentioned before well. We reported the
first observation of the asymmetric mode ~108 cm™ behavior
with the pressure, but it needs further clarification.

On the opposite, as shown in Figure 3d, the modes of A,
increase with pressure. The lower frequency mode at ~138
cm™" corresponds to the A%g mode related to the motion of
Cu(2), which can be assigned to the Cu—S$ stretching mode,
and the higher frequency mode at ~473 cm™" corresponds to
the Aj, mode related to the motion of S(2), which can be
assigned to the S—S stretching mode. The observed mode
strengthening means that the Cu—S pair and S—S pair bond
strengths increase with increasing pressure, the same effect as
the decrease of the bond length. Undoubtedly, this result
proves the inference of the bond length caused by the pressure
we mentioned earlier.
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In this work, we have effectively tuned the optical band gap
structure and photocarrier lifetime in CuS nanoflakes by using
pressure engineering via diamond anvil cell (DAC). First, we
obtained high-quality CuS nanoflakes on diamond by dry
transfer and observed that the direct optical band gap of CuS
nanoflakes shows a linear blueshift with the pressure. We
propose two possible explanations for this phenomenon: first,
the lattice distortion caused by pressure leads to the change of
the electronic structure; second, the phase structure changes
due to the lattice distortion. Moreover, we find that the
photocarrier lifetime decreases significantly with increasing
pressure, contributing to the phase transition or the decrease of
phonon vibration frequency caused by the pressure. With the
increase of pressure, the carrier density excited by the pump
pulse increases, but the carrier lifetime shortens to about a
quarter of that under ambient conditions, and the carrier
dissociation speed increases by nearly 10 times. The result
suggests that the dissociation process of photogenerated
carriers accelerates under high-pressure modulation, and it
may have a positive effect on the current enhancement of solar
cells. Raman spectrum reveals the change in Cu—S and S-S
bonds and the structural phase transition that may have
occurred, consistent with the observed phenomenon. Interest-
ingly, all variations are reversible after decompression, which
significantly increases CuS usage scenarios’ flexibility. Our
work has provided excellent evidence to show that the
regulation of pressure on photoelectric properties of CuS
improves the competitiveness of CuS and provides theoretical
support for subsequent related research. Furthermore, this
work suggests the feasibility of using transient absorption
spectroscopy (TAS) to explore other materials regulated by
pressure for various photonic and optoelectronic applications.

B EXPERIMENTAL METHODS

Sample Synthesis. CuS microflakes are fabricated by
mechanical exfoliation from natural crystals (2D-semiconduc-
tor supplies). CuS microflakes are transferred to the diamond
directly by the dry-transfer method using polydimethylsiloxane.

Setup for In Situ Measurement. The experimental
schematic illustration is shown in Figure 4. We improved the
original confocal microscopic TAS and realized the in situ
measurement and characterization of the absorption, PL,
Raman, and transient absorption spectroscopies under high
pressure. The sample model in the chamber is shown in the
blue box in the lower right corner of Figure 4.

We performed high-pressure measurements in DACs. The
DAC made of Mao-Bell alloy with two opposing anvils was
used to generate a high pressure. Diamond anvils with 300 ym
culets were used for the measurements. This work loaded the
sample into the chamber (D = 150 ym hole) in a rhenium
gasket preindented to ~40 um in thickness. We chose KBr as
the pressure-transmitting medium in our experiments. A ruby
ball is loaded to serve as an internal pressure standard, and the
pressure is determined by the R1-R2 line shift of the ruby
ball.°** Pressure was measured with an accuracy of 0.1 GPa.

To perform high-pressure absorption measurements, we
used a continuous-wave (cw) white light laser with a spot size
of ~15 pm to excite the sample. For transient absorption, a
passive mode-locked Ti-doped sapphire laser was used to
generate 100 fs pulses with a central wavelength of 820 nm and
a repetition rate of 80 MHz. This pulse is divided into two
parts by a beamsplitter. One part pumps an optical parametric
oscillator (OPO), which has a signal output in the range of
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490—750 nm. The other part of the pulse is sent to a beta
barium borate (BBO) crystal to generate its second harmonic
at 410 nm. The 410 nm pulse is focused on the sample using
an objective lens to a spot size of about 1.7 ym (in fwhm),
serving as the pump pulse to excite photocarriers in CuS. The
probe pulse is obtained from the output of the OPO with a
spot size of 1.8 um. The reflected probe pulse from the sample
is sent to one photodiode of a balanced detector. A portion of
the probe pulse is taken before it enters the objective lens and
is directly sent to the other photodiode of the balanced
detector and used as the reference pulse for the balanced
detection.

To perform high-pressure Raman (HORIBA LabRAM HR
Evolution RAMAN SPECROMETER, HORIBA) measure-
ments, a cw 532 and 633 nm laser with a spot size of ~1.7 um
was used to excite the sample. The laser power was maintained
at approximately 27.8 uJ/cm® to avoid overheating ring
measurements. The spectra for comparison were collected
under the same conditions if there were no special instructions.
Moreover, all of the measurements were performed at room
temperature.

We define in situ as all experiments, including pressure
calibration, that can be completed without the sample leaving
the DAC (its original location) and the experimental light path
during the whole investigation. Its advantage is that the
influence caused by the possible anisotropy of the model will
not be introduced in the testing process to achieve the
maximum reliability of the experiment.
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