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ABSTRACT Transition metal dichalcogenides are predicted to outperform traditional
semiconductors in ballistic devices with nanoscale channel lengths. So far, experimental
studies on charge transport in transition metal dichalcogenides are limited to the diffusive

regime. Here we show, using ReS, as an example, all-optical injection, detection, and

coherent control of ballistic currents. By utilizing quantum interference between one-photon

and two-photon interband transition pathways, ballistic currents are injected in ReS, thin

film samples by a pair of femtosecond laser pulses. We find that the current decays on an

AEAVAYA
“~NVW\

o—
o
o—

VAVAY. 4
MWW\
l=p

ultrafast time scale, resulting in an electron transport of only a fraction of one nanometer. Following the relaxation of the initially injected momentum,

backward motion of the electrons for about 1 ps is observed, driven by the Coulomb force from the oppositely moved holes. We also show that the injected

current can be controlled by the phase of the laser pulses. These results demonstrate a new platform to study ballistic transport of nonequilibrium carriers

in transition metal dichalcogenides.
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ecently, two-dimensional transitional

metal dichalcogenides (TMDs), such

as MoS, and WS,, have drawn con-
siderable attention as a new class of nano-
materials." They have several exotic pro-
perties, including transition to a direct band
gap in monolayers>® and valley-selective
optical coupling.* ® The in-plane charge
transport is an important process that plays
key roles in many potential applications of
these materials, such as field-effect tran-
sistors,” solar cells,®° and photodetectors.’
Since 2010, significant progress has been
made in understanding charge transport
properties of various TMDs, through exten-
sive investigations by many groups.'®~2°
These studies have focused on one trans-
port regime, drift-diffusion, with emphases
on determining and improving the charge
mobilities. The drift-diffusive transport is
carried by equilibrium carriers with a well-
defined energy distribution. Since mul-
tiple carrier scattering events are necessary
for a carrier system to reach equilibrium
energy and momentum distributions, drift-
diffusive transport is established on a length
scale longer than the mean free path of
electrons, which is on the order of 10 to
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100 nm under typical conditions. However,
the channel length of semiconductor de-
vices has been reduced to several tens of
nanometers, which is comparable to the
mean free path. In these nanoscale devices,
ballistic transport of nonequilibium carriers
with few or even no scattering events dom-
inates the device performance. In fact,
superior performance of TMD devices in
the ballistic regime has been predicted
theoretically.’ 3! For example, top-gated
MoS, transistors with gate lengths of 15 nm
can operate in the ballistic regime, with an
on-current as high as 1.6 mA/um and an
on/off ratio of 10'°.2”?® However, no experi-
ments have been performed on this trans-
port regime.

Here we demonstrate all-optical injec-
tion, control, and detection of ballistic cur-
rents in TMDs. We use a pair of ultrafast laser
pulses to excite ReS, thin film samples by
interband one-photon and two-photon
absorption. The quantum interference be-
tween the two transition pathways allows
us to inject and control ballistic currents.
The currents are detected by spatially resolv-
ing the nanoscale transport of electrons
associated with the ballistic currents.
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We choose ReS,, a relatively less studied TMD, in our
experiments for several considerations. First, unlike
most TMDs, which crystallize in hexagonal phase,
ReS, forms a stable distorted 1T structure with triclinic
symmetry.>>33 As a consequence, the interlayer cou-
pling in ReS, is much weaker than other TMDs,? with
the adjacent monolayers largely decoupled. Hence, a
multilayer ReS, behaves like a collection of noninter-
acting monolayers.>2 This allows us to study multilayer
thin film samples, which yield larger signals and still
reveal ballistic transport properties of monolayers.
Second, the exciton binding energy in ReS, is about
20—30 meV,** 3¢ much smaller than other TMDs.3”3°
This facilitates free carrier transport. Third, due to the
unique lattice structure, ReS, possesses different prop-
erties from other TMDs, such as in-plane anisotropic
optical responses.*®*! Hence, it can be used to com-
plement other TMDs in various applications.

RESULTS AND DISCUSSION

High-quality bulk crystals of ReS, were purchased
from 2D Semiconductors. Thin film samples are ob-
tained by mechanically cleaving the crystal with an
adhesive tape, followed by depositing the cleaved
flakes from the tape to a Si substrate with a 270 nm
oxide layer. Two relatively large and uniform samples
are selected for the measurements. Their thicknesses
are 15 and 18 nm, respectively, determined by atomic
force microscopy measurements (see the Supporting
Information). All the measurements are performed at
ambient conditions. In each sample, the laser spots are
located near the center of the flake to avoid any
potential edge effects. Similar results are obtained in
both samples. We present results from the 15 nm
sample in the main text and provide data from the
18 nm sample in the Supporting Information.

In our experiment, we use a coherence control
technique® to inject ballistic currents. This current-
injection process has been demonstrated in conven-
tional semiconductors, such as Si** and GaAs,** as well
as nanomaterials of carbon nanotubes® and graph-
ene.*® As shown in Figure 1a, a ReS, thin film sample
is simultaneously illuminated by two 100 fs laser pulses
with central wavelengths of 1500 nm (w) and 750 nm
(2w), respectively. With a photon energy (1.65 eV)
higher than the band gap of ReS, (about 1.5 eV),>*~3¢
the 2w pulse injects electrons and holes via one-
photon interband absorption (green vertical arrow).
Usually, the transition amplitude of this one-photon
absorption process, A1(E), is an even function of k , the
wavevector of the electrons. Hence, along any direc-
tion, an equal number of eletrons are injected with
opposite K values, resulting in no net current. The w
pulse has a photon energy lower than the band gap
and can inject carriers only by two-photon absorption
(red vertical arrows). Although the transition amplitude
of this two-photon process, A,, is approximately an odd
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Figure 1. (a) Injection of ballistic currents by coherent
control. The quantum interference between one-photon
absorption of the 2w pulse and two-photon absorption of
the o pulse allows control of the average velocities of the
injected electrons and holes. (b) Differential pump—probe
scheme to detect nanoscale transport. The initial electron
density profile [N(0), solid Gaussian curve] and the profile at
alater time [N(z), dashed Gaussian curve] are separated by a
small distance d. Their difference has a derivative-like
profile (AN), with a height h that is proportional to d.

function of E, the corresponding transition probability,
P,= |A,|% is still an even function of k . Such a k -space
symmetry can be broken by utilizing the quantum
interference effect: When the two transition pathways
are present simultaneously, the overall transition prob-
ability is

P = |A+Af = AP+ A +AA +AA, (1)

The last two terms on the right-hand side are the
interference terms and are odd functions of k. There-
fore, in most cases, P(k) # P(—k), making coherent
control of current injection possible.*? Specifically,
when both pulses are linearly polarized along the same
direction, defined as X, electrons are injected in the
conduction band with an average velocity of

Va = nv sin(A@)x (2)

where v is the speed of each electron determined by
the excitation excess energy and A¢ = ¢, — 2¢,, is the
relative phase of the two transition amplitudes.*? 7 is a
parameter describing the efficiency of the current-
injection process. Owing to the crystal momentum
conservation, holes are injected in the valence band
with an opposite crystal momentum. Once injected,
the electrons and hole move oppositely along x. With-
out a driving force, this ballistic current is expected to
decay quickly, due to the phonon and carrier scatter-
ing. In addition, the Coulomb force also decelerates the
electrons and the holes and eventually pulls them back
toward the origin.
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Figure 2. Differential reflection of the 810 nm probe pulse
induced by the 2w pump only (black squares), the ® pump
only (red circles), and both pumps (blue triangles).

We detect the injected carriers and currents by mea-
suring differential reflection of a 100 fs and 810 nm
probe pulse, AR/Rg = (R — Ro)/Ro, where R and R, are
the probe reflectance with the presence of the pump
and without it, respectively. The black squares in Figure 2
show the measured AR/R, with the 2w pulse acting
alone. The AR/R, reaches a peak rapidly, limited by the
time resolution of our system, and then decays rela-
tively slowly. By using an absorption coefficient of
107 m~" at 750 nm,>* we estimate that the 2w pulse
with a peak energy fluence of 18 uJ cm 2 injects a
carrier density of about 7 x 10'® cm™ at the sample
surface. We confirm that at this density level the AR/R,
signal is approximately proportional to the carrier
density. This allows us to convert the measured
AR/Rq to the carrier density. The AR/R, signal measured
with the @ pulse acting alone, with a fluence of
2 mJ cm ™2, is plotted as the red circles. On the basis
of the magnitude of the signal, we estimate an injected
carrier density of about 10'® cm ™3, We note that under
this excitation condition no sample degradation was
observed over the period of the whole study. An
additional negative component can be seen around
zero probe delays. This can be attributed to the non-
linear mixing of the probe and the w pulses in the
sample when they overlap, considering the rather high
fluence of w. This component does not influence our
measurement at positive delays. The blue triangles in
Figure 2 show the AR/Ry with both w and 2w pump
pulses simultaneously present. Itis slightly smaller than
the sum of two other signals, which can be attributed
to the saturation of the AR/R, at high carrier densities.

Figure 3 shows the spatial profiles of AR/R, excited
by the 2w (black squares), @ (red circles), and both
(blue triangles) pumps, measured by scanning the
probe spot along x with a fixed probe delay of 0.35 ps.
The profiles can be fit well with Gaussian functions
(solid curves), with a width (full width at half-
maximum) of W = 2.8 um. This width is consistent with
the sizes of the laser spots of 2w and w and probe of
2,3,and 2 um, respectively. From the measured AR/R,,
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Figure 3. Spatial profiles of the carrier densities (right axis)
injected by the 2w (black squares), o (red circles), and both
(blue triangles) pump pules, estimated from the measured
differential reflection (left axis) as the probe spot is scanned
along x with a fixed probe delay of 0.35 ps. Here x = 0
is defined as where the centers of the pump and probe
spots overlap.

we estimate the injected carrier densities, as labeled on
the right axis for convenience. As shown in Figure 13,
with both pumps present simultaneously, a ballistic
current is injected, which causes the profile to move
along x. Hence, the center of the profile injected by the
two pumps should be shifted with respect to the other
two profiles. However, since the expected movement is
much smaller than the size of the profile, which defines
the spatial resolution of the measurement, it is not
feasible to observe the transport by directly comparing
these profiles.

In order to measure the nanoscale transport asso-
ciated with the ballistic current, we use a differential
pump—probe scheme that has been previously used
to study ballistic transport in conventional semicon-
ductors such as GaAs, Si, and Ge.” ~* As illustrated in
Figure 1b, the two pump pulses inject electrons to the
conduction band, with a Gaussian spatial profile shown
as the black solid curve [N(0), with a height H and a
width W]. By choosing A¢ = 71/2, these electrons are
injected with an average velocity along +x (eq 2). After
a short period of time (), the profile moves by a
distance of d [red dotted Gaussian curve, N(z)], where
d < W.To deduce d, we directly measure the difference
between the final and initial profiles, AN = N(z) — N(0).
It has a derivative-like spatial profile with the positive
and negative extremes separated by W (Figure 1d). It
can be viewed as the change of the electron density,
or electron accumulation, due to the transport. The
amplitude of this profile, h, is proportional to d. In fact, it
is straightforward to show that

d h

W 0'707ﬁ (3)
Hence, by measuring H, W, and h, we can deduce d
even though it is several orders of magnitude smaller
than the laser spots. The measurements of H and W
are shown in Figure 3. The measurement of h, the
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Figure 4. Transport-induced electron accumulation (right
axis) deduced from the measured difference between the
differential reflection signals with A¢ = 77/2 and A¢ = 0 (left
axis). The probe delay is 0.35 ps.

magnitude of AN, is achieved by modulating the A¢
between 7/2 and 0. With A¢ =0, no current is injected,
and the profile stays at its initial position [N(0)]. Hence,
the different between the two profiles at T with A¢ =
/2 and 0, respectively, equals AN.

Figure 4 shows the measured differential pump—
probe signal, [AR(A¢ = 1/2) —AR(A¢ = 0)I/Rq, with the
probe delay of 0.35 ps. By using the established rela-
tion between AR/Ry, and N, we deduce AN from this
signal, as labeled on the right axis. Clearly, AN has a
derivative-like profile, as confirmed by a fit (solid line).
From the magnitude of h ~ 2 x 10"> cm™3, and by
using H~ 1.6 x 10'® cm™2 and W ~ 2.8 um (Figure 3),
we estimated a transport distance of about 0.3 nm
(eq 3). We note that although the process of deducing
the AN and N individually from the measured differ-
ential reflection relies on knowledge of the absorption
coefficient and pump fluence and is subject to the
influence of saturation, only the ratio AN/N is used in
obtaining the transport length. This ratio is not influ-
enced by any of these factors.

In the optically injected ballistic currents, the elec-
trons and the holes move oppositely since they have
opposite crystal momenta. The signal plotted in
Figure 4 mainly originates from the electrons since
the electron effective mass is a few times smaller than
the holes, according to the calculated band structure of
ReS,.32 With a smaller effective mass, the electrons are
more efficient in inducing a transient absorption signal
via phase-space state filling.® More importantly, elec-
trons are injected with a higher average velocity and
hence move a larger distance than the holes. On the
basis of these two factors, we attribute the observed
AN to the electron density, and the transport length to
be the electron transport length.

To demonstrate coherent control of the injected
ballistic current, we measure AN as a function of
A¢ at a probe delay of 0.35 ps and a probe position
of x = 1.4 um. This is achieved by measuring the
quantity [AR(A¢) —AR(A¢ = 0)I/Ro, as A¢ is varied.
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Figure 5. Electron accumulation due to transport as a
function of A¢ measured at probe positions of 1.4 um
(a) and —1.4 um (b), respectively. The probe delay is 0.35 ps.

The results plotted in Figure 5a show a clear sinusoidal
dependence, as confirmed by a fit (solid line). When the
probe spotis moved to x= —1.4 um, the signal changes
sign, as shown in Figure 5b. This is consistent with the
fact that accumulation of electrons on one side of the
profile, due to the transport, is always accompanied by
a depletion on the other side, as illustrated in Figure 4.
Since AN (and d) is proportional to the initial velocity of
electrons and the thus the injected current density, this
measurement demonstrates the phase control of the
current injection process.

These measurements performed at a fixed probe
delay of 0.35 ps demonstrate optical injection and
coherent control of ballistic currents in ReS,. To reveal
the dynamics of the injected ballistic currents, we
attempt to time resolve the transport process. The mea-
surement is performed by repeating the scan shown in
Figure 5a at various probe delays. The deduced d as a
function of probe delay is shown in Figure 6. Despite the
rather large error bars due to the laser intensity noise,
we can draw a few conclusions. First, the transport
distance reaches a peak right after zero probe delay.
This indicates that the velocity of the electrons in the
injected ballistic currents drops to zero within our time
resolution of about 200 fs. Both phonon scattering and
electron—hole scattering can contribute to such a fast
momentum relaxation process. Considering the high
carrier density used in this experiment, we expect the
latter to make a bigger contribution. Second, the
d decreases to about 20% of its peak value in about
1 ps. This indicates that once the electrons reach their
maximal displacement, the Coulomb force from the
oppositely moving holes pull them back toward their
original position. Third, the d maintains a value slightly
larger than zero for the rest of the time, indicating the
electrons do not return to their original position. Since
the electrons can rest only when they overlap with the
holes, this nonzero final transport length indicates that
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Figure 6. Time evolution of the transport length of electrons.

there is a small center-of-mass motion of the electron—
hole system. Since the electron—hole system in the
injected ballistic current has no net crystal momentum,
such a center-of-mass motion indicates that the carrier
system has gained momentum from the lattice during
the transport. This can occur because electrons and
holes both interact with phonons during their transport
and transfer part of their momenta to phonons. Since
they have different effective masses and densities of
state, their phonon scattering rates are expected to be
different. This imbalance of momentum relaxation of
electrons and holes due to phonon scattering causes a
nonzero net momentum of the electron—hole system
and a center-of-mass movement. In addition, traps that
capture electrons and holes during their transport can
also contribute to the observed nonzero final displace-
ment. However, given the short transport time of just
1 ps, we expect this process to play a minor role.

METHODS

In the experimental setup, the 532 nm output of a diode
laser is used to pump a Tiisapphire laser, which generates
100 fs pulses with a central wavelength of 810 nm at about
81 MHz. A beamsplitter is used to reflect 8% of this pulse,
which is used as the probe. The majority of the 810 nm pulse is
used to pump an optical parametric oscillator, which gener-
ates a signal output with a central wavelength of 1500 nm.
By focusing the 1500 nm pulse to a beta barium borate crystal,
we generate its second harmonic at 750 nm. A dichroic
beamsplitter separates the 1500 and 750 nm pulses, used as
the w and 2w pulses, respectively. Each pulse goes through a
half-wave plate and a polarizer to control the polarization and
the power. Another dichroic beamsplitter is used to combine
the two pulses, which are focused to the sample by using a
microscope objective lens. An electrooptical phase modulator
is used in the 2w arm to modulate its phase. A piezoelectric
translation stage is used in the w arm to vary the phase of the
w pulse. Hence, the relative phase of the two pulses can be
independently modulated and varied with a high precision.
These phase control procedures are calibrated by observing
second-harmonic generation of the w pulse in a GaAs crystal
with the presence of the 2w pulse.

To probe the carriers and the currents injected by the w and
2w pulses, the 810 pulse is focused to the sample through
the same objective lens. The reflected probe is sent to one
silicon photodetector as a part of a balanced detector. Before
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Finally, we note that these measurements are per-
formed with fixed energy fluences of w and 2w pulses.
No attempts are made to study the dependence of the
current-injection efficiency on the pump fluence for
two reasons: First, the single-to-noise ratio does not
allow us to reduce the pump fluence over a large range.
Second, even if one could measure the transport
length at different pump fluences, such a dependence
does not directly reflect the current-injection efficiency
since the decay of the current also depends on the
pump fluence.

CONCLUSION

We demonstrated all-optical injection, control, and
detection of ballistic currents in ReS,, a transition
metal dichalcogenide. By utilizing quantum interfer-
ence between one-photon and two-photon inter-
band transition pathways, we injected ballistic
currents in ReS, thin film samples by using a pair of
ultrafast laser pulses. The currents are detected by
spatially resolving the nanoscale transport of elec-
trons over a distance of only a fraction of one nano-
meter. We show that the injected current density can
be coherently controlled by the phase of the laser
pulses. Furthermore, by time resolving the current
dynamics, we found that the current decays on a
ultrafast time scale, due to the strong scattering. We
also observed the backward motion of electrons for
about 1 ps after the relaxation of their initially injected
velocity, driven by the Coulomb force from the oppo-
sitely moved holes. These results demonstrate a new
platform to study ballistic transport of nonequilibrium
carriers in TMDs.

entering the objective lens, a portion of the 810 nm pulse is
sent to the other photodetector of the balanced detector as a
reference, which power matches the power of the reflected
probe with the pump beam blocked. By using this balanced
detector scheme, the intensity noise of the 810 nm beam is
equally distributed to the probe and the reference beams and
is therefore significantly suppressed at the output of the
balanced detector (which substracts the reference from the
probe). To further reduce the noise, the output of the balanced
detector is measured with a lock-in amplifier. When probing
the carriers, the intensity of the pump beams is modulated at
about 2 kHz. When measuring the transport-induced electron
accumulation, the relative phase of the two pump pulses is
modulated at about 2.5 kHz.
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