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Abstract

Semiconducting molybdenum ditelluride has emerged as a promising transition
metal dichalcogenide with a number of novel properties. In particular, its bandgap
in infrared range makes it an attractive candidate for ultrathin and high-performance
infrared optoelectronic applications. Dynamical properties of photocarriers play a key
role in determining performance of such devices. We report an experimental study on
spatiotemporal dynamics of photocarriers in both monolayer and bulk MoTes. Tran-
sient absorption measurement in reflection geometry revealed ultrafast thermalization
and relaxation processes of photocarriers and lifetimes of about 60 and 80 ps in mono-
layer and bulk MoTes, respectively. By spatially resolved transient absorption mea-

surements on monolayer, we obtained an exciton diffusion coefficient of 20 + 10 cm?



s~!, a mean free time of 200 fs, a mean free path of 20 nm, and a diffusion length of

350 nm. The corresponding values for the bulk sample are 40 £+ 10 cm? s, 400 fs,
40 nm, and 570 nm, respectively. These results provide fundamental information for

understanding and optimizing performance of MoTes- based optoelectronic devices.
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Introduction

The discovery of graphene has created an exponentially growing interest in two-dimensional
(2D) materials, especially transition metal dichalcogenides (TMDs). Although early efforts
have mostly focused on MoS; and WS,,! other members of TMD family have gain significant
momentum recently. MoTes with a 2H structure (i.e. 2 layers per hexagonal unit cell) is
one type of semiconducting TMD with some unique properties that are complementary
to others. Monolayer (ML) MoTe, is a direct semiconductor with an optical bandgap of
about 1.1 eV.2* Hence, it can extend optoelectronic applications of TMDs to the infrared
range. Unlike most TMDs that become indirect in multilayer forms, MoTey retains its
direct nature in bilayers.® MoTe, also possesses several other elusive properties such as
giant and tunable valley degeneracy splitting,® strong spin-polarization effects,® tunable
magnetoresistance,” and metal-semiconductor phase transition.® ' The promising charge
transport properties make MoTe,; an attractive candidate for electronic applications such
as field-effect transistors.'?* For optoelectronic applications, MoTe, photodetectors,!®:16
light-emitting diodes,'® and lasers'” have been demonstrated.

In optoelectronic devices, the dynamical properties of photocarriers, such as their energy
relaxation, recombination, and real-space diffusion, are key factors determining device per-

formances. Hence, in developing optoelectronic materials, understanding their photocarrier



dynamics is essential. However, in contrast to the extensive efforts reviewed above, studies
on photocarrier dynamics in MoTe, are rare. In this paper, we report a study on spatiotem-
poral dynamics of photocarriers in both ML and bulk forms of MoTe, by performing spatially
and temporally resolved transient absorption measurements. We obtained key parameters
describing photocarrier dynamics, including lifetime, diffusion coefficient, mean-free path,
and diffusion length, in monolayer and bulk MoTe,. These results provide fundamental
information that is useful for understanding and optimizing performance of MoTes-based

devices.

Experimental Methods

The MoTe, ML samples were fabricated by mechanical exfoliation technique. First, MoTe,
flakes were peeled off a bulk crystal by an adhesive tape and then transferred onto a poly-
dimethylsiloxane (PDMS) substrate. We used optical contrast to identify ML regions. It
has been established that for a thin layer on a thick and transparent substrate, the optical
contrast is approximately proportional to the thickness of the thin layer.?1¥ 20 The green
channel contrasts of the flakes containing regions of different thicknesses show clear step-like
behavior, with the step of about 0.25 corresponding to MLs. No contrast lower than this
level was observed. This result is also consistent with the previously reported contrast of
ML MoTey.? One ML flake identified was transferred to a Si/SiO, substrate. A multilayer
hexagonal boron nitride (h-BN), obtained by the same exfoliation procedure, was immedi-
ately transferred on top of MoTe, as a protective layer. The sample was thermally annealed
at 200°C for 2 hours under a Hy-Ar (20-100 sccm) environment at a base pressure of about 3
Torr. Due to the protection of the top h-BN layer, no sample degradation was noticed during
the entire course of the study. An optical microscope image of the sample used in this study
is shown in Figure 1(a). We note that because of the h-BN layer, atomic force microscopy

and Raman measurements are less effective in determining the thickness of MoTes.
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Figure 1: (a) Optical microscope image of the MoTe; monolayer sample covered by an h-BN
layer for protection. (b) Schematics of pump-probe configuration.

Photocarrier dynamics in MoTe, was studied by transient absorption technique in reflec-
tion geometry.?! The transient absorption setup used an 80-MHz Ti:sapphire laser system.
The 800-nm (1.55 eV) and 100-fs output was split into two parts. One part was directly used
in the measurement as the probe pulse. The fluence of this pulse was about 0.2 puJ cm™2.
The other part was sent to a photonic crystal fiber, from which a broadband supercontinuum
was obtained. A bandpass filter with a 10-nm bandwidth was used to select a component
centered at 660 nm (1.88 eV), which was used as the pump pulse. Its fluence was in the range
of 2 - 10 uJ em™2, controlled by a half-wave plate followed by a polarizer. The two pulses
were combined by a beamsplitter and focused on the sample by a microscope objective lens
with a numerical aperture of 0.4 to a spot size of about 2 um. The reflected probe beam was
measured by a photodiode and a lock-in amplifier. All the measurements were performed
under ambient condition.

In this configuration, the probe photon energy is significantly higher than the optical
bandgap of MoTe,. Using the infrared part of the suprecontiunuum as the probe could
potentially enhance the signal; however, its intensity noise is much higher than the 1.55-eV
beam since it is produced by the latter through a nonlinear process. The longer wavelength
would also result in a larger spot size and thus poorer spatial resolution. Hence, the chosen

configuration, although not ideal, is suitable for the purpose of this study.
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Figure 2: (a) Differential reflection of MoTey; monolayer as a function of probe delay with
injected photocarrier densities of 9 (black), 23 (red), and 37 x10'! cm™2 (blue), respectively.
(b) Same as (a) but for a larger delay range. The light-gray curves over the data are
exponential fits. (c¢) The differential reflection signal with a probe delay of 2 ps (black
squares, left axis) and the decay time constant obtained from the exponential fits (blue
circles, right axis) as a function of the injected carrier density.

Results and Discussion

We time resolved photocarrier dynamics in the MoTey ML sample by using the pump-probe
scheme illustrated in Figure 1(b). The 1.88-eV pump excites photocarriers in the form of
electron-hole pairs by interband transition. With an excitation excess energy of 780 meV,
carriers are injected with high kinetic energies. To monitor the dynamics of the injected
carriers, differential reflection of the 1.55-eV probe pulse was measured as a function of the
probe delay, which is the delay of the arrival time of the probe pulse at the sample with
respect to the pump pulse. The differential reflection is defined as the normalized difference
between the reflectivity of the probe pulse by the sample with (R) and without (Ry) the
presence of the pump pulse, AR/Ry = (R—Ry)/Ry. It can be shown that when AR/Ry < 1,
this quantity is proportional to the change of the complex index of refraction of the sample
by the pump.?? Since in low-density regimes the absorption change is proportional to the
photocarrier density,?® the differential reflection can be used to monitor the photocarrier
dynamics.

Figure 2 (a) and (b) show the obtained differential reflection signal in short and long

time ranges, respectively, for different injected carrier densities. Here, the injected carrier
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Figure 3: (a) Spatiotemporally resolved differential reflection signal measured from MoTe,
monolayer. (b) Differential reflection signal as a function of the probe spot position with
respect to the pump spot for several probe delays. The curves are Gaussian fits. (c¢) The

square width of the profile, obtained by Gaussian fits, as a function of probe delay. The red

line is a linear fit with a diffusion coefficient of 20 cm? s~ .

densities are estimated from the pump fluence used in each scan:?* Using the absorption
coefficient of 3 x10® m~! at 1.88 eV in ML MoTe,? and assuming that every pump photon

2 corresponds to an

absorbed generates an electron-hole pair, a pump fluence of 1 puJ cm™
injected photocarrier density of 6.2 x 10! cm™2. We find that the differential reflection
signal reaches a peak on a time range limited by the instrument response time of about 350
fs. This indicates that the nonequilibrium carriers injected by the 1.88-eV pump thermalize
and relax their kinetic energy to reach the states monitored by the 1.55-eV probe on an
ultrafast time scale. This is consistent with observations of ultrafast thermalization and
energy relaxation of photocarriers in other TMD monolayers, such as MoS,,?? MoSe,, %2
WS,,2" and WSe,,2® and can be attributed to the enhanced carrier-carrier scattering and
carrier-phonon scattering due to the reduction of dielectric screening. After the peak, the
signal decay by about 20 - 30 % in about 400 fs. This can be attributed to the evolution of
carrier distribution from the states probed by the 1.55-eV pulse to the bandedges. After these
fast processes, the carriers are expected to form a thermal distribution with a temperature
equals to the lattice temperature, which is 300 K, and form excitons.?® The signal at 2 ps

is proportional to the injected density, as shown by the black squares in Figure 2(c). This

ensures that the evolution of the differential reflection truly reflects variation of the carrier



density. The long-term decay of the signal can be fit by single-exponential functions, as
shown by the light-gray curves in Figure 2(b). The obtained decay constant reflects the
lifetime of excitons, which is about 60 ps and is independent of the carrier density in the
range studied here, as shown by the blue circles in Figure 2(c). This shows that the exciton

3031 play a minor

recombination is a single-molecule process and multiple-exciton processes
role under these conditions. We note that the peak signal seen in (b) is lower than (a)
because the peak in (a) was not captures in this scan with a larger step size.

To study diffusion of excitons in MoTe; ML, we performed spatially resolved differential
reflection measurements. By tilting a mirror in the probe arm, we can move the probe
laser spot and thus vary the distance between the centers of the pump and probe spots.
By scanning the probe spot along the horizontal direction and measuring the differential
reflection signal as a function of the probe delay for each probe position, we obtained the
differential reflection signal as a function of both probe delay and probe position, as shown
in Figure 3(a). At each probe delay, the spatial profile of the signal is close to a Gaussian
function. Figure 3(b) shows some examples of the profiles with the Gaussian fits (curves).
From the fit to each profile measured, we obtained the full width at half maximum (w) of
each profile. The squared width, w?, is plotted in Figure 3(c) as a function of the probe
delay. Despite of the large uncertainty of the data limited by the signal-to-noise ratio, we
can clearly observe a trend of broadening of the profile up to about 50 ps, indicating an
expansion of the exciton density profile. After 50 ps, due to a lower signal-to-noise ratio, the
expansion is uncertain.

The expansion of the exciton density profile is induced by exciton in-plane diffusion
driven by the density gradient. This process is described by the diffusion equation. It
can be shown that for initial Gaussian density profile, the width of the profile expands
as w? = w2 + 11.09Dt, where wy is the initial width and D, the diffusion coefficient of
the excitons.?? With a linear fit to the squared width in Figure 3(c), we find a diffusion

coefficient of about 20 + 10 cm?/s. We note that in the above analysis, we did not consider
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Figure 4: (a) Differential reflection of MoTe, bulk as a function of probe delay with injected
photocarrier densities at the sample surface of 9 (black), 23 (red), and 37 x 10 cm™2 (blue),
respectively. (b) Same as (a) but for a larger delay range. The light-gray curves over the
data are exponential fits. (¢) The differential reflection signal with a probe delay of 2 ps
(black squares, left axis) and the decay time constant obtained from the exponential fits
(blue circles, right axis) as a function of the injected carrier density.

the finite size of the probe spot. In the measurement, the pump and probe spots are similar
sizes and hence the measured profile is the convolution of the actual exciton density (the
pump intensity profile) and the probe intensity profile. Since both spots are Gaussian, the
convoluted square width is the sum of the square widths of the exciton density and the probe
intensity profiles. Since the probe intensity profile does not change with probe delay, it merely
adds a constant to both sides of the equation used to obtain the diffusion coefficient. 3

Exciton diffusion is a thermal motion limited by scattering; hence, the diffusion coefficient
reveals the microscopic interaction of excitons with their environment. At room temperature,
thermal speed of excitons in 2D, vy = \/m, is about 10° m s~! using an exciton
effective mass of myx ~ 10732 kg.?* Hence, the measured diffusion coefficient indicates a
mean free time of D /v = 200 fs, or a momentum relaxation rate of 5 x 10! s~!. The mean
free path of excitons is about 20 nm. Furthermore, by using the measured exciton lifetime
of 60 ps, we obtain a diffusion length of v/ D7 = 350 nm.

For comparison, we also studied photocarrier dynamics in bulk MoTe; under the same
experimental conditions. The same crystal used to fabricate the ML sample was used to
rule out potential impacts of sample variations. Figure 4 summarized the results obtained

from the bulk sample in a similar fashion as Figure 2. Due to the small penetration depth of
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Figure 5: (a) Spatiotemporally resolved differential reflection signal measured from the
MoTe;, bulk sample. (b) Differential reflection signal as a function of the probe spot po-
sition with respect to the pump spot for several probe delays. The curves are Gaussian fits.

(c) The square width of the profile, obtained by Gaussian fits, as a function of probe delay.

The red line is a linear fit with a diffusion coefficient of 40 cm? s 1.

MoTe; of only a few nanometers, the 1.88-eV pump only excite a few layers of the sample.
The carrier density shown in Figure 4 represents the density in the first layer of MoTes. We
find that the magnitude of the signal in bulk is still proportional to carrier density and is
smaller than ML by a factor of 2. This can be attributed to two effects: First, the probe
access energy is higher than in ML since the bandgap of bulk MoTe, is smaller. Hence,
the probing efficiency is expected to reduce. Second, since several layers are excited, the
effect areal carrier density is smaller. The initial fast decay component observed in ML is
less pronounced in bulk, suggesting different carrier dynamics in early stage. The lifetime
of excitons in bulk is found to be about 80 ps, which is slightly longer than ML and also
independent of the carrier density.

Exciton diffusion in bulk MoTe, was studied with the same spatially resolved measure-
ments. The results are summarized in Figure 5. The diffusion appears to persist for about
40 ps. A linear fit to the data in the first 40 ps results in a diffusion coefficient of about 40
+ 10 em? s7!, which is about twice larger than ML. After this phase, the profile appears to
be steady. Considering the majority of injected excitons have recombined in the first 40 ps,
this effect could be attributed to trapping of residual excitons by impurities. From the diffu-

sion coefficient and lifetime, we also deduce a mean free time of about 400 fs, a momentum



1 a mean free path of 40 nm, and a diffusion length of 570

relaxation rate of 2.5 x 102 s~
nm. In the bulk sample, excitons also diffuse vertically. In our analysis, this process was
not considered for two reasons. First, only the in-plane areal density of excitons is measured
by the differential reflection. Hence, our technique is less sensitive to the vertical diffusion.
Second, as a layered structure, the vertical (interlayer) diffusion coefficient is expected to
be much smaller than in-plane diffusion coefficient, and hence its effect to our analysis is
negligible.

Finally, from the measured diffusion coefficients, we can deduce the exciton mobilities
for ML and bulk MoTe, using Einstein relation, D/kgT = p/e, where kg, T, and u are
the Boltzmann constant, the exciton temperature, and the mobility. We obtain exciton
mobilities on the order of 700 and 1,400 cm? V—! st for ML and bulk, respectively. Recent
experimental studies have achieved room-temperature charge-carrier mobilities in the range
of 10 - 100 cm? V1 s for MoTe,,3 38 while theoretical values of about 2,500 cm? V—! 57!
has been predicted.?* The larger values of exciton mobility can be attributed to the fact that
excitons are neutral quasiparticles. Compared to charged carriers, their interaction with
charged impurities and phonons is weaker, resulting in a higher mobility. Indeed, the trend
of exciton mobility being higher than charge mobility has been observed in other types of

9D materials, 22:25:27:28,39,40

Conclusions

We have studied photocarrier dynamics in both monolayer and bulk samples of MoTe,. We
obtained an exciton lifetime of about 60 ps and an exciton diffusion coefficient of about

20 cm? s7! in the monolayer sample fabricated by mechanical exfoliation. In bulk, these

2 1

parameters were found to be 80 ps and 40 cm® s™'. These results provide quantitative
description of excitonic dynamics in MoTe,, which is important for understanding and op-

timizing performance of optoelectonic devices based on MoTe,. For example, the exciton

10



lifetime is an important parameter determining power conversion efficiency of photovoltaic
devices, response time of photodetectors, and quantum efficiency of light-emitting devices.
The diffusion process is an important consideration when designing lateral electronic and
energy devices. Furthermore, the mean free time and mean free path reveals fundamental

properties of excitons and their interaction with phonons.
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