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ABSTRACT
Molybdenum telluride (MoTez), an emerging layered two-dimensional (2D) material,
possesses excellent phase-changing properties. Previous studies revealed its reversible
transition between 2H and 1T’ phases with a transition energy as small as 35 meV. Since

1T'-MoTe; is metallic, it can serve as an electrical contact for the semiconducting 2H
1



MoTe>-based optoelectronic devices. Here, photocarrier dynamics in MoTe> nanofilms
synthesized by a one-step method and with coexisting multiple phases are investigated by
transient absorption measurements. Both the energy relaxation time and the recombination
lifetime of the excitons are shorter in the 1T-MoTe, compared to its 2H phase. These
results provide information on the different photocarrier dynamical properties of these two
phases, which is important for future 2D optoelectronic and phase-change electronic

devices based on MoTe;.
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INTRODUCTION

Two-dimensional (2D) materials are a new form of nanomaterials 2 with many potential
applications such as transistors >, ultrathin flexible electronic devices ¢, photodetectors
8 photovoltaics ®1°, and superconducting devices'!. For example, several transition metal
dichalcogenides (TMDs) have sizeable and thickness-dependent bandgaps, resulting in
thickness-tunable electronic and optical properties * 213, One intriguing aspect of TMDs
is that they can exhibit multiple crystalline phases * and thus possess different structural,
symmetric, and physical properties 1°-1¢. For example, TMDs in hexagonal (H) phase are
usually semiconducting, while those in 1T (octahedral structure) and 17" phases (distorted

octahedral structure) are metallic 1?2, This feature provides opportunities to form high-



quality metal-semiconductor homojunctions for various device applications.

Molybdenum telluride possesses a band gap close to that of silicon and has shown
high homojunction efficiencies 2%, It exhibits two polymorphs, 2H and 1 77, arising from
the spatial arrangement of the Te atoms ® %, The band gap of bulk 2H-MoTe; is indirect
2! however, its monolayer becomes a direct-band-gap semiconductor 28, The infrared band
gap and several other novel properties, such as strong spin-orbit coupling °, tunable valley
degeneracy splitting 2°, and good thermoelectric properties *°, make 2H-MoTe; promising
for various applications?’. The metallic 17"-MoTe; possesses in-plane anisotropy due to its
distorted lattice 3!, which are attractive for polarization-sensitive detectors 32, polarized
surface plasmonics, and nonlinear optics devices *. In addition, 1T'-MoTe; has also shown
sizable magnetic control of electrical resistance 25, strain-controlled superconductivity 34
3 as well as feasibility for phase engineering ® 2. Unlike MoS,, which has a large phase
transition energy of 0.8 eV *°, the transition energy of 2H and 17" phases of MoTe is as
low as 35 meV 2. It has been shown that such reversible phase transition 2° can be achieved
by light %, pressure ¢, charge doping *°, and growth method *’. Hence, 17"-MoTe; can
provide electrical contact to 2H MoTe; in various devices % and as a phase engineered
material °.

Recently, photocarrier and lattice dynamics in 2H semiconducting MoTe> nanofilms
have been measured by several groups by using time-resolved spectroscopic techniques -

4+, However, MoTe> nanofilm with 17" phase have been less studied, especially in



comparison with its 2H counterpart. Here, photocarrier dynamics in 2H- and 17"-MoTe;

nanofilms are directly compared. Recently, time-resolved optical techniques, including

44-46 47-50

transient absorption , time-resolved photoluminescence , and transient THz
spectroscopy >3, have been successfully applied to study photocarrier dynamics in 2D
materials. Carrier thermalization, hot carrier dynamics, exciton formation, transport, and
recombination, as well as coherence carrier processes in a number of 2D materials have
been revealed **. In this work, ultrafast pump-probe measurements are performed to study
the photocarrier dynamics in MoTe, nanofilms with both 2H and 17" regions. Rich
dynamical features and significant difference were obtained from the two phase regions.

Both the energy relaxation time and the exciton recombination lifetime are shorter in the

17-MoTe, compared to the 2H phase.

RESULTS AND DISCUSSION

The sample studied is displayed in Figure 1(a), which contains regions of both phases.
Micro-Raman measurement with 532-nm excitation was performed, as shown in Figure
1(b). The spectrum from the central region shows three dominant modes that are
consistent with previously reported Ajg (~174 cm™), Elpg (~235 cm™), and Blyg (~291 cm®
") modes of 2H-MoTe> monolayers *>°. The Raman spectrum from the region labeled

17" is significantly different from that of the 2H region. As shown in Figure 1(b), rich
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Figure 1. (a) A MoTe; nanofilm with two phases. (b) Raman spectra of the different regions shown in
(a). (c) and (d) are AFM images of the sample containing the two phases. The insets are the
corresponding AFM height profiles.

features are observed in the range between 50 and 400 cm™!, which are consistent with
previously assigned Raman peaks of 17-MoTe,, such as the A, (78 cm™), By (93 cm™),
A (110 and ~128 cm ™), Ag (162 cm™), By (189 cm™!), and A, (258 cm™') modes, based
on previous experimental 37 and theoretical works . Figure 1(c)-1(d) show the atomic

force microscopic (AFM) images of different regions of the nanofilm. The cross-section



profiles show the thickness of different regions. For the 2H region, the thickness of is 7.15
nm, corresponding to 10 layers *°, while the thickness of 17"-MoTe; is 7.13 nm,
corresponding to 10 layers, too **. Hence, these Raman and AFM measurements establish
that the sample contains two phases of 10-layer MoTe,.

Figure 2(a)-2(b) shows the differential reflectance measured from the 2H-MoTe>
region. A pump pulse of 670 nm and 100 fs injects photocarriers in the sample. Differential
reflectance of an 820-nm probe pulse is measured. The pump, with a large photon energy
of 1.85 eV, injects hot carriers. We note that the probe wavelength of 820 nm is chosen for
experimental convenience, as it is directly obtained from the output of the Ti:sapphire
oscillator. In Figure 2, curves with different colors show results with different pump
fluences. To better compare the signal from different pump fluences, Figures 2(c¢) and 2(d)
show the same data that are normalized (according to the value at 25 ps). The observed
dynamics shows rich features: First, there is a narrow peak at zero probe delay. Second,
there is a rising process of the signal for several picoseconds after the narrow peak. Third,
the long-term decay of the signal persists for over 1 ns. On the fluence dependence, we

observed two regimes. Above 100 uJ cm™,
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Figure 2. Photocarrier dynamics in 2H-MoTe. (a) an (b) are differential reflectance measured with an
820-nm probe and a 670-nm pump with fluences of 32, 64, 128, 192, 256, 320, and 380 pJ cm2,
respectively. (c) and (d) show the same data as (a) and (b), respectively, but with the signal normalized

for comparison.

the dynamics is independent of the fluence, as illustrated in (c) and (d). With lower fluences,

however, the rise and the decay of the signal are both different from the high-fluence regime.
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Figure 3. (a) The peak differential reflectance at zero delay (black squares) and the second peak at about
2 ps (blue circles) measured from the 2H-MoTe; sample. (b) The rising time deduced from Figure 2 (a).

To analyze these results, we first plot the heights of the narrow peak and the second
peak [indicated in Figure 2(a) by the dashed ellipse and vertical arrow, respectively] against
the pump fluence in Figure 3(a). The two peaks can be fit by square-root and linear
functions of the fluence, respectively, as shown by the curves. The square-root dependence
of the narrow peak indicates that its origin is unlikely related to the photocarriers. Since
the electric field amplitude of the pump pulse scales as the square root of its intensity (and
thus the fluence), this peak is proportional to the electric field amplitude of the pump. This
suggests that it originates from nonlinear mixing of the two pulses involving direct
exchange of their energy. The linear dependence of the second peak (and the rest of the
signal) on the fluence shows that the signal is linear with the photocarrier density.

After the carrier-unrelated narrow peak, the rest of the signal reveals the dynamics of

the photocarriers. We first focus on the high-fluence regime. The early rise of the



differential reflectance is described by AR/R, = C[1 — exp(—t/71,)], as shown by the
red curves in Figure 2 (a). The fit rise time, 7, is shown in Figure 3 (b), which decreases
slightly from about 2 to about 1 ps as the pump fluence is increased. The long-term decay
of the signal is fit by AR/R, = A, exp(—t/t,) + A,exp(—t/T,) + B. The deduced time
constants show no systematical dependence on the fluence, as expected since all the curves
overlap after being normalized [Figure 2(d)]. By taking the averages, we obtained 7, =
140 £ 40 psand 7, =700+ 120 ps.

To understand the physical origins of these transient processes, we recall that 2 H-
MoTe; has indirect and direct bandgaps of 0.88 and 1.02 eV at room temperature,
respectively 2728, The 1.85-eV pump injects hot electron and hole pairs with excess
energies on the order of 500 meV. The 1.51-eV probe couples to energy states that are about
200 - 300 meV above the band extremes. Hence, we can assume that the signal scales with
the density of photocarriers in these high-energy states. Initially, the pump-injected
photocarriers have narrow Gaussian energy distributions, with a width of about 10 meV
(the spectral width of the pump pulse). These nonthermal and hot carriers will undergo a
thermalization process, in which carriers exchange their kinetic energy and momentum by
carrier-carrier scattering to establish Fermi-Dirac distributions. In this process, the
occupation of the energy states being probed increases. Hence, we attribute the few-ps rise
of the signal to this process. Since the intercarrier scattering rate increases with their density,

the decrease of the rise time with the pump fluence is reasonable. Meanwhile, excitons are



also expected to form from the free electron-hole pairs on this time scale: Previous studies
have revealed that in monolayer semiconductors, the exciton binding energies can reach
several hundreds of meV %! and electron-hole pairs can form excitons within 1 ps 6264,
In the nanofilm studied here, we expect similarly large exciton binding energies. Hence,
the electron-hole pairs can form hot excitons in this few-ps time range. After these
processes, the carrier system is composed of hot excitons. The energy relaxation, or cooling,
of the hot excitons from high energy states to the band extremes drives the carriers out of
the probed states. We assign the 140-ps process to this mechanism. Finally, cooled excitons
recombine, returning the system to the pre-pump condition. The 700-ps process is thus
attributed to the exciton recombination. In the high pump fluence regime, the two decay
time constants are both fluence independent, suggesting that the exciton-exciton
annihilation, which often dominates exciton dynamics in monolayer semiconductors 3¢,
plays an insignificant role here. Otherwise, the time constants would have decreased
significantly with increasing the fluence.

We now discuss the results with low pump fluences. As shown in Figure 2, the signal
rise is significantly slower with low injected carrier densities. The overall signal decay is
faster than the high-density results, and can be described by an exponential decay function
of 7 =400 30 ps. At low injected densities, trapping of carriers by defect states can

significantly influence the carrier dynamics. The 400-ps decay in this regime is assigned to

defect-assisted carrier trapping or recombination.
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To reveal the effect of the crystalline phase on the photocarrier dynamics, we repeated
the transient absorption measurements on the 17" region of the MoTe, nanofilm sample
under the same experimental conditions. Figure 4 summarizes the key results. On the short
time range [Figure 4(a)], we observe a pronounced oscillatory component that follows the
initial narrow peak, which superimposes to the slow-decaying signal. We note that this
component also appears in the 2H region, shown in Figure 2(a). However, it was less
pronounced due to the larger overall signal in the 2H region (by about a factor of 4).
According to Figure 4(c), the signal is pump-fluence-independent. By fitting this
oscillatory component with a dumped sinusoidal expression,
Aexp(—t/1,) sin(2mt/T + t,) [red curves in Figure 4(a)], we deduced the period of T =
4.16 £ 0.12 ps and the decay constant of 5.0 £ 0.9 ps. We attributed this component is

to the coherence lattice vibration excited by the pump pulse.

11
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Figure 4. Photocarrier dynamics in 17"-MoTe. (a) Differential reflectance with an 820-nm probe and a
670-nm pump of 32, 64, 128, 192, 256, 320, and 380 uJ cm 2, respectively. The red curves are fits to
the oscillatory component (see text). (b) Same as (a) with the red curves as double exponential fits. (c)
and (d) are same as (a) and (b), respectively, but with data normalized for comparison.

Figure 5(a) shows the peak differential reflectance at zero delay (black squares) and
that at 25 ps (blue circles) against the pump fluence. The signal at 25 ps was selected as an
example of the early signal magnitude. It approximately scales with the pump fluence, as
confirmed by a power fit of AF’, which yielded a power of b =1.03 4+ 0.03. The

dependence of the peak height at zero delay, however, is neither linear nor square root of

12



the pump fluence. By using the power fit, we found a power of 0.87 + 0.05. This indicates
that the peak height has contributions from both nonlinear optical interactions of the two
pulses and the lattice oscillation. Finally, the decay of the signal, shown in Figure 4(b), is
fit by the double exponential function. As summarized in Figure 5(b), the short time
constant is about 80 ps and is fluence independent, while the long-time constant is in the
range of 480 - 580 ps and slightly increases with the fluence. These results show that the
energy relaxation and the recombination lifetime of the excitons are shorter in the 17'-

MoTe; compared to the 2H phase.
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Figure 5. (a) The peak signal at zero delay (black squares) and the signal at 25 ps (blue circles) measured
from the 17"-MoTe, sample. The red lines are power fits with the power indicated in the figure. (b) The
decay time constants by the fits shown in Figure 3(a).
CONCLUSION

Transient absorption measurements are performed on MoTe> nanofilms with 2H- and

17" regions. Coherent lattice vibration is observed in both phases. By time resolving the

13



photocarrier dynamics, we deduce an energy relaxation time of 140 ps and exciton lifetime
of 700 ps in 2H-MoTe». In 17°-MoTe,, both time constants are shorter (80 ps and 500 ps,
respectively). These parameters are useful for understanding carrier dynamics in these
materials and modeling device performances based on these materials. For example, the
energy relaxation time provides a limit on devices utilizing hot-carrier effects. The exciton
lifetime is closely related to both the device operation speed and the energy conversion
efficiency. Hence, this work provides quantitative parameters describing the dynamical
properties of MoTe, with both semiconducting and metallic phases, and offers insights into
MoTe; for future 2D optoelectronic and phase-change electronic devices with an ohmic
contact. Especially, the results provide basic support for 17"-MoTe as the contact material
of 2H- MoTe: in future, and are beneficial for MoTez, as a promising phase engineering

material to be widely applicated.

EXPERIMENTAL SECTION

Sample Synthesis. MoTe; nanofilms of 2H and 17" phases were prepared by one-step
chemical vapor deposition (CVD). Under ambient conditions, two 1 nm Mo films, which
were obtained by magnetron sputtering, were put in a ceramic crucible with a “face-to-face”
structure. The Te powders was covered and loaded to the crucible downstream. Before the
growth, molecular sieves were set in the crucible. To synthesize MoTe: films with both

phases, the crucible was heated to 690 °C from room temperature in 15 min under flowing
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the 25 sccm gas mixture of Ar/H» construction for 95%/5%. After 90 min, the furnace was
powered off and cooled down to room temperature naturally.
Transient Absorption Measurement. An Ti:sapphire laser produces 100-fs and 820-

nm pulses every 13 ns. This output pumps an optical parametric oscillator to generate a
670-nm signal pulse, serving as the pump pulse. The rest of the 820-nm pulse serves as the
probe. The two pulses are combined and co-focused to the sample by an objective lens
(numerical aperture: 0.4). The spot size is about 1.5 pm. The probe reflection is sent to a
photodiode and measured by a lock-in amplifier. The differential reflectance is defined as
AR/Ry = (R — Ry)/R,, where R and R, are the reflectance of the sample when the
pump beam is unblocked and blocked, respectively. All the measurements were performed
at room temperature with samples exposed to air.
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