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extensively investigated to understand their electronic and optical properties. Here we

ABSTRACT: Ultrathin transition metal dichalcogenides (TMDCs) have recently been ,/“’J—}’;} :} }, }} } }, }: } }, °p
<) )

study ultrathin Mogyg, Wy 9Te,, a semiconducting alloy of MoTe, using Raman,
photoluminescence (PL), and optical absorption spectroscopy. Mog Wy oeTe,
transitions from an indirect to a direct optical band gap in the limit of monolayer
thickness, exhibiting an optical gap of 1.10 eV, very close to its MoTe, counterpart. We
apply tensile strain, for the first time, to monolayer MoTe, and Mo, g, W Te, to tune
the band structure of these materials; we observe that their optical band gaps decrease by
70 meV at 2.3% uniaxial strain. The spectral widths of the PL peaks decrease with
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increasing strain, which we attribute to weaker exciton—phonon intervalley scattering.
Strained MoTe, and Moy, Wy o Te, extend the range of band gaps of TMDC monolayers further into the near-infrared, an
important attribute for potential applications in optoelectronics.
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tomically thin layers of transition metal dichalcogenides

(TMDCs), such as MoTe,, have been extensively studied
for fundamental physics and applications.”” Tuning their
optical properties, which can be achieved through doping,
alloying, strain, or heating, is crucial for understanding their
light—matter interactions and for various applications in
electronics and optoelectronics. The optical properties of
atomically thin MoTe, have recently been characterized
experimentally,’~” and theoretical investigations have indicated
that the aforementioned factors can significantly alter the
material’s band structure.*"* In particular, theory has predicted
and measurements have demonstrated that alloying with
tungsten or electrical gating of MoTe, can induce a phase
change from a semiconducting to metallic state.>>'371% To
date, however, few studies have experimentally examined the
effects of strain on MoTe, or on MoWTe, alloys."”

Here we investigate Mo,_ W, Te, with x = 0.09 since for
alloys with higher W content, i.e., x > 0.09, all reported growth
processes have produced crystals in the 1T’ phase. Therefore,
this composition is close to the 2H phase boundary and should
exhibit the lowest threshold for inducing a 2H to 1T’ phase
change by an external perturbation.'”'®"” We study atomically
thin crystals of the Moyg; W ooTe, alloy by Raman scattering,
photoluminescence (PL), and absorption measurements, and
compare the results with those for MoTe,. We also measure PL
while applying in-plane uniaxial tensile strain to the monolayer
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(1L) crystals of both compounds to alter their band structure,
which has not been previously examined.

We have grown bulk MoTe, and Mo, _,W,Te, crystals using
the chemical vapor transport (CVT) method, as detailed in the
Supporting Information (SI) sections 1.1 and 1.2. The 2H
crystal structure of MoggWjooTe, has been confirmed by
powder X-ray diffraction (XRD), as shown in Figure la (see
Figure S1 in the SI section 1.3 for an extended version of the
XRD data), and by scanning transmission electron microscopy
(STEM) (Figure 1b). The W mole fraction in the Mo,_,W,Te,
alloy, as determined from X-ray energy dispersive spectroscopy
(EDS), is x = 0.09 + 0.01 (see Figure S2). For optical
measurements, we have exfoliated atomically thin layers from
the grown bulk MoTe, and Moy ;W e Te, crystals (see the SI
section 1.4, Figure S3, and the SI section 2 for details on the
sample preparation and optical measurement setup).

We first perform Raman spectroscopy on Moy, Wy o Te, and
MoTe, crystals exfoliated on polydimethylsiloxane (PDMS)
substrates. Here and below all characterization measurements
have been performed at room temperature and under ambient
conditions. Figure 2 shows the Raman spectra of 1L, bilayer
(2L), trilayer (3L), four-layer (4L), and bulk Moy WoeTe,
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Figure 1. (a) Powder XRD pattern of 2H—Mo 4, W, e Te,. (b) High angle annular dark field scanning electron microscopy (HAADF-STEM) image
of a 2H—Moy,9; W 4o Te, sample together with an overlapped structural model: red (large) spheres, Mo/W atoms; green (small) spheres, Te atoms.

Inset: fast Fourier transform (FFT) emphasizing the [001] zone axis.

10F L T T q F T T T T T = T T T T T
(a) A Ez A =532 nm (b) Ay A =633 nm (c) Ay A =785nm
1
- ' B;g o~ -_——J E;g ——
= v,
s
2
: 1 _—
g 0.5 1t Ez . i
£ 1
< S
©
& .___.L\_JL__L___‘_A
) ‘A-‘.L—-—*__ L
0.0 I e Ty T I A——A‘. 1 e T J‘ T I T Y
100 150 200 250 300 350 100 150 200 250 300 350 100 150 200 250 300 350

Raman Shift (cm™)

Raman Shift (cm™)

Raman Shift (cm™)

Figure 2. Raman spectra of 1L to 4L and bulk Moy e, Wy 0o Te, (modes labeled according to bulk notation) for excitation wavelengths of (a) 532, (b)

633, and (c) 785 nm. The spectra are vertically offset for clarity.
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Figure 3. (a) PL spectra of 1L to 4L and bulk Moy ;W oo Te,. The 1L to 4L spectra are vertically offset for clarity. Black arrows indicate the width of
48 meV of the 1L spectrum. (b) Reflection contrast (AR/R) spectra for 1L to 3L Moy, W e Te,. (c) Comparison of the A exciton and PL peak
positions as a function of crystal thickness. (d) Absorption spectrum for the 1L in the near-IR, shown in terms of absorption for a free-standing layer.
The green curve shows the contributions of the A and B excitons to the spectrum based on a fit (dotted line) to the experimental data.

crystals for excitation wavelengths of 532, 633, and 785 nm (see
Figure S4 for the MoTe, spectra). We note that the relatively
small band gaps of ultrathin MoTe, and Moy Wy oTe, (see
the section on PL) compared to other TMDCs enable the use
of longer excitation wavelengths for resonant Raman spectros-
copy.”*”*! We identify the following first-order Raman modes
(zone-center phonons) in both materials: the out-of-plane Ay
(A{ for odd, Ay, for even layers), in-plane Eég (E’ for odd, E, for
even layers), and out-of-plane Bég (A for 1L, A] for odd, Ayg
for even layers), which is Raman inactive in 1L and bulk
crystals.”' > ™" For 1L Moy g; W, Te,, the Ay, mode is at 172
cm™’, and the Eég mode appears at 236 cm™'. The weaker
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features at 200 and 345 cm™" have recently been attributed to
second-order Raman processes”' and appear to be stronger in
Moy g, Wy g9Te, than in MoTe,, possibly due to changes in the
electronic structure with the addition of W.

After comparing the Raman spectra of the two materials, we
observe that the A, and Eég modes of MoygWyooTe, are
slightly blueshifted, and the Bég mode is slightly redshifted from
those of MoTe, for 1L and 2L (see Table S1 for the Raman
peak positions of both materials). We explain these
observations as follows. Consider a simplified linear triatomic
molecule model for which interlayer interactions in the 1L and
2L have little effect (e.g., no splitting of the Eig mode). We then
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expect the increased W content in Mog g, Wy oTe, to increase
the effective mass of the transition metal atoms and to result
accordingly in a redshift of modes compared to MoTe,.”* This
was reported for the Ej, and B%g modes in alloys of Mo and W
dichalcogenides (e.g, Mo;_W,S, and Mo,_ W,Se,).”"7** We
observe this redshift in the Big mode and the second-order
Raman mode at 200 cm™". However, the frequency of the Ay,
mode depends more on bond strength than on mass of the
transition metal, since this atom remains stationary in this
vibrational mode.”* Since W—Te bonds are stronger than Mo—
Te bonds,** adding W to MoTe, stiffens the bonds, leading, as
in other TMDC alloys,”' ™ to a blueshift of the A, mode.
Interestingly, in contrast to other TMDC ;1110}75,3&_33 we
observe a blueshift of the E%g mode for 1L and 2L of the alloy
compared to the MoTe, crystal. This blueshift also results from
the increased bond strength, which apparently outweighs the
influence of the increase in mass.

Next, we examine the relative intensities of the Raman modes
for different layer thicknesses in both materials. For 532 nm
excitation, for both MoTe, and Moo WjoTe, crystals of all
thicknesses, the E%g mode is stronger than all other modes. The
A, mode is strongest for 1L and becomes much weaker with
increasing thickness (Figure 2a, Figure S4a). For 633 nm
excitation, the A;; mode is enhanced compared to the Eég mode
for 1L samples of both materials. We attribute the strength of
this mode to a resonance effect associated with the excitation
photon energy being close to that of the A’ or B’ excitons in the
material (see Figure 3 for the A’ and B’ peak positions).”>*
For 2L crystals, the A;; and B%g modes are comparable in
intensity, but weaker than the Ej, mode. For 3L and 4L crystals,
the A;; mode splits into 2 peaks g[Alg(Rl) and A4(R2)], known
as Davydov splitting,””** which are stronger than the B%g mode
(see Figure 2b). The ratio of the B}, to E}, mode can also be
used to identify thickness in few-layer crystals using both 532
and 633 nm excitation.””’

Using 785 nm excitation, we observe that the Eég mode is
much weaker than the A, mode for all layer thicknesses. For
the thicknesses we have measured, the A;; mode is weakest for
2L and strongest for 4L crystals in both Moy g, Wy eTe, and
MoTe, (see Figure 2c and Figure S4c). The reason for this
nonmonotonic change of the intensity of the A;, mode with
increasing thickness is unclear. The Big mode does not appear
in the 785 nm Raman spectra for any crystal thickness, as in the
case of MoS, and MoSe, for excitation energies far from the C
electronic resonance (see Figure 3 for the C peak position).”**
Calculations have shown that the A and B excitons have wave
functions that are mainly confined to the individual layers,”**°
and it has been predicted that for excitation energies near the A
and B excitons, the active B}, mode of the few-layer crystals is
inactive, as it is for 1L crystals. However, the wave function
associated with the C transition is calculated to be not confined
to individual layers.””*® Hence, excitation nearer to the C
feature, in this case 532 and 633 nm, yields Raman spectra with
stronger B%g modes. The comparisons of the Raman spectra
with three different excitation wavelengths presented here
provide a rapid means of determining the thickness of ultrathin
layers of Moy, WygoTe, and MoTe,.

We perform PL measurements in order to study the band
structure of Moy g Wy ooTe,. Figure 3a displays the PL spectra
of 1L to 4L and bulk Mo, WyooTe, supported on PDMS
substrates. We see that the PL intensity decreases, that the peak
position redshifts, and that the spectral width (full width at half-

maximum) increases with increasing layer thickness. The 1L
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spectrum exhibits a single emission peak, with the maximum
located at 1.10 eV and a width of 48 meV. The width of the 2L
is 20 meV greater than that of the 1L. For the bulk, we find a
much broader and weaker PL feature peaked at 0.98 eV.

In order to comment on the nature of the peaks observed in
the PL spectra and understand the changes with increasing
material thickness, we also measure the reflection contrast
(AR/R) spectra of 1L to 3L MogeWyoeTe, on PDMS
substrates, as displayed in Figure 3b, to probe their absorption
spectra (see the SI section 2 for details on the reflection
contrast measurements). We expect to observe only direct
optical transitions in the reflection contrast spectrum since the
indirect transitions produce only weak contributions to the
absorption spectrum. Several features are observed in the
spectra of Figure 3b, and we expect them to arise from
mechanisms similar to those in MoTe,. Thus, we have labeled
them according to the bulk assignments of Wilson and Yoffe®
as was previously done for the case of MoTe,’ These
spectroscopic features are associated with transitions in
different parts of the Brillouin zone of Mogyg Wy ooTe,. The
A, B and A’, B’ pairs have been identified as excitonic
transitions with the A—B splitting arising from spin—orbit
interactions.*”*° As for other TMDC monolayers, the A and B
peaks are assigned to excitonic peaks associated with the lowest
direct optical transition at the K-point.”'~* The C and D
features have been attributed to regions of parallel bands near
the T' point of the Brillouin zone of bulk MoTe," and to
similar parallel bands in monolayers of other TMDCs.*”*

We now compare the PL and reflection contrast response of
Moy oWy ooTe, for different thicknesses. Figure 3b shows that
the reflection contrast increases, and the A exciton redshifts
with increasing thickness. The PL spectra in Figure 3a show
that the peak position also redshifts; however, the rate of the
redshift of the PL peak is faster than that of the A exciton, and
the intensity of the PL peak decreases as opposed to that of the
A exciton. We report the position of the A exciton and the PL
peak position as a function of thickness in Figure 3c. The A
exciton redshifts by 33 meV to 1.067 eV from 1L to 2L and
continues shifting gradually with increasing thickness. However,
the PL peaks redshift more than the A exciton peaks; the two
peaks are separated by S meV for 1L, but by 45 meV for 4L.

We attribute this large difference in the shift between the
absorption and emission features to the emergence of an
indirect transition at lower energies than the A exciton with
increasin§ thickness, as observed in other semiconducting
TMDCs."*” We expect the indirect band gap to contribute to
PL, but not significantly to the absorption spectrum. We thus
conclude that 1L Mogye W oTe, exhibits a direct band gap,
unlike the crystals thicker than 2L, in accordance with the
behavior of its MoTe, counterpart. The PL intensity of the 1L
crystal is about 3 orders of magnitude greater than that of the
bulk, due to the direct optical gap transition of the former. Even
though the PL intensity is significantly weaker for 2L than it is
for 1L, since the PL peak and the A exciton are separated by
only 10 meV, the assignment of the 2L material as indirect gap
is unclear. However, the 20 meV increase in the width of the PL
and A exciton peaks of 2L as compared to 1L strongly indicates
the presence of a scattering channel for the A exciton in the 2L.
We also note that there have been different opinions on the
nature of the 2L MoTe, band gap, at both room™ and low
temperatures.4

The near-IR part of the 1L absorption spectrum is shown in
greater detail in Figure 3d. We find that the A and B features
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Figure 4. PL spectra of 1L (a) MogyWgeTe, and (b) MoTe, under different amounts of uniaxial tensile strain. All spectra are vertically offset for
clarity. (c) Dependence of the peak energy and spectral width of 1L MoTe, on strain. (d) Schematic band structure of strained and unstrained 1L
MoTe,, showing changes in the energy separation between the minima of the K and Q valleys in the conduction band.

are located at 1.10 and 1.38 eV, respectively. The
corresponding features appear at similar energies of 1.10 and
1.35 eV, respectively, for 1L MoTe,.” We note that the direct
gap, or A exciton, position in MoggWygeTe, is not very
different from that of MoTe, which is consistent with the
observation that, for a given chalcogen (S, Se), the band gaps of
Mo and W dichalcogenides are quite similar.”’ The A—B
splitting for 1L is found to be 276 meV, which is slightly greater
than the MoTe, value of 250 meV.’ We attribute this increase
to the presence of W, since dichalcogenides of W have
significantly higher A—B splitting than those of Mo.”****’

To gain further insight into the band structure of 1L MoTe,
and Moy, W g9Te,, we perform strain-dependent PL measure-
ments on these materials. We apply uniaxial in-plane tensile
strain to a flexible substrate using a two-point bending
apparatus (see the SI section 1.4 and Figure S3 for more
details). We used PEN (polyethylene naphthalate) or PETG
(polyethylene terephthalate glycol-modified) instead of PDMS
for the bending platform (Figure S3), due to their higher
Young’s moduli. Figures 4a,b show the PL measurements of 1L
Moy g1 Wy eeTe, and MoTe, as a function of strain. As the strain
increases, the PL peak redshifts, corresponding to a decrease in
the band gap. For Mogg; W 9Te,, the PL peak shifts from 1.09
eV at 0% strain to 1.02 eV at 2.3% strain or —30 meV/% strain.
For MoTe,, the PL peak shifts from 1.08 eV at 0% strain to
1.01 eV at 2.1% strain or —33 meV/% strain. We note that
these values of strain and the rates of peak shift with strain are
reasonable, as discussed in the SI section 4 and shown in Figure
SS. The widths of the Moy, Wy oTe, and MoTe, PL peaks
decrease from 63 and 59 meV, respectively, at 0% strain to
minimum values of 49 and 42 meV, respectively, with strain.
Figure 4c shows how the 1L MoTe, PL peak energy and
spectral widths vary with strain (see the SI Figure S6a for the
Mog9; Wy e Te, results).

To account for the unexpected decrease of the width of the
emission peak in the PL spectra with increasing strain for both
materials, we can identify three possible factors: (1) The
contribution to PL from trions is suppressed. (2) The material
conforms better to the flexible substrate (after being trans-
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ferred), reducing inhomogeneous broadening. (3) Exciton—
phonon scattering is partially suppressed.

We first consider the suppression of trion emission due to
strain. Trions are not expected to contribute much to
absorption unless the sample is heavily doped.”>" However,
trions can still contribute appreciably to PL since they are more
stable even at room temperature due to their high binding
energy of about 25 meV.”” Therefore, if suppression of trion
PL caused the reduction in the line width, we would not expect
to see a parallel narrowing in the absorption feature with strain.
However, our measurements show a similar decrease in the
width of the absorption and PL features, thus ruling out this
mechanism (see the SI section 6 and Figures S7 and S8).

Second, we consider the possibility that the material
conforms better to the substrate under strain, leading to a
reduction of inhomogeneous broadening. We first observe that
the width of the emission feature of strained 1Ls drops to a
value as low as 42 meV (Figure 4c), which is less than that of
any as-exfoliated samples (for which the width is around 47—50
meV).> Further, similar measurements on 1L WSe, by
Schmidt et al. have demonstrated that the strain-induced
narrowing of the spectral widths is reversible upon the release
of strain.”” This observation suggests that the elimination of
inhomogeneities alone cannot account for line narrowing in
their case, as the inhomogeneities are not expected to recover
fully when the strain is released. Hence, we do not expect this
mechanism to explain our observations.

Third, we consider the effect of strain on the exciton—
phonon coupling. As we know from the current and earlier
studies, 1Ls of both materials have direct optical gaps.’™*’
However, the 1L has an indirect transition at a slightly higher
energy than that of the A exciton, which is known from band
structure calculations and from extrapolating the energy of the
indirect gap as compared to that of 2L and thicker
crystals.”™>>> Moreover, the energy separation between the
minima of indirect Q (also known as T)***° and direct K
valleys, AEq, in the conduction band will increase with
uniaxial (as well as biaxial) strain in similar material
systems.'"'>*°7% This is illustrated in Figure 4d, which
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shows a schematic band structure of strained and unstrained 1L
MoTe,. However, scattering of an electron from the K to Q
valley requires the absorption of a phonon. This becomes less
likely with increasing AEqk. Therefore, we infer from our
results that a weakening in the exciton—phonon intervalley
scattering is mainly responsible for the decrease in the spectral
line widths. We attribute at least 6 meV of the width of the
emission feature in the unstrained material to the exciton—
phonon scattering from K to Q (FQK). We also estimate an
upper limit of 110 fs for the lifetime of the exciton—phonon
scattering from K to Q in 1L MoTe, and Moy Wy o Te, (see
the SI section 6). The ability to suppress phonon absorption
indicates that Q and K states are within a few times the phonon
energy, and the highest energy phonon to mediate such
scattering [the LO(E") mode] is about 30 meV.”">**” Thus, we
predict that AEqy of the unstrained 1Ls is not much larger than
30 meV. We expect the line width narrowing effect via tensile
strain to be smaller (larger) for MoS, (WSe, and WS,), for
which AE%K is predicted to be larger (smaller) than that in
MoTe,.>**

Here we note an advantage of a strain-dependent study over
a temperature-dependent one. Strain, like temperature, can
modify the band structure, but in the former case without
significantly affecting the population of phonons. We also note
that it is typically assumed that the relative energy of different
valleys is not affected by temperature. This is not always correct
as lowering the temperature has a similar effect to biaxial
compressive strain.’” Therefore, tuning the bands of nearly
direct or indirect gap semiconductors via strain will provide
more insight about the band structure and can help interpret
the temperature-dependent studies on the spectral line widths
of TMDCs.>>%"%>

Finally, we would like to consider the implications of weaker
exciton—phonon scattering for electron transport. There have
been calculations of the enhancement of transport properties in
group VI TMDC:s due to the change in the relative energies of
K and Q valleys in the conduction band under tensile strain,
leading to a reduction in electron—phonon scattering.'"*> We
propose that this effect should be larger for MoTe, than MoS,,
as the former has a smaller value for AEq. A similar
phenomenon has been exploited to enhance the electron
mobility of silicon transistors, where the intervalley energy
separation increases with tensile strain, leading to reduced
intervalley electron—phonon scattering.***® (SI section 7 shows
preliminary electrical transport measurements in MoTe, and
MoWTe,, but strain-dependent electrical measurements are
beyond the scope of this study.)

In summary, we have characterized single-crystal 2H—
Moyo1WygoTe, down to monolayer thickness with photo-
luminescence, absorption, and Raman spectroscopy. We have
determined that atomically thin 2H—Moyg,WyooTe, is a
semiconductor with similar optical properties to MoTe,; the
monolayer possesses a direct optical band gap at 1.10 eV, and
the thicker layers become indirect. The presence of W in the
alloy alters the band structure, as observed by absorption
measurements, and can be studied further by Raman
spectroscopy, particularly using resonant excitation.”® Given
that this alloy is closest in W content to the 2H to 1T’ phase
transition,'” it may be a promising material for phase-change
memory applications. We have manipulated the band structure
of monolayer MoTe, and Mo ;W ¢ Te, via tensile strain up to
2.3% and have thereby lowered the optical band gap of these
materials to near 1 eV. We have thus extended the optical range
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of group VI TMDC monolayers further into the near-infrared
(NIR) region. We have also observed that the relative energy
separation between valleys changes with strain, and that
exciton—phonon intervalley scattering can also be manipulated
in this fashion. We attribute the reduced spectral line width of
the A exciton under tensile strain to a decrease in the rate of
exciton—phonon scattering. This suggests a corresponding
decrease in the electron—phonon scattering rate and a potential
improvement in the electrical transport properties in these
materials with tensile strain.
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1. Growth, Characterization, and Preparation of Samples

1.1 Growth of Mo1.\WiTe; crystals

Mo1.xW,Te; crystals are grown using the chemical vapor transport (CVT) method. Mo1.x\W,Te, powders
with a nominal composition of x = 0.15 are synthesized by reacting stoichiometric amounts of
molybdenum (99.999%), tungsten (99.99%) and tellurium (99.9%) powders at 750 °C for 5 days in vacuum-
sealed quartz ampoules. For single crystal growth, approximately 1.5 g of poly-crystalline Mo1.,\W,Te;
powder and 0.1 g of iodine as a transport agent (99.8%, 4.7 mg/cm?) are placed in HF-etched and vacuum
baked quartz ampoules. Following several argon flush-evacuation cycles, the ampoules are vacuum-
sealed. The CVT growth is conducted at 1000 °C in a single-zone furnace for 7 days followed by ice-water
guenching. The growth has produced monoclinic 1T’- Mo1.,W,Te; crystals that have been converted to
the 2H phase by an additional vacuum annealing at 750 °C for 72 hours, followed by cooling to room
temperature at a 10 °C/hour rate.

1.2 Growth of MoTe; crystals

MoTe; crystals are also grown using the CVT method. MoTe, molecular powder (ESPI Metals MoTe,,
99.9%) is sealed in quartz ampoules with elemental iodine added as a transport agent (Alfa Aesar,
99.99+%) at 5 mg/cm?3. Ampoules are repeatedly purged and evacuated under argon before sealing. The
crystals are grown for 14 days along a ~11 cm transport length, representing a 100 °C thermal gradient
from a source hot zone kept at 800 °C.

1.3 Characterization of Crystals

Crystal phases of obtained Mo1.,W,Te; alloys are determined by powder X-ray diffraction (XRD) and
aberration-corrected high angle annular dark field scanning transmission electron microscopy (Cs-
corrected HAADF-STEM). HAADF-STEM images are recorded on an aberration-corrected FEI Titan 80-300
operating at 300 kV. The Mo1.xW,Te; crystals are crushed in ethanol and a drop of solution is deposited
onto an amorphous Carbon (a-C) coated TEM grid (Agar Inc.). HAADF-STEM images are collected at a
camera length of 100 mm corresponding to inner and outer collection angles of 70.6 and 399.5 mrad
respectively.

The XRD patterns of the powdered Mo1s\W,Te; crystals have been obtained in the range of 10° to 105° 20
using a Philips X-ray diffractometer in the Bragg-Brentano geometry with CuKa radiation. Figure S1 is an
extended version of the XRD spectra shown in Figure 1a in the main text. Experimental lattice parameters
are refined using the Materials Data, Inc., JADE 6.1 XRD Patterns Processing software (MDI JADE 6.1).

The chemical composition of Mo1.4\WyTe; alloys is determined using energy-dispersive X-ray spectroscopy
(EDS) in JEOL JSM-7100F field emission scanning electron microscope (FESEM) equipped with an Oxford
Instruments X-Max 80 EDS detector. For quantitative analysis, EDS spectra are acquired from several 1x1
um? areas on the sample at the following conditions: accelerating voltage 10 kV, working distance 10 mm,
processing time 60 seconds with 15% deadtime. Spectra, as exemplified in Figure S2, have been fit and
guantified using the AZtec software package in standardless mode.
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Figure S1: Extended version of the XRD scan for the Moo.oiWo.0oTe2 sample, shown in Figure 1a in the
main text. Experimental lattice parameters for the 2H crystal structure (space group P63/mmc) are:
a=3.5192(6) A, c=13.9728(14) A. These values agree with the literature data for MoTe, compound:
a=3.5182(14) A and c=13.9736(40) A.!

Figure S2: (a) SEM plan-view image of 2H-Moo.o1Wo.09Te sample surface. The black arrow points to the
EDS spectrum sampled over ~1 um? area. (b) Corresponding EDS spectrum measuring the 9+1 atomic %
W. Comment: the Te/(Mo+W) ratio in this sample has been measured to be 1.98+0.02, which corresponds
to the Moo.o1Woo9Te1.9s composition. Note that for simplicity, the Te content in the formula is rounded to
2.0 and thus the alloy is represented by the Moo.g1 Wo.09Te2 composition throughout this study.

1.4 Preparation of Samples

For the optical measurements without strain, we exfoliate MoTe; and Moo s1Woo9Te; from bulk crystals
onto ~1 mm thick polydimethylsiloxane (PDMS) substrates (base: curing agent ratios of 10.5:1 by volume)
to obtain ultrathin flakes. The thicknesses of the atomically thin crystals are determined by Raman
spectroscopy,? and optical contrast.



For the optical measurements with strain, we transfer monolayer (1L) crystals from PDMS to ~0.25 mm
thick polyethylene naphthalate (PEN) flexible plastic substrates using a stage heated to 40 °C with a
micromanipulator to precisely position the crystals in the middle of the PEN substrate. We press the PDMS
onto the PEN using the micromanipulator and keep it in contact for 1 to 2 minutes. We slowly release the
PDMS from the PEN, ensuring that the crystals do not break during the transfer.

The mechanical exfoliation is performed in ambient atmosphere and the transfer process to PEN is carried
out in a N, glove box with generally <3 ppm O, and H,O. Metal strips (10 nm Cr/30 nm Ag) are then
patterned by electron beam (e-beam) lithography and deposited by e-beam evaporation onto the crystals
to clamp them to the substrate, as shown in Figure S3a and Figure S3b. We also spin-coat ~100 nm
polymethyl methacrylate (PMMA) onto the Moo .s1Wo.0sTe, samples to act as an additional clamping layer,
as well as an oxygen and moisture barrier. We have not observed degradation of the MoTe, and
Mo0o.91Wo.0eTe2 samples during Raman or PL measurements on the time scale of days to weeks.

We apply in-plane uniaxial tensile strain using a two-point bending apparatus. The strain, €, is calculated
ase = 1/(2R), where T =250 um is the thickness of the PEN and R is the radius of curvature of the bent
substrate, determined from photos taken at each strain level (Figure S3c).

We use PEN or polyethylene terephthalate glycol-modified (PETG) substrates for the optical
measurements on the bending platform with strain (Figure S3) due to their high Young’s moduli of ~5
GPa.**

Figure S3: Optical image of (a) Moo.o1Wo.09Te: and (b) MoTe, clamped to PEN with metal strips. (¢) Two-
point bending apparatus used for applying tensile strain. The strain is calculated from the formula shown,
with the radius of curvature determined from the photo taken at each strain level.



2. Details on the Optical Measurements

The Raman spectroscopy measurements are performed with a commercial micro-Raman setup (Horiba
Labram) in a backscattering geometry. A 100x objective (NA = 0.9) is used to collect the scattered photons,
which are analyzed in a spectrometer equipped with a grating of 1800 lines/mm. The laser power on the
samples is about 70 uW (for 532 nm excitation), 130 uW (for 633 nm excitation), and 200 puW (for 785 nm
excitation), which is sufficient for obtaining a good signal-to-noise ratio. To ensure we do not damage the
samples with these laser powers, we check the crystals optically for any visible damage between
measurements and we also confirm that the intensities of the Raman peaks do not reduce over time.
These measurements do not induce heating in the samples; we compare lower laser power
measurements to higher laser power measurements to check for peak shifting which would imply heating.

The reflection contrast presented in the main text is calculated as AR/R = (Ryowrez2+substrate —
Rsubstrate)/ Rsubstrate Where Ryowrez+substrate aNd Rsupserate represent the reflectance of the thin
Mo0o.91Wo.0eTe2 sample on the substrate and of the bare substrate, respectively. For a sample with
sufficiently small absorbance on a thick transparent substrate, as in our case, we can determine the

absorbance A of the unsupported thin Moo.s1WoesTe, from AR/R as A = %(n?ubstmte - 1)(%),5'7

where ng,pstrate denotes the refractive index of the substrate.® We can thus probe the absorption spectra
of sufficiently thin samples through measurements of their reflection contrast.

The reflection contrast setup consists of a quartz tungsten halogen source combined with a microscope
using 100x objectives (NA = 0.95 and 0.9). The reflected light from the sample is dispersed by a
monochromator onto a Peltier cooled Si or liquid-nitrogen cooled InGaAs CCD array. The peak positions
and spectral widths (full width at half maximum) of the reflectance contrast measurements are extracted
by fitting multiple Lorentzian line-shapes to the experimental data.

Photoluminescence (PL) measurements are performed in the same setup as reflection contrast with a
100x objective (NA = 0.95) to collect the backscattered emission. For excitation, we use a 633 nm (HeNe)
or a 671 nm (solid-state) laser. The excitation power level is around 10 uW. Backscattered laser radiation
is suppressed by a long-pass filter in front of the monochromator.

The Raman measurements are performed on PDMS substrates, while the absorption and PL
measurements are performed on PDMS and PETG substrates. All optical measurements are performed in
ambient conditions.



3. Raman Spectroscopy of MoTe:

The Raman spectra of 1L to 4L and bulk MoTe; with excitation wavelengths of 532 nm, 633 nm, and 785
nm are shown in Figure S4. The peak positions for 1L and 2L MoTe; and Mog.s1Wo.0sTez using all three

lasers are shown in Table S1.
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Figure S4: Raman spectra of 1L to 4L and bulk MoTe, (modes labeled according to bulk notation) using
laser excitation wavelengths of (a) 532 nm, (b) 633 nm, and (c¢) 785 nm. The spectra are offset for clarity.

Table S1. Raman peak positions of 1L and 2L MoTe; vs. Moo.oi Wo.09Tez using laser excitation wavelengths
of 532 nm, 633 nm, and 785 nm. All peak positions are in cm™'. The modes are labeled according to the
bulk notation (see main text for correct 1L and few-layer notations).

Wavelength Mode 1L 2L
of Laser MoTe, Moo.91Wo.o9Te2 MoTe, Moo.91Wo.osTeE2
Aig 171.5 171.8
532 nm E's 235.5 236.6 234.6 234.5
Bl 290.3 289.3
Agg 171.0 171.8 171.7 172.5
633 nm E's 235.0 236.1 233.9 234.4
Bly 289.5 289.1
785 nm Agg 171.3 172.2 172.2 172.8
'y 234.9 234.3 234.6




4. Rate of Band Gap Shift with Strain

We have measured PL from a few different regions on 1L M0o.s1Wo.0sTez and MoTe; at each level of strain.
In the case of MoTe;, we have found that regions with one metal clamp (left of the leftmost clamp) and
regions between the two metal clamps (see Figure S3b) yielded similar values of band gap shift per %
strain. From these measurements, we have concluded that one metal clamp was sufficient to ensure that
the sample was clamped to the substrate, as in the case of Mogs1WoosTe; (see Figure S3a). We also note
that our measurements of PL peak energy with strain (Figure S6) are nearly linear, suggesting that our
samples did not slip along the substrate with increasing strain.

We note that a trend similar to the band gaps (energy difference between the K point of the valence band
and K point of the conduction band, K-K gap) of MoS,, MoSe;, MoTe; (MoS;>MoSe,>MoTe;) is expected
in the rates of the band gap shifts with tensile strain.®>!° We plot the calculations by Rhim et al.° by
assuming that uniaxial strain redshifts the band gap at half the rate of biaxial strain (see Figure S5a).1* We
obtain from their calculations that the band gaps of MoS,, MoSe,, MoTe; redshift at a rate of about 55,
50, 37 meV/% strain, respectively. Recent studies on 1L MoSe, and MoS; yielded similar results of about
40 to 50 meV/% strain.!13

Based on the discussion above, we believe that the high strain of ~2.3% we have achieved via metal
clamps is an indication that the samples have been sufficiently clamped to the substrates. A similar value
of ~2.1% strain achieved via polymer clamping was reported by Desai et al.'*
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Figure S5: (a) Absolute and (b) normalized K-K gaps of MoS,, MoSe,, MoTe; with increasing uniaxial
tensile strain (adapted from the calculations by Rhim et al.'®). The calculations suggest that band gaps of
MoS,, MoSe,, and MoTe; redshift at a rate of about 55, 50, 37 meV/% strain, respectively.



5. Peak Positions and Spectral Widths of Strain-Dependent PL
Measurements on 1L MoTe:z and M0o.91Wo.0oTe:
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Figure S6: Peak positions and line widths of the strain-dependent PL spectra shown in Figure 4 in the main
text for (a) 1L Moo.oiWo.eeTezand (b) 1L MoTex.

Figure S6 shows the peak positions and widths of the strain-dependent PL spectra shown in Figure 4 in
the main text for 1L Mog91Wo.0eTez and 1L MoTes.



6. Strain-Dependent Absorption and PL Measurements on 1L
Mo0o.91Wo.0oTe>

We perform strain-dependent absorption and PL measurements on 1L Mog91WooeTe; to verify that the
decrease in the spectral linewidth with strain is visible in the absorption as well as the PL spectra (reported
in the main text).

We exfoliate the 1L on a ~1 mm thick polydimethylsiloxane (PDMS) substrate and transfer the 1L onto a
~1 mm (PETG) substrate at ~40 °C. Next, we perform the strain measurements. We have also performed
measurements immediately before and after the transfer to ensure that the line widths of the optical
transitions of interest have not been significantly altered during sample preparation. Our sample
preparation is performed in ambient conditions and includes no chemicals in order to keep the sample
intact. All the fabrication and measurements listed above have been completed within 24 hours.
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Figure S7: Strain-dependent (a) absorption and (b) PL measurements of 1L M0¢.o1Wo.00Te, on PDMS (as-
exfoliated, before transferring onto PETG), on PETG (after transfer) and with increasing strain. The spectra
are vertically offset. Intensities of the measurements on PDMS were adjusted to match the PETG due to
their different refractive indices which result in different electric field enhancement on their surfaces.

Figure S7 contains the absorption and PL spectra we obtained. We analyze the spectra and extract the
peak positions and the spectral widths in the following way: We fit the absorption spectra in the vicinity
of the A exciton to two Lorentzians, one for the A exciton and one accounting for the higher energy
transitions. For the PL spectra, we look for the energy at which the spectrum is maximized and then obtain
the width accordingly.
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Figure S8: (a) Peak energy and (b) Line widths of absorption and PL spectra corresponding to Figure S7.

We present the extracted results in Figure S8. We note that the absorption and PL peak energy on PDMS
and PETG (before and after the transfer, respectively) are slightly offset from each other. This is likely due
to a small initial strain in the 1L Mo0o.91Wo.09Te2, which may have been induced during the transfer, before
external strain is applied.

The strain levels in the measurements shown in Figure S7 and Figure S8 are estimated after obtaining the
shift in peak positions and comparing them to typical shifts with strain of several other measurements.
The accuracy of the estimates does not alter the claims made in this text or in the main text.

We observe that the peak positions in both types of spectra decrease with strain. More importantly, the
widths decrease in both spectra from ~47 meV down to about 39 meV to 40 meV (absorption) and ~41
meV (PL) at the highest strain achieved.

Now, we consider the effect of trions on absorption: The density of states is much higher for excitons than
trions, and the formation of a trion requires the additional step of binding one quasi-free electron or hole.
Thus, the absorption process is mainly governed by excitons (unlike PL as stated in the main text).
Therefore, we infer that the narrowing of the spectral widths is not expected to stem from the suppression
of the PL.

Similar to the case of trions, emission by shallow trap states may contribute to PL and give rise to
lineshapes that are asymmetric at the lower energy side (which is the case as seen in Figure S7b), but they
are not expected to contribute to the absorption. Absorption spectra are indeed found to be symmetric,
(after subtracting the absorption due to higher lying transitions) reflecting the lack of contribution from
shallow trap states. Therefore, shallow trap states cannot explain the observed strain-induced linewidth
narrowing in the absorption spectra.

Figure S8 shows that the spectral linewidths at 0.0% and 1.0% strain are about I'(e = 0.0%) = 47 meV
and I'(e = 1.0%) = 41 meV, respectively. The change in linewidth is then AT' = 6 meV. If we express the
total linewidth, I, as follows:
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['=Tga +Tk—g +Txk—x (1)

Where T4, [x_¢ and Ix_g are contributions to the linewidth broadening due to the radiative decay,
exciton-phonon intervalley scattering from K to Q valley, and intravalley scattering within the K valley,
respectively.®'® Assuming I.,4 and Tx_g change only insignificantly with 1.0% strain, we conclude that
[x_q is larger than about 6 meV.!® Therefore, an upper limit on the lifetime of the exciton-phonon
scattering from K to Q of 1L MoTe; and Moo.s:Wo.0sTe>, Tg_q, can be estimated as follows:

TK—Q = T S 110 fS (2)

K-Q
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7. Comparison of Electrical Transport Properties of Few-Layer
Mo00.91Wo.09Tez and MoTe:
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Figure S9: (a) Device cross-section diagram. (b) Linear and (c) log scale plots showing measured drain
current (Ip) vs. gate voltage (V) transfer curves of two few-layer Moo Wo.ooTe> (red) and two few-layer
MoTe; (blue) transistors with channel lengths of ~1 pm. The double curves show the forward and backward
In-Vi sweeps.

We have performed preliminary electron transport measurements of few-layer (3-12 nm) MoTe; and
Moo.91WooeTe; transistors. All devices have channel lengths of ~1 um, Au source/drain contacts, 90 nm
Si0,/Si (p**) back gates, and 20 nm aluminum oxide (AlO,) capping layers (see Figure S9a for a schematic
of the devices). Figure S9b,c show comparisons of their drain current (/p) vs. gate voltage (V) transfer
curves. Without accounting for contact resistance, the estimated field-effect mobilities of the MoTe;
transistors are pre ~32 cm?/(Vs) and ~26 cm?/(Vs), and for Moo.91WogsTe; transistors pre ~24 cm?/(Vs) and
~20 cm?/(Vs). The MoTe; transistors tend to have higher maximum drive currents at Vs = 30 V, despite a
slightly higher threshold voltage (see Figure S9). However, given differences in thickness and variability in
contact resistance (well-known with TMDC transistors),’” it is difficult to determine whether
Moo.91Wo.0eTez has poorer transport properties compared to MoTe;; such sample-to-sample variation can
be seen even among nominally “identical” TMDC transistors. Further measurements must be performed
on Mo1xWyTe; devices with multiple channel lengths, contact metals, and compositions to draw more
definitive conclusions and to exclude any differences stemming from device-to-device variation.
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