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Monolayers of group VI transition metal dichalcogenides possess direct gaps in the visible spectrum with the exception of MoTe,, where its gap is suitably
located in the infrared region but its stability is of particular interest, as tellurium compounds are acutely sensitive to oxygen exposure. Here, our
environmental (time-dependent) measurements reveal two distinct effects on MoTe, monolayers: For weakly luminescent monolayers, photoluminescence
signal and optical contrast disappear, as if they are decomposed, but yet remain intact as evidenced by AFM and Raman measurements. In contrast,
strongly luminescent monolayers retain their optical contrast for a prolonged amount of time, while their PL peak blue-shifts and PL intensity saturates to
slightly lower values. Our X-ray photoelectron spectroscopy measurements and DFT calculations suggest that the presence of defects and functionalization
of these defect sites with 0, molecules strongly dictate their material properties and aging response by changing the excitonic dynamics due to deep or
shallow states that are created within the optical band gap. Presented results not only shed light on environmental effects on fundamental material
properties and excitonic dynamics of MoTe, monolayers but also highlight striking material transformation for metastable 2D systems such as WTe;,
silicone, and phosphorene.
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wo-dimensional (2D) semiconducting

transition metal dichalcogenides (sTMDs)

are emerging as a new class of materi-
als with novel properties that are potentially
important for a wide range of applications
in optoelectronics, energy harvesting con-
version, and photonics technologies.' 3
2D sTMDs involving group VI elements
(Mo and W) and chalcogens (S and Se) are
of particular interest owing to their unique
properties that are significantly different
from their bulk counterparts: For example,

CHEN ET AL.

when isolated to monolayers, they be-
come direct gap semiconductors where
photons are absorbed and emitted rather
strongly at energies from 1.5 eV (MoSe,)
to 2.05 eV (WS,),* ® and the light emis-
sion can be modulated within orders of
magnitude by surface engineering and
chemical-organic doping techniques.”® In
the confinement limit, they possess rather
unusual effects and properties such as
valley-selective photonics, rich excitonic
phenomena, piezoelectricity, second-harmonic
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generation, and sensitivity to surrounding dielectrics
medium.®~?

Recently, optical studies on few-layer and mono-
layer MoTe, have revealed that MoTe, also undergoes
indirect to direct transition in the confinement limit
where MoTe, monolayers become direct gap semi-
conductors at 1.05 eV, and their overall properties are
currently largely unknown.'>'* Despite such similari-
ties among group VI TMDs, tellurium-containing TMDs
chemically differ in a way that their interaction with the
environment is complex due to the oxidative proper-
ties of tellurium. For instance, interaction between O,
and tellurium readily results in o-TeO, (paratellurite),
whereas oxidization of selenium requires multichemi-
cal steps involving H,0, and HNOs."®

Here, we demonstrate that the properties of mono-
layer MoTe, undergo unusual changes in ambient
conditions on a time scale that is on the order of days
to a week, which is in stark contrast to other group VI
TMDs. After exposing monolayers to air, the optical
contrast of the monolayers decreases significantly, and
eventually it becomes undetectable, as if the samples
were decomposing in air. However, atomic force
microscopy (AFM) and Raman spectroscopy measure-
ments show that monolayers are structurally still
intact without signs of environmental deterioration
(decomposition) even though the photoluminescence
(PL) signal gradually decreases and blue-shifts during
the aging period. Interestingly, our measurements
show that the aging effects are strongly correlated to
the magnitude of the initial luminescence measured
on freshly exfoliated monolayer MoTe,, suggesting
that the variations in the intrinsic density of defects

play a significant role in their environmental stability.
Our DFT calculations and X-ray photoelectron spec-
troscopy (XPS) measurements reveal that the presence
of chalcogen vacancies creates chemically active sites,
promotes local oxidization (defect functionalization),
and creates deep and shallow states within the optical
band gap.

RESULTS AND DISCUSSION

Monolayers of MoTe, and Their Optical/Vibrational Proper-
ties. Monolayers of MoTe, flakes were exfoliated from
synthesized bulk crystals on piranha-etched 300 nm
SiO,/Si  substrates using mechanical exfoliation
(Figure 1a). AFM measurements show that the mono-
layers are atomically flat (Figure 1d) and ~0.7 nm thick.
Our infrared PL measurements displayed strong light
emission at ~1.07 eV (Figure 1b), which is larger than
their bulk values (indirect gap at 0.83 eV), as deter-
mined by our UV—vis photospectroscopy measure-
ments (Figure S1). This implies that the MoTe, goes
through an indirect to direct gap transition'®> when
going from bulk to monolayers just like other members
of the group VI TMDs. The experimentally measured
gap values agree reasonably with our DFT calculations
(Figure 1¢). Calculated spin—orbit coupling (SOC) in the
valence band minimum (VBM) and conduction band
maximum (CBM) at the K symmetry point is around
AEsocvem ~ 216 meV and Asoc—cem ~ 35 meV,
respectively. Unlike TMDs, light emission related to
B exciton complexes—associated with relaxation
from the CBM to theh SOC band (of VBM)—is not
prominent except for a few samples (Figure S2)
where the B exciton feature was observed 0.3 eV above
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Figure 1. (a) Optical image and (b) photoluminescence spectrum taken on monolayer MoTe, sheets on 300 nm SiO,/Si
substrates. (c) Calculated band structure of MoTe, using DFT calculations where o. and f3 are the spin—orbit splitting values for
VBM and CBM. (d) Atomic force microscopy image taken from MoTe, monolayers. (e) Measured Raman spectrum of
monolayer and few-layer MoTe; and (f) calculated vibrational spectrum of monolayer and bulk MoTe,.
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Figure 2. Time-dependent optical images taken from MoTe, monolayers deposited onto 300 nm/SiO,/Si substrates for (a)

sample M1 and (b) sample M2. Day 1 and day 8 correspond to freshly exfoliated and exposed samples, respectively.
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Figure 3. Time-dependent (a) photoluminescence measurements on samples M1 and M2 from day 1 through day 8 and (b)
atomic force microscopy images taken from M1 and (c) M2 freshly exfoliated and after 8 days' exposure to air.

the A exciton emission (CBM — VBM, i.e, main PL
emission) line, which is also consistent with the DFT
calculations.

The measured Raman spectrum and calculated
vibrational structure on MoTe, closely match each
other, with the three prominent Raman modes at
170, 235, and 289 cm ™' identified as A'g, E',g, and Byg
modes, respectively. Here, the A'g mode is only in
resonance (Raman scattering cross-section is enhanced)
for laser excitations with 633 nm,'® and in our measure-
ments (488 and 532 nm) this mode cannot be detected.
Similarly, the B,y mode involves atoms in the adjacent
layers; therefore confinement to monolayers reduces
the symmetry and the B, mode becomes undefined,
leaving only one distinct peak at 235 cm ™' (in-plane
E’zg mode); this, ie., observing a single Raman peak
at 235 cm™', allows us to identify monolayers using
Raman spectroscopy techniques (Figure 1ef).

Environmental Effects on Optical Properties of Monolayer
MoTe,. In Figure 2, we show time-dependent optical
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images from MoTe, monolayers that were exfoliated
from the same MoTe, crystal. Since MoTe, monolayers
displayed two different ranges of PL intensities, for
the sake of clarity, we categorized a large collection
of samples by their total emission intensity into two
groups, namely, M1 and M2, which correspond to
“highly” and “weakly” luminescent flakes, respectively
(see Figure 3a and discussion in the paragraph below).
On the basis of our observations, the optical contrast of
sample M1 does not change with time (within 8 days
and longer), but unexpectedly, for M2, it decreases
by orders of magnitude and eventually the sample
disappears (Figure 2b far right), implying that M2
flake is environmentally unstable compared to M1.
However, AFM measurements performed on M1 and
M2 show virtually no change after 8 days (Figure 3b,c),
as their thickness and surface morphology remain
unchanged. This implies that monolayers of MoTe,
do not deteriorate/decompose in air, but instead their
optical properties are largely affected.
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Figure 4. (a) Changes in the relative E‘zg mode peak intensities (Inono/lsi) as a function of time. (b) Raman spectra collected
from both monolayer and few-layer MoTe, on day 1 (freshly exfoliated) and day 8.

Our near-IR micro-PL measurements performed
on a large number of samples reveal that samples
categorized into M1 have strong light emission (PL),
whereas M2 samples are weakly luminescent, as shown
in Figure 3a (day 1). The presence of defects in semi-
conductors is known to affect the intensity of photo-
luminescence due to changes in the radiative to
nonradiative recombination ratio as well as creation
of bound and other exciton complexes.'® These effects
are greatly enhanced in 2D samples due to confine-
ment effects, and observed PL variations are thus
related to variations in native defect densities created
during the crystal growth process. In addition to
our homemade crystals, for comparison, we also used
commercially available crystals from three different
vendors and found similar results. PL measurements
show that the intensity of M1 emission initially de-
creases during the first 1- to 3-day period, until gradu-
ally saturating to values 20—50% lower compared
to initial values and then always remains lumines-
cent after a week (Figure 3a) and even months (see
Figure S3).In contrast, PL emission from the M2 sample
starts at much lower values and quickly vanishes within
1—3 days. Comparison between the fwhm of PL peaks
for M1 and M2 starts relatively similar, and by aging
the M2 sample broadens from 50 meV to ~70 meV.
In addition to PL intensity changes, the PL peak posi-
tion of the M1 sample blue-shifts from ~1.073 eV to
1.084 eV, whereas the PL peak of M2, which is initially
located at higher energies (~1.08 eV), remains almost
constant with time. These changes will be discussed
later in the article in the Discussion section.

As opposed to large differences in their PL inten-
sities, freshly exfoliated M1 and M2 monolayers have
relatively close Raman signals (day 1 in Figure 4a).
Unlike light emission, the presence of defects does
not directly affect Raman E’zg mode peak intensities
but instead only broadens the fwhm of the peak
by relaxing the I = 0 condition as observed in our
measurements (M1 displays slightly narrower Raman
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fwhm compared to M2 by 0.2—0.5 cm™"). Similar to
observed PL trends, the Raman peak intensity for
M2 decreases faster than M1, but the E',q mode of
MoTe; still remains detectable (Figure 4a,b) by Raman
spectroscopy techniques, which agrees with our AFM
measurements, where optically invisible monolayers
were found to be structurally intact (Figure 3b,c).
Interestingly, Raman spectra (Figure 4b) and optical
contrast images (Figure 2a,b) of a few layers of MoTe,
(darker regions in the optical images) remain comple-
tely unchanged, and hence we speculate that the
additional layers of MoTe, might improve their resi-
lience against the aging process possibly by minimiz-
ing (limiting) the interaction between monolayers and
gas/molecules to the outermost layer.

Molecular Interaction on Monolayer MoTe, Surface. To
understand the underlying mechanism for the
aging process, we employed density functional theory
calculations and microresolution X-ray photoelectron
spectroscopy to explore the interaction between
monolayer MoTe, and common gas molecules present
in air. On the basis of our DFT calculations, atomic H, N,
and O have a tendency to form chemical bonding with
a binding energy (E,) of around a couple of electron-
volts. Experimentally, however, this is a rather unlikely
case, as these monatomic species do not naturally exist
in air and their presence relies on the plasma proces-
sing techniques (i.e., breaking bonds). The interaction
with air-abundant molecules such as N, (78%) and O,
(21%) leads to weak physisorption (£, ~ 35—64 meV),
which is comparable to room-temperature energy,
and implies that “absorbed” molecules would almost
immediately desorb from the MoTe, surface. Interest-
ingly, the presence of defects strongly enhances the
binding energy: For example, interaction at the defect
sites, such as tellurium vacancies, which is identified
by our XPS measurements and discussed below,
yields an order of magnitude larger binding between
monolayer MoTe, and O, (E, ~ 166 meV) compared to
the pristine case, and thus quasi-chemisorption and/or
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Figure 5. X-ray photoelectron spectroscopy (XPS) data taken on freshly exfoliated and aged surfaces around (a) Mo 3p and (b)
Te 3d peaks. (c) Density of states calculation for MoTe, monolayers showing the local density of states around defects (blue)
and interaction with O, molecules through defect sites (red). (d) Diagram displaying the effects of defects and O, absorption

at the defect site on the exciton relaxation dynamics.

physisorption takes place on the surface. As shown in
Figure 5¢, in the relaxed configuration, O, interacts in
a way that the upper O atom is interacting with two
neighboring Te atoms, as the lower O atom is located
on top of the center of the vacancy. Our charge analysis
shows that a charge transfer of 0.2 electron occurs from
MoTe, to O,, leaving MoTe, p-doped. As opposed to
the O, case, N, molecules do not form strong bond-
ing at the defect site and its binding energy still
remains around ~10 meV. However, DFT calculations
also predict that H,O molecules in air (0.4% at 38%
humidity) strongly interact with Te-defect sites, but
unlike the O, case, this binding process relies heavily
on splitting H,O molecules, which leaves Te—O and
Te—OH bonds on the surface. Considering the rela-
tively low H,O concentration in air (compared to O,)
and strict conditions on splitting H,O molecules, we
treat the H,O/MoTe; interaction as a distant possibility
and focus our efforts on the O,—MoTe, interaction.
We tested the interaction between O, and the MoTe,
surface using environmental XPS measurements, which
were taken at the same spatial location immediately
after in situ cleavage (day 1) and after aging the surface
in air for a week (day 7). We note that within the
sensitivity of our XPS measurements (2—4 at. %) the
Te/Mo compositional ratio ranges from 19 to 2.01,
suggesting that local chalcogen vacancy density might
spatially vary in accord with large PL intensity variations
(Figure 3a) that were associated with changes in the
local density of defects earlier in the article. Comparison
between day 1 and 7 shows that the oxygen 1s (O;y)
peak becomes apparent in the broad-range XPS spec-
trum (Figure S4), but this supportive finding is not
conclusive, as any arbitrary sample, including the ones
(such as graphite) that do not have any oxidization state,
would also develop a similar O, peak after ambient
exposure. Indeed, hard evidence for oxidization requires
Mo and Te peaks (binding energies E,) to develop new
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peaks that are specific to oxidization states such as
MoOs;, MoO,, and TeO,. It is immediately evident in
the XPS spectrum around Mo 3p peaks, Figure 5a, that
new features appear at 415 and 398.5 eV, which are in
close proximity to Mo 3p;,; (411 eV) and 3ps,, peaks
(394 eV). These new peaks are associated with the
oxidization state 6 of Mo (like in Mo0s)."” Similarly,
Te 3d5/; and 3ds,, peaks (Figure 5b) consist of juxtaposi-
tion of Tein MoTe, (583.3 and 572.9 eV) and oxidized Te,
like in TeO, (587.2 and 576.6 eV) peaks. The results show
that after O, interacts at the Te-defect sites Mo—O and
Te—O bonds (XPS peaks) are formed, and they exist
together with the Mo—Te bonds, implying that O,
molecules are actually embedded into the defect site
to form these bonds, which is consistent with our DFT
calculations, which predict that O, molecules bind to
neighboring Mo and Te atoms. Hence, XPS measure-
ments convincingly demonstrate that the surface
heavily interacts with O,, leaving monolayers structu-
rally intact but in a partially oxidized state.'”

Changes in the Band Structure and Discussion. On the
basis of our results, we focus our discussion on the
band structure in three different cases: (i) pristine
MoTe,, (ii) defected MoTe,, and (iii) O, absorption at
the defect site. Since the presence of defects breaks the
translational symmetry, the band structure calculations
require construction of large unit cells, and in such
cases plotting density of states (DOS), as opposed to
band structure, allows a convenient way to predict
changes in the material properties. In Figure 5c, we
show the calculated DOS for monolayer MoTe, (black
solid line) as well as the change in DOS due to forma-
tion of defects (blue) and defect site—O, interaction
(red). The presence of defects creates broadly distrib-
uted (fmwh =~ 0.28 eV) discrete states located mostly
around the CBM, which do not affect the fundamental
gap values. However, once O, molecules are absorbed
at the defect sites, these discrete levels transform into
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deep-level states located approximately ~0.4 eV
below the CBM (Figure 5c¢). These can be schematically
summarized in Figure 5d, where defect- and O,-
absorption-related levels are highlighted by blue and
red lines, respectively.

In general, for direct gap crystalline semiconduc-
tors, radiative recombination of photogenerated
electrons and holes is the dominant process, but the
presence of imperfections such as defects, impurities,
and/or surface states results in finite nonradiative (NR)
recombination. If the density of extrinsic imperfections is
large, then the NR recombination process starts to sur-
pass the radiative emission, and the overall photolumi-
nescence signal thus becomes much weaker compared
to the relatively perfect (intrinsic) material. For instance,
large differences in measured PL intensities from M1 and
M2 sample sets are likely to be related to these extrinsic
variations, ie. density of Te vacancy, which leads to
different radiative to nonradiative recombination rates
that arise from variations in their defect densities (M1 is
less defective and thus more luminescent).

Once O, molecules (and maybe other molecules in
the ambient such as H,0) interact with the defected
MoTe, monolayers (Figure 5c inset), characteristic en-
ergy levels falling within the optical band gap largely
change (Figure 5¢). For example, in vacuum conditions
(molecular interaction is avoided), the energy levels of
these defects would be located in close proximity to the
CBM, which can be treated as shallow states (Figure 5d),
but once these sites are functionalized with O, mol-
ecules, the energy levels shift to the midgap region
(Figure 5¢,d) and they become deep-level states.

Usually, recombination processes involving deep-
level traps are nonradiative in nature with negligible
radiative emission from these transitions (i.e., process
(d) is much faster than process (c) in Figure 5d) and
weak PL emission from M2 samples still originates from
(weaker) radiative emission from CBM to VBM (process
(a) in Figure 5d). From this perspective, the samples
with the highest density of defects (such as M2) would
initially have localized states around the CBM, and an
interaction with O, pushes states into deep levels, which
results in nonluminescent properties (Figure 3a). This
implies that M2 samples have low starting PL intensity
due to a large number of defects, and in time it further
decreases due to formation of deep states. On the other
hand, M1 samples contain a fewer number of defects
(which is why their initial PL intensity is stronger com-
pared to M2) and interaction with O, gradually can
create only a limited number of deep states (defect

METHODS AND EXPERIMENTAL SECTION

Sample Preparation. Monolayer MoTe, flakes were exfoliated
from bulk crystals onto a Si wafer coated with 300 nm of SiO,. Before
use, Si/SiO, wafers were treated in piranha solution for 5—24 h.
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density is the limiting factor) and saturates the PL
intensity to lower values. Here, we also highlight another
nonradiative process, Auger nonradiative recombina-
tion, which typically becomes dominant for materials
with deep-level states and dopants (doped semi-
conductors). Since O,—defect site interaction withdraws
0.2 e” from MoTe,, positively doping MoTe,, it increases
the probability of an electron finding a hole to recom-
bine with and a second hole to dissipate energy, i.e.,
increases the Auger scattering cross-section,'® which
might also contribute to the above nonradiative combi-
nation processes.

Lastly, we also point out that the initial PL emission
from M2 samples peaks at approximately 10 meV higher
than M1 samples, and similarly the M1 PL peak blue-
shifts by aging (Figure 3a). First, we recognize that the
observed changes are rather small compared to room
temperature (26 meV), at which the measurements
were performed, and therefore this most likely is not
directly related to the excitonic interactions. Since
O,—defect site interaction results in net charge transfer
(doping), the electrical conductivity and thus thermal
conductivity (within the Weidemann—Franz law) are
increased. This, in return, minimizes the laser-induced
local heating effect, which is considerably significant in
the IR materials, and the PL peak of pristine (M1)
samples appears at lower energies due to local heating
and by aging shifts to the higher energies comparable
to M2 samples. Alternatively, small shifts might be
related to changes in the magnitude of spin—orbit
coupling (~30 meV Figure 1¢) at the conduction band
by O,—defect site interaction.

CONCLUSIONS

To summarize, time-dependent measurements
performed on MoTe, monolayers show that weakly
luminescent samples optically disappear within a
couple of days as if they are decomposing in air, but
AFM measurements suggest that monolayers are struc-
turally stable. In addition to optical contrast, their vibra-
tional response, PL intensity, PL peak position, and band
structure largely change. Experimental and theoretical
data suggest that interactions mostly between intrinsic
defects and O, molecules dictate their properties and
environmental stability. Overall the results shed light on
the environmental stability of not only unique IR range
group VI TMDs (MoTe,) but possibly other environmen-
tally metastable 2D systems such as silicene, WTe,, and
phosphorene that are naturally prone to surface effects
due to their high surface to volume ratio.

Micro-PL/Raman. Measurements were performed using a
Renishaw PL/Raman system. The laser wavelength for Raman

was 488 nm, and that for PL was 532 nm, both of which were
focused onto the sample (spot diameter of ~1—2 um) using
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excitation power up to 2—5 uW. NIR and vis objective lenses
were used in the PL and Raman setup.

Atomic Force Microscopy. Monolayer MoTe, was scanned on a
Bruker D3000 scanning probe microscope in ambient environ-
ment. The scanning rate was 1 Hz, and the resolution was set to
512 x 512. The data were processed by Gwyddion software.

Density Functional Theory Calculations. For the bulk and single-
layer MoTe; single crystals, the optimized lattice parameters
and electronic structure were determined by performing
ab initio calculations in the framework of density functional
theory, as carried out within the Vienna ab initio simulation
package (VASP),'®2° with the projector augmented wave (PAW)
method.?’ The generalized gradient approximation (GGA) of
Perdew—Burke—Ernzerhof (PBE) was used for the exchange—
correlation potential.”? A high plane-wave kinetic energy cutoff
of 500 eV was adopted. Brillouin zone integration was per-
formed using a 27 x 27 x 1 and 27 x 27 x 5 Monkhorst—Pack
mesh for single-layer and bulk structures, respectively. To avoid
weak interactions between adjacent single layers of MoTe,,
calculations are performed with a large unit cellincludinga 12 A
vacuum. Ground states and total energies were obtained after
full geometry relaxation with a force convergence criterion of
107> eV. For further examination of dynamical stability and
for the determination of vibrational characteristics of bulk
and single-layer MoTe,, phonon frequencies were calculated
throughout the Brillouin zone using the small displacement
methodology with the forces obtained from VASP.?*
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