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We probe the room temperature photoluminescence of N-layer molybdenum ditelluride (MoTe,) in the
continuous wave (cw) regime. The photoluminescence quantum yield of monolayer MoTe, is three times larger
than in bilayer MoTe, and 40 times greater than in the bulk limit. Mono- and bilayer MoTe, display almost
symmetric emission lines at 1.10 and 1.07 eV, respectively, which predominantly arise from direct radiative
recombination of the A exciton. In contrast, N > 3-layer MoTe, exhibits a much reduced photoluminescence
quantum yield and a broader, redshifted, and seemingly bimodal photoluminescence spectrum. The low- and
high-energy contributions are attributed to emission from the indirect and direct optical band gaps, respectively.
Bulk MoTe, displays a broad emission line with a dominant contribution at 0.94 eV that is assigned to emission
from the indirect optical band gap. As compared to related systems (such as MoS,, MoSe;, WS,, and WSe,),
the smaller energy difference between the monolayer direct optical band gap and the bulk indirect optical band
gap leads to a smoother increase of the photoluminescence quantum yield as N decreases. In addition, we study
the evolution of the photoluminescence intensity in monolayer MoTe; as a function of the exciton formation rate
Waps up to 3.6 x 10%2 cm~2s~!. The line shape of the photoluminescence spectrum remains largely independent
of Wy, Whereas the photoluminescence intensity grows sublinearly above Wy,s ~ 10?! cm™2 s~!. This behavior

is assigned to exciton-exciton annihilation and is well captured by an elementary rate equation model.
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I. INTRODUCTION

Transition metal dichalcogenides [1] (herein denoted MX,
where M = Mo, W, Re and X = S, Se, Te) are an actively
investigated class of layered materials, whose basic electronic,
optical, and vibrational properties depend critically on the
number of layers N that compose a given sample [2-6].
N-dependent properties are remarkably illustrated by the tran-
sition from indirect optical band gap, in the bulk form, to direct
optical band gap [7] at monolayer thickness that occurs in 2H ¢
Mo- and W-based semiconducting MX, [2,3,8-11]. Direct
optical band gaps, together with the possibility of achieving
valley polarization for resonantly pumped band-edge excitons
in monolayer MX, [12], open original perspectives for two-
dimensional (2D) optoelectronics [13] and valleytronics [14].

An interesting direction in this field, consists in explor-
ing MX, with smaller optical band gaps (i.e., related to
the formation of tightly bound excitons [15-23]) than the
extensively studied monolayers of MoS,, MoSe,, WS,, WSe,,
whose optical band gaps lie in the range 1.5-2.0 eV [23].
Such endeavors are motivated by the possibility of achieving
gate-controlled ambipolar transport more easily [24,25] and
to extend optoelectronic applications of MX, and related van
der Waals heterostructures [26] into the near-infrared range.
Among possible candidates, N-layer molybdenum ditelluride
(MoTe,) [6,24,25,27-33], as well as rhenium diselenide
(ReSe,), have emerged very recently. While N-layer ReSe,
crystals exhibit a distorted 17 phase [34-37] and are indirect
optical band gap semiconductors, irrespective of N [35], stable
N-layer 2Hc-MoTe, crystals have been shown to undergo
a transition from indirect (for bulk MoTe;) to direct (for
monolayer MoTe,) optical band gap [27,28]. However, the
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exact value of N at which the crossover occurs is a matter of
debate [28] and a detailed analysis of the photoluminescence
(PL) line shape in N-layer MoTe; is still lacking. In addition,
the evolution of the PL spectrum and integrated PL intensity
of monolayer MoTe, with increasing exciton density remains
unexplored so far.

In this article we address the room temperature PL prop-
erties of N-layer 2H c-MoTe, in the continuous wave (cw)
regime. Our data show that the PL quantum yield of monolayer
MoTe,; is approximately three times (40 times) larger than
that of bilayer (bulk) MoTe,, confirming the transition from
a bulk indirect optical band gap (giving rise to an emission
line at 0.94 eV) to a direct optical band gap at 1.10 eV
[27]. Moreover, an analysis of the PL line shapes reveals two
close-lying contributions to the PL spectra. For mono- and
bilayer MoTe,, the observation of similar, almost symmetric
PL spectra indicates that the crossover from dominant indirect
to dominant direct band gap emission presumably occurs
between N = 3 and N = 2 at room temperature. For N = 3
to N = 7 layers MoTe;, the low- and high-energy PL features
are assigned to emission from the indirect and direct optical
band gaps, respectively. Finally, the PL intensity of monolayer
MoTe, levels off with increasing laser intensity (i.e., as the
exciton formation rate increases). This nonlinear behavior
unveils the critical role of exciton-exciton annihilation in
atomically thin MoTe,, as also reported recently in other
MX, [22,38-42].

II. METHODS

N-layer crystals of trigonal prismatic (2H ¢ phase) MoTe;
[hereafter denoted MoTe,, see Fig. 1(a)] were prepared by
mechanical exfoliation of commercially available bulk crystals
(2D semiconductors) onto Si wafers covered with a 90-nm-
thick SiO, epilayer [see Fig. 1(b)]. The number of layers was
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first estimated from optical contrast and further confirmed by
ultralow-frequency micro-Raman spectroscopy [see Figs. 1(c)
and 1(d)]. PL and Raman spectra were recorded in ambient
conditions, both in a backscattering geometry, using a home-
built setup. In Raman experiments, a combination of one
narrow bandpass filter and two narrow notch filters (Optigrate)
was used in order to attain the low-frequency range of the
spectrum. After optimization, Raman features at frequencies
as low as 4.5 cm™' could be measured [see Fig. 1(c)]. In
all experiments, freshly prepared samples [31] were optically
excited using a single longitudinal mode, linearly polarized,
2.33 eV (532 nm) laser beam focused onto a =~ 600-nm-
diameter spot using a high numerical aperture objective (NA =
0.65). PL spectra in Figs. 2 and 3 were recorded in the linear
regime at a laser intensity of approximately 1.5 kW /cm?, using
a single monochromator equipped with a 150 grooves/mm
ruled grating coupled to a thermoelectrically cooled two-
dimensional InGaAs array (Princeton Instruments NIRvana).
Raman spectra were recorded at a laser intensity of approxi-
mately 60 kW /cm?, using the same monochromator equipped
with a 2400 grooves/mm holographic grating, coupled to
a two-dimensional liquid nitrogen cooled charge-coupled
device (CCD) array. We have verified that the higher laser
intensities employed for Raman studies were not damaging our
samples.

III. DETERMINATION OF THE NUMBER OF LAYERS N

Figure 1(c) shows the low-frequency Raman spectra (in
the range 040 cm™') of N-layer MoTe,, from N =1 to
N =7, and of a thick sample (N 2 50 layers) considered
as a bulk reference. As previously reported [6], the low-energy
features observed for N > 2 correspond to interlayer shear
(LSM) and breathing (LBM) modes [see the gray dashed lines
in Fig. 1(c)]. In bulk MoTe,, the LBM is silent [43,44] and
only a single peak, assigned to the LSM, can be observed.
The evolution of the LSM and LBM frequencies with N
can be analytically described by the expression wi(N) =

3—%‘/1 - Cos(%) (with k =1,...,N — 1) deduced from a
finite linear chain model [6,44—-47]. Using this expression,
the observed modes were fit using k = N — 1 for the LSM
branch (Sa) and k = 1,3,5 for the LBM branches (Ba, Bb,
and Bc, respectively), as shown in Fig. 1(d). These fits yield
bulk frequencies a)(%SM =26.8 cm™! and wf®™ =39.9 cm™!
in excellent agreement with the results in Ref. [6], further con-
firmed in Refs. [48,49]. This analysis permits an unambiguous
determination of N.

IV. PL SPECTRA OF N-LAYER MoTe,

Figure 2(a) displays the raw PL spectra of the MoTe,
samples (N =1 to N =7 and bulk) previously introduced
in Fig. 1. It is well known that interference effects strongly
affect the exciton formation rate, as well as the Raman [50,51]
and PL [52] response of layered materials deposited on
layered substrates such as Si/SiO,. In order to take these
phenomena into account, interference-free PL spectra were
obtained by normalizing the raw spectra by the enhancement
factor calculated following Refs. [50,51] (see Fig. 2(b) and
the Supplemental Material [53]). This procedure allows us
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FIG. 1. (a) Side view of the crystal structure of 2H c-MoTe,. (b)
Optical image of a MoTe, flake (deposited onto a Si/SiO, substrate)
containing mono- to tetralayer domains. The boundaries of the various
layers are highlighted with dashed lines. (c) Ultralow-frequency
Raman spectra of N = 1 to N = 7 layer MoTe, and of bulk MoTe,.
The asterisk highlights residual contributions from the exciting laser
beam. (d) Fan diagram of the interlayer shear (Sa, Sb, and Sc) and
breathing (Ba, Bb, and Bc) modes of MoTe,. Symbols are frequencies
extracted from the Raman spectra in (c). The solid lines are theoretical
calculations based on a linear chain model and the gray dashed line
corresponds to the bulk frequency of the interlayer shear mode.

to compare, in Fig. 2(c), the interference-free PL quantum
yields, which are proportional to the integrated intensity of
the interference-free PL spectra. Note that the enhancement
factor takes into account the number of layers and is thus
homogeneous to a length. Therefore, the interference-free PL
quantum yields are given per unit length. Moreover, contrary
to what was reported in Ref. [29], the PL background from the
Si substrate is negligible in our experiments (see Supplemental
Material [53]).

Figure 2(b) displays the interference-free PL spectra. The
PL line shapes are marginally affected as compared to the raw
spectra, whereas the integrated interference-free PL intensities
are significantly modified. As N increases, we immediately
notice that (i) the integrated PL intensity decreases monoton-
ically and is three (40) times smaller in bilayer (bulk) MoTe;
than in the monolayer limit [see Fig. 2(c)], (ii) the PL peak
energy redshifts from 1.10 eV at monolayer thickness down to
0.94 eV in the bulk limit, and (iii) the PL line shapes are slightly
asymmetric for N = 1,2 and clearly bimodal for N > 3. The
first two observations are consistent with a transition from an
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FIG. 2. (a) Raw and (b) interference-free photoluminescence spectra of N = 1 to N = 7 layer MoTe, and of bulk MoTe, deposited on a
Si/Si0, substrate. (c) Average total integrated intensities of the interference-free photoluminescence spectra as a function of N obtained on
three samples (except for N = 5 and N = 6, for which only one sample was studied).

indirect optical band gap in the bulk limit to a direct optical
band gap for N = 1 [27]. The increase in PL quantum yield as
N decreases is moderate, as compared to recent observations in
MoS,, MoSe,, WS,, and WSe; [2,9,10]. This behavior is due
to the smaller energy difference between the bulk emission
from the indirect optical band gap and the direct optical
band gap. For instance, the latter is approximately 0.6 eV
in MoS, [2] and 0.5 eV in MoSe; [9].

V. INDIRECT-TO-DIRECT OPTICAL BAND
GAP CROSSOVER

The exact value of N at which the crossover occurs is
still debated. At room temperature, Ruppert et al. [27] have
suggested a crossover when reaching the monolayer limit,
while at low temperature (4-180 K), Lezama et al. [28]
concluded that the crossover occurs between N =3 and
N = 2. Very recently, at 10 K, Robert ez al. [54] have observed
similar PL intensities in mono- and bilayer MoTe, and a
slightly longer PL decay time in bilayer MoTe; than in
monolayer MoTe,, suggesting that PL in bilayer MoTe, may
in part originate from the direct optical band gap. However,
there is no apparent contradiction between these claims since it
is well known that temperature might affect the crossover [8].
Here we could clearly identify two subfeatures within each PL
spectrum, as illustrated in Fig. 3. We may now wonder whether
these two contributions may be associated with the direct and
indirect optical band gaps. To answer this question, we have
systematically fit the PL spectra with a double Voigt profile (see
Fig. 3) and extracted the high- (PL") and low-energy (PL™)
contributions. Figure 4 displays the peak positions PL;" and
PL

First, the PL spectrum of monolayer MoTe, exhibits an
almost symmetric line shape dominated by a relatively narrow
PL™ feature with a full width at half maximum (FWHM)
of approximately 50 meV. The peak position PL; matches
the energy of the A exciton measured by room temperature
differential reflectance spectroscopy by Ruppert et al. [27] [see
Fig. 4(a)] and PL;} _is therefore identified as the direct optical
band gap energy. The PL™ shoulder is much broader (FWHM
of approximately 100 meV) and has lower integrated intensity
than that of the PL™ peak. Assuming that monolayer MoTe, is a

direct optical band gap semiconductor, the PL™ feature cannot
arise from the indirect optical band gap. Since the energy
difference between the PL* features is approximately 30 meV
[see Fig. 4(b)], the PL™ peak can tentatively be assigned to
emission from charged A excitons (i.e., trions [28,29]) or to
exciton-phonon sidebands involving coupling of A excitons
with I'-point optical phonons (whose energies lie in the range
15-35 meV [6,30]).

Second, the PL spectrum of bilayer MoTe, is slightly
redshifted (by about 30 meV) with respect to the monolayer
case, with a normalized PL quantum yield about three times
smaller than that of monolayer MoTe;, suggesting that bilayer
MoTe, is not a direct optical band gap semiconductor.
However, although the bilayer PL spectrum is appreciably
broader than that of the monolayer PL spectrum (FWHM of
approximately 65 meV), the spectra are similar. Indeed, PL,"
also matches the energy of the A exciton for N =2 [27]. In
addition, the PL™ peak is more intense than the PL™ peak,
and the energy difference between the peak positions of these
two features remains approximately 30 meV (see Fig. 4), as in
monolayer MoTe,. These observations indicate that the room
temperature PL in mono- and bilayer MoTe, likely originates
from similar mechanisms. However, the reduced PL quantum
yield of bilayer MoTe, suggests that the indirect optical band
gap is slightly smaller than the direct optical band gap such
that phonon-assisted emission across the indirect optical band
gap may contribute to the broadening of the PL spectrum in
bilayer MoTe,. Overall, we conclude that emission from the
direct optical band gap dominates the room temperature PL
response of bilayer MoTe;.

Third, the PL spectra of N > 3-layer MoTe, differ
markedly from the mono- and bilayer cases. We observe
(i) a broad and prominent PL™ feature (with a FHWM of
approximately 100 meV), which, as N increases, progressively
dominates the narrower PL™ feature (with a FWHM in the
range 60-70 meV), and (ii), as N increases, PL_,. downshifts
significantly, while PL;" = remains almost constant and very
close to the energy of the A exciton absorption line [27].
In the bulk limit, the PL™ peak is centered at 0.94 eV and is
followed by a much fainter feature near 1.03 eV [55]. Thus, the
PL" and PL™~ peaks can tentatively be assigned to competing
emission pathways, associated with hot luminescence from the
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FIG. 3. Normalized interference-free photoluminescence spectra
of N = 1to N =7 layer MoTe, and of bulk MoTe,. The spectra are
the same as in Fig. 2(b). The data (black open circles) are fit using the
sum of two Voigt profiles (red solid lines). The green and blue solid
lines are the PL™ and PL* features, respectively. The green dotted
and blue dash-dotted lines mark the evolution of the associated peak
energies, denoted PL__, and PL" | respectively, as a function of the
number of layers.

A exciton and with phonon-assisted emission from the indirect
excitons, respectively. Note that the PL.™ peak is broader than
the PL™ peak, presumably due to the phonons involved in the
indirect emission process. Finally, our conclusions are further
confirmed by the fact that the bulk values of PL;} and PL,_ .
are in fair agreement with previous measurements of the bulk
direct and indirect optical band gaps obtained from optical

transmission spectroscopy [24].

VI. EXCITON-EXCITON ANNIHILATION
IN MONOLAYER MoTe,

Having introduced monolayer MoTe, as a direct optical
band gap semiconductor with bright near-infrared emission,
we now focus on the influence of the exciton formation rate
Waps on its PL quantum yield and PL spectral line shape under

PHYSICAL REVIEW B 94, 085429 (2016)

1101 & (a)1
A

—_ o |;| A
> o 0
2 1.05] o8 oo ]
5 0 +
(0]
c o)
(0]

1.00 E
5 o
= ) °© o o
o o PL

0.95- o PL_ {) g
%\ A Aexciton (reflectance) (Ref. [27])
£ 100 (b) % ]
B o 9 @ 9
o 501 9 ]
Eo |9 @
o 1 2 3 4 5 6 7 Bulk

FIG. 4. (a) Energies of the photoluminescence peaks PL._ .
(green open circles) and PLLIX (blue open circles) as a function of the
number of layers N. The data are extracted from the fits, shown in
Fig. 3 and correspond to the same samples as in Fig. 2(c). Our experi-
mental measurements are compared to the reflectance measurements
from Ref. [27] (open black triangles). (b) Energy difference between
the two photoluminescence peaks as a function of the number of
layers N.

cw laser excitation. Wy is simply deduced from the effective
absorptance of monolayer MoTe; in the air/MoTe,/SiO,/Si
layered structure, by taking into account the size of our tightly
focused laser spot, the absorptance of bare MoTe, [27], and
optical interference effects (see Supplemental Material [53]).
For a laser photon energy of 2.33 eV we calculated an
absorptance of & 16.5% for monolayer MoTe, in our sample
geometry. Assuming that one absorbed photon gives rise to one
exciton, the exciton formation rates investigated here range
from Wy, &~ 1.0 x 10'° up to 3.6 x 10?22 cm 2571,

Figures 5(a) and 5(b) show PL spectra recorded on the same
monolayer for increasing values of Wy,s. The spectra have
been normalized by the incoming laser intensity (i.e., by W)
and by the integration time. We clearly observe a nonlinear
decrease of the normalized PL intensity that suggests, as shown
in Fig. 5(c), that the raw integrated PL intensity levels off
with increasing Wy,s. We have checked that this nonlinear
behavior was not due to irreversible photoinduced damage of
the sample [31] and we have observed a very similar sublinear
rise of the PL intensity on another MoTe, monolayer (see
Supplemental Material [53]). As illustrated in Fig. 5(b), we
notice that the linewidth of the PL spectra is independent of
Waps and that the PL spectra downshift very slightly (by only
3 meV) when W, reaches 3.6 x 10?2 cm~2s~! (i.e., a laser
intensity of 81 kW /cm?). We may thus conclude that biexciton
emission [56] and photothermally induced modifications of the
PL spectra can be neglected for the range of exciton densities
explored here.
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FIG. 5. (a) Photoluminescence spectra of a monolayer MoTe,
sample at different exciton formation rates Wy,. The spectra are
normalized using the product of Wy, by the integration time and ver-
tically offset for clarity. (b) Photoluminescence spectra of monolayer
MoTe, for three different exciton formation rates. The spectra have
been normalized to unity. (c) Integrated photoluminescence intensity
obtained from the raw spectra (symbols) as a function of Wy, in
monolayer MoTe,. The solid line corresponds to a fit based on Eq. (2).
The error bars are smaller than the symbol size.

Sublinear rises of the integrated PL intensity, as observed
in Fig. 5(c), have recently been reported in other MXj,
monolayers (such as WSe;, [22,40,42], WS, [22,41,42], or
MoS, [42]) and assigned to exciton-exciton annihilation
(EEA). EEA has been further evidenced in these materials
(and additionally in MoSe; [39]) by means of transient absorp-
tion spectroscopy [38,39,42] or time-resolved PL measure-
ments [40,41] through the observation of accelerated exciton
decays at high exciton densities. In order to further demonstrate
our observation of EEA in monolayer MoTe,, we make use of a
simple rate equation model [42]. The integrated PL intensity is
proportional to the steady state exciton density (ny). Assuming
that the time dependence of the exciton density ny is essentially
governed by the interplay between exciton formation (at a
rate per unit area W, ), linear recombination (at a rate I'y),
and exciton-exciton annihilation (EEA) (at a rate yee,), one
obtains

dny
dt

—Tny — Veeani (1)

= Wabs
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The EEA term in this equation scales quadratically with ny
since the annihilation process involves Coulomb interaction
between two excitons. The steady state exciton density
is

(ny) =

FX 4)/663
2yeea< P Wa = 1), @

X

The experimental data in Fig. 5(c) is very well fit by
Eq. (2). From the fit we extract yeea/ Ff ~ 1.4 x 1072 cm?s.
Assuming a reasonable value of yee, ~ 0.1 cm?s™!, similar
to previous estimates in substrate-supported MX, monolay-
ers [38—42], one obtains a linear exciton recombination rate
of 'y ~ 8.5 x 10° s™!, that is a room temperature exciton
lifetime of ~120 ps. Although additional near-infrared time-
resolved measurements or transient absorption studies on
monolayer MoTe; are needed to separately determine the exact
values of y.e, and Iy, our simple analysis provides values
that are inline with recent room temperature measurements on
other MX, [42,57]. Finally, let us also note that monolayer
MoTe; and related systems exhibit EEA rates that give rise to
average exciton decay times similar to those reported in carbon
nanotubes [58,59] in the nonlinear regime. In addition, EEA in
MX; is much more efficient than related processes (i.e., Auger
recombination) in conventional quantum wells [38,60,61].
Highly efficient EEA between tightly bound excitons [15-
22,62,63] in monolayer MX, reflects the strongly enhanced
Coulomb interactions and reduced dielectric screening in these
atomically thin two-dimensional materials.

VII. CONCLUSION AND OUTLOOK

We have performed a detailed analysis of the room tem-
perature photoluminescence of N-layer MoTe,. Monolayer
MoTe, displays a direct optical band gap, with sharp emission
at 1.10 eV. The crossover from a dominant direct excitonic
emission (as observed in monolayers) to a dominant phonon-
assisted indirect emission (in the bulk limit) occurs more
smoothly than in other 2 H ¢ transition metal dichalcogenides,
such as MoS,, MoSe,, WS,, and WSe,. As a result, the
difference between the bulk indirect optical band gap and the
monolayer direct optical band gap is found to be only about
160 meV. Our observation of close-lying direct and indirect
emission lines invites further calculations of exciton-phonon
coupling in MoTe; and related systems, in order to correlate
the values of the one-particle indirect band gap to the energy of
the emission lines arising from indirect exciton recombination.
Interestingly, in bilayer MoTe,, the competition between
direct and indirect emission may be efficiently manipulated
by external electric fields [64—66], in particular using dual-
gated field effect transistors. In addition, we have unveiled
a sublinear scaling of the photoluminescence intensity of
monolayer MoTe, with increasing exciton formation rate,
which can be rationalized using a simple model based on
exciton-exciton annihilation. This model also allowed us to
obtain an order of magnitude estimate for the exciton lifetime
in the linear regime that needs to be quantitatively confirmed
by time-resolved photoluminescence measurements in the
near-infrared range.
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