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Exciton band structure in layered MoSe,: From monolayer to bulk
limit
Ashish Arora,** Karol Nogajewski,* Maciej Molas,*” Maciej Koperski,” and Marek Potemski*“

We present the micro-photoluminescence (UPL) and micro-reflectance contrast (URC) spectroscopy studies on thin films ot
MoSe; with layer thicknesses ranging from a monolayer (1L) up to SL. The thickness dependent evolution of the ground anc
excited state excitonic transitions taking place at various points of the Brillouin zone is determined. Temperature activated
energy shifts and linewidth broadenings of the excitonic resonances in 1L, 2L and 3L flakes are accounted for by using standarc
formalisms previously developed for semiconductors. A peculiar shape of the optical response of the ground state (A) exciton
in monolayer MoSe; is tentatively attributed to the appearance of Fano-type resonance. Rather trivial and clearly decaying PL
spectra of monolayer MoSe, with temperature confirm that the ground state exciton in this material is optically bright in contrast

to a dark exciton ground state in monolayer WSe;.

1 Introduction

Layered semiconducting transition metal dichalcogenides
(TMDCs) such as MoS,, MoSe,, WS>, WSe, and MoTe,
have become a subject of intensive study recently due to their
interesting optical properties rich in spin and valley physics,
which largely results from the indirect to direct band gap
crossover upon decreasing thickness from bulk to the mono-
layer (1L).'~7 Thin layers of these materials have shown new
interesting physical phenomena such as valley polarization®°
and valley coherence !9 effects or tightly bound trions. 112 Tt
has also been domenstrated that they can serve as efficient
sources of light, either in the form of light emitting diodes '3
or single photon emitters, !4 which is potentially promising
towards technological advances such as in optical computa-
tion and valleytronics. As such, the optical properties of
TMDCs are dominated by many excitonic resonances over a
rather small spectral region (a few eV). Therefore, a full com-
prehensive picture of the electronic band structure requires
a detailed experimental study of excitons, and their excited
states as a function of layer thickness and temperature, which
has received very limited attention so far. In this paper, we
present a comprehensive analysis of the evolution of many ex-
citonic ground state and excited state features, spanning the
URC spectra of good quality 1L to 5L thick flakes of MoSe:.
This information finds importance for an improved theoret-
ical understanding of excitons and charged excitons where
large discrepancies have been found between the experimen-
tal and limited theoretical results (such as exciton binding
energies). 1517 Interestingly, for the A-exciton transition in
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our monolayer flakes, we find an unusual reflectance spec-
tral lineshape, which is tentatively attributed to the appear-
ance of a Fano-type resonance.'®>2 This could arise sin
the A-exciton lies in the energy region spanned by the excited
and the continuum states of the trion, where a strong intc.-
action could exist.2?>* Temperature dependent evolution of
the uRC spectrum of the monolayer flake is consistent wiu,
the Fano hypothesis. Recent theoretical works suggest that
in addition to strong spin-orbit splitting in the valence band
(VB) of TMDC:s, there is also a splitting in the conduction
band (CB) (up to ~40 meV).>?7 The sign of this splittir~
is expected to decide weather the energetically favorable ex-
citon is optically active (bright) or inactive (dark) which has
a strong influence on the PL properties of the material. Our
temperature-dependent yPL studies on the monolayer MoSe;
are consistent with the theoretical predictions that the ground
state exciton in this material is optically bright, which is founc
to be opposite to the case of WSe, monolayers.?® We also
derive the temperature activated energy shifts and linewidtt
broadenings of the ground state excitons from 1L to 3L thick
flakes and explain them on the basis of standard formalisr _
used for conventional semiconductors.

2 Samples and characterization

The thicknesses of the mono- to few-layer MoSe, flakes were
established using optical contrast, atomic force microscopy
(AFM) and Raman spectroscopy techniques. Fig.1(a) shows
the Raman spectra obtained for the flakes under considera-
tion. The Raman lines corresponding to the Ay, E%é and B} <
phonon modes were observed in consistence with Ref. 6. The
monolayer thickness was found to be ~0.65 nm using AFM
(data not shown). The flakes were then characterized using
UPL spectroscopy (see methods). Figure 1 (b-d) displays the
UPL spectra of 1L to 3L thick flakes. For the 1L flake, twc
well separated features corresponding to the emission from the
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Fig. 1 (a) Raman spectra obtained for the 1L, 2L, 3L, 5L and

180 nm (bulk) MoSe, flakes. (b) - (d) The low temperature uPL
spectra of the 1L, 2L and 3L thick MoSe; flakes with the
corresponding optical images displayed as insets. uPL spectra for
the 2L flakes appeared to be of two different types, shown by solid
(optical image of the flake shown) and dashed lines (image not
shown) in (c).

n = 1 ground state A-exciton and the charged exciton (trion,
T) are observed. The emission intensity in the case of 2L
flake is lower than for the 1L by about 4000 times. A fea-
ture corresponding to the indirect gap emission (I) is observed,
which is red shifted relative to the direct-gap emission peak
A by ~180 meV. Interestingly, in the uPL spectra of some
of the 2L flakes (solid line in Fig. 1(b)), we also observed
two features which coincide with the A and T emission fea-
tures of the monolayer, but are around 4 orders of magnitude
weaker. These features existed throughout the area of rather
large flakes (~30 um wide), therefore the contribution due to
the neighbouring 1L flakes can be ruled out. Our hypothesis is
that the process of mechanical exfoliation led to the formation
of some pockets within the 2L flakes, which act as two sep-
arated monolayers giving rise to a monolayer like emission.
The uPL spectrum of the 3L flake was similar to that of the
2L flake where A and I emission features were observed. The
I feature was red shifted with respect to A by ~330 meV. We
did not observe any measurable emission from the flakes with
thicknesses larger than 3Ls.

3 Excitonic resonances versus layer thickness

Figure 2(a) shows the reflectance contrast spectra of the
MoSe; flakes with layer thicknesses up to SLs, except a 4L
flake. The spectra are dominated by many excitonic resonance

features. To determine the resonance energies, we fitted the
spectra using a transfer matrix method which accounted for
the interference effects on the exciton lineshapes due to the
multilayered structure of the sample as reported earlier.?® In
our method, the excitonic contribution to the dielectric func-
tion was considered to be a modified Lorentzian function’®
(see Methods section), where a phase factor f was used to
account for the peculiar lineshape of the A-exciton feature
in the case of 1L flake (discussed later), and was set to be
equal to O for all other features (except A* for 1L, where 3
was assumed to be equal to that for A-exciton). It is tempt-
ing to derive the reflectivity and absorption spectra of the bare
flakes (without substrate) from the spectral modeling. These
spectra are shown in Fig. 2(b) and (c) respectively where the
absorption coefficient o = 4mk/A is calculated by deriving
the imaginary part of the refractive index, k, from the mod-
eling. One can clearly observe the features corresponding tc
the transitions taking place at various points of the Brillouin
zone, which have been identified earlier for bulk MoSe, bas
on low temperature transmission measurements and theoret-
ical calculations.3%3! Following these reports, the observou
transitions are named as A, B, A/, B/, d, C and D in the order
of increasing energy. The shoulders A* and B* towards tuc
higher energy sides of A and B excitons arise from the contri-
butions due to the excited state exciton (n>2) transitions. An
evolution of the transition energies with the layer thickness is
shown in Fig. 2(b). The transition energies for the bulk MoS¢
have been obtained from a previous report.3! We notice that
contrary to the case of WSe; 28 where the A and B exciton res-
onances display a monotonic red shift when layer thickness is
increased, their behavior in MoSe; is different. The A-excitor.
feature shows an overall red shift (~58 meV) when the thick-
ness is increased from a monolayer towards bulk, except in go-
ing from 2L to 3L where it shows a slight blue shift (~5 meV).
Furthermore, the B-exciton displays an initial blue shift from
1L to 3L (~8 meV), which is then followed by a red shift
(~13 meV) from 3L to bulk. Similarly, the A’ and B’ featur .
show an initial blue shift from 1L to 2L thickness, and a red
shift for thicker flakes. Although, a detailed theoretical anal-
ysis is required to completely understand this phenomenon.
it can be qualitatively explained by considering the following
two effects: (i) a red shift of the band-to-band absorption ed_ -
and (ii) a decreasing excitonic binding energy as the material
undergoes a 2D to 3D transition, when the thickness is in-
creased from a monolayer to the bulk limit.3>33 The excitonic
transition appears at an energy lower than the absorption edge
by an amount equal to the excitonic binding energy. There-
fore, depending upon the magnitudes of the two effects, one
can either observe a red or a blue shift of the excitonic tran-
sition. In our case of the A-exciton transition, the first effect
appears to be much stronger than the second one resulting in a
monotonous red shift. However, for B-exciton (A’ and B’ exci-
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Fig. 2 (a) Low temperature uRC spectra of the MoSe; flakes (solid
lines) and the corresponding modeled curves (dashed grey lines)
with thickness ranging from 1L to 5Ls, except a 4L flake. (b)
Reflectivity, and (c) the absorption spectra of the flakes derived from
the spectral modeling in (a). The features representing A and B
excitons, their excited states and the trion (T) are marked for 1L
flake, and other excitonic resonances are marked for 2L flake where
they are more clearly visible. The spectra for thickness >2L have
been shifted/amplified along y-axis for clarity by amounts shown
above the curves on the left side. (d) shows the energies of
corresponding exciton features as a function of layer thickness.
Black diamonds represent the positions of broad features in the
spectra, which possibly arise from overlaps between a few closely
lying transitions.

tons), the second effect dominates initially up to 3L (2L) thick-
ness resulting in a blue shift, whereas the first one takes over
later on which leads to a red shift. For the 1L flake, a broad
feature which appears around 2.7 eV (shown by diamond in
Fig. 2(b)) is most likely due to unresolved contributions from
d- and C- type exciton features. A pair of d-exciton features

could be resolved for thicker flakes whereas those related to
the C-excitons resulted in a broad feature around 2.8 eV for
3L and 5L flakes (shown by diamonds in Fig. 2(b)). D-excitow
features were identified around 3.2 eV for all the flakes but
were not accounted for in our modeling. Their positions were
assumed to be at their minima and may be subjected to lar_e
erTors.

Now we discuss the A* and B* features in Fig. 2 which we
associate with the spectral contributions due to the n>2 ex-
cited states of the A and B excitons. The energies of these fea-
tures agree quite well with those determined recently using 2-
photon absorption measurements.3* Although the A* feature
could be observed for flakes with all thicknesses from 1L to
5L, B* could only be seen for the 1L and 2L flakes and was too
weak to be identified for thicker flakes. Also, only one feature
(2s-like) could be identified for the A-exciton for flakes of ali
thicknesses, whereas for the B-exciton in the 1L flake, both 2
and 3s features could be observed, blue shifted by ~150 meV
and ~210 meV respectively with respect to the 1s feature. T
exciton series for 1L B-exciton significantly deviates from th=
2D Rydberg model for a hydrogen atom in consistence wii
recent reports on 1L WS, and WSe,, 3335 which renders it
difficult to predict the exciton’s binding energy without infor-
mation about more (n>3) excited state features. However,
following the ideal 2D Rydberg model for the A-exciton
(considering 1s and 2s states) and B-exciton (considering
1s and 3s states), we find that their binding energies shou:
be greater than ~100 meV and ~210 meV respectively.
In analogy with our earlier findings for WSe,,?® the energy
difference between the 2s state feature shows an initial blue
shift relative to the 1s feature, in going from 1L to 2L flake,
for both A and B excitons. This is followed by a red shift
in the case of the A-exciton, when the thickness is increasea
from 2L to 5L. This phenomenon is explained on the basis
of two competing effects: (i) the non-local dielectric screen-
ing of the exciton excited states for the 1L flake pushes the
2s state closer to 1s state, 333 and (ii) the material undergc
a 2D to 3D transition while transforming from the 1L to the
bulk form. The first effect dominates when the thickness is in-
creased from 1L to 2L whereas the second one takes over for
thicker flakes resulting in a red shift.

4 A-exciton in 1L flake: possible evidence of
Fano-resonance

As illustrated in Fig. 2(a to c), our standard analysis of the
reflectance spectra (with B = 0°) provides a consistent pic-
ture of all observed excitonic transitions but clearly, this does
not apply to the case of the A-exciton of the monolayer (with
B ~ 90° at low temperatures, see below). The features re-
lated to all (but monolayer A-exciton) imply the absorption
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resonances in the form of Lorentzian peaks. In contrast, the
deduced absorption spectral shape of the 1L A-exciton reso-
nance is unusual, displaying a dispersive-like form. It also
shows a negative dip towards the higher energy side of reso-
nance [Fig. 2(c)], but for simplicity, we have not considered
any absorption background in our modeling which will result
in all positive absorption values. Among known sources of un-
usual (non-Lorentzian) shapes of excitonic resonances are the
effects of significant light-exciton coupling (polaritons) and/or
the interaction of the discrete resonance with a continuum of
other states (Fano resonance). Polaritonic effects may be rel-
evant in the reflectance spectra of bulk materials3®37 but can
generate only subtle effects in two-dimensional systems 3840
unless the latter are embedded into a microcavity, **> which
is not the case of our structures. We thus speculate that the ob-
served unusual shape of the A-exciton in 1L MoSe, is due
to Fano-type effect. The excitonic resonances of the Fano
shape can indeed be observed in two-dimensional systems.
The best known examples are the Fano-type resonances of
the excited excitonic states coupled to the continuum of the
ground state heavy- and light-hole excitons in GaAs/GaAlAs
quantum wells. 2°-22 In search for a continuum of states which
possibly couple to the A-exciton in the monolayer (and not in
other layers), we note that it is only the monolayer which dis-
plays a prominent, below A-exciton absorption peak, related
to the charged exciton T. Obviously, there must exist the ex-
cited states of the T, including the predicted quasi-continuum
of unbound T states which markedly coincide in energy with
the undressed neutral exciton resonance.’>?* The effective
coupling of the A-exciton with the quasi-continuum of excited
states of the trion is our hypothesis to account for the unusual
shape of the A-exciton in our 1L structure. Temperature de-
pendent studies confirm this conjuncture on a phenomenolog-
ical ground. As shown in Fig. 3(a), the “unusual shape” of the
1L A-exciton transforms into a standard form upon increasing
temperature in parallel to the progressive disappearance of the
charged exciton resonance. This is accompanied with a grad-
ual reduction of  from ~90° to 0°. At temperatures above
200 K, when the trion is totally absent in the spectra (and the
quasi continuum of its excited states must have disappeared),
the A exciton fully recovers its usual shape.

S Temperature evolution of absorption and
emission spectra

Fig. 3(b) and (c) show the temperature evolution of the A-
exciton URC features of the 2L and 3L thick flakes. In the
case of a 2L flake at low temperatures (T<140 K), the main
exciton feature is accompanied with two small features at the
higher energy side. Similarly to what has already been ob-
served in the yPL data (Fig. 1(b)), their energies coincide
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Fig. 3 (a)-(c) Temperature evolution of the uRC spectra in the
spectral region containing A-exciton features for 1L, 2L and 3L
MoSe, flakes respectively, along with the modeled curves (dashed
grey lines). The spectra for T > 20 K have been shifted downwards
along y-axis for clarity. (d) The 3 parameter for A-exciton in a 1L
as derived from the lineshape fits in (a). (e) The transition energy,
and (f) the linewidths of the A-exciton features as a function of
temperature for 1, 2 and 3 L flakes and A* feature in 3 L flake along
with the fitting (solid lines) based on the models described in the

text.

with the A-exciton and the trion in the 1L flake. For the 3L
flake, we also observe the evolution of the A* feature along
with the A-exciton in our spectral window. From modeling
of these spectra, we deduce the transition energies and t. °
linewidth broadenings of the excitons as shown in Fig. 3(e)
and (f) respectively. Similar to our results on WSe»,?® the
temperature activated energy shifts can be equally well fittec
using the Varshni*? or O’Donnell ef al.** formulae. These
relations are given by E,(T) = Ey — (aT?)/(T + B) ana
Eq(T) = Eo — S(hw)[coth((hw)/2kT) — 1] respectively. Ir
Varshni’s relation, @ and f are the fitting parameters related
to the temperature-dependent dilatation of the lattice and De-
bye’s temperature respectively whereas in O’Donnell’s for-
mula, (@) and the S are the average phonon energy and cou-
pling parameters respectively. These parameters for the A-
exciton in the 1L to 3L flakes and the A* feature in 3L are
given in Table 1 which behave very similarly to those we
deduced for WSe;.?® The linewidth broadenings of the A-
exciton were fitted using the relation proposed by Rudin ef
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Table 1 Fitting parameters as obtained from modeling of the
resonance energies and lineshape broadenings for the 1L, 2L and 3L
ground state A-exciton features, and the A*(2s) feature in 3L flake.

Parameter 1L 2L 3L 3L(A™)
Varshni’s relation

Ey (eV) 1.658 1.626 1.632 1.707

a(l07*eV/K) 567 556 480 477

B (K) 330 330 330 330

O’Donnell’s relation

Ey (eV) 1.656 1.625 1.631 1.705

(hw)(meV) 19 19 19 19

S 2.23 2.18 1.88 1.88
Rudin’s relation

Yo (meV) 7.5 12 35.5 45

Y (meV) 72 93 120 92

al.®, given as ¥(T) = 1+ oT + 7 /[1/("/*T —1)]. Here,
Y is the broadening at 0 K, the term linear in T depicts the
interaction of excitons with acoustic phonons (disregarded in
present work being negligibly small) and the last term arises
from the interaction with LO (longitudinal optical) phonons.
Ao is the LO-phonon energy which was taken to be equal to
30 meV.® The fitting parameters for the four features are given
in Table 1. Similar to what has been observed for WSe,,?8 ¥
which quantifies the extent of LO-phonon assisted scattering
of the ground state exciton with the excited states, increases
from 1L to 3L flake. This is because the number of excited
states available for scattering increase with increasing flake
thickness. However, ¥ is lower for A* than for A feature in
the 3L flake. It suggests that the excited state feature has lesser
number of available bound and continuum excited states for
undergoing LO-phonon assisted scattering, as compared to the
ground state feature.

Finally, we performed uPL as a function of temperature
from 5 K till 300 K. The results are shown in Fig. 4. The in-
set to the Fig. 4 shows the integrated emission intensity from
the trion (I7), the exciton (I4), and the total intensity (I, area
over full spectral range) as a function of temperature. The re-
maining emission intensity [Io-(I4+I7)] is attributed to the de-
fect related luminescence (Ip), which contributes towards the
low energy side (below trion) of the spectrum and could re-
sult in a slightly asymmetrical trion emission lineshape.*¢
The PL spectrum is initially dominated by trion’s contribu-
tion at low temperature, which is quickly quenched with in-
creasing temperature and becomes negligible when compared
to the exciton’s contribution for T>200 K. For T>70 K, the
exciton begins to dominate the spectrum due to quick thermal
redistribution of charge carriers in the k-space.?® We notice
that there is a slight increase in the I (~I4) from 200 K
to 250 K (notice log-scale). Although this phenomenon is
not well understood at this stage, we note that the change

of the PL intensity upon increase of temperature results
from the competition between the efficiencies of the radia-
tive and non-radiative recombination channels, the latte.
being particularly poorly known in the investigated struc-
tures. The observed rise of the PL intensity may therefore
be a result of distinct temperature dependencies of the ¢
two recombination channels. Overall, Iy shows a net drop by
a factor of ~ 400 when temperature was increased from 5 K
to 300 K. This is in agreement with another recent report*’
and is opposite to what we have reported in the case of mono-
layer WSe, where I showed a gradual increase as a functior
of temperature.?® It can be explained as follows. It has been
predicted theoretically that the conduction band (CB) in the
monolayers of TMDCs also splits into two bands due to spin-
orbit interaction.?>2® However, the sign of this splitting has
been predicted to be opposite for MoSe, and WSe,. There-
fore, the states of lower energy among these spin-orbit splif
CB states have opposite total angular momenta, due to which
the lowest energy exciton transitions for MoSe, and WSe; ¢

expected to be bright and dark respectively. >2® Typically, the
integrated PL intensity in semiconductors shows a reductivu
when temperature is increased, due to increasing contribution
from the non-radiative recombination processes. If the low-
est lying CB state results in the formation of dark excitons
in combination with the state at the top of the spin-orbit split
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Fig. 4 Temperature evolution of the uPL spectra of the monolayer
MoSe;. The spectra for T > 10 K have been shifted downwards
along y-axis for clarity, and those for T>100 K are amplified with
the factors specified. The inset shows the integrated PL intensity for
the exciton 14, trion I, defect related emission Ip, and the total
emission intensity Iy as a function of temperature.
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valence band (VB), the PL intensity may be quenched at low
temperatures where this radiatively inefficient state is prefer-
entially filled with charge carriers. Upon increasing the tem-
perature, the carriers may get transferred to the higher energy
CB state upon thermalization, which opens up a radiatively fa-
vorable channel for their recombination and may result in an
enhancement of emission intensity (which has been observed
for WSe,). Therefore, contrary to WSe,, a gradual increase
of uPL intensity with increasing temperature is in agreement
with the theoretical predictions that the lower energy exciton
in MoSe; is bright.

6 Conclusions

In conclusion, we studied MoSe, flakes with thicknesses equal
to a monolayer, 2Ls, 3Ls and SLs using uPL and uRC spec-
troscopy and as a function of temperature. We observed the
evolution of various ground-state resonance features called A,
B, A/, B/, d, C and D as well as the excited-state counter-
parts of some of them i.e. A* and B*, as a function of layer
thickness. The A-exciton feature in the uRC spectrum of
the 1L flake showed Fano-type lineshape at low temperatures.
This hypothesis was supported using temperature dependence
URC measurements. In addition, the transition energies and
linewidth broadenings of selected excitonic resonances in a
IL to 3L thick flakes were determined as a function of tem-
perature and their behavior was explained using the models
routinely used for conventional semiconductors. Finally, our
temperature dependent yPL measurements are consistent with
the theoretical predictions that the lowest energy exciton in 1L
MoSe; is bright.

7 Methods

The monolayer and a few layers MoSe; flakes were obtained
on Si/(100 nm)SiO, substrate by polidimethylosiloxan-based
exfoliation*® of bulk crystals purchased from HQ Graphene.
The flakes of interest were first identified by visual inspection
under an optical microscope. A transfer matrix based calcula-
tion was performed to predict the color of the flake as a func-
tion of its thickness.*> The observed color of the flake was
then compared with the theoretically predicted one to roughly
estimate the number of layers in the flakes. Then the AFM
characterization and Raman spectroscopy were performed on
the flakes of interest to unambiguously determine their thick-
nesses. The Raman spectroscopy was performed at room tem-
perature using an argon ion laser (514.5 nm, 0.2 mW focused
using a 50x microscope objective), with a 0.5 m focal length
monochromator and a 1800 lines/mm grating. For perform-
ing uPL measurements, the 632.8 nm radiation from a He-
Ne laser was focused on the flake using a 50x long working

distance objective. The sample was mounted on the cold fin-
ger of a continuous flow liquid helium cryostat, at a temper-
ature of ~5 K. The spot diameter was ~2 um and the ligiu
power focused on the sample was 1 uW for the monolayer
500 uW for 2L and 2 mW for the 3L flake. The PL emis-
sion from the sample was dispersed using a 0.5 m focal leng
monochromator and detected using a liquid nitrogen coolea
Si charge coupled device camera. For performing the uRC
measurements, the light from a 100 W tungsten halogen lamg
was focused on a pinhole of 75 um diameter. The light was
then collimated and focused (spot size ~3 pm) on the sam-
ple. The reflected light was detected using a setup similar to
the one used for performing uPL. If Z(A) and Zy(A) are
the wavelength dependent reflectance spectra of the MoSe;
flake and of the Si/SiO; substrate respectively, then the per-
centage reflectance contrast spectrum % (A1) was determined
using (1) = [Z(L) — Zo(A)]/[Z (L) + %o(A)]. The mea-
surements were performed at temperatures ranging from 5 K
to 300 K. For the lineshape analysis of the RC spectra, we fc -
lowed a method similar to that described in Ref. 29. In this
method, we considered the excitonic contribution to the ui-
electric response function to be given by a modified Lorentz
oscillator like model as

r

e(E) = (np + ik )%Z—A"elﬁ
= np IKp s )
= Elz, —E2—iy,E

where ny, + ik;, represents the background complex refractive
index of MoSe, in the absence of excitons and was assumed
to be equal to that of the bulk material®® in the simulations.
The index p stands for the type of exciton characterized by a
resonance energy E,, an amplitude A,, a phase factor f3 (to
account for the Fano-type lineshape) and a phenomenologicai
broadening parameter 7, [equal to full width at half maximum
(FWHM) of the Lorentzian function]. The RC was then calcu-
lated using the transfer matrix formalism. It may be mentioned
that despite storing the samples in a vacuum desiccator, v -
noticed an overall drop in the PL intensity nearly by a factor
of 3 when the PL measurements were repeated on the mono-
layer flake after 40 days which indicates the possible effects
of sample-aging.
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