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We present temperature dependent micro-photoluminescence and room temperature photoreflec-
tance spectroscopy studies on aged MoSe, monolayers with high surface roughness. A’ and B’
exciton bands were detected at 1.512eV and 1.72 eV, respectively, which are 5070 meV lower
than those commonly reported for high-quality samples. It is shown that the difference can be
accounted for using a model of localized excitons for disordered MoSe, monolayers where the opti-
cal band gap energy fluctuations could be caused by random distribution of local tensile strain due
to surface roughness. The density of localized exciton states is found to follow the Lorentzian
shape, where the peak of this distribution is about 70meV from the energy of delocalized states.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4972782]

Two-dimensional (2D) semiconductor films, such as tran-
sition metal dichalcogenides (TMD), MoS,, MoSe,, WS,, and
WSe,, have become as a new group of materials with remark-
able electrical and optical properties.'™ Generally, these bulk
materials are indirect semiconductors whereas a direct optical
band gap emerges when their thickness is reduced from a few
layers to a single layer. The direct band gap in single layer
TMDs usually results in an intense excitonic photolumines-
cence (PL) and also provides different prospects in optoelec-
tronic applications.

Recently, monolayer MoSe, has started to gain more and
more attention because it has a direct optical band gap about
1.58eV at room temperature and is therefore an attractive
material for solar cells and near-IR photodetectors.®
Monolayer MoSe, is actually a “three-layer” structure where
the Mo layer is sandwiched between top and bottom Se
layers. Moreover, monolayer MoSe, has a large spin-splitting
energy of ~180meV at the top of the valence bands, which
makes MoSe, applicable also in spintronics.” Optical proper-
ties of MoSe, with different numbers of monolayers were
studied in many papers.*”'® The room temperature photolumi-
nescence (PL) spectrum of the MoSe, monolayer is character-
ized by the presence of two exciton peaks that arise from
vertical transitions at the K point of the Brillouin zone from a
spin-orbit-split valence band to a nearly degenerate conduc-
tion band.® These PL bands are called as A and B bands, and
the peak positions of these bands are near 1.56-1.58 and
1.76-1.78 eV, respectively.'™!" However, the peak positions
of PL bands and also their shape depend on the layer prepara-
tion method. Often, monolayers grown by chemical vapor
deposition (CVD) on Si/SiO, substrates show PL emission at
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lower energies with respect to monolayers transferred by
mechanical exfoliation from bulk crystals or monolayers
grown on other substrates.'” Moreover, it was proposed in
many papers that at room temperature the A exciton peak is
actually a sum of a neutral A exciton and a weaker charged
exciton (trion) A’ at lower photon energy causing an asym-
metrical shape of the A band. At low temperatures, these exci-
ton peaks are clearly resolved and the trion peak dominates.'®
The separation between A” and A’ is about 30 meV in MoSe,
monolayers.'” The B band is usually related to a neutral B’
exciton and it is located at about 180-200 meV higher energy
than the A” exciton due to spin-orbit splitting of the valence
band. The B® peak is very weak (even at low temperatures)
and therefore it is always a challenge to get reliable informa-
tion about B excitons.

The red-shift of PL bands in CVD grown MoSe, could
be explained by a tensile strain in a monolayer. Recent
experiments showed that one percent of uniaxial strain
increase gives a reduction of ~42meV in the A-exciton gap
in monolayer MoSe,.'® The strain can be created due to dif-
ferent thermal expansion coefficients (TECs) of the SiO,
substrate and MoSe,. Another explanation of this red-shift is
related to the surface roughness which is causing local strain
depending on a surface topography. In MoS, monolayers,
this concept was also verified by creating artificial atoms'®
or wrinkles?® on a substrate surface, thus getting very high
values of local tensile strain. All these elevated MoS, regions
showed tensile strain up to 2.5% and optical band gap values
about 70-90meV less than the unaffected monolayer, and
excitons tend to funnel and localize in these areas showing
approximately 2 times higher PL intensity. On the other
hand, it was shown that the surface roughness of the SiO,
substrate may lead to considerable bending of the MoS,
sheet on top, with local strain values reaching =6% and con-
sequently large changes in the band gap,?' although only a
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little change was observed in the PL peak position. We note
that if the surface roughness can induce such strong bending,
to overcome the related energy cost, then the sheet must be
quite strongly bound to the substrate. In the case of high val-
ues of surface roughness, where randomly distributed ele-
vated areas create random strain and band gap fluctuations
and, as a result, we will have a typical disordered semicon-
ductor, where the overall shape of a localized excitons PL
band is largely affected by spatial band gap fluctuations. A
high value of surface roughness can be caused by aging pro-
cesses, when usually large-scale structural and morphologi-
cal changes can be detected due to the gradual oxidation of
grain boundaries or defects.”> However, disordering in aged
monolayers could be related also to local distribution of
charged defects or structural imperfections. Unfortunately,
optical properties of aged TMD monolayers are still not well
known.

In this work, we study the optical properties of CVD-
grown and aged MoSe, monolayers having quite high sur-
face roughness.

MoSe, monolayers were grown via CVD from MoO;
and selenium on a Si substrate with a 275 nm thick SiO, layer
at 750°C. This growth process produced uniform MoSe,
domains, and the size of these areas ranges from several tens
to more than hundred micrometers. More detailed description
of MoSe, growth can be found in the paper by Wang er al.>
All measurements were performed on aged (about 6 month)
samples.

Raman, reflectance contrast, and pPL measurements
were carried out using a Horiba LabRAM HR800 Micro-
Raman system or a Renishaw inVia Raman microscope
(through 50x and 100x objective lenses) equipped with a
multichannel CCD detection system in the backscattering
configuration with a spectral resolution better than 1cm™'. A
Nd-YAG laser (wavelength 532nm) or an Ar laser (wave-
length 488 nm) was used for excitation. Linkam THMS350V
heating/cooling stage was used for low temperature PL
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measurements. PL imaging was carried out on a separate
microscope unit equipped with a high-power 505nm light
emitting diode (Thorlabs M505L3) for wide-field excitation
and a cooled Atik 414EX CCD camera for detection (proper
dichroic beamsplitter as well as excitation and emission fil-
ters were employed).

Atomic force microscopy (AFM) experiments were car-
ried out with a multimode AFM Autoprobe CP II (Veeco).
All images were recorded in the non-contact mode using HA-
HR (NT-MDT) series cantilevers under ambient conditions.
The Gwyddion free software ver. 2.42 (Czech Metrology
Institute) was employed for image processing using the first-
order flattening for background slope removal. If necessary,
the contrast and brightness were adjusted.

Photoreflectance (PR) measurements were performed at
room temperature using a 40 cm grating monochromator and
a 250 W halogen lamp as the primary beam and a modulated
50 mW He-Cd laser (Kimmon, A =442 nm) as the secondary
beam. The spot size was about 500 um. The PR signal at
85Hz was detected using a Si detector and a DSP lock-in
amplifier.”*

CVD-grown MoSe, monolayers show relatively large
areas with a diameter over 50 um (Figure 1(a)). All these
areas have quite similar Raman and PL spectra indicating that
their thickness and macroscopic properties must be quite uni-
form. The actual thickness of these layers was determined by
AFM and was less than 1nm, typical for MoSe, mono-
layers.'®'** However, the root mean square (RMS) rough-
ness of the monolayer, determined from the AFM scan, was
in the range of 0.40-0.43nm. This value is definitely very
high and we can expect some disordering related to local
strain. Moreover, PL imaging revealed that the PL intensity
changed more than 3 times at different locations on the mono-
layer (Figure 1(b)). Some small areas and sometimes also the
edges of a monolayer showed an enhanced PL intensity.

The Raman spectrum of the MoSe, monolayer is pre-
sented in Figure 2(a). Three typical Raman active modes, i.e.,

FIG. 1. Optical (a) and false color pho-
toluminescence (b) images of a MoSe,
monolayer. The AFM image taken
from the marked monolayer region (c)
and a corresponding linear scan (d).
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FIG. 2. Room temperature optical properties of the MoSe, monolayer. (a)
Raman spectrum, (b) PR (dots) and fitting result (red line) and reflectance
contrast (blue line) spectra, and (c) PL spectrum (dots) showing also a fitting
result (red line) with Eq. (1); the inset shows the A%band integral intensity
dependence on laser power.

the prominent A;, Raman mode and the weaker E;, and E,,
Raman modes, are observed in the Raman spectra. In general,
the location of Raman modes can be used to determine the
thickness of layers. In this study, the A, and E,, modes of
single-layer MoSe, are located at 240.3cm ™' (full width at
half maximum FWHM =2.5 cmfl) and 285.6 cmfl, respec-
tively (Figure 2(a)). The spectral spacing between the E,, and
Ay, modes is another essential marker of the thickness of
layers, although different substrates and strains may have a
certain effect. In our case, the peak spacing between E,, and
Ay, is 45.3 cm ™', According to Xia er al..® the spacings are
46.9cm "' and 42cm™! for MoSe, monolayers and thicker
layers, respectively. This result also confirms the presence on
MoSe, monolayers although the spacing in our sample is
slightly smaller. This could be a result of randomly distributed
tensile strain in our CVD-grown films. It was shown that in
CVD-grown strained WS, monolayers the spacing between
E>; and A, Raman modes will also be smaller than in strain
free monolayers.'”
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Room temperature photoreflectance (PR) of our MoSe,
monolayers was also measured. Unfortunately, the experi-
mental setup did not allow us to use very small spot size, and
therefore the signal was extremely weak. We did not detect
any features in the B-exciton region at room temperature,
and only the A-exciton region was studied. PR spectra near
the fundamental excitonic band gap energy with a weak field
approach can be well fitted with a third derivative functional
form given by Aspnes:*® AR/R=Re[Ce'?(E-E,+il)™"],
where E is the photon energy, C is an amplitude parameter,
¢ is the phase parameter, E, is the energy of the optical
bandgap, and I" is a broadening parameter. The exponent n
depends on the type of the critical point and is usually related
to the line shape of the dielectric function (e.g., Lorentzian or
Gaussian). The best fitting was achieved using the 2D critical
point approach, i.e., n =3, see Figure 2(b). The obtained room
temperature optical band gap energy EgA: 1.513¢eV is rela-
tively small, because usually values around 1.55-1.58 eV were
reported.x_lo’lf”26 The broadening parameter I'=51meV is
also higher than that measured in Ref. 9, but the difference is
smaller than for band gap energy. A similar result was found
also from the reflectivity contrast measurement, where spec-
tral differences of reflectivity between the Si/SiO, substrate
and MoSe, monolayer were measured using the method
described in Ref. 9, see Figure 2(b) (blue line). We could not
detect any features near the band gap energy of unstrained
MoSe, (~1.58 eV (Ref. 9)), and this fact confirms that our PR
band is not related to defect-bound excitons.

Room temperature pPL spectra are shown in Figure
2(c). A° and B° bands were detected at 1.512eV and
1.72 eV, respectively. The A° band showed significant asym-
metric broadening on the lower energy (LE) side and its inte-
gral intensity @ has almost linear dependence on laser power
P: ®~P" see the inset of Figure 2(c). This intensity
behavior is typical for excitonic PL and we did not detect
any significant changes of the shape of A° PL band with
increasing laser power. Therefore, we ruled out a possibility
that the asymmetry of the A” band is caused by a trion or
biexciton emission”’ or by defect-bound excitons.

The temperature dependence of the A® band is presented
in Figure 3. At lower temperatures, the A° band shows a blue
shift and its asymmetry is more prominent. We also observed
a weak PL band (X-band) at about 1.46eV at temperatures
T < 100K, probably related to deeper defect states. The PL
peak integral intensity decreases with temperature according
to the exponential law I(T)=1Iy/[1 +a exp(E;/kT)] with
Er=48meV, see Figure 3(d). The thermal quenching of the
PL band is the result of the interplay between excitonic radi-
ative recombination from the localized excitons and non-
radiative recombination. The temperature dependence of
peak positions for both exciton bands follows the trend of
Ego measured in Ref. 9 for strain-free exfoliated from bulk
crystals MoSe, monolayers, but the A° band is red-shifted
about 70 meV, see Figure 3(b). At the same time, the separa-
tion between A” and B® bands is almost constantly 200 meV,
similar to recent low temperature data.”® The splitting arises
from the combined effect of spin-orbit splitting of the
valence band by 180meV and of the conduction band by
21 meV.? We also observe that the FWHM of a low energy
side does not change with temperature (see Figure 3(c))
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while the FWHM of a high energy (HE) side shows a certain
temperature dependence. The FWHM of the A® exciton band
is then a sum FWHM = FWHM, /2 + FWHMyg/2. At higher
temperatures, the FWHMgyg is very close to the width of the
symmetrical A° exciton band measured in Ref. 9, but at low
temperatures the role of an additional broadening increases.
This kind of behavior is typical for disordered samples where
the shape of the low-energy side of the PL band is determined
by the density of localized states function p(E) and the shape
of high-energy side is mainly due to the temperature depen-
dent distribution function f(E,T) of localized carriers. These
localized states can be formed by potential fluctuations caused
by a high concentration of charged defects,>**? by spatial var-
iation of semiconductor alloy (:omposition,m’32 or by variation
of quantum well and quantum dot properties.”>** In many
cases, the p(E) function has a Gaussian shape, but other
shapes are also encountered. The distribution function f(E,T)
has more complicated shape and for localized states with pos-
sible thermal escape and recapture of carriers this function
was studied by Li et al > According to this work, the f(E,T)
function has a shape resembling a Fermi distribution with a
characteristic energy E, representing the energetic position of
a delocalized state to which the localized carriers can ther-
mally escape. It was also shown that generally at lower tem-
peratures the distribution function does not modify the low-
energy side of the PL band and therefore by examining the
shape of this side it will be possible to find p(E). In our case,
the Lorentzian shape was dominating the low-energy side of
the A band. Accordingly, the final shape of our A° PL band
is found to be

I(E,T) = AD)p(E)(E, T)

_ A(T)poftr/fr G

2
E—E E—E,
1+( 7 0) ]exp[ T } + 10 /7,
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where A(T) is a temperature dependent term, p is the ampli-
tude, E, is a peak position, W is a width of the density of
states function, and 1/7, and 1/7,,. represent the rate of radia-
tive recombination and the attempt-to-escape rate of the
localized carriers, respectively.” We assume that delocal-
ized states are responsible for the A° exciton emission in
unstrained MoSe,; layers and thus, according to Figure 3(b),
E.,=Ep+ 70 meV. Fitting the shape of our PL band with Eq.
(1) gave very good results at all temperatures. One example
of this fitting is given in Figure 2(c), where values
W=23meV, E,=1.510eV, and 7, /7, =0.4 were found.
The FWHM of the density of states function 2 W =46 meV
is very close to the value of the broadening parameter I’
found from PR measurements. The obtained form for p(F)
entails that there is considerable average strain in addition to
the random strain fluctuations. We propose that this is due
to the different thermal expansion coefficients (TECS).
Adopting TEC values of 0.55 x 10"%/K,* 7.24 x 10" %/K,
and 1.9 x 109K (Ref. 36) for SiO,, MoSe,, and MoS,, and
750°C difference between growth and room temperatures,
the resulting tensile strains are 0.5% for MoSe, and 0.1% for
MoS, on the SiO, substrate. According to first-principles cal-
culations, biaxial strain leads to a band gap decrease of
90meV per percent of strain,*® and thus 45meV for room
temperature in our case. At lower temperatures, the strain
can be even larger, and thus lends support that the 70 meV
shift arises largely from the residual strain due to the TEC
difference. The MoS, value 0.1% is in good agreement with
the additional strain found in Ref. 21 in the case of MoS, on
Si0,. Since the subsequent optical band gap change is only
in the order of 10 meV, such a dramatic shift in the A-peak
position in MoS, is not expected.

In conclusion, all the obtained results confirm that the
model of localized excitons is valid for disordered MoSe,
monolayers where the optical band gap energy fluctuations
could be caused by random distribution of local tensile strain
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due to surface roughness. The density of localized excitons
is found to follow the Lorentzian shape, where the peak of
this distribution is about 70 meV from the energy of delocal-
ized states. This energy shift is proposed to originate mainly
from the strain due to different thermal expansion coeffi-
cients of the substrate and the MoSe, layer.
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