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Abstract—2D-materials, especially transition metal dichalcogenides (TMDs) have drawn a lot of attention
due to their remarkable characteristics rendering them a promising candidate for optical applications. While
the basic properties are understood up to now, the influence of the environment has not been studied in
detail, yet. Here we highlight a systematic comparison of the optical properties of tungsten diselenide mono-
layers on different substrates. Subtle changes in the emission spectrum and Raman signature have been found
as well as surprisingly pronounced differences in the pump-power-dependent and time-resolved output at
higher excitation densities. For all samples, exciton—exciton annihilation can be obtained. Nevertheless an
analysis of different pump-dependent decay rates suggests substrate-dependent changes in the diffusion con-

stant as well as exciton Bohr radius.

DOI: 10.1134/581063782618050275

1. INTRODUCTION

Transition metal dichalcogenide (TMD) monolay-
ers (MLs) have been proposed as a promising candi-
date for future electro-optical applications due their
extraordinary strong interaction with the light field
[1-3] and a semiconductorlike band structure—
unlike graphene. This enables the design of photo-
detectors and transistors consisting only of a few
atomic layers [4—7]. Indeed, 2D semiconducting
materials act as nearly perfect quantum wells with
strong confinement potential for charge carriers of the
sheet materials, whose wave function is mainly given
by the d-orbitals of the transition metal layer [8]. Par-
ticularly, the formation and dynamics of excitons are
of interest in this field, which, due to their small
height, may penetrate surrounding materials below
and on top of the material [9]. In this context of exci-
ton studies, elevated fluences gave rise to the observa-
tion of biexcitons [10—12], exciton—exciton annihila-
tion [13—17], and the Mott-transition [2, 18].

Yet, to understand the behavior of excitons in these
materials better, a systematic study of the influence of
the environment—in particular the substrate—is cru-

IThe article is published in the original.
2These authors contributed equally.

cial. Recently, there have been studies observing a
change in exciton binding energy, exciton radius and
doping level at changing dielectric environment [9, 15,
19—22]. Nevertheless, the impact on excitons and the
optical properties of TMDs is not yet completely
understood and a comparative study involving micro-
photoluminescence (PL), Raman signal and PL-decay
dynamics is missing. Here, we present one such study
for tungsten diselenide (WSe,) MLs on three different
substrates, mainly focusing on effects at elevated
pump densities.

2. SAMPLE FABRICATION AND SETUP

The MLs have been mechanically exfoliated and
isolated onto SiO,/Si, hBN/Si;N,, and Sapphire
(AL,O5). Here, hBN thickness is on the order of 10 nm
and can be considered as the dominant substrate,
while the refractive index of hBN and its substrate
Si;N, does not differ much (see [15]). For additional
comparison, a sample with a chemical-vapour-depo-
sition-grown (CVD) ML on Sapphire is included. The
MLs (see Fig. 1) have been verified by the PL energy
of the relevant mode both at room temperature (RT)
and 10K (cf. Fig. 2), Raman signal (cf. Fig. 4) as well
as optical contrast. The samples have been investigated
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Fig. 1. (top) Microscope images of the samples with ML TMD coverage. (mid) Optical contrast charts representing cross sections
along the line depicted in the micrographs above indicate the positions of ML material. (bottom) In addition to photolumines-

cence signatures, the peak positions of the corresponding Raman F, é mode along the same line reveal the ML parts covering the

substrate surface.

using a conventional u-PL setup. A pulsed Ti:Sap-
phire laser with 100 fs temporal width has been used to
excite the sample with the second harmonic (A, =
445) nm. The emission was analysed in time-inte-
grated or time-resolved mode using a spectrometer
and a streak camera, respectively. For each of the sam-
ples, power-dependent spectra both at RT and at 10K
and transients at RT have been measured.

3. RESULTS AND DISCUSSION
3.1. Spectra

The measured PL spectra for the power series are
shown in Fig. 2. One can clearly observe the uprising
of new excitonic features at 10K that have a different
power dependence than the species obtained at RT.
To further analyse the power dependence and their
nature, the peaks have been fitted to the sum of two
(RT) respectively four (10K) Gaussian peaks (see
Fig. 2). The corresponding integrated intensities for
these modes have been fitted to a power law (similar to
[15, 23]) according to (Eq. (1)):

Ip; o< Pp‘flmp. (1)
Here, P, refers to the excitation density and «. is the

pump
linearity factor. The peaks at RT can be identified as

localized trion and exciton in good agreement with the

literature [24, 25] due to their energetic position and
linearity factor being sublinear (see Fig. 3). Here, the
excitation density dependent PL intensity is plotted
over a span of nearly 3 orders of magnitude in pump
fluence. From these charts, two linearity factors are
extracted from two different excitation-density ranges
for the set of ML-substrate samples (see analysis
below). Interestingly, the CVD-grown sample exhibits
the most free-exciton-like lower-fluence linearity fac-
tor in this measurement series. However, at 10K the
observed spectra differ strongly. While on the one
hand for the ML on SiO,, for the CVD grown ML on
Sapphire or the ML on hBN, the trion, exciton, biex-
citon [10] and trap state emission could be identified,
on the other hand the exfoliated ML on Sapphire only
unambiguously exhibits the exciton and some trap
states at 10K. The identification is based on the o val-
ues obtained, the PL spectra and—determined in a
separate measurement—the degree of circular polar-
ization for the corresponding modes (data not shown
here, see [15]).

3.2. Raman

To investigate possible strain for our set of ML-sub-
strate samples, the Raman signature of WSe, around

SEMICONDUCTORS  Vol. 52 No.5 2018
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Fig. 2. (a—d) PL spectra of ML WSe, at room temperature. The shown excitation densities from the bottom to the top correspond

to 300, 1000, 2150, 2900, 3400, 10000, 34000 W/cmz. (e—h) Corresponding spectra recorded at 10K. The shown excitation den-

sities from the bottom to the top correspond to 300, 1000, 2900, 3400 W/cmz. For convenient comparison, the false-color-coded
spectra at RT and 10 K are displayed in related colours. The Gaussian multi-peak fits (dotted light grey curve) that have been used
for further analysis of the spectra are shown atop each of the curves (grey solid lines underneath it represent respective fits to the

individual species).

250 to 260 cm™! has been investigated (cf. Fig. 4). One
can clearly see that the difference of the corresponding

Raman-active modes A;, and Ezlg are different for the
samples. According to theoretical calculations of
Sahin et al. [26] and Amin et al. [27], these modes
increasingly split up by induced strain. The splitting is
on average 16 cm™! [26], starting from 11 cm™' for zero
strain. The corresponding positions are marked as grey
dashed lines in Fig. 4. It is worth noting that the theo-

. 1 oy .
retical £,, mode position does not match experimen-

tal results and seems to have an offset of about 2 cm™.

Nevertheless, the experimentally observed shift of the

A;, mode corresponds to a strain level of up to 1%. The
different strain level for the exfoliated sample and the

SEMICONDUCTORS Vol.52 No.5 2018

CVD-grown sample can have several reasons: either
unintended introduction of strain in the exfoliation
process, strain due to surface roughness of Sapphire,
or the high temperatures at which the CVD growth
takes place.

3.3. Power Dependence

The extracted peak intensities for the RT photolu-
minescence as a function of the pump density are
shown in Fig. 3. One can clearly see that the pump-
dependent data points exhibit a slightly sublinear
power law up to a carrier density of approximately 5 X
10" cm™2. At even higher carrier densities, the emis-
sion indicates saturation behavior. Interestingly, the
strength of saturation seems to depend strongly on the
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Fig. 3. PL intensity as a function of excitation density for different substrates at 290 K. The power dependence has been plotted
on a double-logarithmic scale. The series have been fitted to a power law (dotted lines) to get a deeper insight into the recombi-
nation mechanism. The two data series for each sample correspond to the PL features that have been assigned to the exciton
(black) and the trion (red). At elevated excitation densities there is a second power law fitted to the data revealing a lower slope
indicating a Mott transition, with slopes representing an upper limit of o at these densities. The calculated Mott densities accord-

ing to Eq. (3) are marked by a red arrow.

used substrate and fabrication method. To verify
whether the slow-down can be associated with the
onset of the Mott-transition [28], the Debye-Hiickel
screening length /;; and the associated carrier density
ny were calculated using equations Egs. (2) and (3).

kT

€€,

Ipu =( (;Eﬂ::z: J > (2)
P

nyy = (1.19) Skl (3)

eag

The effective permittivity €. was calculated by the
effective-medium approximation [29] using the vol-

ume fractions of the relevant materials within the Bohr
radius ay (kgT is the thermal energy, e the electron
charge, and g, the dielectric constant). The static per-
mittivity (€.(® = 0)) was used and the exciton Bohr
radius follows the values obtained by Stier et al. [22].
The calculated values are summarized in Table 1. The
hereby obtained Mott densities are marked by red
arrows in Fig. 3. Comparing the calculated values with
the measured data reveals that the change of slope in
the input-output power plot could be explained by the
onset of a Mott transition. Theoretically the smaller
linearity factor has been predicted by Steinhoff [30]
and was explained due to many-particle renormaliza-
tion. The X valley lowers significantly more than the K
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Fig. 4. (a) Raman spectra obtained for the four WSe,-substrate combinations. (b) (lower graph) Peak position of the A; and E;g

modes extracted by fitting the spectra with two Gaussians. The grey dashed lines indicate the calculated position of the A}g mode

with applied strain after [26]. The calculated Eég mode is located at 250 cm ™ L. The strain values indicated in the chart correspond

to these literature values for both modes. (upper graph) Total mode splitting shown with respect to the left scale and correspond-
ing strain level € in percent on the right scale for the measured modes. On the right hand side, the two respective Raman modes

are sketched for illustration.
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Fig. 5. Observation and modelling of exciton—exciton annihilation. Representative transient-PL traces measured at 290 K for
three samples (a—c) from our set of ML-substrate combinations are shown here as solid curves. The transients have been fitted
with a bimolecular function (according to Egs. (4) and (5), dashed curves). The shortening of the decay times with increasing
excitation density (marked by red arrows) can be well explained by a diffusion-mediated annihilation process, as the fit function
can reproduce the measured trends correctly. The excitation densities shown are the same as in Fig. 2.

valley, which leads to a carrier drain and the band gap
becomes indirect. The many-body calculation pre-
dicts a linear slope up to a carrier density of 3 X
102 ¢cm™2 [30]. To extract the relevant excitation den-
sity (pump fluence) for that onset, a measurement
with smaller pump fluence steps is necessary.

3.4. Decay Dynamics

Next, spectrally-integrated transients for three of
our samples are shown in Fig. 5. (The SiO, sample

SEMICONDUCTORS Vol.52 No.5 2018

degraded before the TRPL measurements.) A pro-
nounced shortening is observed as a function of
increased pump power. To test whether this arises
from exciton—exciton annihilation as proposed and
discussed by Mouri et al. [31], the transient-PL series
have been modelled with a rate equation (Egs. (4)
and (5)) after [32, 33]:

dN N
W G- -g,n”

4
” 4)
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Table 1. Obtained values for the electric permittivity (after
the effective-medium approximation), the calculated Mott
density and the corresponding screening length (according
to Egs. (2) and (3))

Substrate et | ny (102 cm™?) I (A)
Si0, 9.04 1.473 5.270
Sapphire (exf.) 8.63 1.250 5.825
Sapphire (CVD) | 8.63 1.250 5.825
hBN 8.61 1.123 6.305

Table 2. Fit parameters for the diffusion-mediated exci-
ton—exciton annihilation model applied to the data
shown in Fig. 5

Substrate T (ps) D (nm?/ps) | ag(nm)
SiO, — - 1.20
Sapphire (exf.) 188 50 1.35
Sapphire (CVD) 28.5 26.8 1.35
hBN 362 35 1.50
4D
w = + &)
log| =, [—
e

The simulation (see dashed lines in Fig. 5) matches
with the observed transients and the extracted annihi-
lation rates for these samples are similar to those in
[31]. Nevertheless, the observed rates vary in a com-
parison of the used substrates. The CVD-grown sam-
ple shows a different pump-fluence-dependent behav-
ior compared to the exfoliated samples on Sapphire
and hBN substrates. The fit parameters are shown in
Table 2. Here, the exciton Bohr radius for SiO, and
hBN was taken from [22] and was not used as a fit
parameter. The Bohr radius for Sapphire has been
interpolated. The values are the same as used in
Eq. (3). The determined diffusion constants D are of
the same order but slightly bigger than previously
reported values [34, 35].

A more systematic comparison of these parameters
in such a bimolecular fit as a function of the environ-
ment of WSe, monolayers can be found in [23]. In
general, it can be assumed that for a decreasing Bohr
radius, the diffusion constant increases as is found
here. Yet, the difference between exfoliated and CVD-
grown ML on Sapphire shall be explained by different
strain levels, monolayer quality and surface-related
effects due to the different sample production meth-
ods. Clearly, the difference between the low-pump-
fluence decay times can arise from those circum-
stances, which can directly affect the diffusion con-
stant. The faster decaying PL in the CVD-grown ML
in comparison with the exfoliated counterpart cor-
relates well/directly with the significant reduction

SCHNEIDER et al.

of D. Seemingly, CVD-grown MLs are less prone to
such excitation-density dependent decay mechanism,
as the general decay is considerably faster and the dif-
fusion constant smaller. Ultimately, the role of hBN
used as buffer and encapsulant is of great importance
for the emission and dynamics of ML systems, as is
discussed in detail in [23].

4. CONCLUSION

In summary, two-dimensional (2D) WSe, in the
monolayer regime on a set of substrates commonly
used in applications, both opaque (i.e. oxides/nitrides
on Si wafer) and transparent (Sapphire, hBN), has been
systematically investigated by means of l-Raman, p-PL,
and -TRPL. The obtained results show similarities in
the decay dynamics like the observation of exciton—
exciton annihilation at RT and indicate strong compa-
rability of the ML spectra in terms of mode energies at
both elevated and cryogenic temperatures. Neverthe-
less, subtle changes become evident such as the occur-
rence of different annihilation rates, time and diffu-
sion constants and the appearance of different 2D-
excitonic modes at low temperature. Here, our sub-
strate-dependent investigation for different pump-flu-
ences further allowed us to shed light on variations in
the exciton Bohr radius and the Mott density at RT.
Indeed, this study invites to a more sophisticated anal-
ysis of the substrate—monolayer interactions which is
of great importance for the tailoring of 2D-material-
based opto-electronic structures.
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