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Due to its unique layer-number dependent electronic band structure and strong excitonic features,
atomically thin MoS; is an ideal 2D system where intriguing photoexcited-carrier-induced phenomena
can be detected in excitonic luminescence. We perform micro-photoluminescence (PL) measurements
and observe that the PL peak redshifts nonlinearly in mono- and bi- layer MoS, as the excitation power is
increased. The excited carrier-induced optical bandgap shrinkage is found to be proportional to 7",
where 7 is optically-induced free carrier density. The large exponent value of 4/3 is explicitly
distinguished from a typical value of 1/3 in various semiconductor quantum well systems. The peculiar
n*? dependent optical bandgap redshift may be due to the interplay between bandgap renormalization and

reduced exciton binding energy.

Introduction

Single-layer MoS; is a direct gap semiconductor with a bandgap of 1.8 - 1.9 eV in a two-dimensional
hexagonal Brillouin zone whereas bulk MoS; is an indirect semiconductor with a band gap of ~1.2 eV.'?
Ultra-thin MoS; layers with a thickness up to a few monolayers exhibit layer dependent crystal symmetry
and a dramatic change in electronic dispersion.”* These materials have attracted interest due to their rich
and intriguing optical and electrical properties. Atomically-thin MoS; layers are perfect for nano-
optoelectronic applications due to their semiconducting nature,”’ excellent thermal stability, and absence
of dangling bonds.*’ Single-layer MoS,-based phototransistors and sensors have been demonstrated
recently.'*'?

The bandgap (E,) is the most important parameter in the understanding of the optical properties of two-
dimensional (2D) semiconductors. Its value can change depending on external parameters such as
temperature, pressure, and strain that can fundamentally alter the complex interactions between carriers
and the lattice."” As temperature (7) decreases, the optical bandgap increases due to lattice dilation and
electron-lattice interactions, which in turn causes a decrease in the potential seen in electrons in 2D
semiconductors. On the other hand, bandgap renormalization (BGR) induced by many-body effects might
occur in 2D semiconductors, resulting in a reduction of the bandgap. The BGR effect has been
demonstrated in diverse semiconductor quantum wells (QWs).'*"” Bandgap shift (Ascr) in semiconductor
quantum well (QW) systems has been found to be proportional to the density of charged carriers (), Aggr
oc n* where the exponent o is generally known to be close to 1/3."°2%** Another key fundamental factor
for the understanding of the excitonic transition energy (optical bandgap) in low-dimensional
semiconductor systems is the exciton binding energy. For 2D systems, suppression of effective Coulomb
screening has been discussed”*** and a large exciton binding energy of > 500 meV has been predicted in
monolayer MoS,.>**’



In this study, we report the effect of photo-excited carriers on the optical bandgap in mono-(1L) and bi-
layer (2L) MoS,. We have measured excitonic spectra as a function of excitation power. We have
observed the effect of photo-excited carrier densities on the excitonic spectra indicating the presence of
many body effects and induced bandgap renormalization. We have found the following relationship in the
low plasma density regime: Aggr oc n*”. A comparison between experimental and theoretical results
reveals that the competition between bandgap renormalization and a lowering of the exciton binding
energy due to Coulomb screening causes the large exponent value of 4/3.

Experimental

1L and 2L MoS; flakes were prepared on a Si substrate covered with 285 nm-thick-SiO, by
mechanically exfoliating a bulk 2H-MoS; crystal. The optical luminescence properties were investigated
by conducting micro-photoluminescence (u-PL) measurements. The sample was mounted in a
continuous-flow helium cryostat with temperature accurately controlled from 4.2 K to room temperature.
A CW solid-state laser operating at a wavelength of 532 nm was used to excite the MoS; flakes. The laser
beam was focused onto the surface of the sample with a spot size of ~ 0.8 pm”. A 100x objective was
held above the cryostat to focus the incident laser beam and collect the resulting luminescence. The
luminescence was then directed to a spectrometer with a spectral resolution of 700 peV.

Results and discussion

Figure 1a shows an optical microscope image of a sample MoS; flake transferred onto the SiO,/Si
substrate. The brown-coloured background represents the SiO,/Si substrate and the central regions with
two different contrasts correspond to MoS; layers with different thicknesses. The upper semi-transparent
and lower dark regions correspond to the 1L and 2L MoS;, respectively. The number of MoS; layers was
determined with Raman spectroscopy measurements at two different contrast regions as shown in Fig. 1b.
Two prominent Raman bands (in-plane E',, and out-of-plane A;, modes) were observed. The frequency
differences at the upper semi-transparent and bottom dark regions were 18.24 cm™' and 21.10 cm ™,
corresponding to the 1L and 2L MoS,, respectively.”®

Figure 1c shows the p-PL spectra obtained for 1L- and 2L-MoS, indicated by red and blue boxes,
respectively, in Fig. 1a. For 1L-MoS,, two prominent PL peaks were present in the spectrum at 1.78 eV
(denoted as LE) and 1.88 eV (denoted as A). These two peaks are direct excitonic transitions at the K
point of the Brillouin zone.' They were assigned to the excitons bound to surface impurities/defects (DX)
and free exciton (FX), respectively. The DX peak is attributed to excitons bound to surface
impurities/defects.”'***~° Since the low-energy DX peak was strongly suppressed in oxide-covered
single-layer MoS,”' its reduced energy might be due to additional binding to surface adsorbents. The inset
indicates a small signature for the split-off valence band, which is referred to as the B exciton, which can
also be detected in the 1L-MoS, sample.’’”* The A exciton peak intensity in our 2L MoS, is larger than
that in 1L MoS,. We confirmed this behaviour for different 1L and 2L. MoS, flakes (Fig. S1). It is known
that the PL spectrum and intensity of atomically thin MoS; can be affected by defects and the substrate as
well as by layer number."**?*** Thus, we presume that complex temperature-dependent interplay
between these factors is linked to this observation. A very different PL behaviour was observed for the
spectrum in the region of the 2L-MoS,. Only the FX peak was identified at around 1.88 eV. Band
structure theory indicates that different excitonic effects in 1L- and 2L-MoS; (i.e., binding energies of
0.897eV for 1L-MoS; and 0.424 eV for 2L-MoS;) should be considered in order to understand the optical
transitions.” The physical nature of the M0S,/SiO; interface might cause different strains in the 1L- and
2L-MoS,.""*° In addition, many groups have demonstrated that 1L-MoS, suspended from the substrate or
encapsulated by dielectric materials has different PL emission characteristics compared to a monolayer
that only has contact with a SiO4/Si substrate.'*' Given these observations, PL spectra in atomically thin
MoS; can be influenced by their intrinsic electronic band structures and surrounding environment. The
reproducibility of this behaviour throughout the entire MoS; flake was verified by taking PL intensity



mapping measurements at the LE and A peak energies of 1.78 eV and 1.88 eV, respectively, as shown in
Figures 1d and 1e. Comparison of PL confocal mapping with an optical image shows that the 1L and 2L
regions have very different emission characteristics.

Before showing the experimental data, we first describe how the photo-excited carriers affect the
excitonic transition energy. In the low excitation power regime where the thermal heating effect is
insignificant, the major contributions to the shift in the excitonic PL in low dimensional-semiconductor
systems are determined by the interplay between the BGR effect (due to electron and hole self-energy
corrections) and screening-induced excitonic binding weakness.*”” The former process (the BGR effect)
causes a redshift in the optical bandgap, and it competes with the latter, which causes a blueshift (see Fig.
2). As the photo-excited carrier density (n) increases, the excitonic transition energy (£, in Fig. 2b)
shifts due to the self-energy corrections and Coulomb-screening whose magnitudes change nonlinearly
with respect to n.*

The excitation power-dependent micro-PL spectra of 1L- and 2L-MoS; are shown in Figures 3a
and 3b, respectively. Note that the intensity of the LE transition in 1L-MoS; is very weak, and this is due
to the non-uniform adsorbent condition of the 1L-MoS; flake. As the excitation power increases, the A-
exciton peak in both 1L- and 2L-MoS; shifts monotonically towards the lower energy side. As the
temperature increases in the region below 100 K, the PL peak’s height decreases dramatically and its
position remains almost unchanged (Fig. S2). However, the observed PL peak’s height increases linearly
with excitation power (see Fig. 4a). Thus it is reasonable to assume that the redshift of the power-
dependent PL peak is unrelated to the rise in the effective temperature induced by the excitation power.
Mak et al and Kummell et al reported the observation of trions in 1L- and 2L-MoS,.**** However,
considering the very symmetric shape of the PL spectra of our 1L- and 2L-MoS,, which are well fitted by
a single-Gaussian curve, trions seem not to contribute to the observed PL spectra in our sample.

Variation in the PL intensity of the A-exciton peak with excitation power (Pey) is shown in Figure
4a. PL spectra were measured in the photo-excited quasi-equilibrium regime. The peak’s intensity (Zpeax)
increases linearly with increasing excitation power, Ipeak ¢ Pey. In the quasi-equilibrium region, it is
reasonable to presume that /cqx 1s linearly proportional to the density of the excitons (n.x). Thus, it is
reasonable to presume 7y oc Pey. Figure 4(b) shows the PL peak’s redshift (AE,) relative to PL peaks
measured at the lowest excitation powers used (3.8 and 3.2 kW/cm? for 1L- and 2L-MoS,, respectively).
As P,, increased, AE,, also increased. Their relation was found to be AE,y oc Pe,”” for both samples. For
comparison, the AE,,, oc P..'” relation is indicated with a red solid line. However, in a higher excitation
power (or higher plasma e-/ density) regime, the power-dependent exciton peak’s energy deviated from
the AEp oc P.”” behaviour and red-shifted with a smaller exponent, indicating that the exciton binding
strength might have been weakened by an increased effective Coulomb screening. The observed exciton
peak’s redshift implies that the Coulomb-driven quasiparticle BGR effect was dominant over the free-
carrier screening induced exciton binding energy lowering. A similar narrowing in the optical bandgap in
monolayer semiconductor systems has been recently demonstrated experimentally and theoretically.**%
To better understand the results of our experiment, we need to know the physics of the equilibrium
between the excitons and the dense electron-hole (e-/) plasma. The density ratio is sensitively determined
by both lattice temperature and exciton binding energy. For quasi 2D intrinsic semiconductors in the low
plasma density region (or in the low excitation power region), the Saha equation might be adopted from
plasma physics to describe the density ratio as follows:*"**

Nexnp/Mex < kT % exp(—Ev/kT) (1)
where Ey, is the binding energy of the exciton and nej represents the density of the conducting electrons
and holes. kT is the effective thermal energy of 2D MoS.. In the presence of screening of free carriers (n
= n.= my), the ratio Ey/kT value changes with increasing excitation power (note that the binding energy £,
decreases due to the screening of the increased plasma density). Since E,>> kT in the Saha equation
remains valid and the density of the free electrons 7. in the conduction band increases in proportion to the
square root of the exciton density 7., the following relation is obtained: 7 oc nex 2. The behaviours of



AEqp oc P2 and Pey oc ney lead to following relation: AE o n'3, Figure 5a presents the measured AE
on a logarithmic scale.

Steinhoff ef al. have demonstrated theoretically the effects of excited carriers on the optical and
electronic properties of 1L.-MoS,.* Figure 5b shows the calculated AE (black solid line) for unstrained
1L-MoS;. As the carrier density (n) increases, the bandgap renormalization (AE,) and the reduction of the
binding energy (AE},) compete with each other and determine the exciton transition energy shift (AE,py).
The theory predicts that as n increases AE,p increases non-monotonically following a power law of AE
oc n’ where y decreases in a higher n region. The BGR effect is dominant in the low n region below
0.33x10"/cm?, the Coulomb screening induced exciton binding energy reduction prevails in the high
region > 2.2x10'*/cm”. We determined the theoretical AE,p(n) zone which best matched the measured
experimental AE,, =~ 8 meV for the experimentally observed relation AE, o n'??. In the n region
between 0.5 and 1.1 x 10'*/cm?, the theoretical AE,y satisfies the experimentally observed AEqy oc 1"
behaviour. The experimental data overlap with the theoretical results where the standard deviation
between them is minimized. There were no fitting parameters for this comparison. The n region between
~6x10" /em® and ~ 9x10'" /cm® best satisfies the condition with the smallest standard deviation.

The 1L- and 2L-MoS; layers show a similar optical bandgap shift with increasing Pe, suggesting that the
interplay between the BGR effect and the exciton binding energy reduction plays a comparable role in
determining the optical bandgap in 1L- and 2L-MoS;. This is presumably due to the comparable effects of
many-body interactions on the electronic structure near the K point in 1L- and 2L-MoS,. Note that
bandgap energy renormalization by many-body interactions seems not to depend strongly on the thickness
of quasi-2D semiconductor quantum wells,'*'>'**° because the binding energy of the 1L- and 2L is a few
hundred meV while that of bulk is only a few tens of meV.
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Conclusions

In summary, we investigated the effect of electron-electron interactions on the optical bandgap of mono-
and bi-layer MoS, by measuring the excitation power-dependent PL characteristics. Two prominent direct
excitonic PL peaks were observed for bound and free excitons. We demonstrated that photo-excited free
carriers were able to modify the optical bandgap of these materials. It was found that the optical bandgap
shift (AE,p) increased proportional to a power of the free carrier density (n) with a large exponent, AE
oc n'?, in the low plasma density regime where many body effect-induced bandgap renormalization and

exciton binding energy lowering competed with each other.
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Fig. 1 (a) Optical microscopy image of 1L and 2L MoS; on a SiO,/Si substrate. In the schematic model, red and blue boxes
correspond to 1L and 2L optical images, respectively. (b) Raman spectroscopy of 1L- and 2L-MoS, on a SiO,/Si substrate. (c)
4.2 K u-PL spectra taken at points corresponding to 1L- and 2L-MoS, (marked with red and blue boxes in (a), respectively).
An excitation power of 128 kW/cm® was used. The inset shows the magnified PL spectrum of 1L-MoS, in the high photon
energy region. The small peak is referred to as B-exciton which is due to the splitting-off of the valence band. (d, e) PL
intensity mapping images at different photon energies of 1.78 eV and 1.88 eV corresponding to LE and A peaks, respectively.
An excitation power of 3.8 kW/cm® was used.
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Fig. 2 (a) Illustration of the effect of photo-excited carriers on the bandgap (£,) and exciton binding energy (£3). The excitonic
transition energy (£,,,) is given by the relation of E,,, = E, — Ej. (b) Schematic excitonic transition energy shift (AE,,,) due to
two competing processes (not to scale), bandgap renormalization (AE,) and exciton binding energy lowering (AE;) with
increasing photo-excited carrier density (n). Positive and negative values of AE,,, in the y-axis correspond to blue- and red-
shifts of the excitonic transition, respectively. Note that AE, and AE, are not linearly proportional to the charge density .
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Fig. 4 (a) Intensity of the A-exciton peak as a function of excitation power at 4.2 K. (b) 1
excitation power-dependent A exciton peak energy relative to the peak position of the PI
powers of 3.8 (for 1L-MoS,) and 3.2 kW/cm? (for 2L-MoS,). The 1/3 and 2/3 power-law
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Fig. 5 (a) The redshift (-AE,y) of the excitation power-dependent A exciton peak energy on a logarithmic
scale. (b) Comparison of the theoretical AE,,, and the experimentally observed bandgap shift. For
comparison, the experimental bandgap shift curve is shifted up in energy by 15 meV. The theoretical
excitonic transition energy shift (~AE,) curve in unstrained 1L MoS, is obtained from Ref. [4]. The
theoretical AE,,, curve is determined by considering the competing phenomena, bandgap shrinkage (AE,)
and binding energy lowering (AE};) of the A exciton transition: AE,,, = AE,; + AE,, (see Fig. 2). The minus
sign indicates that the exciton peak redshifts with increasing n, (|JAE,| > |[AE})).



