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Using wide spectral range in situ spectroscopic ellipsometry with systematic ultrahigh vacuum annealing
and in situ exposure to oxygen, we report the complex dielectric function of MoS2 isolating the
environmental effects and revealing the crucial role of unpassivated and passivated sulphur vacancies. The
spectral weights of the A (1.92 eV) and B (2.02 eV) exciton peaks in the dielectric function reduce
significantly upon annealing, accompanied by spectral weight transfer in a broad energy range.
Interestingly, the original spectral weights are recovered upon controlled oxygen exposure. This tunability
of the excitonic effects is likely due to passivation and reemergence of the gap states in the band structure
during oxygen adsorption and desorption, respectively, as indicated by ab initio density functional theory
calculation results. This Letter unravels and emphasizes the important role of adsorbed oxygen in the
optical spectra and many-body interactions of MoS2.

DOI: 10.1103/PhysRevLett.119.077402

The current vigorous research efforts in the field of
ultrathin two-dimensional transition metal dichalcogenides
(TMDCs) have paid rich dividends with results showing
fundamental physical implications as well as potential for
applications [1–4]. One of the most prominent aspects of
the electronic structure and optical properties of these
materials is the presence of strong many-body interactions
[5,6]. These are manifested as strongly bound excitons and
other types of exciton complexes such as trions [7] and
biexcitons [8]. Among the TMDCs, molybdenum disulfide
(MoS2) has been one of the most widely studied. As the
understanding and optimization of the optical properties are
of prime importance for TMDCs in general and MoS2 in
particular, there have been considerable efforts to manipu-
late its optical properties [7,9–15]. Because of its two-
dimensional nature, properties of monolayer MoS2 are
influenced strongly by the ambient [11,16,17]. Typically,
monolayer MoS2 prepared by mechanical exfoliation and
chemical vapor deposition (CVD) is known to have
considerable sulphur vacancies (up to ∼3.5 × 1013 cm−2)
together with other kinds of defects [18–20]. These sulphur
vacancies contribute to deep acceptor levels in the band
structure [18,21].
Despite the fundamental nature of the problem of the role

of the sulphur vacancies and oxygen adsorption on the
optical properties of MoS2, there has been no report of the

complex dielectric function yet, measured in controlled
ultrahigh vacuum (UHV) conditions together with system-
atic annealing and oxygen exposure. Moreover, an unam-
biguous understanding of the underlying mechanism of
optical property variations due to oxygen adsorption as well
as sulphur vacancies based on combined and comprehen-
sive experimental and theoretical work is lacking until now.
Previous studies on the role of these defects as well as
oxygen adsorption on the optical properties were per-
formed only in the context of photoluminescence (PL)
[14,20]. These works claimed the mechanism of PL
modulation to be based on the transfer of electrons from
the oxygen molecule in the adsorption sites [14,20].
However, the mechanism of PL modulation upon oxygen
adsorption is unclear as the charge transfer mechanism, at
best, could only contribute partially to the observed PL
modulation [22,23]. Moreover, there are no reports where
the role of exciton and trions are explored or elucidated in
detail based on in situ experiments in controlled UHV
environments.
In this work, fully in situ spectroscopic ellipsometry (SE)

is employed to determine the complex dielectric function of
large area monolayer MoS2 as a function of annealing
temperature and oxygen exposure duration. The spectral
weights of the exciton and trion peaks reduce systemati-
cally upon UHV annealing at higher temperatures. Upon
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subsequent oxygen exposure at 300 K, the initial complex
dielectric function is recovered, which indicates that oxy-
gen adsorption or desorption is the cause of these changes.
This UHV annealing and subsequent oxygen exposure
cycle can be used for the reduction and recovery of the
exciton and trion spectral weights in a repeatable way.
Density functional theory (DFT) based band structure
calculations indicate that the exciton and trion spectral
weight modulation is intricately related to the passivation
and appearance of the gap states due to sulphur vacancies.
Large area monolayer MoS2 grown directly on sapphire

by the CVD method has been used for this work [24,25].
In-plane complex dielectric function is extracted for the
energy range of 0.6–6.0 eV using a rotating analyzer
spectroscopic ellipsometer with a compensator (Woollam
V-VASE) [25,30]. This wide spectral range allows for the
determination of important optical transition peaks as well
as corresponding spectral weights involving parts of the
valence and conduction bands further from the direct band
edge. Spectroscopic ellipsometry measurements are per-
formed at 300 K and inside a Janis cryostat at UHV
conditions with base pressure in the 10−8 torr regime,
unless otherwise specified.
We start our discussion for the sample that is system-

atically subjected to annealing treatments in the range of
300–700 K in UHV conditions at 50 K stepwise intervals,
holding at a particular temperature for an hour.
Spectroscopic ellipsometry spectra are acquired after cool-
ing to 300 K. In Figs. 1(a) and 1(b), a representative
complex dielectric function (ε ¼ ε1 þ iε2) is shown both

for the pristine case as well as after annealing at 700 K. The
complex dielectric function spectra for the pristine MoS2
show characteristic features dominated by the sharp peaks
A, B at 1.92 and 2.02 eV, and the broad peak C at 2.80 eV,
as can be seen in the ε2 [Fig. 1(b)]. The peaks A and B have
been interpreted as bound excitons, while the peak C as
resonant exciton [31–37]. The bound excitonic peaks A and
B are associated with the direct transitions from the spin-
orbit split valence band to the conduction bands at theK (or
K0) point in the Brillouin zone. On the other hand, the
resonant excitonic peak C is associated with the transitions
in the region around the Γ point. Interestingly, after
annealing in UHV, the intensities and sharpness of the A
and B excitons are reduced strongly, accompanied by
spectral weight transfer over a broad energy range (up to
6 eV, which is the energy limit of our measurements).
We next perform in situ SE experiments under different

gas exposures. After annealing at 700 K and cooling down
to 300 K, the sample is exposed to nitrogen gas. As shown
in Figs. 1(c) and 1(d), the complex dielectric function does
not change, even after a few hours or longer. Interestingly,
upon oxygen exposure at 300 K, the A and B excitonic
peaks show gradual recovery to their original intensities
and sharpness. It is observed that the peak intensities reach
above 90% of their original intensities after 10 hours of
oxygen exposure. Generally, CVD-grown MoS2 samples
are n doped, and this n doping is partially compensated by
charge transfer from physisorbed oxygen molecules
[14,20]. However, as explained later, the chemisorption
of oxygen molecules in the sulphur vacancy sites further
plays a crucial role in the passivation of the gap states,
which results in an almost clean gap. Upon progressive heat
treatment in UHV, the oxygen is desorbed, making the
sample more n doped (due to desorption of physisorbed
oxygen) and gap states appear (due to desorption of
chemisorbed oxygen). Upon exposure to oxygen, adsorp-
tion occurs again, and this desorption and adsorption cycle
can be used as a reversible method to manipulate the
exciton and trion spectral weights [Figs. 1(c) and 1(d)].
Independent measurements on the substrate alone show
negligible changes in the substrate dielectric function with
the annealing treatment or oxygen exposure, which elim-
inates the role of the substrate in the observations.
The real part of the optical conductivity σ1, which is used

to analyze spectral weight transfer, is plotted in Fig. 2(a) for
representative annealing temperatures in steps of 100 K.
The σ1 plots clearly show the evolution of the peaks and
structures over the whole spectral range as a function of
annealing temperature. To analyze and understand the
evolution of σ1, the full energy range is divided into four
regions, which individually include important features.
Regions I, II, III, and IV are from 0.6–1.7, 1.7–2.2,
2.2–3.3, and 3.3–5.7 eV, respectively. The partial spectral
weight can be calculated from σ1 for each region using the
relationship, W ¼ ðπNeffe2=2meÞ ¼

R E2

E1
σ1ðEÞdE, where
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FIG. 1. Optical spectra of monolayer MoS2 measured at 300 K.
The comparison of ε1 (ε2) measured before and after annealing in
UHV at 700 K is shown in (a),(b). Evolution of the excitonic
peaks A and B are shown in (c) and (d) when exposed to nitrogen
and oxygen after annealing at 700 K. The direction of evolution
of the peak structures (with time) is indicated by the arrows. Note
that results shown in (a) and (b) are from UHV measurements,
while (c) and (d) are from measurements where the sample
chamber is flushed with the respective gases.
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Neff is the electron density taking part in optical transitions
in that energy interval (from E1 to E2), e is the elementary
charge, and me is the effective mass of the electron. As
shown in Fig. 2(b), the total spectral weight for the full
range (0.6–5.7 eV) increases almost linearly with the
increase of annealing temperature. Note that the highest
energy is taken as 5.7 eV instead of 6.0 eV to avoid
experimental data noise. Similarly, an overall linear trend is
observed for the regions I, III, and IV [Fig. 2(d)]. However,
the spectral weight for region II, which contains the A and
B excitonic peaks, shows an anomalous decrease beyond
∼550 K [Fig. 2(c)]. This implies that although the overall
effective electron density is increasing for the whole
spectral range, the number of charges taking part in the
optical transitions are, in fact, decreasing in the spectral
range containing the A and B excitons.
To better understand the origin of the individual com-

ponents of the optical transition strengths, the complex
dielectric function is extracted from a finer grid (2 meV) of
SE experimental data taken for the energy range 1.7–2.2 eV
using a wavelength-by-wavelength fit. The complex
dielectric function is then modeled using mixed
Lorentzian-Gaussian line shapes maintaining Kramers-
Kronig consistency [38]. Five oscillators each with 30%
Lorentzian and 70% Gaussian character give the best fit for
the complex dielectric function at 300 K (with no
annealing). For the intermediate temperatures, best fits
are obtained when this ratio is linearly interpolated with the
contributions being 50% each for the highest annealing
temperatures of 700 K [25]. The substantial Gaussian

contribution to the broadening indicates that the perturba-
tion to the local potential from defects and impurities plays
a dominant part in the observed inhomogenous line shape
broadening [7,39–41]. Representative fits of ε2 are shown
for the temperatures of 300, 500, and 700 K in Figs. 3(a),
3(b), and 3(c), respectively. The fit details and results for all
the annealing temperatures including ε1 can be found in the
Supplemental Material [25]. From the fit results for 300 K,
the line shapes with peak positions at 1.878, 1.923, and
2.024 eV could be identified as the trion (XT), A exciton
(XA) and B exciton (XB) [7,11,13,36,39,40]. Interestingly,
there is a small peak at 1.826 eV, which we attribute to the
so-called defect-bound exciton (XBound) [40]. The last
broad lineshape at 2.191 eV mostly accounts for the large
background and could have substantial contribution from
the first higher-order exciton corresponding to XA [33,42].
The spectral weights calculated using individual line

shapes for XBound, XT , and XA are plotted in Fig. 3(d). One
of the important observations is that the XT spectral weight
is much larger than the XA spectral weight, which is
consistent with the intrinsic n-doped nature of the sample
[7,10,13]. Upon annealing, the sample becomes increas-
ingly n doped, and the XT spectral weight increases slowly
until ∼400 K. On the other hand, the spectral weight of XA
starts to decrease gradually upon annealing. It is to be noted
that the total spectral weight of XT , XA, and XBound is
dominated by XT until 650 K, where XBound also becomes
significant. Importantly, starting from 400 K, the spectral
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FIG. 2. Real part of the optical conductivity and spectral weight
for different annealing temperatures and measured at 300 K after
cooling down. Real part of the optical conductivity for different
annealing temperatures are shown in (a). The spectral weight for
the full range (0.6–5.7 eV) and region II (1.7–2.2 eV) are plotted
in (b) and (c), respectively. The spectral weight for regions I
(0.6–1.7 eV), III (2.2–3.3 eV), and IV (3.3–5.7 eV) are shown in
(d). In (b), (c), and (d), the dashed lines are guides to the eye.
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FIG. 3. Contributions of excitons and trion to the optical spectra
of MoS2. Data and fit of ε2 using Lorentzian-Gaussian line shapes
for XBound, XT , XA, and XB are shown in (a), (b), and (c) for
annealing temperatures of 300, 500, and 700 K, respectively.
Spectral weights of XBound, XT , and XA are depicted in (d). The
ratio of the spectral weight of XT to XT , XA, and XBound together
against annealing temperature are shown in (e). Difference in the
energy positions for XA and XT with respect to annealing
temperature is plotted in (f). In (d), (e), and (f), the dashed lines
are guides to the eye. The shaded portions in (e) and (f) indicate
regions where desorption of chemisorbed oxygen affects the
respective quantities conspicuously.
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weight decreases considerably for XT, which could plau-
sibly be attributed mainly to the annihilation of excitons
due to charged defect states in the sulphur vacancy sites, as
explained later [43]. The spectral weight of XBound starts to
grow with annealing temperature after 400 K and becomes
comparable in magnitude to that of XT at ∼650 K. This
trend is consistent with our conclusion that sulphur
vacancies, which were previously occupied and passivated
by oxygen, now after oxygen desorption, introduce gap
states [44]. The ratio of the spectral weight WT=Wtotal,
whereWT is the spectral weight of XT , andWtotal is the total
spectral weight of XA, XT , and XBound, is representative of
the electron concentration [Fig. 3(e)], the higher value
reflecting more n doping [7,11,13,45].
The trion binding energy can be estimated from the

difference of the peak positions for XA and XT . They are
related by EA − ET ¼ ETb

þ EF, where EA, ET are the
exciton and trion peak positions, respectively; ETb

is the
trion binding energy and EF is the Fermi level shift relative
to the conduction band edge at the K point [7]. This
relationship can be used for a reasonable estimate of ETb

for
the range ≤ ∼400 K, assuming EF to be small [Fig. 3(f)].
The estimate of ETb

of ð45� 7Þ meV for 300 K is in
reasonable agreement with previous reports [7,11,36].
To understand the role of sulphur vacancies and adsorbed

oxygen on the electronic structure of MoS2, ab intio DFT-
based calculations are performed [25]. The calculation
results show that depending on the proximity and the
orientation of the oxygen molecule, there will be different
energy configurations [Fig. 4(a)]. The electronic band
structure of pristine MoS2 is characterized by a clean
gap, as expected from a defect free material. However, the
presence of sulphur vacancies introduce deep acceptor
levels and new filled levels just above the valence band
maximum of the pristine case [25,46]. In the n-doped
MoS2, the Fermi level is close to the conduction band
minimum, and hence, the deep acceptor level will be filled,
and correspondingly, the vacancy sites are expected to have
a negative charge [Fig. 4(c) and 4(d)]. These charged
localized vacancy sites should help in annihilation of the
excitons whenever those are within a Bohr radius of
excitons [43]. A simple quantitative estimation of such
vacancy site concentration can be obtained using the
exciton Bohr radius, which is ∼1 nm for XA for MoS2
[36,47]. Using this exciton Bohr radius, the vacancy
concentration expected for 50% reduction in the exciton
population is ∼1.6 × 1013 cm−2. This estimate is in the
regime of the observed monosulphur vacancy concentra-
tion [19], and thus suggests that the reduction of the
spectral weight is possibly due to the annihilation of the
excitons caused by charged defect sites. The deviation from
stoichiometry reduces the density of states in the valence
and conduction band, leading to further reduction of the
exciton and trion spectral weights. However, the drastic
reduction of the exciton and trion spectral weights in

comparison to other features indicates that the annihilation
of excitons has the dominant contribution.
The physisorption of the oxygen molecule in pristine

MoS2 has a negligible effect on the band structure, and it is
characterized by electron transfer from MoS2 to oxygen
[14,25]. Importantly, the energy barrier for chemisorption
in a sulphur vacancy site is very low, and this can happen at
room temperature [22,25]. The chemisorption of the oxy-
gen molecule in the vacancy site results in an energy gain of
1.98 eV [Fig. 4(b)], and the acceptor level of the vacancy is
occupied by the oxygen 2p electrons. This process results
in a recovery to the near-clean gap state [25]. The
“horizontal” configuration is closer to the clean gap.
However, the lowest energy state is characterized by the
“vertical” orientation of the oxygen molecule. The crucial
passivation of the gap states by these chemisorbed oxygen
molecules leads to the disappearance of the local charged

FIG. 4. Various configurations of oxygen adsorption with
corresponding energies. (a) Sulphur, molybdenum, and oxygen
are represented by yellow, blue, and red spheres, respectively. The
sulphur vacancy site is represented by the cross. (b) Nudged elastic
band calculation of the energy barrier for migration of an oxygen
molecule towards a sulphur vacancy and respective trapping.
The energy barrier, measured from the starting point, is 56 meV.
The calculation was performed in the spin-averaged state.
(c) Calculated ionization levels for relevant defects (all energies
are in eV). VBMandCBM refer to the valence bandmaximumand
conduction band minima, respectively. (d) Representation of the
charge density of the trapped electrons at sulfur vacancies.
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vacancy sites, and hence, the excitons and trion formation is
not affected.
In summary, using systematic in situ spectroscopic

ellipsometry with UHV annealing, we report the complex
dielectric function of MoS2 isolating the environmental
effects and unveiling the role of sulphur vacancies. With
controlled oxygen exposure, we have further demonstrated
tunability of absorption features associated with trion and
excitons in MoS2. This comprehensive experimental and
theoretical work explains the mechanism of the modulation
of the exciton and trion features upon oxygen adsorption
and desorption. Overall, this study highlights the impor-
tance of adsorbed oxygen in the passivation of the gap states
inMoS2, its implications in the optical spectra of MoS2, and
the need for adequate consideration of such extrinsic factors
in the proper understanding of the relevant results.
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