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Apart from the defect related emission peak which lies �100 meV below the A exciton/trion peak

and is labeled D1 here, this study shows that there is another distinct feature D2 lying �200 meV

below A in the photoluminescence spectrum of the exfoliated monolayer MoS2 on SiO2/Si

substrates. The D2 feature is explicitly resolved at low temperature only in few samples. Both D1

and D2 do not show circular polarization anisotropy for 633 nm excitation. Both decay with the

increase in temperature in a seemingly activated manner with similar activation energy of

�50 meV, but D1 decays earlier and therefore D2 dominates at high temperature in all samples.

Annealing in vacuum increases both D1 and D2 emission intensities while annealing under sulfur

vapour decreases them. Comparison with reported theoretical studies on defects in monolayer

MoS2 suggests that these two emissions possibly involve excitons bound to single and double

sulphur vacancies, the latter binding excitons more strongly. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4963133]

Monolayer 2H-MoS2 is amongst the 2-dimensional (2D)

transition metal dichalcogenide (TMD) semiconductors that

are being extensively studied for possible electronic and

opto-electronic device applications.1 Unlike in its bulk form,

monolayer MoS2 has a direct2 bandgap and shows strong

luminescence, making it suitable for flexible light emitter

applications. The phenomenon of spin-valley coupling,

whereby only electrons and holes with specific spin orienta-

tion (up or down) can occupy the energy-crystal momentum

valleys at K and K0 points of the Brillouin zone, holds prom-

ise for novel spintronic devices.3 However, device perfor-

mance is strongly influenced by defects through modification

of carrier concentration, scattering pathways and mobility,

and also light emission characteristics.4–6 From simple sur-

face-to-volume ratio arguments, it is easy to see that defects

have a greater influence on properties of monolayers as com-

pared to bulk materials. Defects in monolayer TMDs have

therefore received much attention. In MoX2 (X¼ S, Se, Te)

monolayers, there are reports of adsorbed impurities, point

defects, extended domain boundaries, and also their func-

tionalization under different conditions.7–9 Defects often

have distinct optical signatures, making photoluminescence

(PL) a useful nondestructive tool for quantifying them. This

requires understanding the origins of features in the PL spec-

trum, and here, we attempt to do so for monolayer MoS2.

Theoretical studies have shown how defects of various

types create energy levels10,11 within the bandgap of mono-

layer MoS2. The reported low temperature PL spectra typi-

cally show a single broad asymmetric emission feature7,12–15

associated with defects, which lies below the main A exci-

ton/trion feature in energy. Given the very large exciton

binding energy in monolayer MoS2, which according to

experiments16,17 lie between 220 meV and 570 meV, the

emission is expected to arise from the recombination of a

defect bound exciton complex, rather than an electron/hole

in a defect level within the bandgap recombining with free

carriers in the valance/conduction band. Plechinger et al. had

shown13 that the defect related emission gets suppressed

after covering the monolayer MoS2 film with Al2O3 or HfO2

and concluded that the defects were adsorbed impurities on

the MoS2 surface. Sulfur vacancies have been shown to be

the predominant structural defects in monolayer MoS2 with

the least formation energies in both natural and chemically

grown samples.18,19 Tongay et al. reported14 that both a par-

ticle irradiation and vacuum annealing increased the defect

related PL feature’s intensity and the presence of N2 was

necessary to detect PL. They concluded that the defect

related emission arose from excitons bound to sulfur vacancy

and nitrogen complexes. Thus, the origins of the defect

related PL feature is still under debate. Here, we describe a

micro-PL study which suggests the presence of more than

one defect related emission feature in monolayer MoS2 on

SiO2/Si substrates and try to understand their origins through

different measurements, including annealing experiments

under vacuum and sulfur vapour.

2H-MoS2 films exfoliated from natural bulk crystals

using low residue scotch tape were first put on poly(di-

methyl)-siloxane and then transferred by stamping on to a

substrate which was Silicon(001) with a 280 nm thick SiO2

film on it. Monolayer identification was done using micro-

reflectance contrast20 and micro-Raman spectroscopy.21

Micro-PL spectroscopy measurement details are given in the

supplementary material. To compare relative magnitudes of

PL spectral features, the A exciton/trion peak intensity was

taken as one. For annealing experiments, the substrates with

MoS2 films stamped on them were put in a 25 cm long, 2 cm

diameter glass tube. For annealing in the presence of sulfur

vapour, �1 mg of yellow sulfur was also put inside the tube.

The tubes were then evacuated to a pressure of 10�6 mbar

and their open end sealed with a flame. Annealing was donea)Electronic mail: nihit@tifr.res.in
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at fairly low temperatures so as not to damage the films. For

vacuum annealing, the sealed tubes were kept in a furnace at

130 �C for 10 h and annealing in the presence of sulfur

vapour was done at 150 �C for 2 h.

Figure 1(a) shows the low temperature PL spectrum of a

typical MoS2 monolayer sample (named type-I here) on

SiO2/Si. The peak at �1.91 eV is from an unresolved A exci-

ton/trion transition while the peak D� 100 meV below it has

previously been attributed to the defect-bound exciton

recombination.13–15 These peak positions vary by about

610 meV between samples. However, in about 30% of the

samples (named type-II), we observe a distinct second emis-

sion peak �200 meV below A. This is shown in Fig. 1(b)

where we have labeled the two low energy peaks as D1 and

D2. We first want to show that it is wrong to consider D in

Fig. 1(a) as a single inhomgeneously broadened transition.

Figures 1(c) and 1(d) show the variation of the emission

peak energy with temperature for sample type-I and -II,

respectively. The peak positions, determined by fitting

Gaussians representing inhomogeneously broadened transi-

tions, red-shift due to lowering of the bandgap with increas-

ing temperature, a process in which phonons play an

important role. It is evident that the behaviour of D is very

odd when compared with A, D1, and D2 peaks. The red-shift

is often phenomenologically modeled using22

EðTÞ ¼ Eð0Þ � S ½CothðEph=2kBTÞ � 1 �; (1)

where E(T) is the peak energy at temperature T, S a constant,

and Eph an average phonon energy. For semiconductors like

GaAs, fitting Eq. (1) yields a Eph value which is comparable

in magnitude but lower than the dominant LO phonon

energy.22 Here, for A, we get an average Eph� 36 meV,

while for D1 and D2 we get Eph� 22 meV. These are compa-

rable in magnitude to the A1g, E1
2g phonon energy of

�50 meV of MoS2.21 However, for D, we get Eph� 6 meV

which is unusually low. Taking a clue from the type-II sam-

ple, if we resolve the feature D in Fig. 1(a) into two

Gaussians representing two transitions D01 and D02, we get

their peak position variation as shown in Fig. 1(c), which

now seems similar to that for D1 and D2. Examples of

Gaussian fittings will be shown later. For D01 and D02, we get

an average Eph� 27 meV which is reasonable, indicating

that D does comprise of at least two distinct inhomogene-

ously broadened transitions. A comparison of the tempera-

ture dependence of peak D with those of D01 and D02 in Fig.

1(c) suggests that this feature is dominated by D1 at low tem-

perature and by D2 at high temperatures. This can be inde-

pendently verified from Fig. 2 which shows the evolution of

the PL spectrum with the increase in temperature in a type-II

sample. It shows that D1 decays earlier and only D2 remains

at high temperature. Thus, D1 and D2 are actually present in

all samples, although D2 may not be explicitly seen in most

samples at low temperatures; it dominates the low energy

part of the spectrum at high temperatures. The distribution of

D2 emission strengths relative to D1 at 4.5 K in all the sam-

ples studied is given in the supplementary material.

We next study the nature of the D2 transition relative to

D1 and A. Figure 3 shows an Arrhenius plot of the tempera-

ture dependence of A, D1, and D2 feature intensities in a

type-II sample. The intensities were taken to be the area of

fitted Gaussians. At high temperature, they all decay in a

seemingly activated manner with a slope that tends to an

activation energy Ea� 50 meV. This energy is much smaller

than the A exciton binding energy mentioned earlier. The

fact that A, D1, and D2 seem to have similar decay slope

despite their peak positions differing by 100 meV or more is

interesting. It rules out the more common mechanism for

decay where electrons/holes are thermally excited to states

having energy Ea higher than the emission peak, from where

they more readily recombine non-radiatively. Instead an

alternative mechanism has been suggested wherein the

strong exciton-A1g phonon coupling23 in monolayer MoS2

leads to greater interaction of the excitons with substrate

defects/traps, providing them a path for the non-radiative

decay.24 This decay mechanism depends on the phonon

numbers which is governed by Bose-Einstein statistics, lead-

ing to the following expression for PL intensity I as a func-

tion temperature:24

IPL ¼ Io=½1þ c=ðeEphn=kBT � 1Þ�: (2)

FIG. 1. Low temperature PL spectrum of (a) a typical (type-I) monolayer

(ML) MoS2 flake on SiO2/Si substrate and (b) one with D2, a pronounced

second low energy emission feature (type-II). Their optical images are

shown as insets along with a 10 lm scale bar. (c) and (d) Temperature

dependence of PL peak positions in (a) and (b), respectively, determined by

resolving them into Gaussians. For the low energy emission feature in (a)

we considered both single [� in (c)] and double Gaussian fits. The continu-

ous lines in (c) and (d) are fits using Eq. (1).

FIG. 2. Temperature dependence of the PL spectrum of a type-II monolayer

MoS2 flake.
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Here, Io represents the PL intensity at the lowest tempera-

ture, Ephn the relevant phonon energy, and c is a parameter

proportional to the non-radiative exciton decay rate. The

data for all three emission features in Fig. 3 fit reasonably

well with Eq. (2) for Ephn¼ 50 meV, which is the A1g pho-

non energy, indicating excitonic origins of the features.

Next consider the circular polarization resolved PL

spectrum of a type-II sample as shown in Fig. 4. One finds

that the A feature shows strong polarization anisotropy origi-

nating from coupling of spin and valley degrees of free-

dom3,12 while D2 like D1 is completely unpolarized. The loss

of polarization can occur through the Bir-Aranov-Pikus

electron-hole exchange mechanism involving simultaneous

spin flip and momentum scattering between K and K0 val-

leys.12 Localization of excitons at a defect site with conse-

quent spread in crystal momentum values will aid this.

Another theory suggests that disorder seen by excitons

around defects as a possible source of depolarization.25 In

any case, depolarization points to defect bound excitons. The

similar decay and polarization properties of D2 and D1 indi-

cate that D2 is also associated with radiative recombination

of excitons bound to defects. We have also performed laser

pump intensity (I) dependence of PL described in the supple-

mentary material. We find that initially A, D1, and D2

strengths increase as / I but at higher pumping D1 and D2

tend to saturate, with their I dependence becoming sublinear.

This saturation of D1 and D2 again indicates their association

with defects whose numbers are expected to be much smaller

compared to the density of normal allowed states. The

strength of the A feature continues to increase as / I since

these excitons are not bound to deep defects.

Sulfur vacancy is the most common defect18,19 in mono-

layer MoS2, and to study its role in the origin of D1 and D2

PL features, we annealed one type-II sample in vacuum to

create more vacancies and another under sulfur vapour to

reduce their numbers. The PL spectrum of these samples

before and after annealing is shown in Figs. 5(a)–5(d) along

with Gaussian fits. One finds that after annealing in vacuum

the intensities of both D1 and D2 PL features increase rela-

tive to A, in contrast they both decrease when annealed under

sulfur vapour. This indicates that defects associated with

both D1 and D2 could be sulfur vacancies. Theoretical stud-

ies18,19 show that amongst defects in monolayer MoS2, the

lowest formation energy Gf occurs for a single sulfur

vacancy V1S and the next higher one is for a double sulfur

vacancy V2S. The exact value of Gf depends on the chemical

potentials: for V1S and V2S they are roughly �2 eV and

�4 eV, respectively, and for other defects the values are

much higher. The concentration of defects (C) at the forma-

tion temperature T is given by C ¼ Ns exp½�Gf =kBT�, where

Ns represents the number of sites where the defect can be

formed and kB the Boltzmann constant. Thus, when the

material was originally formed, V2S defects would have been

much smaller in number than V1S. Given that we find appre-

ciable D2 signal in the low temperature PL spectrum of only

a few samples, we infer that D2 originates from excitons

bound to V2S, while D1 originates from excitons bound to

V1S. If the V2S site represents a lower potential region for the

exciton, binding them more strongly than V1S, it can explain

why D2 emission is at a lower energy.

The annealing treatments did not change the general

character of the laser pump intensity dependence of A, D1,

and D2 features mentioned previously, since the treatment

only increased or decreased the defect numbers. Figure 5(d)

FIG. 3. Integrated PL intensity of A, D1 and D2 features as a function of

inverse temperature, for a type-II monolayer MoS2 flake. The dashed line

represents an Arrhenius decay slope with activation energy 50 meV. The

continuous lines are fits to Eq. (2), all with Ephn¼ 50 meV.

FIG. 4. Circular polarization resolved PL spectrum of a type-II monolayer

MoS2 flake. The inset shows the degree of circular polarization as a function

of emission energy.

FIG. 5. PL spectrum of type-II monolayer MoS2 flakes (a) before, (b) after

annealing in vacuum and (c) before, (d) after annealing in the presence sul-

fur vapour. The spectra were fit using a sum of three gaussians representing

A, D1 and D2 transitions.
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shows that the reduction in D1 intensity after annealing under

sulphur vapour is relatively less compared to D2, possibly

due to some V2S converting to V1S. With a reduction in V2S

numbers, the type-II sample’s PL spectrum in Fig. 5(d) now

looks quite similar to that of a type-I sample shown in Fig.

1(a), with a single asymmetric defect related feature. As

such, a bound exciton has more chance for interaction with a

phonon26 and so one expects c(D1)> c(A) as observed in

Fig. 3. However, it is possible that around a V2S vacancy site

the larger lattice distortion11 results in a reduced exciton-

phonon coupling as compared to a V1S vacancy site and

therefore c(D2)< c(D1); consequently, the D2 feature sur-

vives up to higher temperatures. An earlier study had sug-

gested recombination of excitons bound to V2S to be the

origin of the overall defect PL feature, but it required the

presence of nitrogen which bonded with V2S for the process

to become optically active.14 Our PL measurements are done

under vacuum and do not support this. As for the idea that

the defects are adsorbed impurities13 on the film surface

which are thwarted by the covering the film with Al2O3 or

HfO2, our results suggest an alternative explanation. It could

also be that in the Al2O3/HfO2 deposition process oxygen,

which is known to form a strong bond27 at the sulfur vacancy

site, goes in and passivates the defect.

In conclusion, our results suggests that there are at least

two distinct emission features associated with defect bound

exciton recombination in the PL spectrum of monolayer

MoS2 on SiO2/Si substrates. The defects are most likely to

be single and double sulfur vacancies whose numbers can be

reduced by low temperature annealing under sulfur vapour,

thereby improving suitability of the films for device

applications.

See supplementary material for sample statistics, PL

measurement details, and pump intensity dependence of the

PL emission strength.
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I. MoS2 monolayer sample property variations
In the manuscript we have described two categories of MoS2 monolayer samples on SiO2/Si substrates. Type-I which
at low temperature show only one dominant defect related feature D1 in the photoluminescence (PL) spectrum and
type-II which clearly show two distinct defect related PL features D1 and D2. As a measure of how many samples
show what type of behaviour we have plotted the strength of the D2 feature relative to D1 at 4.5 K in all the samples
studied. This is shown in Fig. S1. In the samples classified as type-I the D2 strength was typically 60% or more of the
strength of D1. The annealing experiments were done on four sets of type-II samples, in the two sample annealed under
vacuum both D1 and D2 strengths increased, while their strengths decreased in the two samples where annealing was
done under sulfur vapor. As a final test of consistency, we annealed a sample first under sulfur vapour and noted the
change in the PL spectrum. Thereafter we annealed the same sample under vacuum and measured the PL spectrum
again. The results are given in Fig. S2 (a)-(c). They show that after the sulfur annealing treatment both D1 and
D2 strengths went down and they recovered again after vacuum annealing. The spectra in Fig. S2(a) and (c) are not
identical since there is no way of ensuring that the same number of V1S and V2S vacancies are created under our
vacuum annealing conditions as was present in the unannealed sample.
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Figure S1 Strength and peak energy position of the D2 PL feature in 14 unannealed MoS2 monolayer samples on SiO2/Si
substrates. The D2 emission strength is relative to that of D1 taken as 100 in each sample. The colour of the data points is
only to distinguish them.
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Figure S2 PL spectrum of a MoS2 monolayer sample on SiO2/Si substrate (a) before annealing, (b) after annealing under
sulfur vapour and (c) subsequent annealing under vacuum.
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II. micro-Photoluminescence measurement details
Micro-PL spectroscopy measurements, with a spatial resolution of ∼1.5 µm, were performed using either unpolarized
or circularly polarized 633 nm (1.96 eV) laser. The micro-PL setup has a 0.55 m focal length monochromator coupled
to a microscope arrangement built using a long working distance (WD) objective (magnification 100x, numerical
aperture 0.5, WD=12 mm). The sample was cooled using a continuous flow liquid Helium cryostat with optical
access. The PL signal was detected using a thermo-electric cooled Silicon charged coupled device. For circularly
polarized PL excitation we used a Glan-Taylor polarizer and a Soleil-Babinet compensator with the laser, and at
the detection end a Glan-Taylor polarizer and broadband liquid-crystal retarder combination. A 634 nm sharp short
wavelength cut-off filter was used to block detection of the scattered laser. A spectral response correction was applied
to all PL spectra before analysis. The spectral response for our measurement setup was determined by measuring the
spectrum of a black-body radiation source (a tiny 0.3 W tungsten lamp) kept at the sample’s position.

III. Pump intensity dependence of Photoluminescence features
Figure S3(a)-(c) show the dependence of PL emission feature strengths of type-II MoS2 monolayer samples on SiO2/Si
substrates, on the pump laser (632 nm) intensity (I). Strength here is taken as the area under the fitted PL spectral
feature and are normalized to 1 at the lowest pump intensity for each feature. We see that initially for A, D1 and
D2 the PL output increases as I ∝ I, represented by the straight lines in these plots. However with further increase
in I although the strength of A continues to grow roughly as linear in I, the strength of D1 and D2 features tend to
saturate, with their I dependence becoming sublinear. The saturation of D1 and D2 features indicate their association
with defect states whose density is expected to be much lower than the normal density of states of monolayer MoS2.
The above I dependence is also seen in the annealed samples, however details such as when the saturation of D1 and
D2 occurs differ, probably due to sample to sample variation in the defect numbers.

4.5K

A

D1

D2

type I

type II

1/25

Energy (eV)
1.6 1.7 1.8 1.9 2.0

R
el

at
iv

e 
PL

 in
te

ns
ity

0

20

40

60

80

100

Energy (eV)
1.6 1.7 1.8 1.9 2.0

PL
 si

gn
al

 c
ou

nt

0

500

1000

Pump intensity (kW/cm2)
1 10 100

In
te

gr
at

ed
 P

L 
si

g.
 (a

rb
. u

ni
ts

) 

10

100

1000

Pump intensity (kW/cm2)
1 10 100

In
te

gr
at

ed
 P

L 
si

g.
 (a

rb
. u

ni
ts

) 
10

100

1000

Pump intensity (kW/cm2)
1 10 100

In
te

gr
at

ed
 P

L 
si

g.
 (a

rb
. u

ni
ts

) 

10

100

1000

Pump intensity (kW/cm2)
1 10 100

In
te

gr
at

ed
 P

L 
si

g.
 (a

rb
. u

ni
ts

) 

1

10

100

Pump intensity (kW/cm2)
1 10 100

Pump intensity (kW/cm2)
1 10 100

D1 D2ANo anneal
Vacuum anneal
Sulfur anneal

(a) (b) (c)

Figure S3 Variation of the strength of (a) A, (b) D1 and (c) D2 emission features in the PL spectrum of monolayer MoS2

films on SiO2/Si at 4.5 K with different annealing treatments. The lines represents linear dependence on pump intensity.




