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Radiative properties of MoS2 layered crystals
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Photoluminescence was observed in both synthetic and natural forms of the transition metal dichalcogenide
MoS2. The emission is in the near infrared between 0.8 and 1.2 eV. Two distinct regions were identified. The
first region, centered at 1.18 eV and observed only in the synthetic material, is produced by bound excitons
related to the halogen transport agent intercalated within the layers during the growth process. The second
weaker region, consisting of a broad band centered at 0.95 eV believed to be caused by a deep donor center,
was observed in both synthetic and natural molybdenite.
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I. INTRODUCTION

Molybdenum disulfide~molybdenite! belongs to the fam-
ily of layered transition metal dichalcogenides (TX2) char-
acterized by quasi-two-dimensional crystallograp
structure.1,2 Because of a good matching between the so
spectrum and the optical band gaps of the molybdenum
tungsten dichalcogenides and because of a high stab
against photocorrosion, these materials are of great inte
for application in electrochemical and solid state so
cells.3,4 In addition 2H-MoS2 and 2H-WS2 were the first
compounds synthesized as inorganic fullerenlike material5,6

It was shown that fullerenlike molybdenum and tungsten d
ulfides preserve the semiconducting properties of the laye
crystals.7

2H-MoS2 crystallizes in the hexagonal structure~space
group P63 /mmc-D6h

4 ) consisting of covalently bonde
S-Mo-S layers linked by weak van der Waals forces. The u
cell contains two layers; the sulfur atoms in one layer
directly above the molybdenum atom in the next. AllTX2
compounds are indirect band gap semiconductors.4,8,9 This
may explain why, in spite of the large number of publicatio
on optical studies, no radiative properties have been repo
for the transition metal dichalcogenides before our rec
report on 2H-WS2 and 2H-WSe2.10 It was shown that the
strong photoluminescence observed in those two synth
materials is caused by recombination of excitons bound
the neutral centers formed by the intercalation of halog
molecules Br2 and I2 in well-defined sites of the van de
Waals gap.

This paper presents the first study of the radiative prop
ties of 2H-MoS2 layered crystals. Synthetic and natur
samples were studied. It is shown that the sharp line spe
due to the bound exciton luminescence are character
only of the synthetic crystals, while the observed broad-b
emission caused by the radiative recombination via a d
level is inherent for both types of samples.

II. EXPERIMENT

The syntheticn-type 2H-MoS2 single crystals were grown
by means of chemical vapor transport method, using chlo
0163-1829/2003/68~7!/075314~5!/$20.00 68 0753
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Cl2 as a transport agent. Naturally grown samples were
from large natural bulkn-type molybdenite crystals and the
cleaved to produce fresh clean surfaces. The steady-
photoluminescence~PL! measurements were performed wi
a variable-temperature optical cryostat, a one-meter gra
monochromator coupled to a cooled Ge detector, and s
dard lock-in detection techniques. The luminescence exc
tion was provided by an Ar-ion laser (l5514 nm) or a
diode-pumped cw solid-state laser (l5532 nm). All spectra
were corrected for the wavelength-dependent response o
optical system.

A. Characteristic spectra

Figure 1 illustrates PL spectra at 2 and 80 K of
2H-MoS2 synthetic crystal. For those crystals, all spec
consist of two characteristic parts: a short-wavelength reg
with several intense, sharp lines located at about 0.1 eV
low the energy of the MoS2 indirect band gapEg

ind

51.29 eV~Refs. 8,11! and a broad spectral band~half-width

FIG. 1. PL spectra of synthetic 2H-MoS2 at T52 and 80 K.
Two distinct regions are present: a broadband region and an e
tonic region. The broad spectral band contains one- and two-pho
replicas atT52 K (EBB1 andEBB2). At 2 K, the excitonic region
contains a zero-phonon line at 1.174 eV~A! and phonon replicas
~for phonon energies see Table I!. At 80 K the excitonic lumines-
cence has almost totally vanished.
©2003 The American Physical Society14-1
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Dbb'0.1–0.12 eV) centered atEbb50.95 eV. The excitonic
region, very prominent in the 2 K spectrum, is usually com
posed of zero-phonon lines~in this case, a single zero
phonon line is presentEA51.174 eV) followed by phonon
replicas ~see Table I!. The analysis of the phonon replic
sideband lines leads to the following four values of phon
energy modes:Eph1512.4 meV, Eph2523.7 meV, Eph3
527.7 meV, andEph4531.9 meV. These energies diffe
from those reported for TO and LO phonons in MoS2 (ETO
>ELO548 meV),12 as well as from other phonon activ
modes measured by IR and Raman spectroscopy13,14and can
be interpreted as local modes induced by the center w
provides exciton related luminescence.

As for the broad-band region, its intensity and spec
shape remain largely similar at 2 and 80 K. Phonon repli
of the broad band atEBB151.017 eV andEBB250.996 eV
are observed which will be discussed below. The PL spe
of the natural MoS2 samples do not reveal any exciton
region. Throughout the whole temperature range only the
broad-band emission with the same spectral shape-
temperature-dependent behavior as that of the synthetic c
tals was detected.

B. Temperature evolution

Figure 2 presents the temperature evolution of the e
tonic PL. There are at least three zero-phonon spectral l
contributing to the excitonic emission intensity. The first lin
A (EA51.174 eV), can be clearly seen at the lowest te
perature only; already atT56 K the A line seems to have
completely disappeared. However, upon a more detailed
servation, theA line can be perceived as a shoulder of t
second zero-phonon lineB (EB51,176 eV). Finally, at
higher temperatures, the last zero-phonon lineC (EC
51.186 eV), appears and becomes dominant atT.60 K.
Increasing the temperature leads to the redistribution of
PL intensity starting from lineA to line B, then fromB to C.
At T.50 K a fast thermal quenching of the excitonic em

TABLE I. Energies of phonon replicas of theA line in the pho-
toluminescence spectrum atT52 K ~Fig. 1!. The energy of the
A1g(G)-full symmetric phonon mode of MoS2 is 50.7 meV~Refs.
13,14!.

Notationa Photon energy, eV Energy shift, meV Interpretati

A 1.174 Zero-phonon lin
A1 1.162 12.4 Local mode
A2 1.150 23.7 Local mode
A3 1.146 27.7 Local mode
A4 1.142 31.9 Local mode
A5 1.123 51.6 A21A3

A6 1.120 54.6 2A3

A7 1.115 59.1 A31A4

A8 1.101 73.5 A21A1g

A9 1.096 77.9 A31A1g

aIn order to obtain similar values for theB and C lines, EB-EA

'0.002 eV andEC-EA'0.012 eV must be added, respectively,
the energies.
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sion occurs. The broadband luminescence, not shown in
2, is constant between 2 and 100 K at which point a f
decrease in intensity is initiated. The experimental tempe
ture dependencies of the integral intensity of the excito
emissionI ex(T) ~including the phonon side bands!, as well as
of the broad band intensityI BB(T) are presented in Fig. 3

FIG. 2. Temperature evolution of the excitonic spectral regi
At least three zero-phonon lines contribute to the radiative proc
The redistribution of the PL intensity is played out through the th
major linesA, B, andC. SeveralA, B, andC phonon replicas are
shown at different temperatures~once again refer to Table I for the
phonon energies!.

FIG. 3. Temperature dependence of the integrated intensity
the excitonic emission (j) and the broad band emission (d). The
solid lines illustrate the fit of Eq.~1! to the thermal quenching
behavior.
4-2



a

e-

n

th

on
-
ic
or

e
e
e

a-
en
e

n

ell
e

te

oS
n

l
ls
(
o
g
tra

p
et
en
x

in
d in

gth
-

ior

a-

e

-

-

ion

b-
ses

ed

oth
he

RADIATIVE PROPERTIES OF MoS2 LAYERED CRYSTALS PHYSICAL REVIEW B68, 075314 ~2003!
Apart from the thermal increase of the excitonic intensity
low temperatures (T,20 K, see the discussion below!, the
behavior of theI ex(T) and I BB(T) dependencies can be d
scribed by the Mott-Seitz formula

I ex,BB~T!5C@11Cqexp~2Eq /kT!#21 ~1!

with the activation energyEqex50.12 eV for the excitonic
quenching andEqBB50.17 eV for the broad band emissio
quenching.

III. DISCUSSION

A. Excitonic region

As was the case for the tungsten dichalcogenides,10 the
spectral distribution and temperature dependence of
sharp spectral lines of synthetic 2H-MoS2 are very similar in
behavior to the excitonic multiplets caused by the electr
hole j -j coupling well-known for silicon, some III-V mate
rials and II-VI semiconductors with isoelectron
impurities.15–17 In contrast to isoelectronically doped GaP
Si, where in the absence of external perturbations18–21the j -j
coupling is manifested as a so-calledA-B spectral doublet,
the excitonic spectra of the layered MoS2, due to the lower
symmetry, involveat leastthree zero-phonon lines. It can b
seen in Fig. 2 that theB and C spectral components hav
substructures consisting of smaller lines. The luminesc
properties of the MoS2 crystals can be attributed to the r
diative recombination of excitons bound to the neutral c
ters, which exhibit in 2H-TX2 layered compounds the sam
properties as the isoelectronic traps formed by nitrogen
GaP, resulting in efficient luminescence in an indirect ba
gap semiconductor. These centers in MoS2 are formed by the
halogen molecules (Cl2 in the present case! positioned
within the van der Waals gap.10 The intercalation of the Cl2
molecules during the crystal growth process in the w
defined sites of the MoS2 lattice is the result of the clos
correspondence of the intra-molecular Cl-Cl distance (dCl-Cl
51.98 Å) and the characteristic dimensions of these si
Indeed, as in other hexagonalTX2 crystals, there are two
adjacent tetrahedral coordinated interstitial sites in the M2
van der Waals gap~see Fig. 4! of which the distance betwee
the centers (dint52.13 Å) is close to thedCl-Cl value. The
transverse diameter of the Cl2 molecules is also wel
matched to the interstitial sites’ sizes; this diameter is a
smaller than the thickness of the van der Waals gaph
'3 Å), thereby making possible an effective intercalation
the gaseous transport agent into the layered crystal durin
growth. Because of their large electronic affinity, the neu
halogen molecules arranged between theX-T-X sheets can
exhibit properties of electron-attractive centers,22 creating a
short-range potential similar to that of the isoelectronic tra
in GaP. The conclusion that the radiative centers in synth
2H-MoS2 single crystals are formed by the transport ag
halogen molecules is supported by the absence of the e
tonic luminescence in the natural~without halogen! MoS2
samples. It should be noted that the effects of halogens~bro-
07531
t

e

-

nt

-

in
d

-

s.

o

f
its
l

s
ic
t
ci-

mine! on the low-temperature conduction processes
MoTe2 layered crystals were unambiguously demonstrate
Ref. 23.

The increase with temperature of the short-wavelen
emissions integral intensity atT,20 K, as well as the redis
tribution of the PL intensity between theA, B, andC lines
can be explained with the well known temperature behav
of the bound excitons radiative lifetimetR(T).16,19

In thermal equilibrium conditions at the lowest temper
tures thetR value is determined by the lifetimetA of the
excitonic stateA ~responsible for theA line!. Since the tran-
sitions from this state are dipole forbidden,16,19 the tA value
is much higher than the lifetimetB and still higher thantC ,
corresponding to the allowed radiative transitions fromB and
C states respectively (tA@tB.tC). The thermal population
of the B state (EB2EA5dBA'2 meV) leads to an increas
of the radiative recombination ratetR

21(T) starting fromtA
21

at T52 K up to tB
21 at T'20 K and to the reduction and

formation of theA and B line, respectively, in the steady
state spectra in Fig. 2~because of the inequalitydBA!dCB
5EC2EB510 meV, the influence of theC state can be ne
glected in this temperature range!. It can be shown that if
there is a channel for nonradiative excitonic recombinat
with a lifetime commensurable to thetR value, then a dra-
matic shortening of the lifetimetR(T) may be responsible
for the increase of the radiative recombination efficiency o
served in the 2 to 20 K range. Further temperature increa
lead to the population of the upperC state~with the shortest
radiative lifetime! and to the appearance of theC spectral
line. The lifetimes could not be experimentally determin
due to the slow response of the cooled Ge detector.

B. Broad-band region

The spectral shape of the broad band observed for b
types of MoS2 samples, and the relationship between t
energy valuesEg

ind2EBB50.34 eV andEqBB50.17 eV sug-

FIG. 4. Structural arrangement for 2H-MoS2 with a diatomic
halogen molecule in the van der Waals gap.
4-3
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gest that this emission occurs as a result of radiative tra
tions between a deep donor center and the valence ban
the conditions of a strong electron-phonon coupling.20,24,25

The two steps on the high-energy wing of the band atEBB1
51.017 eV andEBB250.996 eV seen in Fig. 1 can be attrib
uted to the first and second phonon replicas of the ze
phonon radiative transition. The distance between them
responds to the energy of the local vibronic mode,Eph5
'22 meV, involved in the phonon coupling to the optic
transition. Thus, the electronic zero-phonon transition va
of EBB051.04 eV for the broad band can be obtained.

The single configuration coordinate diagram~CCD! of the
deep centerTBB with potential energyETBB responsible for
broad-band emission in the 2H-MoS2 crystal was con-
structed~Fig. 5!. The energy valuesEBB , EqBB , DBB , Eg

ind

were used and the phonons energiesELO andEph5 ~the local
mode! were assumed to correspond to the vibrational qua
of the carrier in the free~ground! and trapped~excited!
states, in the frame of the semiclassical approximation.26 The
ETex zero offset potential associated with the excitonic lum

FIG. 5. Single configuration coordinate diagram illustrating t
recombination processes in 2H-MoS2 :Cl2 layered crystals.EC ,
EV , andETBB represent the conduction band, the valence band
the deep level responsible for the broad band luminescence (hnBB :
transition!. The thermal quenching of the broad band, with activ
tion energyEqBB , takes place via the crossing point of theEV and
ETBB parabolas.ETex represents the potential-well energy of th
electron-attractive center induced by the halogen molecule (hnex:
excitonic radiative transition!.
em

y

du
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nescence was drawn taking into account the fact thatEqex
>0.12 eV, as well as considering the weakness of
electron-phonon coupling inherent in isoelectronic cent
@typical value of the Huang-Rhys factor S50.2–0.3~Refs.
27,28!#. It should be noted that a donor level located at ab
0.25 eV below the conduction band was also observed fr
electrical transport data.23,29According to Ref. 29, this leve
can be attributed to a native defect of the MoS2 crystal, but
the species were unidentified.

The intensity of the broadband emission does not dep
on the excitonic recombination efficiency—the quenching
the band takes place only when the sharp lines have to
vanished. This indicates that the recombination rate via
broadband channel is much higher than that via the excito
one. Therefore, the radiative recombination caused by
deep level can be treated as a shunt channel for the excit
luminescence. Because of this shunt the excitonic expon
tial quenching should occur at temperatures when the t
mal ejection rate of the electrons from theTex trap becomes
more important than the rate of the excitonic radiative tra
sitions. Detailed analysis of the recombination kinetic mo
for 2H-MoS2:Cl2, taking into consideration the competitio
between the two channels will be given in a forthcomi
paper.

IV. CONCLUSION

Halogen molecules, used as transport agents in sin
crystal growth, can intercalate between the layers of mol
denite and can induce strong excitonic photoluminescen
This phenomenon is not restricted to 2H-MoS2 but has also
been observed in WS2 and WSe2 and should likely be ob-
served in otherTX2 compounds, leading to a new class
near-infrared emitters. Attempts to intercalate halogen m
ecules into natural molybdenite~a relatively abundant mate
rial! have already started in the hopes of inducing the sa
excitonic luminescence as in the synthetic material.
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