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Radiative properties of MoS, layered crystals
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Photoluminescence was observed in both synthetic and natural forms of the transition metal dichalcogenide
MoS,. 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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. INTRODUCTION Cl, as a transport agent. Naturally grown samples were cut
from large natural bulk-type molybdenite crystals and then
Molybdenum disulfidgmolybdenite belongs to the fam-  cleaved to produce fresh clean surfaces. The steady-state
ily of layered transition metal dichalcogenidesX;) char-  photoluminescencéPL) measurements were performed with
acterized = by  quasi-two-dimensional  crystallographicy yariable-temperature optical cryostat, a one-meter grating
structuret? Because of a good matching between the solaponochromator coupled to a cooled Ge detector, and stan-
spectrum and the optical band gaps of the molybdenum angyq |ock-in detection techniques. The luminescence excita-
tungsten dichalcogenides and because of a high stability . ;oo provided by an Ar-ion laser &514 nm) or a

against photocorrosion, these materials are of great imereafode-pumped cw solid-state laser=£532 nm). All spectra

Lzrlls%e‘plhr?a;gdni ticl)r:w glﬁ?&gc%hzrrr:(ljcazl H?\r;\;js s\ﬁg?e ?rt]%teﬁrzflarwere corrected for the wavelength-dependent response of the

compounds synthesized as inorganic fullerenlike matetfals. optical system.
It was shown that fullerenlike molybdenum and tungsten dis- o
ulfides preserve the semiconducting properties of the layered A. Characteristic spectra

crystals’ . . Figure 1 illustrates PL spectra at 2 and 80 K of a
2H-MoS, crystallizes in the hexagonal structufspace 2H-MoS, synthetic crystal. For those crystals, all spectra
group P63/mmcDg;) consisting of covalently bonded consist of two characteristic parts: a short-wavelength region
S-Mo-S layers linked by weak van der Waals forces. The unilyith several intense, sharp lines located at about 0.1 eV be-

cell contains two layers; the sulfur atoms in one layer argow the energy of the Mos§ indirect band gapEi(;d

directly above the molybdenum atom in the next. AK, =1 29 eV/(Refs. 8,11 and a broad spectral bafigalf-width
compounds are indirect band gap semicondué®rsThis

may explain why, in spite of the large number of publications
on optical studies, no radiative properties have been reporte:

_{ Broadband region Excitonic region A

.. ; . ] T=2K E. =1.016 eV A A AA
for the transition metal dichalcogenides before our recenty 25 ------ T=80K EBB’ Oggsev ANEYS
= p BBZ= " €

report on 2H-W$ and 2H-WSeg.'? It was shown that the &
strong photoluminescence observed in those two synthetig 20'_

materials is caused by recombination of excitons bound tof 154 Atmospheric

the neutral centers formed by the intercalation of halogenz { absorption E
molecules B and |, in well-defined sites of the van der g 107

lines
Waals gap. 5 \ e
This paper presents the first study of the radiative proper- i
ties of 2H-MoS layered crystals. Synthetic and natural o - - e e
samples were studied. It is shown that the sharp line spectr. 0.80 085 090 095100 105 110 115 1.20
due to the bound exciton luminescence are characteristit Energy (eV)
only of the synthetic crystals, while the observed broad-band
emission caused by the radiative recombination via a dee
level is inherent for both types of samples.

FIG. 1. PL spectra of synthetic 2H-Mg&t T=2 and 80 K.
wo distinct regions are present: a broadband region and an exci-
tonic region. The broad spectral band contains one- and two-phonon
Il. EXPERIMENT replicas atT=2 K (Egg; andEgg,). At 2 K, the excitonic region
contains a zero-phonon line at 1.174 € and phonon replicas
The synthetim-type 2H-MoS single crystals were grown (for phonon energies see Table At 80 K the excitonic lumines-
by means of chemical vapor transport method, using chlorineence has almost totally vanished.
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TABLE I. Energies of phonon replicas of thfeline in the pho- 1.10 112 114 1.16 1.18 120
toluminescence spe_ctrum at=2 K (Fig. 1). The energy of the 120 —— T=2K 1B E 14706V
A4(T)-full symmetric phonon mode of MgSs 50.7 meV(Refs. - T=6K i Eo1176 oV
13,14. 80- ' &

Notation® Photon energy, eV Energy shift, meV  Interpretation
A 1.174 Zero-phonon line 7 5
Ay 1.162 12.4 Local mode E |2 Estaseev [400
A, 1.150 23.7 Local mode g 320
A 1.146 27.7 Local mode 3 B, B f:g
A, 1.142 31.9 Local mode @ 1 ‘ c I
Ag 1.123 51.6 Ayt Ag £ , A e
Ag 1.120 54.6 2, | — ' 5 lo °
A, 1.115 59.1 Az+A, 120 =~ T=80K (x50)
Ag 1.101 735 Ast Ay w0 s cs B © G
Ag 1.096 77.9 AztAg “ ‘ l [ | ‘
8n order to obtain similar values for thB and C lines, Eg-E, o \_uwwr\ N\
~0.002 eV antEc-Eo~0.012 eV must be added, respectively, to 1.10 112 1.4 1.16 1.18 1.20
the energies.

Energy (eV)

App~0.1-0.12 eV) centered &,,=0.95 eV. The excitonic FIG. 2. Temperature evolution of the excitonic spectral region.
region, very prominent in #2 K spectrum, is usually com- At least three zero-phonon lines contribute to the radiative process.
posed of zero-phonon line6n this case, a single zero- The redistribution of the PL intensity is played out through the three
phonon line is preserE,=1.174 eV) followed by phonon major linesA, B, andC. SeveralA, B, andC phonon replicas are
replicas (see Table )l The analysis of the phonon replica shown at different temperaturésnce again refer to Table | for the
sideband lines leads to the following four values of phonorphonon energigs

energy modes:Eyp=12.4 meV, Ep,,=23.7 meV, Epyns

=27.7 meV, andEg,,=31.9 meV. These energies differ sjon occurs. The broadband luminescence, not shown in Fig.
from those reported for TO and LO phonons in Md&+ro 2, is constant between 2 and 100 K at which point a fast
=E =48 meV)? as well as from other phonon active decrease in intensity is initiated. The experimental tempera-
modes measured by IR and Raman spectrosédfgnd can  ture dependencies of the integral intensity of the excitonic
be interpreted as local modes induced by the center whicemissionl .,(T) (including the phonon side bandss well as

provides exciton related luminescence. of the broad band intensitlysg(T) are presented in Fig. 3.
As for the broad-band region, its intensity and spectral

shape remain largely similar at 2 and 80 K. Phonon replicas ——
of the broad band &Egg;=1.017 eV andEgg,=0.996 eV

are observed which will be discussed below. The PL spectra 13 MoS,:Cl, -
of the natural Mo$ samples do not reveal any excitonic ] ] ]
region. Throughout the whole temperature range only the IR
broad-band emission with the same spectral shape- andc¢
temperature-dependent behavior as that of the synthetic crys-5 .14
tals was detected. ]

NU]
B. Temperature evolution

Figure 2 presents the temperature evolution of the exci-
tonic PL. There are at least three zero-phonon spectral lines
contributing to the excitonic emission intensity. The first line,
A (Ep,=1.174 eV), can be clearly seen at the lowest tem-
perature only; already af=6 K the A line seems to have
completely disappeared. However, upon a more detailed ob- g3 4}—+ 7 p o p o (i o
servation, theA line can be perceived as a shoulder of the 0O 20 40 60 80 100 120 140 160
second zero-phonon lin® (Eg=1,176 eV). Finally, at
higher temperatures, the last zero-phonon li@e (Ec
=1.186 eV), appears and becomes dominanT a0 K. FIG. 3. Temperature dependence of the integrated intensity for
Increasing the temperature leads to the redistribution of théhe excitonic emission®) and the broad band emissio®}. The
PL intensity starting from liné\ to line B, then fromB to C.  solid lines illustrate the fit of Eq(1) to the thermal quenching
At T>50 K a fast thermal quenching of the excitonic emis- behavior.

0.01+

PL intensity, arb.u

Temperature, K
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Apart from the thermal increase of the excitonic intensity at
low temperaturesT<20 K, see the discussion belpvihe
behavior of thel .(T) andlgg(T) dependencies can be de-
scribed by the Mott-Seitz formula

lexge(T)=C[1+Cqexp( —Eq/kT)]* (1)

~

with the activation energye,=0.12 eV for the excitonic
quenching and,gg=0.17 eV for the broad band emission
guenching.

Ill. DISCUSSION
A. Excitonic region

As was the case for the tungsten dichalcogentdabe
spectral distribution and temperature dependence of the
sharp spectral lines of synthetic 2H-Mo&re very similar in
behavior to the excitonic multiplets caused by the electron-
hole j-j coupling well-known for silicon, some 1lI-V mate-
rials and 1l-VI semiconductors with isoelectronic

impurities’®~*’In contrast to isoelectronically doped GaP of ming) on the low-temperature conduction processes. in
Si, where in the absence of external perturbafibristhe - MoTe, layered crystals were unambiguously demonstrated in
coupling is manifested as a so-calléeB spectral doublet, Ref. 23.

the excitonic spectra of the layered MoSlue to the lower The increase with temperature of the short-wavelength
symmetry, involveat leastthree zero-phonon lines. It can be emjssions integral intensity at< 20 K, as well as the redis-
seen in Fig. 2 that th& and C spectral components have ihytion of the PL intensity between th& B, andC lines

substructures consisting of smaller lines. The luminescentan pe explained with the well known temperature behavior
properties of the MoScrystals can be attributed to the ra- 5f the bound excitons radiative lifetimey(T). 1619

diative recombination of excitons bound to the neutral cen- |, thermal equilibrium conditions at the lowest tempera-
ters, which exhibit in 2HFX, layered compounds the same yyres thers value is determined by the lifetime, of the
properties as the isoelectronic traps formed by nitrogen iycitonic stateA (responsible for theé line). Since the tran-
GaP, resulting in efficient luminescence in an indirect bandsitions from this state are dipole forbiddHi® the 7, value
gap semiconductor. These centers in Mag formed by the s mych higher than the lifetime, and still higher tharrc,
halogen molecules (¢lin the present cagepositioned  corresponding to the allowed radiative transitions fiand
within the van .der Waals ga.The intercalation Qf the Gl ¢ states respectivelyrg> 75> 7). The thermal population
molecules during the crystal growth process in the well-of the B state Ex—EA=Saa~2 meV) leads to an increase
defined sites of the MgSlattice is the result of the close f the radiative recombination ratq?l(T) starting fromry X
correspondence of the intra-molecular CI-Cl distandg.é; ;1 7-2 k up to r; at T~20 K and to the reductionAand
etin A ; ; - B
=1.98 A) a_nd the characteristic dimensions of these SiteSyrmation of theA and B line, respectively, in the steady-
Indeed, as in other hexagon@lX, crystals, there are two state spectra in Fig. Bhecause of the inequalitfisa< dcp
adjacent tetrahedral coordinated interstitial sites in the MoS _ Ec—Eg=10 meV, the influence of th€ state can be ne-
van der Waals gafsee Fig. 4 of which the distance between glected in this temperature rangédt can be shown that if

the centers qi.”tzz'l?’ A) is close to thejc|_c,_ value. The - 4010 is a channel for nonradiative excitonic recombination
transverse diameter of the Llmolecules is also well i 3 jitetime commensurable to the; value, then a dra-
matched to the interstitial sites’ sizes; this diameter is alsqnatic shortening of the lifetimew(T) may be’ responsible
smaller than the thl_ckness .Of the van _der_WaaIs g_hp (for the increase of the radiative recombination efficiency ob-
~3 A), thereby making poss!ble an effective mtercalathn ofserved in the 2 to 20 K range. Further temperature increases
the gaseous transport agent into the Iayered. c_rystal during ''Rad to the population of the upp€rstate(with the shortest
growth. Because of their large electronic affinity, the ne“tralradiative lifetim@ and to the appearance of ti@ spectral
halogen molecules arranged between ¥a&-X sheets can jine The [ifetimes could not be experimentally determined

exhibit properties of electron-attractive cent&rsreating a due to the slow response of the cooled Ge detector
short-range potential similar to that of the isoelectronic traps '

in GaP. The conclusion that the radiative centers in synthetic
2H-MoS, single crystals are formed by the transport agent
halogen molecules is supported by the absence of the exci- The spectral shape of the broad band observed for both
tonic luminescence in the natur@lithout halogeh MoS,  types of Mo$ samples, and the relationship between the
samples. It should be noted that the effects of halogerss  energy valuefg‘d— Egg=0.34 eV andE,gg=0.17 eV sug-

FIG. 4. Structural arrangement for 2H-Mo®iith a diatomic
halogen molecule in the van der Waals gap.

B. Broad-band region
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Ec\
15+

nescence was drawn taking into account the fact Eyaf
=0.12 eV, as well as considering the weakness of the
8 electron-phonon coupling inherent in isoelectronic centers
[typical value of the Huang-Rhys factor=%.2—0.3(Refs.
27,28]. It should be noted that a donor level located at about
0.25 eV below the conduction band was also observed from

> 10f . electrical transport daf&:>° According to Ref. 29, this level

g can be attributed to a native defect of the MaSystal, but

g Eg ] the species were unidentified.

5 E hv  |hy The intensity of the broadband emission does not depend

ex bb on the excitonic recombination efficiency—the quenching of
the band takes place only when the sharp lines have totally
vanished. This indicates that the recombination rate via the

o
3
¥ T
/<
1

\ broadband channel is much higher than that via the excitonic
00L 1+ . == T one. Therefore, the radiative recombination caused by the
10 05 00 05 1.0 15 20 deep level can be treated as a shunt channel for the excitonic
o . i luminescence. Because of this shunt the excitonic exponen-

Configuration Coordinate, X (eV) tial quenching should occur at temperatures when the ther-

FIG. 5. Single configuration coordinate diagram illustrating thernal eJ_eCt'Or,‘[ ra;tethof tr:ﬁ ele;:tro?sthfrom ﬂ.]igx 'Frap 3??”1?5
recombination processes in 2H-Ma€l, layered crystalsEc, more important than the rate of the excitonic radiative fran-

E,, andEgs represent the conduction band, the valence band angitions. Detailed analysis of the recombination kinetic model

the deep level responsible for the broad band luminescemeg,(  of 2H-M0S;:Cly, taking into consideration the competition
transition. The thermal quenching of the broad band, with activa-Petween the two channels will be given in a forthcoming
tion energyE,gg , takes place via the crossing point of thg and ~ Paper.

E;gg parabolas.E., represents the potential-well energy of the

electron-attractive center induced by the halogen moledule,( IV. CONCLUSION

excitonic radiative transition . .
o Halogen molecules, used as transport agents in single

gest that this emission occurs as a result of radiative transfrYStal growth, can intercalate between the layers of molyb-
tions between a deep donor center and the valence band grt-pmte and can md_uce strong_ excitonic photoluminescence.
the conditions of a strong electron-phonon coupfig:2° This phenomenc_)n is not restricted to 2H—I\4d_$Jt has also
The two steps on the high-energy wing of the ban&gy,  Peen observed in WSand WSe and should likely be ob-
=1.017 eV ancEgg,=0.996 eV seen in Fig. 1 can be attrib- serve_d in otherT}(z compounds, Iegdlng to a new class of
uted to the first and second phonon replicas of the Zeror_1ear-|n1frared emitters. Attem_pts to |r_1tercalate halogen mol-
phonon radiative transition. The distance between them cof2CUles into natural molybdenita relatively abundant mate-
responds to the energy of the local vibronic mot&ys rlal)_ ha\_/e alrgady started in the hopes of mducmg the same
~22 meV, involved in the phonon coupling to the optical excitonic luminescence as in the synthetic material.
transition. Thus, the electronic zero-phonon transition value
of Eggg=1.04 eV for the broad band can be obtained.
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structed(Fig. 5). The energy valueEgg, Eqgg, Agg, Eg‘d Laboratoire de Physique appliqu&PF in Lausanne, Swit-
were used and the phonons enerdigg andE s (the local  zerland for providing us with the synthetic MpSamples.
mode were assumed to correspond to the vibrational quant&Ve gratefully acknowledge E. Bucher from the Department
of the carrier in the freelground and trapped(excited of Physics of Konstanz University, Germany for stimulating
states, in the frame of the semiclassical approximatidine  discussions and friendly support as well as O. Schenker for
Eey zero offset potential associated with the excitonic lumi-assistance with the measurements.
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