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Due to their layered structure, the transition metal dichalcogenide compound 2H-MoS, can
be intercalated with foreign atoms and molecules. The 2H-MoS, crystals intercalated with halo-
gen molecules (Cl,) at low temperatures exhibit a strong luminescence due to the bound excitons
recombination. In this work, the results of study of the excitonic luminescence kinetics for
2H-MoS;:Cl, single crystals are presented. A kinetic model describing the temperature depend-
ences of the steady-state luminescence intensity and of the radiative decay time is proposed. The
lifetimes of the excitonic levels and the activation energy of the excitonic luminescence quench-
ing caused by a self-trapping process for both studied compounds were determined.

1. Introduction

Transition metal dichalcogenides TX, are of great interest for application in electro-
chemical and solid state solar cells due to the good matching between their optical band gaps
and the solar spectrum and because of their high stability against photo-corrosion [1]. These
compounds have a layered quasi two-dimensional structure and can be easily intercalated with
foreign atoms or even with molecules. In spite of a numerous papers on intercalation com-
plexes of transition metal dichalcogenides [2-4], the intercalation of the halogen molecules
has been not well investigated.

The dimensions of the halogen diatomic molecules are well matched by the empty
spaces of the van der Waals gap for many of TX, compounds. These molecules intercalated in
the TX, layered compounds with a very small deformation of the host lattice lead to the quali-
tative changes of the electronic properties of the material.

Earlier it was shown [5-8] that the 2H polytypes of crystals of tungsten and molybde-
num disulphides and diselenides with intercalated halogen molecules (Br,, I, or Cl,) at low
temperatures exhibit a strong luminescence due to the bound excitons recombination. In the
emission spectra of the samples without intercalated halogen molecules (the natural molyb-
denite, for example), only a broad band IR emission due to the intrinsic defects of the crystals
can be observed [6, 7].

In this work, the results of experimental study of the bound exciton photoluminescence
kinetics for the 2H-MoS,:Cl, single crystals are presented.

2. Experimental results

The layered 2H poly-types of the MoS, single crystals were obtained by chemical va-
pour transport method using chlorine as transport agents. The photoluminescence (PL) meas-
urements in the temperature range 7 = 8-120 K were performed with a grating
monochromator coupled to a cooled photomultiplier with a S1 photocathode, using either
standard lock-in detection techniques or a digitizing scope. The steady-state luminescence
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was excited using a He-Ne laser (4,1 = 633 nm line). For temporal measurements (time resolu-
tion ~20 ns) the PL was excited with a diode-pumped solid-state pulsed laser (4;, = 532 nm,
pulse duration of 2 ns, rate repetition of 4 kHz).
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Fig. 1. Photoluminescence spectra (excitonic region) of MoS,:Cl, samples at 50 K.

Figure 1 shows typical spectra of the excitonic luminescence of 2H-MoS,:Cl,. There are
at least three zero-phonon lines followed by their phonon replicas ([8] and references therein).
At T> 50 K a fast thermal quenching of the excitonic luminescence with an activation energy
of about 0.1 eV occurs; however, below 50 K the behaviour of the integral PL intensity as a
function of temperature 7, (T) depends on optical excitation intensity #,, even at relatively
low levels of several Watts per cm”. The experimental temperature dependence 1 . (T) pre-
sented in Fig. 2 corresponds to the excitation intensity less than #,,~1 W/cm”. The lumines-
cence exponential decay time of the zero phonon lines 77" (7) measured as a function on

temperature for MoS,:Cl, crystals is also presented in Fig. 2.
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Fig. 2. Measured temperature dependence of the integral intensity and decay time of the photo-
luminescence of the synthetic MoS,:Cl, crystals: squares denote steady-state luminescence intensity;
triangles, decay times; lines, fittings.
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3. Discussion

Rx

The temperature dependences of the excitonic PL decay time 7" (7') can be fitted using
equation (7) from Ref. [9], which describes the decay from any thermalized many-level system

Z(gi/gl)-exp(A”/kT)
Mg , (1)
Z[T’;} +T;’1‘(qu):|'(gi /81)'exp(—A“ /kT)

i=1

where A, is the energy between the i-th level and the lowest excited level i=1 (A, =0), g, is
the degeneracy of the i-th level, and ¢, (E,,) is the decay time of the thermal quenching. It is
assumed that this quenching is due to a thermally activated process

Tw(E,) =1, exp(-E, /kT), (2)
where E, is the activation energy (the same as for the steady-state luminescence), and ;'

was taken equal to the frequency of the most prominent local vibronic mode [6, 7]
(7,' =7.6-10"” s for MoS,).

The steady-state luminescence intensity as a function of temperature can be described
using an excitonic recombination kinetic model similar to the model proposed for n-type
GaP:N [10]. The recombination shunt channel involving the broad band IR emission via D-
deep levels is described by the holes shunt-path capture time z, (see below).

Under the assumption that at low temperatures in n-type materials all traps 7 formed by
halogen molecules, as well as the deep centers D, are electron-occupied in thermal equilib-
rium, the equations that describe the kinetic behavior of minority carriers are given as follows

p:G_p'Uth'O-px.(NT_N;)_p‘Uth‘O-PS.ND’

)

N; =p-0,-0, (Ny =Ny )= Ny (rp +7,0).

where p is the concentration of minority holes, 7, = (u 0,.-N; )7l is the exciton hole capture

th
time, o, is the hole capture cross section by traps 7 formed by Cl, intercalated molecules, N,
is the trap concentration, N; is the concentration of traps with an exciton bound to the site,
7, 1s the bound exciton radiative recombination time (is defined by Eq.1 without thermal
quenching term, i.e., E, -, 7, (E

qx

)=0), N, is the concentration of deep centers, o, is the
hole shunt-path capture cross section by deep centers, v, is the thermal velocity minority car-

riers ((u,,, o, -ND)f1 =17, ), and G is the excitation rate. The exciton hole thermalization process

is not taken into account in the equations because, as it can be shown for the temperature
range under consideration, the contribution of this process can be neglected in comparison
with the very fast nonradiative recombination, described by the lifetimer,, .

Single configuration coordinate diagram illustrating the excitonic recombination proc-
esses is shown in Fig. 3. The quenching of the excitonic luminescence with activation energy
E, is represented by a curved arrow and occurs due to the direct nonradiative recombination
of a self-trapped bound exciton in conditions of a strong electron-phonon interaction inherent
in the TX; compounds [11, 12].

From Egs. (3), in steady state conditions ( N;,, p=0) the expression for quantum effi-
ciency of excitonic luminescence is obtained as
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Using experimental data on excitonic line energy levels (E4, Ep, and E¢, see Fig. 1), the
best fit of Eq. (1) to the experimental PL decay time 7" (T) dependences (Fig. 2) was ob-

tained with:z, = 80 us (line 4), 7, =15 ps (line B), z,= 0.57 ps (line C), E, = 88 meV,
g,=1,g,=g,=2. The energy values of the A, =A,, =2.0 meV and A, =A,. =10 meV were
taken from the steady-state spectra.
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Fig. 3. Single configuration coordinate diagram describing the recombination processes of exci-
tons in MoS,:Cl, compounds.

The temperature dependence of the PL efficiency #, (T) calculated in the frame of the

proposed kinetic model, using the energy values and data on excitonic level lifetimes deter-
mined from the fitting of Eq. (1), shows the best agreement with the experimental curve
1;,(T) for the following adjustable parameters: N, /G =1.7-10"sand N,-c, /N, -o, ~0.063.

4. Conclusions

The luminescent properties of the 2H-MoS; crystals with intercalated halogens are re-
lated to the radiative recombination of excitons bound to the electron-attractive neutral cen-
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ters, formed by diatomic halogen molecules. In the frame of the proposed kinetic model it is
shown that the excitonic recombination channel is much more efficient than the competing
channel via deep centres (broad band luminescence emission). The thermal quenching of the
excitonic luminescence is caused by the direct nonradiative recombination of a self-trapped
bound exciton in conditions of a strong electron-phonon interaction inherent in the TX, com-
pounds.

The proposed kinetic model shows a good agreement with observed characteristics of
the steady state and time resolved luminescence.
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