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Abstract 

 
Steady-state photoluminescence (PL) measurements revealed 2H-MoS2 crystals. Two 

distinct radiative regions in the near infrared are performed. The first region consisting of 
several sharp lines is produced by bound excitons related to the halogen transport agent 
intercalated within the van der Waals gap of the layered compound. The second region is a 
broad spectral band, originates from the radiative recombination between an intrinsic defect 
center and the valence band in the conditions of a strong electron-phonon coupling. The 
spectral and temperature behavior of the PL intensity are described in the framework of a two-
channel kinetic recombination model in thermal equilibrium conditions. 
 

1. Introduction 
 

2H-MoS2 crystallizes in the hexagonal structure (space group 4
63 /6 hDmmcP − ) 

consisting of covalently bonded S-Mo-S layers linked by weak van der Waals forces [1,2]. 
The unit cell contains two layers; the sulfur atoms in one layer are directly above the 
molybdenum atom in the next. These compounds are indirect band gap 
semiconductors [3,4,5]. It was shown [6,7] that the strong photoluminescence observed in 
synthetic MoS2 crystals is caused by recombination of excitons bound to the neutral centers 
formed by the intercalation of halogen molecules Cl2 placed in well-defined sites of the van 
der Waals gap. 

In this work the results of experimental investigations and modelling, for the 
temperatures range 2÷150K and the energy range 0.7÷1.4eV are presented.  
 

2. Experimental Results 
 

The studied synthetic 2H-MoS2 single crystals were grown by means of chemical vapor 
transport method, using chlorine Cl2 as a transport agent. Naturally grown samples were cut 
from large natural bulk molybdenite crystals and then cleaved to produce fresh clean surfaces. 
The steady-state photoluminescence (PL) measurements were performed with a variable-
temperature optical cryostat, a one-meter grating monochromator coupled to a cooled Ge-
detector, and standard lock-in detection techniques. The luminescence excitation was 
provided by an Ar-ion laser (λ=514 nm). All spectra were corrected for the wavelength-
dependent response of the optical system. 

For investigated materials two distinct spectral regions were identified (fig. 1).  
The first one is an excitonic region, located in the vicinity of the indirect band gap, 

consisting of several sharp zero-phonon lines and their vibronic replica. These lines are 
caused by recombination of excitons bound to halogen molecules, intercalated during the 
growth process.  
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The second spectral region is the IR vibronic broad band, characteristic also of natural 
2H-MoS2 crystals without halogen impurities. This region is associated with an intrinsic 
defect of the host lattice, which acts as a shunt channel and contributes to the thermal 
quenching of the exciton emission at T>60K. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

In contrast to the broad band, the intensity of which remains constant up to almost 
100K, the amplitudes of the sharp lines have a strong dependence on temperature. There were 
observed at least three zero-phonon spectral lines. The long wavelength line A is manifested 
only at lowest temperature (see insert to Fig.1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Temperature evolution of the photoluminescence spectra of 2H-MoS2:Cl2 crystals. 
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Fig. 2. Temperature dependence of the integrated intensity for the excitonic emission and the 
broadband emission. 
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 The temperature increasing leads to the redistribution of the PL intensity to the sharp 
lines B and C. At T=6K the A-line can be observed just as a shoulder of the B-line. The B-line 
amplitude is the highest in the whole emission spectra up to T≈50K, when the C-line became 
dominating. At T>50K a fast thermal exponential quenching of the short wavelength emission 
occurs. The activation energy of this quenching is Eq1≈0.1eV. At T>80K already only the 
broad band luminescence is observed. The experimental temperature dependences of the 
broad band intensity as well as of the integral intensity of the three zero-phonon lines 
(Iex=IA+IB+IC) are presented in Fig.2 (dots). 
 

3. Discussion 
 

In order to describe the temperature behavior of the radiative spectral components we 
consider an n-type 2H-MoS2 crystal structure that leads us to a level diagram (Fig. 3).  

Under the assumption of low-level excitation and thermal equilibrium the equations, 
which describe the kinetic behavior of minority carriers in n-type material, are given as 
follows: 

 

 
Here p is the concentration of the minority holes, e

TN 1 and e
TN 2  the concentration of 

electron-occupied T1-isoelectronic and T2-deep centers, x
TN 1  the concentration of centers 

which have an exciton bound to the site, ( )Rx Nxτ τ  is the bound exciton radiative 

(nonradiative) recombination time, ( )Rbb Nbbτ τ  - T2-levels radiative (nonradiative) time (hole 

shunt-path capture time), pxσ  is the hole capture cross section by electron occupied centers, 

υth is thermal velocity of minority carriers, xpτ - isoelectronic trap exciton hole thermalization 

time and G is the excitation rate. 
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Fig. 3. Representation of level diagram with radiative and nonradiative processes. 
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In n-type material the concentrations of electron-occupied isoelectronic and deep 
centers are in thermal equilibrium with the majority-carrier concentration  

where 1ef and 2ef  are the electron occupancy probabilities of 1T and 2T  centers 

respectively. In this case, from the steady-state solution   

assuming that in considered temperature range all deep 2T -centers ( 3.02 ≅TE eV) are 

electron-occupied ( 222 ,1 T
e
Te NNf == ), and that at low-level excitation 

x
T

e
TT NNNp >><< 12 , , the following relationship results for the quantum efficiencies of the 

excitonic radiative recombination ( )Rx Tη  and the broad band emission ( )Rbb Tη : 

where ( ) 1

1
e

cp th px TNτ υ σ
−

≡ ⋅ ⋅ , are defined as the capture time of holes by electron-occupied 

isoelectronic centers and by nonradiative shunt centers respectively.  
The kinetic equations were solved numerically as function of temperature and density of 

traps NT1 and NT2. The curves obtained after calculations and the experimental points are 
presented in Fig. 2. How it can be seen, the curves obtained from our model fit with a good 
precision the temperature dependence of the quantum efficiencies of the excitonic emission 
and the broad band emission. 
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