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surface states and dangling bonds. Moreover, h-BN possesses 

a relatively small lattice mismatch (1.4%) [ 19 ]  with MoS 2 . 

Therefore, using h-BN as substrate may provide a possibility 

of observing intrinsic properties of monolayer MoS 2 . 

 So far, only a few works have been reported concerning 

the synthesis of monolayer MoS 2  on h-BN, where the h-BN 

fl akes were either obtained by low-yield mechanical exfo-

liation [ 20,21 ]  or by CVD growth using an ammonia borane 

precursor, [ 22 ]  which is chemically active. The photoluminen-

scence (PL) enhancement from monolayer MoS 2  on h-BN 

substrates was observed. [ 21,22 ]  Nevertheless, detailed study on 

the origin of this phenomenon is lacking. 

 In this work, we devise a high-yield and simple method 

to grow monolayer MoS 2  on h-BN fl akes. The optical quality 

of monolayer MoS 2  grown on h-BN improves remarkably 

compared with that grown on SiO 2 /Si. We calculated the 

PL intensity as function of both the h-BN thickness and 

the PL wavelength, based on light ray propagation in multi-

layer structure. Combining the theoretical and experimental 

analysis, we draw the conclusion that the PL and Raman 

enhancements of the monolayer MoS 2  on the h-BN origi-

nate probably from the relatively weak doping effect from 

the h-BN substrate rather than the optical interference effect 

suggested previously. [ 21 ]  Moreover, experimental results show 

that the  A  1g  Raman mode exhibits a clear stiffening, whereas 

the  E  2g  mode exhibits a negligible shift. Besides, the inten-

sity ratio of  E  2g  to  A  1g  is smaller, due to the introduction of 

h-BN. Our work infers that using h-BN as substrate provides 

a possibility of investigating the intrinsic property of mono-

layer MoS 2 , such as the novel valley-spin related property. 

 Monolayer MoS 2  was grown by CVD method in a dual-

temperature-zone furnace, using S and MoO 3  powders as the 

sources. Perylene-3, 4, 9, 20-tetracarboxylic acid tetrapotassium 

salt (PTAS) solution was used as the seeding promoter. [ 13,20 ]  

Chemically synthesized h-BN fl akes were dispersed in aqueous 

PTAS solution, and then spin-coated on 300 nm SiO 2 /Si 

substrates. Bare SiO 2 /Si substrates with the spin-coated 

seeding promoter were used for control. High-purity Ar 

gas was used as the carrier gas. Corresponding schematic 

illustration is shown in  Figure    1  a. The growth temperature 

programming process is plotted in Figure  1 b. The temperatures 

for S and MoO 3  were elevated from room temperature to 

160 and 650 °C, respectively, in 40 min, and controlled steadily 

for 5 min, followed by a natural cooling-off process.  DOI: 10.1002/smll.201502141
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  Monolayer molybdenum disulfi de (MoS 2 ), a 2D multivalley 

semiconductor with remarkable optical and electrical proper-

ties, has attracted immense attention since its fi rst discovery. 

Bulk MoS 2  is a hexagonal-crystal layered structure with a 

covalently bonded S–Mo–S hexagonal quasi-2D network 

packed by weak van der Waals force. As its thickness 

decreases from bulk material to monolayer, MoS 2  transfers 

from indirect-bandgap to direct-bandgap semiconductor. [ 1 ]  

In general, with a unique 2D structure embracing the high-

symmetry valleys [ 2–4 ]  and a strong photoluminescence (PL) 

(≈1.85 eV) [ 5,6 ]  in the visible frequency range, monolayer 

MoS 2  has much to offer in exploration of novel physics [ 7,8 ]  

and fantastic optoelectronic devices. [ 9–12 ]  

 Chemical vapor deposition (CVD) is an effi cient 

method to grow large-area monolayer MoS 2 . 
[ 13–15 ]  Generally 

speaking, the commonly used substrate for monolayer MoS 2  

is SiO 2 /Si, which has considerable trapping states arising from 

the SiO 2  layer, [ 16,17 ]  such as the O-dangling bonds on its sur-

face, and light impurities (e.g., Na and K atoms) inside. The 

trapping states may result in a doping effect on monolayer 

MoS 2 . The effect of trapping states is especially pronounced 

in low-dimensional materials. Hexagonal boron nitride 

(h-BN), an insulating isomorph of graphene, [ 18 ]  with boron 

and nitrogen atoms occupying the two nonequivalent sublat-

tices, is relatively inert and expected to be free of charged 
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 Optical micrograph of monolayer MoS 2  grown on a 

SiO 2 /Si control substrate is shown in Figure  1 c. Lots of tri-

angle-shaped monolayer MoS 2 , which have lateral lengths 

up to tens of micrometers (see the inset), can be visu-

ally distinguished from the substrate due to their obvious 

difference in the optical contrast. [ 23–25 ]  The monolayer char-

acter of MoS 2  can be further confi rmed by the atomic force 

microscopy (AFM) as shown in Figure  1 d, where the thick-

ness of the MoS 2  sample measured along the yellow dashed 

lines are about 0.651 and 0.716 nm respectively, in con-

sensus with the theoretical value of 0.615 nm for monolayer 

MoS 2 . 
[ 26 ]  Figure  1 e is the room-temperature PL spectrum of 

an as-grown monolayer MoS 2 . Using excitation of 2.54 eV 

(488 nm), well above both the two excitonic features, we 

can clearly see two PL peaks, located at around 1.85 eV 

(671.6 nm) and 1.98 eV (625.9 nm), respectively. These two 

peaks result from direct band-edge A- and B-exciton transi-

tions, with the energy split from valence band spin–orbital 

coupling. [ 5 ]  The Raman spectrum of it is shown in the inset. 

We can see clearly the characteristic modes  E  2g  (≈384.0 cm −1 ) 

and  A  1g  (≈404.4 cm −1 ) of MoS 2 , which represent the in-plane 

and out-of-plane atomic vibration, [ 27 ]  respectively. The peak 

interval of them is 20.4 cm −1 , consistent with the criterion for 

monolayer MoS 2 . 
[ 27,28 ]  

 An optical micrograph of MoS 2  grown on a 300 nm SiO 2 /

Si substrate with h-BN fl akes on its surface is shown in the 

inset of  Figure    2  a. Again, we can see lots of triangle-shaped 

monolayer MoS 2 , which have almost merged into a continuous 

fi lm. The positions, where the h-BN fl akes locate, are indicated 

by orange arrows. Figure  2 a is the Raman spectrum measured 

from the MoS 2  grown on a piece of h-BN fl ake. We can see 

the two characteristic peaks of MoS 2 ,  E  2g  and  A  1g , as well as 

the Raman signal from h-BN (≈1366.4 cm −1 ), confi rming that 

MoS 2  is successfully grown on the h-BN fl ake.  

 The PL and Raman spectra of the MoS 2  on an h-BN 

fl ake in the orange circle area (labeled as A) are plotted in 

Figure  2 b,c, respectively, together with those of a control 

sample in the black circle area (labeled as B) for comparison. 

The PL and Raman spectra of the control sample are quite 

similar to those shown in Figure  1 e, indicating the forma-

tion of monolayer MoS 2 . Besides, the optical quality of the 

mono layer MoS 2  has not degraded due to the introduction 

of the h-BN fl akes. One very optimistic fi nding is that the 

intensities of both PL and Raman signals from position A 

are much stronger than their corresponding ones from posi-

tion B. Noteworthily, there is an observable shift in Raman 

peak position, especially for  A  1g  mode, which can be seen 

more clearly in the zoom-in image (Figure S1, Supporting 

Information). 

 One of the novel physical properties of monolayer MoS 2  

is the valley-spin polarization resolved PL. We also investi-

gated the PL spectrum of monolayer MoS 2  on h-BN under 

resonant excitation (with the A-exciton) using 633 nm laser, 

which is commonly used in valley-spin related PL study. [ 2–4 ]  
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 Figure 1.    CVD synthesis of monolayer MoS 2  on SiO 2 /Si. a) Schematic illustration of the CVD system used for growing monolayer MoS 2 . b) The 
temperature programming process used for a typical growth. c) Optical micrograph of monolayer MoS 2  on a 300 nm SiO 2 /Si substrate. The scale 
bar corresponds to 200 µm. The inset is a zoom-in optical micrograph, where the scale bar corresponds to 10 µm. d) AFM image of monolayer MoS 2 , 
together with the corresponding height analysis. The scale bar corresponds to 1 µm e) Room-temperature PL spectrum from monolayer MoS 2  grown 
on a 300 nm SiO 2 /Si substrate. Inset: the Raman signals from the MoS 2 .
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Again, we see a clear enhanced PL as shown in  Figure    3  a. This 

result sheds a light on valley-spin related study. To quantita-

tively describe the enhanced PL effect of monolayer MoS 2  on 

the h-BN fl ake, we defi ne the enhancement factor, I I/A BΓ = , 

where  I  A  and  I  B  are the PL intensities measured at positions 

of A and B, respectively. The relation of Γ and wavelength is 

plotted in the inset of Figure  3 a, we can see Γ > 1.0 in the whole 

wavelength range. Notably, the maximum value of Γ, appearing 

at A-exciton emission wavelength (≈666.1 nm), is about 5.0. In 

order to test the universality of these fi ndings, we measured the 

PL and Raman spectra on dozens of different samples. The PL 

peak intensities of A-exciton emission from monolayer MoS 2  

summarized from 60 samples are plotted in the form of his-

togram (Figure  3 b). Half of the data are obtained from MoS 2  

on different h-BN fl akes with the thicknesses in a range from 

300 to 700 nm (Figure S2, Supporting Information). The other 

half are obtained from MoS 2  on different h-BN-free positions 

of substrates with h-BN fl akes. The A-exciton emission from 

monolayer MoS 2  on h-BN fl ake shows a ubiquitous enhance-

ment compared with that on SiO 2 /Si. The detailed correla-

tion between the h-BN thickness and the PL intensity refers 

to Figure S3b,c in the Supporting Information. The statistical 

Raman shifts of  E  2g  and  A  1g  modes, together with their inten-

sity ratio, summarized from 40 samples are plotted in the his-

tograms of Figure  3 c–e, respectively. At histogram maximum, 

the Raman shifts of  E  2g  mode measured on both h-BN fl ake 

and bare SiO 2 /Si are almost equal (≈383.0 cm −1 ), indicating 

a negligible shift of  E  2g  mode. However, the Raman shifts of 

 A  1g  mode at histogram maximum are 406.8 and 404.3 cm −1  for 

monolayer MoS 2  on h-BN fl ake and on SiO 2 /Si, respectively, 

revealing a stiffening (≈2.5 cm −1 ) of  A  1g  mode induced by the 

h-BN substrate. Additionally, we discover that the thickness of 

the h-BN fl akes has negligible infl uence on the Raman peak 

position (Figure S3a, Supporting Information). At histogram 

maximum in Figure  3 (e), the values, intensity ratio of  E  2g  to 

 A  1g , are 0.55 and 0.75, respectively, for monolayer MoS 2  on 

h-BN fl ake and on bare SiO 2 /Si substrate. Recent study [ 29 ]  

shows that a decrease in carrier density in monolayer MoS 2  

may cause a stiffening of  A  1g  mode as well as a smaller inten-

sity ratio of  E  2g  to  A  1g .  

 In order to manifest whether the enhanced PL of mono-

layer MoS 2  grown on h-BN fl ake is caused by the optical 

interference effect in the multilayer structure as suggested in 

previous work, [ 21 ]  we calculated the PL intensity as function 

of both the h-BN thickness and the PL wavelength using the 

following expression, [ 21,27,30 ]  which is derived based on light 

ray propagation in multilayer structure (refer to Figure S4 for 

detailed derivation process, Supporting Information) 

    
I F x F x x

d

d
( ) ( ) dMoS exc emi

2
2

1

2

∫= ⋅
  

(1)
 

 where  F  exc ( x ) and  F  emi ( x ) are the amplitudes for the excitation 

and emitting light, respectively, and the depth  x  ranging from 

 d  1  to  d  2 , represents the ultrathin layer (within the MoS 2  layer) 
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 Figure 2.    Comparison of optical quality from monolayer MoS 2  on h-BN and SiO 2 /Si. a) Raman spectrum of a monolayer MoS 2  on h-BN substrate. 
Inset: Optical micrograph of the MoS 2  grown on a 300 nm SiO 2 /Si substrate with h-BN fl akes on its surface. The positions where h-BN fl akes locate 
are indicated by orange arrows. The scale bar corresponds to 10 µm. Two representative samples in the orange and black circles, labeled as A and 
B, respectively, are adopted for PL and Raman measurements. b) PL and c) Raman spectra of the MoS 2  on the h-BN fl ake in the orange circle area 
(see (a)). The PL and Raman spectra of a control sample in the black circle area (see (a)) are also plotted in respective fi gures for comparison. The 
excitation wavelength is 488 nm.
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where the light emitting actually happens. The infl uence of the 

depths  x  for the light emitters on the calculated result has also 

been discussed (refer to Figure S5, Supporting Information). 

  Figure    4  a is 3D contour plot of the corresponding result 

normalized by the calculated PL intensity of control sample 

(namely, the enhancement factor Γ). The refractive index 

of h-BN is 2.13, [ 31 ]  and that of monolayer MoS 2  is adopted 

from our previous work. [ 32 ]  The 3D curved surface shows the 

close dependence of Γ on the h-BN thickness. The calculated 

enhancement factor versus h-BN thickness relation caused 

by the optical interference at A-exciton emission wavelength 

(≈671.3 nm) is shown in Figure  4 b. Since the A-exciton emis-

sion peak position varies slightly for different samples, we 

choose three representative wavelengths of 666.3, 671.3, and 

676.3 nm. The calculated Γ value is less than 1.0 for almost 

all the thickness range (300–700 nm) of the h-BN fl akes used 

in this work, indicating that the optical interference effect is 

not only irresponsible for the observed PL enhancement, but 
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 Figure 4.    Theoretical calculation upon light ray propagation in a multilayer structure. a) 3D contour plot of the calculated enhancement factor 
Γ as a function of both h-BN thickness and PL wavelength. b) The variation of Γ (with PL wavelengths of 666.3, 671.3, and 676.3 nm) as h-BN 
thickness ranging from 300 to 700 nm. The black dashed line corresponds to Γ = 1.0. The integral range used in Equation  ( 1)   includes the total 
thickness of the monolayer MoS 2 .

 Figure 3.    Statistical results of optical measurements. a) PL spectra of the two representative MoS 2  samples on h-BN fl ake and on 300 nm SiO 2 /Si. 
The excitation wavelength is 633 nm. The inset: the corresponding enhancement factor Γ versus PL wavelength relation. b) Histogram of statistical 
PL peak intensity measured from monolayer MoS 2  on h-BN (red) and on 300 nm SiO 2 /Si (black) summarized from 60 samples. The excitation 
wavelength is 633 nm. c–e) The histograms of statistical results for Raman shifts of  E  2g  and  A  1g  modes, and their intensity ratio, summarized from 
40 samples, respectively. The excitation wavelength is 488 nm.
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also plays a negative role. Although Γ exceeds 1.0 for some 

certain h-BN thickness (e.g., 320 nm), it is still much less than 

the experimental Γ value of around 5.0.  

 Mak et al. demonstrated that, the PL intensity of mono-

layer MoS 2  is highly dependent on the electron doping 

level. [ 33 ]  When external electrons are introduced, photogen-

erated electron–hole pairs can be tightly bound by them to 

form negative quasiparticles, leading to a reduction of PL. 

Compared with SiO 2 /Si substrate, h-BN is relatively inert and 

expected to be free of charged surface states and dangling 

bonds, which may induce a relatively weak doping effect on 

MoS 2 . The above Raman measurement result also confi rms 

it. Based on the discussion above, we deduce that it is the 

relatively weak doping effect of the h-BN substrate on the 

monolayer MoS 2  that is responsible for its PL and Raman 

enhancement, rather than the optical interference effect sug-

gested in previous studies. 

 In conclusion, we have devised and realized a high-yield 

and convenient method to synthesize monolayer MoS 2  

directly on h-BN fl akes via the CVD method. Compared with 

that grown on SiO 2 /Si substrate, the monolayer MoS 2  grown 

on h-BN exhibits enhanced PL and Raman signals as well 

as the smaller intensity ratio of  E  2g  to  A  1g . Besides, its  A  1g  

Raman mode exhibits clear stiffening, whereas its  E  2g  mode 

exhibits a negligible shift. We have calculated the PL inten-

sity as function of both the h-BN thickness and the PL wave-

length, based on light ray propagation in multilayer structure. 

Combining the theoretical and experimental analysis, we 

draw the conclusion that the enhanced PL and Raman sig-

nals of monolayer MoS 2  originates probably from the rela-

tively weak doping effect from the h-BN substrate, rather 

than the optical interference effect suggested previously. 

Using h-BN as substrate may provide a possibility of investi-

gating the intrinsic property of mono layer MoS 2 , such as the 

novel valley-spin related property.  

  Experimental Section 

  Sample Preparation : Uniform and large-area monolayer MoS 2  
was grown by a CVD method in a dual temperature zones system, 
using S (99.999%, Ourchem) and MoO 3  (99.99%, Ourchem) as 
sources, PTAS as a seeding promoter, high-purity inert argon 
as carrier gas. During the deposition process, the argon fl ow rate is 
10–20 sccm. Prior to the CVD growth of MoS 2 , h-BN fl akes (99.5%, 
XFNANO) were spin-coated on 300 nm SiO 2 /Si substrate. Bare 
300 nm SiO 2 /Si was used as control substrate. 

  Measurements and Characterization : Optical micrographs were 
taken by using an optical microscope (Zeiss Axio Imager, A2m). 
The thickness of monolayer MoS 2  was measured by AFM (Bruker 
Dimension Icon-PT). PL spectrum was measured by a confocal 
Raman microscopic system (Horiba, Labram HR800) using a long-
working-distance 50× objective. The excitation laser wavelengths 
were 488 and 633 nm. Raman spectra were recorded by a scanning 
near-fi eld Raman spectrometer (Witec, Alpha 300RSA) using a long-
working-distance 100× objective. The excitation laser wavelength was 
488 nm. The Raman signal from Si (≈520.7 cm −1 ) was used for wave-
number calibration during the Raman measurement. The size of the 
focused light beam was less than 2 µm. To avoid edge or corner effect, 

only h-BN fl akes close to or larger than 2 µm were used in measure-
ments. All measurements were performed at room temperature.  
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 Supporting Information is available from the Wiley Online Library 
or from the author.  
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