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Because of their large in-plane effective 
mass, the electron–electron and electron–
hole interactions in monolayer TMDs are 
expected to play an important role in the 
formation of many-body bound quasiparti-
cles, such as neutral and charged excitons, 
which determines the electronic trans-
port and optical transition in monolayer 
TMDs. Until now, most relevant research 
on the tunability of excitonic states has 
been focused on monolayer TMDs, such 
as MoS 2 , WSe 2 , and MoSe 2 , where the 
behavior of the excitons can be modulated 
by controlling the carrier density through 
chemical and electrical doping methods, 
as well as by changing the energy band 
structures by strain engineering, dielectric 
screening, or alloying. [ 9–16 ]  

 As an emerging class of materials, van 
der Waals (vdWs) heterostructures stacked 
with several two-dimensional materials, 
such as graphene, BN, or TMDs by van der 
Waals interaction, have presented some 
fascinating new phenomena induced by 
quantum coupling. [ 17–24 ]  Looking at the 
exciton behavior in vdWs heterostruc-

tures, on the one hand, we can see that the potential elec-
tronic coupling in vdWs heterostructures will make it possible 
to change the electron–electron or electron–hole interactions, 
further enriching the behavior of many-body bound quasipar-
ticles. [ 23 ,   25–28 ]  On the other hand, the high-quality hetero-inter-
face without dangling bonds, which is characteristic for van der 
Waals heterostructures, is advantageous to tailor the intrinsic 
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  1.     Introduction 

 Atomically thin transition metal dichalcogenides (TMDs) have 
been considered to be attractive candidates for optoelectronic 
and valleytronic applications because of their unique electronic 
and optical properties, such as strong light–matter interac-
tions, spin–orbit coupling, and coupled spin–valley degree. [ 1–8 ]  

  Y. Li, Prof. C. Y. Xu, Prof. J. Cao 
 State Key Laboratory of Advanced Welding and Joining 
 Harbin Institute of Technology 
  Harbin    150001  ,   P. R. China   
E-mail:  cy_xu@hit.edu.cn    
 Y. Li, Prof. C. Y. Xu, J. K. Qin, W. Feng, J. Y. Wang, Prof. L. Zhen 
 School of Materials Science and Engineering 
 Harbin Institute of Technology 
  Harbin    150001  ,   P. R. China   
E-mail:  lzhen@hit.edu.cn    
 Prof. P. A. Hu, Prof. L. Zhen 
 Micro/Nano Technology Research Center 
 Harbin Institute of Technology 
  Harbin    150080  ,   P. R. China    

 Dr. S. Q. Zhang 
 Department of Physics 
 Harbin Institute of Technology 
  Harbin    150001  ,   P. R. China    
 Prof. L. P. Ma, Prof. W. C. Ren 
 Shenyang National Laboratory for Materials Science 
 Institute of Metal Research 
 Chinese Academy of Sciences 
  Shenyang    110016  ,   P. R. China   

Adv. Funct. Mater. 2016, 26, 293–302

www.afm-journal.de
www.MaterialsViews.com

http://doi.wiley.com/10.1002/adfm.201503131


FU
LL

 P
A
P
ER

294 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

electronic and optical properties of TMDs, as the built-in elec-
tric fi eld strongly affects the charge transfer and dissociation 
of excitons. [ 19 ,   29–31 ]  Very recently, a few groups have studied the 
behavior of excitons in TMD/TMD heterostructures with type-II 
band alignment, such as WSe 2 /MoS 2 , MoS 2 /WS 2 , and MoSe 2 /
WSe 2 , and experimentally unveiled the fast charge transfer of 
the photogenerated holes, the interlayer relaxation induced 
photoluminescence (PL) quenching, and the long-lived interlayer 
exciton. [ 19 ,   31–34 ]  Nevertheless, tailoring both the electronic struc-
ture and hetero-interface for tuning the excitonic states in TMD 
vdWs heterostructures has not been carried out until now. Unlike 
TMD/TMD heterostructures, the weak van der Waals interlayer 
coupling in TMD/graphene heterostructures contributes to the 
unchanged electronic states of participating materials. [ 26,34,35 ]  
From fi rst-principle calculations, the interaction around the � 
point in all TMD/graphene heterostructures is negligible, and 
the electronic structure resembles that of two independent 
monolayers. [ 26 ]  Moreover, by using angle-resolved photoemission 
spectroscopy, Diaz et al. were able to report that the Dirac cone 
of graphene remained intact and no signifi cant charge-transfer 
doping was detected between MoS 2  and graphene. [ 35 ]  Moreover, 
the large tunability of the graphene Fermi level and the stable 
excitonic states of the MoS 2  monolayer (neutral excitons and 
negative trions) at room temperature make MoS 2 /graphene 
heterostructures an ideal platform to unveil the problems afore-
mentioned. [ 5,9,36,37 ]  A recently reported related work showed that 
MoS 2 /graphene heterostructures could be used for ultrasensi-
tive DNA detection by monitoring the change of excitonic states 
in MoS 2  through the charge transfer at the hetero-interface. [ 38 ]  
Therefore, explicitly studying the excitonic behavior in MoS 2 /
graphene heterostructures, and then discerning the dominant 
factor that determines the photoluminescence behavior will be 
benefi cial to the exploitation of new-concept and highly effi cient 
optoelectronic applications. 

 Here, we systematically studied the dependence of the 
photoluminescence property of monolayer MoS 2 /graphene 
heterostructures on the carrier density of MoS 2  as well as the 
band alignment at the interface via electrochemical gating. It is 
shown that the integrated excitons intensities could be modu-
lated by more than two orders of magnitude (>200). Moreover, 
the trion/exciton intensity ratio ( I  A– / I  A ) could be tuned by up 
to 30 times, and a blue-shift of the excitons of up to 40 meV 
was observed. The large tunability of the MoS 2  carrier den-
sity played a dominant role on the PL modulation at negative 
gate bias, whereas the exciton splitting driven by the built-in 
electric fi eld at the Schottky contact had a major contribution 
at positive gate bias. Furthermore, by controlling both the elec-
tric-fi eld screening and contact barrier at the hetero-interface 
by inserting insulating SAMs with different thickness at the 
MoS 2 /graphene interface, the weak dependence of the PL in 
MoS 2 /SAMs/graphene heterostructures at gate bias also veri-
fi ed the impact of the hetero-interface on the PL tuning in the 
MoS 2 /graphene system.  

  2.     Results and Discussion 

  Figure    1  a shows the schematic illustration of the monolayer 
MoS 2 /graphene device used in our experiments. A monolayer 

of MoS 2  was fi rst mechanically exfoliated onto a Si/SiO 2  sub-
strate, and subsequently stacked with a monolayer of chemical 
vapor deposition (CVD)-graphene, and then a gel-like solid 
electrolyte (LiClO 4  and polyethylene oxide (PEO) dissolved in 
methane with a ratio of 0.012:0.1:4) was used as the top-gate 
dielectric. Details of the samples and devices fabrication can 
be found in the Experimental Section. The Raman and PL 
signals of the MoS 2 /graphene heterostructures as a function 
of gate bias were collected by Raman spectroscopy. A typical 
optical microscopy image of the device is shown in Figure  1 b, 
where the insets present the atomic force microscopy (AFM) 
topography and height profi le of the MoS 2  monolayer with a 
thickness of around 0.9 nm. The characteristics of the MoS 2  
monolayer were further verifi ed by Raman and PL spectra, as 
shown in Figure  1 c. The peak distance between the E 2g  1  and 
A 1g  modes of the MoS 2  monolayer was 18.2 cm −1 . It should 
be noted that compared to the separate MoS 2  monolayer 
(shown in Figure S1 in the Supporting Information), the out-
of-plane mode A 1g  presents a redshift of about 2 cm −1 , which 
results from the interlayer interaction between graphene and 
MoS 2 . [ 29,38,39 ]  Moreover, the Raman spectrum in Figure  1 c 
shows the prominent features of graphene, namely the Raman 
G-band at 1577 cm −1  and the 2D-band at 2694 cm −1 , and a 
FWHM of 30 cm −1  was found for the Raman 2D peak, which 
matches the characteristics of a graphene monolayer.. [ 27,34 ]  The 
PL spectra of the monolayer MoS 2 /graphene heterostructure 
and the separate MoS 2  on a Si/SiO 2  substrate are presented in 
Figure  1 d. Compared to the separate MoS 2  layer, the PL peak of 
the heterostructure presents a slight blue-shift and the PL inten-
sity is partially quenched by about 45%, which can be attributed 
to the exciton splitting by the built-in electric fi eld at the MoS 2 /
graphene interface. [ 29,30 ]  Specifi cally, due to the Schottky barrier 
at the interface, the photogenerated holes are injected from the 
valence band of MoS 2  to graphene, whereas the photogenerated 
electrons in the conductance band of MoS 2  are prohibited to 
diffuse to graphene because of the built-in barrier formed at 
the hetero-interface. Therefore, the exciton recombination effi -
ciency and the resultant PL intensity of MoS 2 /graphene sig-
nifi cantly decreased. It should be noted that the multiple sharp 
peaks in the PL spectra originated from the Raman vibrational 
modes of graphene and the electrolyte gels (see assignments of 
these peaks in Figure  1 c).  

 As is schematically illustrated in Figure  1 a, a negative gate 
bias is applied between the gel and the Au electrode, and the 
PL spectra of MoS 2 /graphene at a gate bias of 0 to –3.6 V 
are presented in  Figure    2  a. It is evident that with increasing 
negative gate bias ( V  g ), the absolute PL intensity increased 
signifi cantly and the PL peak narrowed accordingly. The peak 
maximum showed a blue-shift of about 20 nm (ca. 35 meV). 
The PL spectra of the MoS 2 /graphene heterostructure at a 
gate bias from 0 to 2 V are shown in Figure  2 b. In contrast 
to the case at negative bias ( V  g  < 0), the absolute PL intensity 
decreased rapidly with increasing gate bias at  V  g  > 0, and was 
almost totally quenched at a gate bias of 2 V. The absolute PL 
intensity was thus reversibly tunable over a large range of more 
than 100 times in the gate bias range from -3.6 to 2 V, which 
is much higher than that reported previously. [ 9,10,38 ]  Due to the 
strong spin–orbit interactions of the MoS 2  monolayer and the 
interplay between a neutral exciton and an excessive electron, 
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there are three stable excitons in the MoS 2  monolayer, namely, 
the A exciton, the B exciton, and the A −  trion. [ 5,9 ]  In Figure  2 c, 
the typical PL spectra of the MoS 2 /graphene heterostructure 
at a gate bias of 0.9, 0, –2.1, and –3.6 V were fi tted with three 
Lorentzian peaks, corresponding to the three excitonic states 
of the A exciton (1.86 eV), A −  trion (1.80 eV), and B exciton 
(1.96 eV). The intensity of the A −  trion is comparable to that of 
the A exciton at  V  g  = 0. The strong radiative recombination of 
trions in MoS 2  is consistent with previous results. [ 9,11 ]  The PL 
property of the MoS 2  monolayer at a gate bias of –3.6 V was 
totally dominated by the A exciton, suggesting that the excitons 
recombined without forming trions because of the decrease in 
the number of excess electrons in MoS 2 .  

 Subsequently, we monitored the evolution of the excitonic 
states of MoS 2 /graphene at different gate bias. The peak positions 
of the A, A − , and B excitons, and integrated intensities of A and 
A −  as a function of gate bias are plotted in  Figure    3  a,b, respec-
tively. From Figure  3 a, it can be seen that the energy positions of 

all three peaks increased at both negative and positive bias,, and 
the maximum shifts of the A, A − , and B excitons were determined 
to be 10, 35, and 40 meV, respectively. As shown in Figure  3 b, 
the PL intensities of both the neutral exciton (A) and (A+A − ) 
increased almost exponentially as a function of the gate bias 
and could be modulated by more than two orders of magnitude 
(> 200). The intensity of the A −  trion peak was quenched by more 
than 20 times at positive gate biases from 0 to 2 V, whereas it pre-
sented only slight variations at negative bias from 0 to –2.1 V.  

 The trion binding energy,  ε  A– , is the energy required for 
removal of one electron from the trion, which is calculated by 
the energy difference between the A exciton and the A −  trion. 
The dependence of  ε  A–  on the gate bias is shown in Figure  3 c. 
The trion binding energy ( ε  A– ) decreased gradually regardless 
of whether a negative or positive gate bias was applied. The 
trion PL spectra weight, which is defi ned by the intensity ratio 
of trions and excitons ( I  A– / I  A ), also changed with gate bias. As 
shown in Figure  3 d,  I  A– / I  A  decreased from about 3 to 0.1 with 
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 Figure 1.    a) Schematic illustration of the MoS 2 /graphene device. A mechanically exfoliated MoS 2  monolayer is stacked with CVD-grown graphene, 
and then the MoS 2 /graphene device is fabricated with an ion-gel top dielectric for Raman and PL spectra measurements. b) Optical microscopy image 
of the MoS 2 /graphene device on a Si/SiO 2  substrate. The insets show the AFM topography and corresponding height profi le of the MoS 2  monolayer 
with a thickness of around 0.9 nm. c) Raman spectrum of MoS 2 /graphene covered with ion-gel. The inset presents the enlarged Raman spectrum, 
showing the E 2g  1  and A 1g  Raman modes of the MoS 2  monolayer, and the peak distance between E 2g  1  and A 1g  is 18.2 cm −1 . d) The PL spectra of the 
MoS 2 /graphene heterostructure covered with ion-gel and of a separate MoS 2  monolayer on a Si/SiO 2  substrate.
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changing gate bias from 0 to –3.6 V, whereas it decreased 
slightly when  V  g  > 0. In the steady state, the A − /A intensity ratio 
can be expressed as 

   
A

A

A A

A A

I

I

N

N
= Γ

Γ
− − −

 
 (1) 

 where  N  A  and  N  A–  are the exciton and trion concentrations, 
respectively; and AΓ A–Γ represent the radiative recombination 
rates of the excitons and trions, respectively. [ 10,16,28 ]  Radiative 
recombinations occur mainly at the   K   point of the Brillouin 
zone. The mass action law has been used before to relate the 
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 Figure 3.    Gate bias dependence of: a) bo PL peak positions of A, B, and A − , b) PL intensities of A, A − , and (A+A − ), c) trion binding energy  ε  A– , 
d) A −  trion to A exciton PL intensity ratio ( I  A– / I  A ).

 Figure 2.    a,b) Photoluminescence spectra of the MoS 2 /graphene heterostructure at negative gate bias from 0 to –3.6 V, and positive gate bias from 
0 to 2 V, respectively. c) Top: Schematics of the exciton and trion quasi-particles and transitions at the  K  point in the Brillioun zone. Δ and  ε  A–  denote 
the valence band splitting and trion binding energy, respectively. Bottom: Typical PL spectra of MoS 2 /graphene fi tted by three Lorenztian peaks, cor-
responding to the A exciton (1.86 eV), B exciton (1.96 eV), and A −  trion (1.80 eV), at gate biases of 0.9, 0, –2.1, and –3.6 V.
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concentrations of the neutral exciton, excess electron, and hole 
to the dynamics of the formation of neutral and charged exci-
tons in a two-dimensional electron gas system (quantum wells) 
or two-dimensional semiconductor materials and heterostruc-
tures. Therefore, the ratio of the A −  and A concentrations can 
be expressed similar to those in the steady state as [ 10,16,28,40 ] 

   4
exp

2N

N
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M m k T k T
A
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e A
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 where  n  e ,  ε  A– , and  m  e  are the excess electron concentration, trion 
binding energy, and electro-effective mass, respectively;  M  A  and 
 M  A–  are the effective masses of the exciton and trion, respectively. 
Therefore, the A − /A intensity ratio can be fi nally expressed as 
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 Equation (3) indicates that there are two main contributions 
to the A − /A intensity ratio: the excess carrier density,  n  e , and the 
trion binding energy,  ε  A– . To quantitatively reveal the contribu-
tion of each factor in the above equation to the change of the 
A − /A intensity ratio with gate bias, we tried to exact the ampli-
tude of the change in exp( ε  A–  /k  B  T ) and  n  e [ M  A– /( M  A  m  e )], corre-
sponding to the trion binding energy and excess electron con-
centration. When  V  g  < 0,  I  A– / I  A  increases from 0.1 to about 3 
(or from 1 to 30), and exp( ε  A–  /k  B  T ) increased from 4.93 to 7.64 
(or from 1 to 1.55;  ε  A–  was obtained from Figure  3 c). Obviously, 
 n  e [ M  A– /( M  A  m  e )], that is the excess electron concentration, was 
the major contribution term to the variation in  I  A– / I  A , whereas 
the exp( ε  A–  /k  B  T ) had only a more modest contribution to the 
A − /A intensity ratio. On the other hand, when  V  g  > 0,  I  A– / I  A  
decreased from 3 to about 2 (or from 1.5 to 1), and exp( ε  A–  /k  B  T ) 
decreased from 7.44 to 3.56 (or from 2.09 to 1), indicating 
that the exp( ε  A–  /k  B  T ), that is the variation in the trion binding 
energy, was the major contributor to the variation in  I  A– / I  A . 

 Lin et al. reported the effect of the dielectric constant of the 
environment on the photoluminescence properties of MoS 2  
monolayers and a variation in the exciton or trion PL peak 
positions and intensities was observed. [ 16 ]  Can the PL varia-
tion in MoS 2 /graphene be attributed to the dielectric screening 
effect of graphene? Santos et al. studied the effect of the out-
of-plane electric fi eld on the effective dielectric constant in gra-
phene, and found that for monolayered graphene the dielectric 
constant varied slightly ( ε  around 3) when the electric fi eld 
approached 1 V/Å (corresponding to  V  g  of 5 V in our experi-
ment). [ 41 ]  Therefore, we can exclude the possibility that the 
dielectric screening of graphene has a major effect on the PL 
modulation in the heterostructure. 

 To further understand the origin of the variation in the photo-
luminescence properties of the MoS 2 /graphene heterostruc-
tures, we tried to extract the carrier densities of both graphene 
and MoS 2 . Firstly, according to the Raman spectra shown in 
Figure S2 (Supporting Information), the charge neutrality point 
(CNP) voltage ( V  D ) of graphene on MoS 2  was estimated to be 
about –0.9 V based on the approximate symmetry of the spectra 
evolution with respect to the electron and hole doping away from 
this voltage. [ 36 ]  The non-zero  V  D  could be attributed to the unin-
tentional extrinsic doping from substrates or the environment. 

The doping dependence of the G bands in graphene was in good 
agreement with previous reports. [ 36,37,42 ]  According to the Raman 
G mode shifts at different gate biases, [ 29,36,37 ]  the carrier density 
of graphene was determined, and the results are presented in 
 Figure    4  a and Figure S2 (Supporting Information). Next, con-
sidering the electric fi eld distribution in our devices, an applied 
( V  g − V  D ) is the sum of the potential drop across the Debye length 
of the electrolyte (due to the electrostatic capacitance) and the 
Fermi energy with respect to the CNP of the top-layer graphene 
(due to quantum capacitance), which can be written as [ 23,42 ] 

 

/ , 0;
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2

2
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 where a  C  TG  of around 2.2 µF/cm 2  is the capacitance of the 
gels, [ 40 ]   e  is the electron charge, and  V  D  is the Dirac point of 
graphene. Δ E  F ( n  G ) is positive for electron doping and negative 
for hole doping. [ 23 ]  The carrier density of MoS 2  was extracted 
by using the above equation, and the result is presented in 
Figure  4 a. It can be observed that the carrier density of MoS 2  
can be modulated in the range from 2 × 10 12  to 2.8 × 10 13  cm −2 . 
According to E n hV nF G F Gπ( ) =  (for graphene, from linear 
 E – k  dispersion) and / 2 2

2 2E n n m eF MoS MoS e�π( )( ) = (for MoS 2 ), 
the Fermi-level shifts of graphene and MoS 2 , as shown in 
Figure  4 b, can be tuned over about 0.9 and 0.09 eV, respec-
tively, demonstrating the signifi cant electric-fi eld modulation in 
MoS 2 /graphene heterostructures.  

 To further demonstrate the variation in the carrier density of 
MoS 2 , Raman spectroscopy was adopted to monitor the change 
of the charge state in the MoS 2  monolayer, as the peak position 
of the out-of-plane Raman A 1g  mode of MoS 2  is sensitive to var-
iations in the carrier concentration. [ 43,44 ]  Figure  4 c presents the 
Raman spectra of the MoS 2  monolayer and the corresponding 
peak positions (E 2g  1  and A 1g  modes) at gate biases from –3.6 to 
2 V. The A 1g  mode shows a distinct blue-shift when  V  g  <  V  D , 
whereas it shows only a slight variation when  V  g  >  V  D . In con-
trast, the E 2g  1  is insensitive to the gate bias. According to the 
above experimental results, we interpret the data using sche-
matic band-structure diagrams, as shown in Figure  4 d. When 
 V  g  >  V  D , an accumulation of positive ions in the electrolyte 
results in n-doped graphene, whereas the accumulation of 
negative ions at  V  g  <  V  D , results in p-doped graphene. The top 
graphene and bottom MoS 2  feel different electric fi elds due to 
the electronic screening by the charge carriers and the dielectric 
constant of graphene. This electric screening will be discussed 
further on. The electric fi eld from the ion-gels induces a varia-
tion in the carrier density of both graphene and MoS 2 . 

 It needs to be further clarifi ed whether the carrier density 
of MoS 2  is the sole factor determining the PL tuning in the 
MoS 2 /graphene heterostructures. If it is, the trion intensity ( I  A– ) 
should remain almost constant regardless of whether a negative 
or positive gate bias is applied, as has been described in previous 
reports. [ 9,10,38 ]  In this case, a unique situation, where excess elec-
trons are not effective in screening, can enable the trions to be 
stable. [ 45 ]  However, in our experiments, the change in the trion 
intensity, as shown in Figure  3 d, is different from that in pre-
vious reports after measurements of more than 8 samples. [ 9,10,38 ]  
As shown in Figure  3 d, the trion intensity remains almost 
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constant at negative gate bias, whereas it decreases signifi cantly 
at positive gate bias. This indicates that at negative gate bias, the 
carrier density in MoS 2  predominantly determined the modula-
tion of the PL, whereas at positive gate bias, the carrier density 
may not have major contributions to the PL tuning. 

 Next, we try to evaluate the effect of the band alignment at 
the interface between graphene and MoS 2  on the photolumi-
nescence properties of the MoS 2 /graphene heterostructures. 
As demonstrated by previous results, [ 29,30,34 ]  the built-in elec-
tric fi eld induced by the barrier at the interface in graphene/
TMDs heterostructures can induce the separation of photo-
generated electron–hole pairs, decrease the recombination 
effi ciency, and thus lower the photoluminescence intensity. 
The Schottky barrier between MoS 2  and graphene at different 
electric fi elds was calculated by fi rst-principle calculations, and 
the results are presented in Figure S3 (Supporting Informa-
tion). Both the energetic band structures of graphene and MoS 2  
preserve their pristine profi les, except that the Fermi level of 

 graphene is shifted by the external electric fi eld. When  V  g  <  V  D , 
the Schottky barrier height increased, and the photogenerated 
holes transferred from the valence band of MoS 2  to graphene, 
leading to the splitting of excitons. This process is expected to 
decrease the PL intensity. However, as shown in Figure  2 a, the 
PL  intensity increased with increasing negative bias, indicating 
that the decrease in electron density (relative  p -doping with 
respect to pristine MoS 2 ) played a dominant role. On the other 
hand, when  V  g  >  V  D , the decreased barrier should decrease the 
splitting of excitons, leading to a higher PL intensity. However, 
the measured PL intensity in MoS 2 /graphene decreased at posi-
tive gate bias. The expected results are thus inconsistent with 
our experimental results in Figure  2 , therefore, we can spec-
ulate that the Schottky barrier is not a major factor in the PL 
tuning. 

 According to the analysis aforementioned, from the view-
point of the heterostructural construction, there are two main 
factors that co-determine the photoluminescence behavior 
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 Figure 4.    a)  n  (MoS2)  and  n  (graphene)  versus the gate bias  V  g  obtained as the difference between the total density and  n  (graphene) . For  V  g  >  V  D , the carrier 
density of MoS 2  increases, whereas it decreases when  V  g  <  V  D . b) The Fermi level shifts of graphene and MoS 2  versus the gate bias Vg. c) The Raman 
spectra and corresponding Raman peak (E 2g  1  and A 1g ) positions of MoS 2  at different gate bias  V  g . d) Schematic band alignment of the MoS 2 /graphene 
heterostructures for  V  g  <  V  D  (p-doped graphene) and  V  g  >  V  D  (n-doped graphene).
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in MoS 2 /graphene heterostructures, namely the carrier den-
sity of MoS 2  and the hetero-interface. [ 19 ,   29–31 ]  At negative gate 
biases, the carrier density in MoS 2  plays a dominant role in the 
photoluminescence behavior, and the change in the trion inten-
sity is consistent with previous reports. [ 9,10,38 ]  However, at posi-
tive gate biases, the PL intensity presented a distinct quenching 
phenomenon. Considering the signifi cant dependence of the 
trion intensity on the positive gate bias, we speculated that this 
quenching behavior did not result from the n-doping of MoS 2 , 
but rather from the interlayer relaxation of the excitons. [ 19,29,31 ]  
In other words, at positive gate bias, the interlayer relaxation of 
excitons at the hetero-interface played a dominant role in the 
PL tuning, whereas at negative gate bias, the carrier density in 
the MoS 2  made a major contribution. 

 In order to further verify our speculation that the interlayer 
relaxation of excitons at the hetero-interface and the carrier 
density of MoS 2  co-determine the PL tuning in MoS 2 /gra-
phene heterostructures, we introduced insulated self-assembled 
monolayers with different thicknesses (octyltrichlorosilane 
C8-OTS, ca. 0.8 nm, and trichlorooctadecylsilane C18-OTS, 
ca. 1.8 nm) to modulate both the electric-fi eld distribution on 
MoS 2 /graphene and the tunneling barrier between MoS 2  and 
graphene. The AFM topographies shown in Figure S5 (Sup-
porting Information) demonstrate the successful formation of 
the SAMs on the surface of MoS 2 . To further verify the barrier 
between the MoS 2  monolayer and the SAMs, conductive AFM 
(C-AFM) measurements were carried out using a Pt/MoS 2 /
SAMs/tip confi guration.  Figure    5  a shows the schematic illus-
tration of the C-AFM measurements for MoS 2  or MoS 2 /SAMs 
on Pt substrates. The AFM conductive tip (Co/Cr tip) was 
grounded, and the bias was applied to the samples. Figure  5 b 
shows the  I - V  curves of Pt/MoS 2 , Pt/MoS 2 /C8-OTS, and Pt/
MoS 2 /C18-OTS. Compared to pristine MoS 2 /Pt, the insertion 
of an insulated SAM led to a decrease in the tunneling cur-
rent. Moreover, for the MoS 2 /C18-OTS with a thicker insulated 
layer, the current is lowest. Subsequently, we used the Fowler– 

Nordheim (F–N) tunneling theory to analyze the  I – V  data, 
which can be expressed as [ 46,47 ] 
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 where  A  eff  and  φ  B  are the effective contact area and the barrier 
height, respectively.  q ,  m ,  m *,  d , and  h  represent the electron 
charge, free electron mass, effective electron mass separation 
between the two electrodes, and the Plank constant, respec-
tively. The above equation can be expressed as 
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 where  m / m * = 1.9. [ 48 ]  From the inset in Figure  5 b, it can be 
seen that ln( I / V  2 ) versus 1/ V  presents a strong linear depend-
ence, which can be fi tted by the above equation, indicating that 
the tunneling can be explained by the F–N tunneling model. 
From the slope of each curve, tunneling barrier heights ( φ  B ) of 
0.237 and 1.39 eV were obtained for MoS 2 /C8-OTS and MoS 2 /
C18-OTS, respectively.  

 Combining this with the above results and considering the 
semi-metal character of graphene, we speculated that for MoS 2 /
SAMs/graphene, the insertion of SAMs could also increase the 
tunneling barrier between MoS 2  and graphene, and further 
impede the splitting of excitons. On the other hand, the SAMs 
may affect the electric screening effect (or the electric displace-
ment distribution) across the MoS 2 /SAMs/graphene structure. 
Thus, we measured the PL properties of these MoS 2 /SAMs/gra-
phene heterostructures, in order to verify the effect of electric 
screening on the carrier density of MoS 2  and the resultant exci-
tonic states.  Figure    6  a,b shows the PL spectra of MoS 2 /C8-OTS/
graphene and MoS 2 /C18-OTS/graphene  heterostructures at gate 
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 Figure 5.    a) Schematic illustration of conductive atomic force microscopy (C-AFM) measurements for MoS 2  or SAMs/MoS 2  on Pt substrates. AFM 
tips with Co/Cr coating were used. b)  I – V  curves of Pt/MoS 2 /tip, Pt/MoS 2 /C8-OTS/tip, and Pt/MoS 2 /C18-OTS/tip, respectively. The inset shows the 
fi tted curves (ln( I / V  2 ) versus 1/ V )) calculated using the F–N tunneling model.
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biases from −2.7 to 2 V. It can be observed that with increasing 
negative gate bias, in both cases the PL intensity increased, and 
the PL peak was blue-shifted, similar to the case of the MoS 2 /
graphene heterostructure, whereas the PL intensity decreased 
slightly with increasing positive gate bias, which was signifi -
cantly different from the MoS 2 /graphene case. Using Lorentz 
fi tting, the peak positions and intensities of the A and B exci-
tons, and the A −  trion could be carried out and are presented 
in Figures S7 and S9 in the Supporting Information. The trion 
intensities in both cases presented slight variations, and the 
exciton intensities decreased by increasing the gate bias from 
–2.7 to 2 V. This indicates that the variation in the carrier den-
sity of MoS 2  is the sole factor for determining the PL tuning in 
MoS 2 /SAMs/graphene heterostructures. [ 9,10,38 ]  The increase in 
the tunneling barrier between MoS 2  and graphene by inserting 
an insulated SAM signifi cantly impedes the interlayer relaxa-
tion of the excitons, and the signifi cant PL quenching is not 
observed at positive gate biases. Next, we turned our attention 
to the dependence of the PL intensity of MoS 2 /SAMs/graphene 
on the gate bias as shown in Figure  6 a,b. We observed that at 
negative gate bias the absolute PL intensities in MoS 2 /C8-OTS/
graphene and MoS 2 /C18-OTS/graphene increased only by 3.5 
and 2 times, respectively, which was much lower than that in 
MoS 2 /graphene. Moreover, at positive gate bias, the PL intensity 
in the MoS 2 /C8-OTS/graphene structure decreased a little faster 
than that in the MoS 2 /C18-OTS/graphene structure.  

 To extract the carrier density of MoS 2  from the MoS 2 /SAMs/
graphene, we fi rstly analyzed the electric-fi eld screening effects 
of graphene itself, of the insulated self-assembled monolayers, 
and of MoS 2 , assuming that the in-plane electric fi eld was uni-
form. Indeed, the electronic screening played a crucial role in 
creating a charge-density asymmetry in graphene and MoS 2 . 
The relation between the electric potential  φ ( z ) and net charge 
density  ρ ( z ) across the electric double layer (EDL) and channel 
can be determined by the Poisson equation

    

1
,

2

0

z z
r

φ
ε ε

ρ( ) ( )∇ = −
 
 (7)

   

 which was described by Zhou et al. [ 49 ]  By using the Taylor 
expansion, the potential  φ ( z ) shows an exponential decay: 

exp /0z z LDφ φ ( )( ) = −  in both graphene and MoS 2 , where  L D   is 
the screening length of the materials. The screening length of 
graphene has been reported to be 1 nm, whereas that of MoS 2  
has been estimated to be about 6–10 nm. [ 41 ,   50–52 ]  

 The band alignment of MoS 2 /SAMs/graphene at negative 
gate bias is presented in Figure  6 c. Figure  6 d shows the electric 
displacement fi eld  D  across the ion-gel and MoS 2 /graphene (or 
MoS 2 /SAMs/graphene), where  D  0  is the electric displacement 
fi eld at the electric double layer. The thickness of the electric 
double layer was about 0.5 nm. The electric displacement fi eld 
can be assumed to be constant across the SAMs. The dielectric 

 Figure 6.    a,b) PL spectra of MoS 2 /C8-OTS/graphene and MoS 2 /C18-OTS/graphene, respectively, at gate bias from –2.7 to 2 V. c) The band alignment 
of MoS 2 /SAMs/graphene heterostructures at negative gate bias ( V  g  <  V  D ), and the electric displacement fi eld profi le of the electrolyte gated for MoS 2 /
graphene and MoS 2 /SAMs/graphene. The displacement fi eld presents an exponential decrease as a function of  Z  displacement.
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constants used for graphene, SAMs, and MoS 2  were 3, 2.5, and 
4, respectively. [ 41,53 ]  

 Note that  D  0  was different in the two cases. Assuming that 
the same gate bias ( V  g ) was applied across the ion-gel and the 
channel, that is E dz Vg∫ = , where  E  is the electric fi eld deter-
mined by 0E Drε ε = ,  D  0  can be determined by using the above 
boundary conditions. The total increase in the 2D free-carrier 
density in each material can then be determined from Gauss’ 
law. And the results are as follows: 1.355 02

n nMoS =( )  (for MoS 2 /
C8-OTS/graphene) and 1.555 02

n nMoS =( ) (for MoS 2 /C18-OTS/
graphene), where  n  0  is the carrier (electrons) density of MoS 2  in 
MoS 2 /graphene. Moreover, the dependence of the electron den-
sity of MoS 2  on the gate bias in MoS 2 /SAMs/graphene is quan-
titatively presented in Figure S11 (Supporting Information). 
Compared to the pristine MoS 2 /graphene structure, the inser-
tion of a SAM weakens the electric fi eld tuning on the carrier 
density of MoS 2  in MoS 2 /SAMs/graphene heterostructures.  

  3.     Conclusions 

 We have studied the evolution of excitonic states in MoS 2 /
graphene and MoS 2 /SAMs/graphene heterostructures by 
electrochemical gating, and found that the PL intensity of 
the excitons (or trions) could be modulated by more than two 
orders of magnitude and the trion/exciton intensity ratio 
in MoS 2 /graphene could be changed by up to 30 times. By 
extracting the carrier densities of the counterparts using an elec-
tric potential distribution model and the contact barrier at the 
hetero-interface by fi rst-principle calculations, we could deduce 
that at negative gate bias the variation in carrier density of MoS 2  
had a major contribution to the PL tuning, whereas at positive 
gate bias the interlayer relaxation of excitons at the hetero-inter-
face played a dominant role. This was further verifi ed by control-
ling the tunneling barrier at the interface and electric fi eld across 
MoS 2 /graphene by introducing insulated SAMs with different 
thicknesses. Our results demonstrate the signifi cance of many-
body interactions and a hetero-interface for tuning the optical 
and optoelectronic performance of vdWs heterostructures.  

  4.     Experimental Section 
  Preparation of MoS 2 /Graphene Heterostructures Devices : Monolayer 

and bilayer MoS 2  nanofl akes were mechanically exfoliated onto a Si/
SiO 2  wafer and identifi ed by optical microscopy. Monolayers of graphene 
was synthesized by a CVD method according to previous reports. [ 54 ]  
Graphene on a Cu foil was covered with PMMA (950 PMMA, Sigma-
Aldrich) by spin coating (3000 rpm for 1 min), and baked at 135 °C for 
15 min. Then, the Cu foil was etched by a mixed solution (6  M  HCl and 
1  M  FeCl 3 ) in water. After rigorous cleaning, the graphene was transferred 
onto the Si/SiO 2  wafer with monolayer or bilayer MoS 2  nanofl akes, 
followed by the removal of PMMA with acetone for 6 h. The Cr/Au 
electrodes with a thickness of 5/100 nm were deposited by thermal 
evaporation using metal shadow masks. 

  Electrolyte Preparation : The electrolyte was prepared by dissolving 
lithium perchlorate (LiClO 4 ) and polyethylene oxide (PEO) in methane 
at a ratio of 0.012:0.1:4 under stirring at 45 °C. A droplet was then 
deposited onto the device and left to dry. 

  Preparation of MoS 2 /SAMs/Graphene Heterostructures : Two kinds 
of silanes (octyltrichlorosilane C8-OTS, and trichlorooctadecylsilane 

C18-OTS) were purchased from Sigma-Aldrich. For the formation of 
OTS SAMs, the substrates were immersed into the silane/n-hexane 
solution (1:100 v:v) for 2–4 h. After fi lm deposition, the substrates were 
subsequently washed with toluene, acetone, and alcohol, for several 
times, and then baked at 120 °C for 20 min. The CVD-graphene on Cu 
foil was transferred to the OTS modifi ed MoS 2  substrates by the transfer 
method described above. 

  Preparation of Pt/MoS 2 /SAMs : The MoS 2  monolayer was transferred 
to the Si/SiO 2 /Ti/Pt substrates by using a wet transfer method. Then, 
the substrates were immersed into the OTS solutions (OTS/n-hexane 
100uL/10 mL) for 2–4 hours to allow the formation of OTS SAMs. After 
fi lm deposition, the substrates were successively washed with toluene, 
acetone, and alcohol for several times and then baked at 120 ºC for 20 min. 

  Raman and PL Measurements : The gate bias was applied to the gels 
using a Keithley 2420, and the PL and Raman spectra (LabRAM ploRA, 
incident power of less than 0.5 mW, pumping wavelength of 532 and 
618 nm, integral time of 10 s for PL, 30 s for Raman) were measured 
after the charge was stable 15 to 25 min later. 

  AFM, Kelvin Probe Microscopy  (KFM) , and conductive AFM 
Measurements : The AFM topography, KFM, and conductive AFM 
measurements were conducted using a Bruker Dimension ICON-PT 
with Co/Cr tips. The principle of KFM has been described in previous 
reports. [ 43,50 ]  For conductive AFM measurements, the Co/Cr tip was 
grounded, and the bias was applied to the samples, moreover, the 
contact force was kept at 25 to 30 nN to maintain a good reproducibility.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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