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 Molybdenum disulfi de (MoS 2 ), a typical candidate of transi-

tion metal dichalcogenides (TMDs) with layered structure 

is emerging as one of the most promising materials. In par-

ticular, atomic thin layers of MoS 2  are believed to be the 

potential alternatives to graphene due to their advantage 

of the as-born bandgap, which is perfectly appropriate for 

optoelectronics. An indirect bandgap for thick MoS 2  layers 

( i.e. n   ≥  2) becomes a direct bandgap of 1.8 eV in monolayer 

MoS 2 , 
[  1  ,  2  ]  consisting of two sulfi de atomic layers and a layer 

of sandwiched Mo atoms. [  3  ]  The bandgap of monolayer MoS 2  

could be further tuned by applying strain. [  4–6  ]  Therefore, its 

nature of being ultrathin transparent semiconductor offers a 

promising future to monolayer MoS 2  for applications of opto-

electronics and energy harvesting. Most recently, monolayer 

MoS 2  fi eld-effect transistors (FETs) have demonstrated a 

fi eld-effect mobility of 320 cm 2 V  − 1 s  − 1 , which is comparable to 

silicon, and a high current on/off ratio of 10 8 . [  7  ,  8  ]  

 Raman spectroscopy has been widely used to study gra-

phene, for example to probe the number of layers, [  9  ]  the 

stacking sequences, [  10  ,  11  ]  the edge orientations, [  12–14  ]  the 

molecular doping, [  15  ]  the strain effects, [  16–18  ]  and the crystal-

lographic orientation. [  19  ,  20  ]  Since MoS 2  layers are structur-

ally like graphene layers, similar Raman studies performed 

on graphene layers have been performed for the research 

of MoS 2  layers recently, such as identifying the number of 

layers, [  21  ,  22  ]  investigating the electrical doping effects, [  23  ]  and 

the thermal effects. [  24  ]  In this work, we perform micro-Raman 

spectroscopy measurements of monolayer MoS 2  on fl exible 

substrate, polyethylene terephthalate (PET), under control-

lable uniaxial tensile strain. Our observations reveal that the 
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obvious red-shift of  E  2g  
1  mode with increasing strain can be 

used for monitoring the amount of strain. And the polariza-

tion response of the two splitted subbands,  E  2g  
1 +   and  E  2g  

1 −  , 

is an effective indicator of the crystallographic orientation of 

monolayer MoS 2 . 

 Bulk MoS 2  belongs to the  D  6h  4  space group and pos-

sesses 12 lattice vibration modes at the   Γ   point. [  25  ,  26  ]  Four 

of them are fi rst-order Raman-active modes, named by their 

symmetries as  E  1g  (286 cm  − 1 ),  E  2g  
1  (383 cm  − 1 ),  A  1g  (408 cm  − 1 ) 

and  E  2g  
2  (32 cm  − 1 ). [  27  ,  28  ]  In a backscattering confi guration 

with laser beam propagating along the  c -axis of MoS 2  crystal 

(adopted in this work),  E  1g  mode is forbidden while  A  1g  

and  E  2g  are allowed. [  25  ,  26  ]  In this work, the monolayer MoS 2  

was identifi ed by reading positions and/or the difference 

of the positions of  E  2g  
1  and  A  1g  modes, which is a widely 

adopted way to identify the number of layers of thin MoS 2  

fl akes, [  21  ,  22  ,  29  ]  and further verifi ed by photoluminescence 

(PL) spectroscopy (see Figure S1).  Figure    1  (a) presents the 

typical Raman spectrum of monolayer MoS 2  on PET in the 

range of 200 cm  − 1  to 1150 cm  − 1 . Two dominant peaks locating 

at 384 cm  − 1  and 403 cm  − 1 , correspond to the  E  2g  
1  and  A  1g  

modes, respectively. The deviations of the frequencies of 

these two modes from bulk to monolayer, for example, red 

shifting of 5 cm  − 1  for  A  1g  mode and blue shifting of 1 cm  − 1  for 

 E  2g  
1  mode, are mainly due to the decrease of the force con-

stant resulted from the weakening of the interlayer Van der 

Waals force in MoS 2  layers (for  A  1g  mode) and the structure 

changes or long-range Coulombic interlayer interactions 

(for  E  2g  
1  mode) when the number of layers decreases. [  29  ]  In 

addition to the strong  E  2g  
1  and  A  1g  modes, we also observed 

peaks of MoS 2  at 447 cm  − 1 , 564 cm  − 1 , 593 cm  − 1  and 750 cm  − 1 , 

which could be assigned as 2 LA ( M ), 2 E  1g ,  E  2g  
1  +  LA ( M ) and 

2 E  2g  
1  modes, respectively. [  27  ,  30  ]  To further identify the crys-

tallographic orientation of monolayer MoS 2  by probing 

polar behaviour of  E  2g  
1  and  A  1g  modes under uniaxial strain, 

we performed polarization dependent Raman measurements 

of the pristine monolayer MoS 2  without strain. As shown in 

Figure  1 (b), the  A  1g  mode exhibits remarkable polar depend-

ence and almost cannot be detected when the polarizations 

of the incident light and scattered light are orthogonal, while 

the intensities of the  E  2g  
1  mode vary very slightly. Our fi t-

ting results (Figure  1 (c)) further clearly reveal the nature 

of polar behaviour of these two modes, which could be per-

fectly explained by the Raman selection rules as given by 

their Raman tensors (more discussion in SI).    
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     Figure  2 .     (a) Evolution of the Raman spectra of  E  2g  1  and  A  1g  modes of the 
monolayer MoS 2  on PET substrate under uniaxial strain. The dash lines 
are the guide of the peak centers. (b) Optical image of the monolayer 
MoS 2  (highlighted by red dash line) on PET and the schematic diagram 
of the vibration of the  E  2g  1  and  A  1g  modes. (c) Vibration frequencies of 
 E  2g  1  and  A  1g  modes as a function of the uniaxial strain. The solid lines 
are the linear fi ts.  E  2g  1  mode splits into two sub-peaks when strain is 
beyond 1%.  

     Figure  1 .     (a) Typical Raman spectrum of monolayer MoS 2  on PET. The 
Raman peaks labeled by  �  are vibration modes of monolayer MoS 2 , 
which are  E  2g  1  (384 cm  − 1 ),  A  1g  (403 cm  − 1 ), 2 LA ( M ) (447 cm  − 1 ), 2 E  1g  
(564 cm  − 1 ),  E  2g  1   +   LA ( M ) (593 cm  − 1 ), and 2 E  2g  1  (750 cm  − 1 ). Raman peaks 
marked by  *  are from PET. (b) Raman spectra of  E  2g  1  and  A  1g  modes of 
the as-prepared monolayer MoS 2  on a PET substrate as a function of the 
angle between the polarizations of the incident and the scattered lights. 
(c) Polar plot of the fi tted intensities of  E  2g  1  and  A  1g  modes as a function 
of angles between the polarizations of the incident and scattered lights.  
 Figure 2  (a) shows Raman spectra of  E  2g  
1  and  A  1g  modes 

of monolayer MoS 2  as a function of the uniaxial strain. While 

the frequencies of  A  1g  mode keep unchanged, an obvious 

red-shift occurs to  E  2g  
1  mode with increasing strain. This 

pristinely doubly degenerate optical phonon mode ( E  2g  
1 ) 

further splits into two singlet sub-bands, named  E  2g  
1 +   and 

 E  2g  
1 −  , according to their energies, when the strain is more 

than 1%, and the original symmetry is lowered by strain. As 

shown in Figure  2 (b), the  E  2g  
1  mode involves opposite vibra-

tion of two S atoms with respect to the Mo atom in the basal 

plane while the  A  1g  mode results from the vertical or out-of-

plane vibration of only S atoms in opposite directions. [  29  ]  Our 

experimental fi ndings clearly indicate that the dominated 

covalent bonding between Mo and S atoms is fairly sensitive 

to the in-plane uniaxial strain, which could indirectly evi-

dence the change of the electronic properties of monolayer 

MoS 2  through the strain induced change in projected orbitals 

energy of Mo and the coupling between the Mo atom  d  

orbital and the S atom  p  orbital. [  4  ,  6  ]  Figure  2 (c) plots the peak 

positions of the  A  1g ,  E  2g  
1 +   and  E  2g  

1 −   modes fi tted by Lorentz 

lines. The Raman spectra of monolayer MoS 2  under strain of 

0%, 1.0%, 2.4% and 3.6% were plotted together with fi tted 

curves in Figure S3 to detail the evolution of of  E  2g  
1  and  A  1g  

modes under uniaxial strain. We fi tted the  E  2g  
1  Raman peak 
www.small-journal.com © 2013 Wiley-VCH V
with strain of  < 1.0% and  ≥ 1.0% by single Lorentz and two 

Lorentz peaks, respectively, because the  E  2g  
1 mode starts to 

split into two singlet sub-bands at strain of 1.0%. The linear 

fi ttings of the  E  2g  
1 +   and  E  2g  

1 −   modes demonstrate their shift 

rates of (–0.8  ±  0.1) cm  − 1 /% and (–2.5  ±  0.3) cm  − 1 /%, respec-

tively, which are much smaller than those of graphene. [  20  ]  

To further understand the uniaxial strain effects on the  E  2g  
1  

mode, the Grüneisen parameter ( γE1
2g   ) and the shear defor-

mation potential ( βE1
2g

  ) are calculated by the simplifi ed equa-

tions (see detailed discussion in SI): [  20  ] 

 

γE 1
2g

= −
PE 1+

2g
+ PE 1−

2g

2ωo
E 1

2g
(1 − v)

  
(1)

   

 

βE 1
2g

=
PE 1+

2g
PE 1−

2g

ωo
E 1

2g
(1 + v)

−

  
(2)

     

 where  PE1
2g

   is the shift rate,  
ω0

E1
2g   is the original (zero-strain) 

frequency of  E  2g  
1 , and  v   =  0.33 is the Poisson factor of the 

fl exible substrate (PET in this work). From the  Equation (1)  

and  (2)  and the data in Figure  2 (c),  γE1
2g

   and  βE1
2g

   of mono-

layer MoS 2  are 0.6 and 0.3, respectively, which are also 

smaller than those of graphene. [  20  ]  
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     Figure  3 .     (a) Schematic diagram of the confi guration of our polar-Raman measurements. 
 �ε    is the strain direction which is fi xed along to the horizontal direction ( x -axis) and with an 
angle of   θ   to the zigzag direction of crystal lattice.  e i   and  e s   indicate the polarization of the 
incident and scattered lights, which deviate from the direction of strain by angles of   ψ   and 
  φ  , respectively. (b) False-color image of the intensity of Raman spectra as a function of the 
relative Raman shift and the angle   φ   under uniaxial strain of 3.6%. (c) and (d) are polar plots 
of the fi tted peak intensities of  E  2g  1 +  ,  E  2g  1 −   and  A  1g  modes as a function of angle   φ  .  
 Polarization dependent Raman spectroscopy has been 

used to study the crystallographic orientation of gra-

phene. [  19  ,  20  ]  In this work, we employed this technique to 

identify the crystallographic orientation of monolayer MoS 2 . 

 Figure    3  (a) illustrates the confi guration of our polar-Raman 

measurements. We fi xed the strain direction along the hori-

zontal direction ( x -axis) and aligned the polarization of the 

incident laser coincidently, meaning angle   ψ    =  0 o . The polari-

zation of the scattered light with respect to the strain direc-

tion or the angle   φ   is tuned by rotating an analyzer. By this 

way, we are able to obtain the Raman spectra of the mon-

olayer MoS 2  under uniaxial strain of 3.6% as a function of 

polar angle   φ   (see Figure S4) and plot the false-color (3D 

type) image of the intensity of the spectra versus both peak 

positions and polar angles (see Figure  3 (b)). It is noticed that 

the strongest  E  2g  
1 +   and  E  2g  

1 −   peaks appear at different angles, 

refl ected as the alternation of the maxima of the inten-

sity within the frequency range of the  E  2g  
1  mode while the 

minima and maxima of the  A  1g  mode present in the same line 

of the relative Raman shift. To further understand the polar 

behaviors of the  E  2g  
1 +  ,  E  2g  

1 −   and  A  1g  modes under a uniaxial 

strain and consequently identify the crystallographic orienta-

tion of monolayer MoS 2 , we performed the Lorentz fi tting 

and plotted the fi tted intensities of these three modes as a 

function of the polar angle   φ   in 2D polar maps (Figure  3 (c) 

and (d)). The same as under zero-strain,  A  1g  mode follows a 

 cos  2  φ  dependence as it is very insensitive to in-plane uniaxial 
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheimsmall 2013, 9, No. 17, 2857–2861
strain. In very contrast to the non-polar 

dependence of the  E  2g  
1  mode for the 

unstrained monolayer MoS 2  (Figure  1 (c)), 

the splitted  E  2g  
1 +   and  E  2g  

1 −   modes induced 

by uniaxial strain are extremely sensitive 

to the polarization. For example, the  E  2g  
1 +   

mode almost vanishes when the polariza-

tion of the scattered light is perpendicular 

to that of the incident laser, also to the 

strain axis (  φ    =  90 o ), while the  E  2g  
1 −   mode 

is the strongest. Further rotating the ana-

lyzer by 90 degrees (  φ    =  180 o ), one can 

fi nd the maximum of the  E  2g  
1 +   and the 

minimum of the  E  2g  
1 −  . This indicates that 

the linear polarizations of the scattered 

light from  E  2g  
1 +   and  E  2g  

1 −   are orthogonal.  

 The splitting of  E  2g  1  mode into two 

modes is induced by applying uniaxial 

strain and consequently changing the 

crystal structure or symmetry. Thus, 

the intensities of the polarized scat-

tered light from these two modes are 

dependent on the direction of the strain 

with respect to the crystal lattice as pre-

dicted by the equations (see the deriva-

tion in SI): [  19  ,  20  ] 

 
IE 1+

2g
∝ d2 cos2(φ + ψ + 3θ )

  
(3)

   
 
IE 1−

2g
∝ d2 sin2(φ + ψ + 3θ )

  
(4)

   

here   ψ   is zero as we fi xed the polarization of the incident 

laser and the strain axis in the same direction. The good 

agreement between the experimental data and the fi ttings (by 

 Equation (3)  and  (4) ) fi rmly supports the theoretical analysis 

and the value of   θ   reveals the crystal lattice orientation. For 

the sample shown in Figure  2 (b) inset, the zigzag direction 

accidentally happens to be very close to the strain axis. 

 To further confi rm the above analysis, we conducted 

polar-Raman on another piece of monolayer MoS 2  on PET 

under uniaxial strain of 2.8%, which is suffi cient to split 

the  E  2g  
1  mode into two sub-bands. Consistently, the  A  1g  

mode follows the function of a cosine square perfectly (see 

Figure S5), and the polarizations of the scattered light from 

 E  2g  
1 +   and  E  2g  

1 −   are linear and orthogonal. Now, according to 

the previous discussion, if we change the angle between the 

crystal lattice,  i.e.  zigzag direction and the strain direction 

(fi xed along  x -axis), we should observe different polariza-

tion response of both  E  2g  
1 +   and  E  2g  

1 −   modes. We re-mounted 

the same sample including the PET substrate and the same 

piece of monolayer MoS 2  by rotating an angle of  ∼ 90º rel-

evant to the  x -axis after fully released the strain, monitored 

by reading the position of  E  2g  
1  mode. As suspected, the  E  2g  

1 +   

and  E  2g  
1 −   modes behave differently to the polar angles and 

the maxima as well as minima of both two modes shifted, 

which confi rms the previous theory and our experimental 
2859www.small-journal.com
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     Figure  4 .     (a) and (c) Schematic diagrams and optical images of the same piece of monolayer 
MoS 2  on PET by applying uniaxial strain along different directions. (b) and (d) Polar plots of 
the fi tted peak intensities of  E  2g  1 +  , and  E  2g  1 −   modes as a function of angle   φ  . Note: for (c) and 
(d) the sample including both PET and monolayer MoS 2  fl ake was remounted by rotating  ∼ 90º 
with respect to the fi xed strain axis after fully releasing the strain.  
fi ndings. The data in  Figure    4  (b) and (d) are well fi tted by 

 IE 1+
2g

∝ cos2(ϕ)  ,  IE 1−
2g

∝ sin2(ϕ)   , and  IE 1+
2g

∝ cos2(ϕ + 80◦)   , 

 IE 1−
2g

∝ sin2(ϕ + 80◦)   , respectively. According to  Equation (3)  

and  (4) , we get   θ   =   0º (before re-mounted) and   θ   =   26.7º 

(after re-mounted). This is coincident with the angle of  ∼ 90º 

the sample rotated, which makes the crystallographic orien-

tation (zigzag direction) with respect to the known strain axis 

(  θ  ) change from 0º to  ∼ 30º (The angle of 26.7 obtained by the 

polar-Raman measurement is very close to this value.).  

 In summary, we have successfully transferred monolayer 

MoS 2  on fl exible substrate by mechanical exfoliation and 

conducted micro-Raman spectroscopy investigation of such 

2D semiconductor fl ake under tunable uniaxial tensile strain. 

We fi nd that the doubly degenerate  E  2g  
1  mode shows obvious 

red-shift when increasing strain and eventually splits into 

two modes,  E  2g  
1 +   and  E  2g  

1 −  , when the strain is high enough 

to break the original lattice symmetry. The intensities of these 

two modes orthogonally respond to the angle between the 

polarization of the scattered light and the strain axis. Such 

polarization dependence could be adopted for determination 

of the crystallographic orientation of monolayer MoS 2 . Our 

fi ndings can be very meaningful for study of the mechanical 

and electronic properties of 2D MoS 2  and other transition 

metal dichalcogenides under strain.  

 Experimental Section 

 The MoS 2  samples were fabricated by micromechanical cleavage 
of a bulk MoS 2  (429ML-AB, molybdenum disulfi de, single crys-
tals from USA, SPI Supplies) and then transferred onto PET 
substrates. 
0 www.small-journal.com © 2013 Wiley-VCH Verlag GmbH & Co. KGaA,
 The Raman and PL spectra were obtained 
using a WITec CRM200 Raman system with 
1800 and 150 lines/mm grating respectively 
with 532 nm excitation laser. The laser spot is 
about 0.5  μ m in diameter. Laser power at the 
sample was carefully controlled to avoid laser-
induced heating. A 100x objective lens with a 
numerical aperture (N.A.) of 0.95 was used in 
both Raman and PL experiments.   
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