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 Monolayer and multilayer graphene films have been grown on a Cu substrate by chemical 
vapor deposition (CVD) and then transferred onto a SiO2/Si substrate using polymethyl 
methacrylate (PMMA) to fabricate an ultrasensitive graphene-based strain gauge sensor.  The 
graphene films were patterned using a CO2 laser beam.  The sensitivity and temperature 
dependence of the gauge factor (GF) of the fabricated sensors were examined at different applied 
strains and operating temperatures up to 0.05% and 75 °C, respectively.  The fabricated gauges 
based on monolayer and multilayer graphene films show stable GFs of 255 and 104 within the 
applied temperature range, respectively.  The patterning technique provides an interesting, low-
cost, fast, and high-throughput process to realize scalable microfabrication for highly sensitive 
strain sensors with good temperature stability based on graphene piezoresistivity.  A theoretical 
simulation of the GF of monolayer graphene has also been carried out on the basis of first-
principles calculation.  Simulation results follow the measured GFs in our experiment and other 
references.

1. Introduction

 Strain measurement via strain gauges is an important analysis probe in various engineering 
applications.  The sensitivity of the measurement is determined by the gauge factor (GF),   
which results from dividing the relative resistance change of a conductive material by the 
applied strain.(1,2)  The piezoresistance-based strain gauge made of silicon is considered 
the most successful micro-electromechanical system (MEMS) device for measuring strain.  
Silicon is a piezoresistive material with a high GF.(1)  However, the GF of silicon is not stable 
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with temperature change.  Recently, graphene has been presented as a potential piezoresistive 
material that can withstand a large strain and is stable up to a temperature of 700 °C, aside from 
having a very high carrier mobility.(3–18)  Moreover, graphene is compatible with the wafer level 
owing to its two-dimensional architecture, suggesting that the material could be a promising 
template for novel microfabrication processes.
 Chemical vapor deposition (CVD) is a simple, scalable, and cost-efficient method of 
preparing single- and few-layer graphene films on various substrates; it opens a new route to the 
large-area production of high-quality graphene films for practical applications.  In this regard, 
a large-area growth of graphene films via CVD on copper (Cu) foils has been successful, and 
subsequently, a polymethyl methacrylate (PMMA) polymer has been used to aid the transfer of 
the developed graphene film to a silicon dioxide/silicon (SiO2/Si) substrate.(3–5)  This process 
yields also a graphene film with low densities of cracks and tears and excellent electrical 
conductivity, which is suitable for the microfabrication of a new generation of graphene-based 
devices.
 Recently, we have reported the first production of a defective laser-reduced graphene oxide 
film with a multilayer structure for the microfabrication of a strain gauge sensor using a carbon 
dioxide (CO2) laser beam to simultaneously reduce and pattern a drop-casted and pre-dried 
graphene oxide film dispersed over a flexible polyethylene terephthalate (PET) substrate.(6–8)  A 
commercially available laser printing machine was adopted, enabling reliable, high-throughput 
production without special preparation or adjustment while using large patterning areas and a 
thick film.  This further lowers the production cost.
 Thus far, many researchers have developed graphene-based strain gauges and reported their 
GFs.  Zheng et al. stated that the GF of mechanically exfoliated graphene on a Si/SiO2 substrate 
ranges from 10 to 15, depending on its number of layers,(9) but their production method has 
a low yield and is nonreproducible and time-consuming.  Lee et al. reported that the GF of 
graphene grown by CVD over a copper film deposited on a Si/SiO2 substrate is 6.1.(10)  Chen 
et al. reported that the GF of the mechanically exfoliated monolayer graphene over a silicon 
chip is 150.(11)  Fu et al. measured a GF of 151 for monolayer graphene prepared by CVD, then 
transferred graphene to polydimethylsiloxane (PDMS) as a flexible substrate.(12)  Zhao et al. 
indicated that they achieved a tunable GF of up to 300 for multilayer graphene-based strain 
sensors.(13)  As a maximum value, Hosseinzadegan et al. reported that the GF of monolayer 
graphene is 18000,(14) but it seems to be out of standard owing to some reasons.  These reports 
provide a clear indication of the importance of utilizing graphene in the microfabrication of 
strain gauge sensors.  However, these methods are not reproducible and cannot be used for 
commercial applications.
 In this work, a highly sensitive strain gauge based on graphene piezoresistivity, by producing 
graphene with a large area via a reproducible fabrication method, such as CVD in order to 
obtain a low-cost, commercial, and high-GF strain sensor, is presented.  A new patterning 
method for graphene was proposed to achieve the target of low cost.  In addition to the 
experimental work, we simulated the strain GF for the ideal graphene sheet model on the basis 
of first-principles electronic band calculation.  The strain orientation dependence on GF and the 
linearity of resistivity against the strain shall be discussed in this paper.
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2. Experimental Methods

2.1 Graphene preparation and characterization

 The as-received graphene films of monolayer and multilayer structures were initially grown 
by CVD on a 25-µm-thick polycrystalline Cu foil in a silica tube furnace.  The tube was heated 
to 1000 °C in the presence of 2 sccm hydrogen flow while keeping the pressure at 40 mTorr and 
holding the temperature for 10 min before introducing 10–35 sccm of methane (CH4) for 30 min 
at 500 mTorr.  Low-concentration or diluted CH4 was used for the development of a few-layer 
graphene film.  After the furnace was self-cooled to room temperature, PMMA was used to aid 
the transfer of graphene to the Si/SiO2 surface.  Details of the fabrication and transfer processes 
of graphene films have been reported in our previous study.(15)  
 To insure the quality and number of graphene layers, the deposited films were characterized 
by optical microscopy (Keyence, VHX-1000), SEM (JEOL, JSM-6010LV), AFM (Bruker 
AFM), and Raman spectroscopy (Lambda Solutions, Dimension-P1).

2.2 Strain gauge fabrication and GF measurement

 To evaluate the performance of the films under the applied strain effect, the graphene-based 
piezoresistive strain gauge sensor was fabricated in three consecutive steps given in Fig. 1(a): 
I.  graphene patterning, where the films were patterned into strips of about 300 μm width, as 

Fig. 1. (Color online) (a) Fabrication processes of a graphene-based piezoresistive strain gauge.  (b) Graphene 
patterned by a laser machine.  (c) Evaporation of silver electrodes.
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shown in Fig. 1(b), using a laser printing machine (Universal Laser Systems, VLS3.50) with an 
optical system focal length of 51 mm at a pulse density of 393.7 p/cm (1000 PPI); II. creation 
of silver pads to form a good medium for electrical connection, where a 2-μm-thick silver film 
with a length of 3 mm was deposited by thermal evaporation, as shown in Fig. 1(c); III. silver 
paste wire bonding to create output connection terminals to apply direct current (DC) and 
measure the output voltage simultaneously.
 A schematic diagram of the test rig designed to measure the free-strain graphene resistance 
(Rg) and the change in graphene resistance (∆Rg) at an applied strain (ε) is given in Fig. 2.  The 
test rig consists of a cantilever beam fixed from one end and free from the other end, as shown 
in Fig. 2(a).  The strain ε is applied by the act of applying force on the free end of the cantilever 
beam.  For determining the resistance Rg and ∆Rg, DC was applied to the terminals of the 
graphene using a Keithley Model 6221 DC current source.  The output voltage was measured 
using a Keithley Model 2182A nanovoltmeter (four-point probe), as shown in Fig. 2(b).
 The actual strain of the deformed cantilever and the corresponding ∆Rg were measured 
using commercial strain gauges with a full Wheatstone bridge for maximum sensitivity and 
temperature compensation.  Commercial strain gauges were placed in a position with the same 
uniaxial strain applied to the graphene strain sensor, as shown in Fig. 2(a).
 An epoxy bond (Araldite Rapid) was used to bond the SiO2/Si wafer (graphene-based strain 
gauge) on the surface of the steel cantilever beam.  In order to apply the glue, all surfaces to 
be glued were made clean, dry, and dust-free.  Then, equal amounts of the two components of 
the epoxy bond were dispensed onto a clean mixing surface, mixed for 5 min with the spatula 
provided, and applied to the surface of the steel cantilever beam.  Then, the SiO2/Si substrate 
was firmly pressed and left for at least 20 min.  To glue the commercial strain gauges, all 
surfaces must be clean, dry, and dust-free.  Then, a small amount of glue was dispensed onto 
the steel cantilever beam surface.  After that, we pressed it on the commercial gauges firmly 
and kept pressing for nearly 2 min until it dried using the nonsticking paper attached to the 
commercial strain gauges.
 To test the graphene-based strain gauge sensors at different temperatures, the test rig was 
inserted inside a furnace with a digital temperature controller in order to adjust the tested 
temperature.

(a) (b)

Fig. 2. (Color online) (a) Schematic diagram of the circuit components used in the strain measurement and (b) 
detailed structure of the test rig for graphene strain gauge measurement.
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3. Computational Method

3.1 First-principles calculation 

 Under the periodic boundary condition, the unit cell of the ideal two-dimensional monolayer 
graphene model consists of two carbon atoms.  Under the strain-free condition, the C–C bond 
length is equal to a/31/2, where a is a lattice constant.  When a uniaxial tensile strain ε with an 
angle θ (0° < θ < 30°) is added to the ideal graphene model, as shown in Fig. 3, the translational 
vectors a1 and a2 of the unit cell can be represented with the Poisson’s ratio ν(θ) by

 ( ) ( ) ( ) ( ) 1
1 2

2 21 0
3 2 3 20 1
a / a /
a / a /

ν θ ε
θ θ

ε
−   −−    =      +   

a a R R , (1)

where R(θ) is a two-dimensional rotation matrix,

 ( )
cos sin
sin cos
 −  =   

θ θ
θ

θ θ
R . (2)

The tensile-strained structure for each θ was obtained by the relaxation of atomic forces on 
carbon atoms and the optimization of ν(θ) by first-principles calculation with the fixed ε.
 The first-principles electronic band structures of the two-dimensional graphene models were 
calculated using the VASP program package(19,20) based on the density functional theory (DFT).(21)  
For the DFT exchange-correlation interaction, the generalized-gradient approximation method 
was used with the Perdew–Wang (PW91) functional.(22,23)  By introducing a vacuum space of 10 

Fig. 3. (Color online) Uniaxial tensile strain on unit cell of graphene sheet for θ direction (0° ≤ θ ≤ 30°).
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Å vertical to the graphene sheet, the three-dimensional supercell approximation technique was 
adopted with ultrasoft pseudopotentials.(24)  The cutoff energy for wave functions of electrons 
with plane-wave expansion was set at 30 Ry (408 eV).  For geometrical optimization, the k-point 
sampling was set by the Monkhorst–Pack 6 × 6 × 1 grids.(25)

3.2 Simulation of GF 

 The strain-free monolayer graphene sheet has a Dirac cone around the k-point , the corner of 
the first Brillouin zone.(26)  Carrier electrons and holes are localized on the Dirac cone, and the 
electrical conductivity tensor G or the electrical resistivity tensor ρ can be represented in terms 
of carrier concentrations and their effective masses by

 ( ) ( ) ( )1 11 2 * *
e e h he n p− −−  = = + 

 
G m mρ τ τ , (3)

where n is the carrier electron concentration, p is the hole concentration, me
* and mh

* are 
the effective mass tensors, τe and τh are the relaxation time tensors, and e2 is the square of 
the absolute value of the elementary electric charge.(27)  The subscripts e and h respectively 
denote electron and hole carriers.  The concentrations n and p are followed by the Fermi–Dirac 
distribution with the Fermi energy EF and the temperature T as follows:
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where En,k and Ep,k are the conduction band and valence band energies of the Dirac cone at 
the k point, kl and kt are the longitudinal and transverse coordinates of the reciprocal lattice 
space for the tensile strain, respectively, V is the graphene volume per unit cell, and ħ is equal 
to Planck’s constant divided by 2π.  On the right-hand side in Eq. (6), a positive sign is adopted 
for carrier electrons ( j = n) and a negative sign for holes ( j = p).  For the relaxation times, we 
have adopted the approximation that all band relaxation times are equal and constant regardless 
of strain,(28,29) because the variation rate of carrier conductivity can be easily and adequately 
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represented in consideration of the cancellation of most of the band relaxation times.
 The longitudinal GF is given by

 0
l

g l

gR
GF R  

ρ
ε ρ ε
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= = , (7)

where ρl
0 is the longitudinal resistivity without strain and Δρl is the variation in ρl

0 due to the strain ε.

4. Results and Discussion

4.1 Film characterization 

 To characterize the structure, growth uniformity, and transfer efficiency of the developed and 
transferred films, the films were characterized using Raman, SEM, and AFM characterization 
techniques.
 Figures 4(a) and 4(b) show the Raman spectra of the synthesized graphene films on the SiO2/
Si substrate.  In principle, three predominant peaks could be observed in the spectra presented 
in Fig. 4: the 2D band at 2720 cm−1, the G band at 1590 cm−1, and the D band at 1350 cm−1.  
The G and 2D bands are assigned as bands typical of the graphene layers.(30–33)  In general, 
the presence of the D band is generally associated with the number of defects in the crystalline 
structure of the graphene layers.  Furthermore, a higher I(2D)/I(G) peak ratio as well as an 
increased intensity and a decreased full width at half maximum (FWHM) of the 2D band 
are commonly employed to indicate the restoration of sp2-hybridized C−C bonds in graphitic 
structures and the presence of a fewer number of graphene layers.(30,34)  In Fig. 4(a), the Raman 
spectrum exhibits an I(2D)/I(G) peak ratio far larger than unity and a single Lorentzian fit of 
the 2D band typical of the scarce formation of multilayer graphene and characteristic of the 
monolayer.  It is also worth noting that the intensity of the D band (1350 cm−1) is below the 
Raman detection level, which confirms that the synthesized film is largely free of structural 

(a) (b)
Fig. 4. (Color online) Raman spectra of (a) monolayer and (b) multilayer graphene films.
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defects.  The Raman spectrum in Fig. 4(b) exhibits an I(2D)/I(G) peak ratio far smaller than 
unity with a clear detection of the D band, reflecting the formation of defective multilayers of 
graphene.
 The growth uniformity and transfer efficiency of the developed and transferred films were 
further evaluated by SEM and AFM.  Figure 5 shows SEM images of monolayer and multilayer 
graphene films on a SiO2/Si substrate.  As seen in Fig. 5(a), a uniform light grey color contrast 
of the polycrystalline monolayer graphene image covers about 95% of the graphene film, where 
the rest of the area and dark spots were probably related to the bilayer and trilayer graphenes on 
existing defects on monolayer graphene.  The image also clearly reveals the excellent continuity 
with the absence of wrinkles over a millimeter length scale.  This indicates that the film has 
excellent thickness uniformity on the SiO2/Si substrate.  The domain size for the monolayer 
graphene is typically around 10 μm, which is likely due to the grain size of the polycrystalline 
Cu catalyst used in the synthesis process.  On the other hand, Fig. 5(b) shows a nonuniform 
growth of the transferred multilayer graphene film on the SiO2/Si substrate.
 Figure 6 shows AFM images of monolayer and multilayer graphene films deposited on 
the Si/SiO2 surface without filtering or smoothing for a 600 nm2 sweeping area.  Peaks with 
heights of a few nanometers are observed for monolayer and multilayer graphene films across 
all the graphene samples, indicating that the graphene monolayer and multilayer largely follow 
the underlying substrate morphology, which is a good indication of the good adhesion force 
between the prepared graphene and the SiO2 surface and also gives a clue to the successive 
transfer process by the PMMA-assisted transfer method.(35)

4.2 GF measurement 

 To determine the GF of the graphene, different forces were applied to the free end of the 
cantilever beam carrying monolayer and multilayer graphene films using a depth micrometer, 
as shown in Fig. 7.  The strain was measured using a commercial strain gauge that was placed 
in the same stress area of the graphene.  As seen, the strain change is from 0 to 0.05% and the 
corresponding electrical resistance change is from 269 to 301 Ω for the monolayer graphene 

(a) (b)

Fig. 5. (Color online) SEM images of (a) monolayer and (b) multilayer graphene films transferred onto SiO2/Si 
substrate. 
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film and from 670 to 705 Ω for the multilayer graphene film.  The change in electrical resistance 
was clear and reproducible after multiple repetitions and disregarding the odd results, which 
shows that the devices are rigid enough to sustain strain.  Each point on the graph represents the 
average of three readings.
 The longitudinal GF was calculated from Eq. (7).  Interestingly, the estimated GF of the 
monolayer graphene strain gauge at 25 °C is about 255, which is higher than the reviewed values 
for monolayer graphene,(9–12,36) and opens a new era for piezoresistive strain gauges with very 
high sensitivity, while the measured GF of the multilayer graphene strain gauge at the same 
temperature is about 104.  Fortunately, the GFs of the monolayer and multilayer graphene films 
are stable under different strains, as shown in Fig. 8.

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 6. (Color online) AFM images of graphene on SiO2: (a) monolayer 2D image, (b) surface profile for monolayer, (c) 
monolayer 3D image, (d) multilayer 2D image, (e) surface profile for multilayer, and (f) multilayer 3D image.
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 Figure 9 presents the effect of temperature increase on the resistance change for the 
monolayer and multilayer graphene films.  It is clear that the graphene resistances for the 
monolayer and multilayer decrease slightly with increasing temperature because graphene 
behaves similarly to a semiconductor.  The heat excites free electrons and causes the electrons 
to move; hence, the conductivity increases.(12)  The GFs at 50 and 75 °C were respectively 
measured as 230 and 220 for the monolayer and as 99.7 and 97.7 for the multilayer.  The 
temperature coefficients of GFs for the monolayer and multilayer can be evaluated as −0.70 
and −0.13 K−1, respectively, under the linear approximation.  Namely, the piezoresistivity of 
monolayer graphene is much more sensitive to temperature than that of multilayer graphene.

4.3 Strain response of band structure

 The Dirac cone in the ideal monolayer graphene collapses, and a small band gap should be 
observed if its symmetry is broken by strain.  Table 1 shows the Poisson’s ratio ν(θ) and band 

Fig. 8. (Color online) Relationship between applied strain and GF for (a) monolayer and (b) multilayer graphene 
films.

(a) (b)

(a) (b)

Fig. 7. (Color online) Electrical resistance measurements of (a) monolayer and (b) multilayer graphene films under 
different applied strains.
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gap values under the uniaxial tensile strain ε = 0.01 for the direction θ.  The hexagonal Brillouin 
zone is distorted according to strain on the unit cell, while the K points, six corners of the 
hexagonal Brillouin zone, remain equivalent even if any strain is added.  Therefore, the carrier 
redistributions among valleys in the conduction band and peaks in the valence band cannot 
occur.  For the change in carrier distribution, only the decrease in carrier concentration should 
be observed on the basis of the band gap generated by the strain.  Figure 10 shows the strain 
dependence on the band gap for θ = 0, and the high linearity of the band gap against the strain 
has been observed.
 The band dispersion for a small uniaxial strain ε shows linearity similarly to the Dirac 
cone except for the vicinity of the K points, while it is possible to do second-order derivatives 
in the vicinity of the K points.  This image can be related to the asymptotes and vertices of 
a hyperbola.  For the conduction band, as shown in Fig. 11(a), when the slopes of asymptotes 
are +u and −v (u, v > 0) for the +k and −k directions, respectively, the hyperbola curves of the 
conduction band with the band gap Eg can be represented as

 ( ) ( )2 2 2 4 0gE u Ek u k E /  E− − − = >ν ν , (8)

where the K point and its band energy are defined as k = E = 0.  The band energies in the 

(a) (b)

Fig. 9. (Color online) Temperature effect on resistance change of (a) monolayer and (b) multilayer graphene films.

Table 1
Poisson’s ratio ν(θ) and band gap of 1% tensile-strained graphene sheets.
θ (deg) ν(θ) Band gap (eV)

0 0.27 0.0387
5 0.27 0.0380

10 0.27 0.0273
15 0.26 0.0307
20 0.25 0.0268
25 0.23 0.0274
30 0.19 0.0234
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vicinity of the K point are completely given by Eq. (8), as shown in Figs. 11(b) and 11(c).  The 
second derivative of Eq. (8) at the K point is given as

 ( )2 2
0

2 gk
d E / dk u / E

=
= ν , (9)

by using the conditions dE/dk ≈ 0 and E = Eg/2 at k = 0.  Namely, the effective mass me
* in Eq. (6) 

should be proportional to the band gap Eg if the slopes of asymptotes are constants.  According 
to Fig. 10, the strain response of the effective mass is linear.  The same consideration can be 
applied for the valence band.
 Table 2 shows the effective masses for 1% tensile-strained monolayer graphene for each 
strain direction.  The effective mass for ε = 0.01 has an order of 10−3 m0, where m0 is the 
electron rest mass, and the following results have been confirmed: (i) the longitudinal and 
transverse effective masses for strain direction are almost equal to each other; (ii) the effective 
masses of carrier electrons and holes are almost equal to each other; (iii) the strain direction 
dependence of the effective mass is relatively small.

(a) (b) (c)

Fig. 11. (Color online) (a) Image of band dispersion of strained graphene sheet and band energies of (b) strain-free 
and (c) strained (θ = 0°) graphene sheets in the vicinity of K point. Plots in (b) and (c) are actual calculation values, 
and curves are fitted using Eq. (8).

Fig. 10. Band gap of tensile-strained graphene sheet with respect to strain at θ = 0°.
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4.4 Qualitative and quantitative characteristics of GF

 The calculated longitudinal GFs of the ideal graphene monolayer sheet model are shown in 
Fig. 12, as a function of effective mass for the external strain-free graphene, msf

*.  Generally, 
even the external strain-free graphene sheet does not have an exactly planar structure.  It is a 
wavy sheet with breaking of an exact symmetry by internal strain, called a ripple structure.(37)  
Lattice defects and vibrations also break the exact symmetry, so the msf

* of carrier electrons 
and holes should not be exactly zero.  The numerical order of effective masses for external 
strain-free graphene correlates with the conditions of the graphene sheet such as the deposition 
method and substrate material.  On the other hand, the effect of a ripple structure with internal 
strain in the external tensile-strained graphene sheet is too small to correct the effective mass.
 For the graphene sheet, the resistivity is not affected so much by the change in carrier 
concentration caused by the increase in the band gap.  Practically, the high piezoresistivity is 
based on the drastic increase in effective mass due to the collapse of the Dirac cone owing to 
the external strain.  The experimental result indicating that the resistivity of the graphene sheet 
has linearity to the strain can be associated with the proportional relationship between the 
effective mass and the external strain, as discussed in the previous section.  The calculated GF 

Table 2
Effective masses of carrier electron and hole in unit of m0 for 1% tensile-strained graphene sheets.

θ (deg) Carrier electron Hole
Longitudinal Transverse Longitudinal Transverse

0 0.00508 0.00500 0.00503 0.00495
5 0.00500 0.00490 0.00495 0.00485

10 0.00362 0.00351 0.00358 0.00347
15 0.00410 0.00394 0.00405 0.00389
20 0.00358 0.00344 0.00356 0.00340
25 0.00368 0.00352 0.00364 0.00347
30 0.00311 0.00301 0.00306 0.00298

Fig. 12. Calculated longitudinal GF of ideal graphene sheet model due to strain ε = 0.001, as a function of effective 
mass of external strain-free graphene, msf

*. The data are averaged for all angles (0° ≤ θ < 360°).
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is very sensitive to strain, as shown in Fig. 12, and the general measured GFs of 150–255 for 
monolayer graphene, in this study and in Refs. 11 and 12, are derived in the case of msf

* ≈ 3 × 
10−4 m0.  This msf

* value corresponds to the band gap Eg of 0.00025 eV in terms of Eq. (9), and 
the small Eg can be reproduced by considering the internal strain, lattice defects and vibrations, 
and ripple structure.  Even the GF of 18000 in Ref. 14 can also be reproduced, if the external 
strain-free graphene would be very close to the internal strain-free exact-symmetry structure, 
where msf

* ≈ 10−5 m0.

5. Conclusions

 A graphene monolayer with a large area was developed for strain gauge sensor application 
using a CVD complement by a transfer method.  The deposited graphene monolayer showed 
great continuity with fewer defects on the SiO2/Si substrate with about 95% coverage.  Graphene 
films were characterized by optical microscopy, SEM, AFM, and Raman spectroscopy.  The 
graphene monolayer was patterned by a laser machine method, which is simple and requires 
no sophisticated precautions.  The measured strain GFs for monolayer and multilayer graphene 
films were 255 and 104, respectively.  These values were higher than all the reported values 
for graphene for strain gauge application and development by different fabrication techniques.  
The temperature effect on the graphene resistance and GF was examined up to 75 °C.  The 
results showed that the resistances for single and multilayer graphene decrease with increasing 
temperature.  On the other hand, the GF shows stable behavior with increasing temperature, 
which promises a new low-cost strain gauge sensor with high sensitivity and temperature 
stability.  A theoretical simulation of the GF of monolayer graphene was also carried out on 
the basis of first-principles calculation.  Simulation results followed the measured GFs in our 
experiment and other references.(11,12,14)
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