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Abstract
Wepresent a combined atomic forcemicroscopy andRaman spectroscopy study of wrinkle formation
in chemical vapour deposition graphene. Graphenewas grown on copper and repeatedly transferred
onto a SiO2 substrate to form a four-layer graphene stack. Bymeans of depositing two electrodes with
a small gap of 1 μmon top of graphene, we can generate a longwrinkle along the channel. Such a
wrinkle is pronounced and seems to form at the expense of other wrinkles otherwise present. Along
thewrinkle, the strainmeasured by both atomic forcemicroscopy and polarized Raman is revealed to
be of a biaxial type, which is shown, through atomisticmodelling, is predicted to produce a sizeable
bandgap opening of up to 0.4 eV. Since graphene is normally a zero bandgapmaterial, its applications
as an electronicmaterial for devices can be limited. The approach presented in this work could lead to
graphene exhibiting a controllable bandgap similar to a semiconductormaterial that could, therefore,
be exploited for the fabrication of graphene-based electronic devices.

1. Introduction

Large area chemical vapor deposition (CVD) graphene is an essential enabler for realizing the translation from
prototype to fullymass-producible graphene-based electronic devices [1, 2]. Already large sizes (several cm2) of
monolayer graphene can be synthesized on an inexpensive substrate, such as copper, albeit quality control issues
still exist e.g. graphene is generally grown onpolycrystalline copper, resulting in a large number of nucleation
sites which, as the domains increase in size, coalesce into a film comprising a large number of grain boundaries
and point defects detrimental tomaterial performance [3, 4]. Further to itsmonolayer form,multilayer CVD
graphene, with improved electrical conductivity, has potential as e.g. a replacement for IndiumTinOxide (ITO)
for transparent electrodes [5, 6], or as gatematerial in transistors [7]. In this work, we showhow the device
fabrication process can also be exploited to add further functionality to theCVDgraphene films, by exploiting
strain generated during themetal electrodes deposition to tune the electronic properties ofmultilayered
graphenefilms transferred onto the SiO2 and generate an exploitable electronic bandgap in the otherwise zero-
bandgap graphenefilms. It is wothwhile tomention that thework presented in the current article has been
motivated from the results obtained and predictions formed from studies in past [8–12].Most of these studies
were not aimed to create a strained ripple whilst stacking graphene films one on other until a uniform and
reproducible strained graphene ripple is formed as presented in our article. For instance, the articles suggested
by [11]present studies onwrinkles and ripples formed naturally/randomlywhilst transfer of CVDgraphene

RECEIVED

23October 2018

REVISED

1November 2018

ACCEPTED FOR PUBLICATION

14November 2018

PUBLISHED

28November 2018

© 2018 IOPPublishing Ltd

https://doi.org/10.1088/2053-1591/aaf0d1
https://orcid.org/0000-0003-3655-0656
https://orcid.org/0000-0003-3655-0656
https://orcid.org/0000-0001-7139-0884
https://orcid.org/0000-0001-7139-0884
https://orcid.org/0000-0001-8394-7854
https://orcid.org/0000-0001-8394-7854
https://doi.org/10.1088/2053-1591/aaf0d1
http://crossmark.crossref.org/dialog/?doi=10.1088/2053-1591/aaf0d1&domain=pdf&date_stamp=2018-11-28
http://crossmark.crossref.org/dialog/?doi=10.1088/2053-1591/aaf0d1&domain=pdf&date_stamp=2018-11-28


through conventional polymer based transfer, due to different thermal expansion of graphene and substrate,
wrinkles in exfoliated graphene etc. Since, band-gap opening has been predicted bymany studies in highly
oriented graphene, the aimof our article is to prove it experimentally that a uniform strained graphene ripple
can be produce through themethods described in the article and rigorously analysis of AFMmaps andRaman
spectra predicts the band-gap opening in strained graphene.

2. Experimental procedures

2.1.Morphology
Evaporated Au/Ti electrodes were deposited on four-layer graphenewith separations varying between 1 μmto
10 μm.Details of the fabricationmethod are given in the section 1 in supplementary information is available
online at stacks.iop.org/MRX/6/026311/mmedia. To analyze themorphology of such layers and their
dependence on the size of the separation between the electrodes AFM images were recorded of the graphene
regions between the contacts. The systems and setting used for theAFMmeasurements arementioned in
section 1 in the supplementary information.

The regionwith a 10 μmgap is shown infigure 1. Bright lines of varying heights decorate the graphene
surface. As evident from figures 1(a)–(c), the orientations of these lines are randomly distributed, forming
domains of different sizes. These bright lines are wrinkles that originate fromout-of-plane distortion of the
graphene surface. Suchwrinkles inCVDgraphene tend to form along grain boundaries [13–15], where the
carbon atoms areweakly bonded and able to respond quickly to any external perturbation.

The cross-sections of the height profiles along three lines orthogonal to the electrodes, (figure 1(a)) reveal
that the height/width of these wrinkles ranges from3/140 nm to 35/480 nm. The heights andwidths appear to
be inversely related, which suggests that the volume of space under the features is roughly constant. Given that
the top layer of graphene is separated from the substrate by a further three layers, it is unlikely that these features
originate directly from interactionwith the substrate.

For comparison, three-layer and amonolayer graphene equivalent control samples (supplementary
information figure SI1)were analysed to further legitimizing the assumption that the substrate effect decays as
the number of layers increases. It is also inferred that the top layer ismore prone to surface perturbations and as a
result ismore pliable, with thewrinkles, resulting from the deformation induced by the electrodes themselves. It
is worthmentioning that no substantial wrinkles were found in areas away from the electrodes in the four-layer
graphene case.

In previous work [16], it was shown that the different amounts of strain for four-layer graphene could be
associatedwith different supportingmaterials used; SiO2 orGaAs. The origin of the stress was assumed to be
fromunderneath the graphene layer upon interacting with the substrate surface and then transferred onto the
topmost graphene layer. Here instead, it appears that an even stronger source of strain comes from the deposited
top electrodes, either from thermal shrinking upon cooling or theweight of themetal itself. Such strain should
be expected to decay away from the electrodes. If such an assumption is correct thenwhen the electrode
separation is reduced to 1 μm, such a decay should be lower, resulting in a higher strain. As a result higher height
features should be observed. This is indeed the case, as shown infigure 2. Rather thanwrinkles appearingwith
randomorientations, a long, regular and substantially sizedwrinkle forms along the boundaries of the
electrodes, roughly in themiddle of the channel.Moreover, the continuity in the formation of this wrinkle has
spread beyond the end of the electrodes. This observation is similar to thatmade by Shioya et al [17], where
thermal shrinkingwas identified as the cause for the ripple forming.

To further study and elaborate, four lineswere selected (figure 2(a)). For line 1, as shown infigures 2(c)–(d),
the height andwidth of thewrinkles are 26 nmand 268 nm, respectively. For line 2, sketched in a different area,
there is a significant change in the height andwidth of thewrinkle (51 nmand 140 nm, respectively). Data from
this line is not presented infigure 2 as it is analyzed in detail in the following section. For line 3, figures 2(e)–(f),
the height is less than 10 nmand is hence aminor break in the continuity of thewrinkle, which can be considered
as a defect. For line 4, the height of thewrinkle, figures 2(g)–(h), is about 72 nmand its width is 217 nm. This
analysis shows that though thewrinkle appears regular, on close inspection height variations ranging from
10 nm to 72 nmare present, with occasional defects with reduced height.

The principle behindwrinkle formation in graphene is similar towhat happens to soap bubbles when they
come in contact. Under the influence of an external pressure with a specific direction, these bubbles will
coalescence to form a single larger bubble. If the same principle is adopted for graphene, islands of wrinkles, as
shown in the inset graph offigure 1(b) for the 10 μmchannel, will coalesce due to the large exerted stress by the
electrodes, thus forming a single linear wrinkle with distinct topographical properties as shown infigure 2(b) for
the 1 μmchannel.
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Two aspects are crucial. Thefirst one is the bending rigidity of graphene, which occurs as a result of the out-
of-plane deformation ofmonolayer graphene. Its value depends on the number of graphene layers [18]. The
second one is the interlayer shear interaction, which has a considerable impact on the value of the bending
rigidity and is the reason for adjacent graphene layers to slide over each other under the influence of external
deformation. Increasing the number of graphene layers will reduce interlayer shear interaction and thus
accelerate the sliding of the graphene layers while increasing to buckling of the graphene layer [19]. Sliding the
topmost graphene layer starts at the edge of the two electrodes where a large amount of compressive stress is
predicted, whereas a single wrinkle can be produced in themiddle of the 1 μmchannel [20].

Themorphological features observed are repeatable. Several structures were observed to have the same
wrinkle formationwhen the separation between the electrodes is lower than 3 μm (see SI section 5). In terms of
uniformity, figure 3 shows a statistical correlation between heights andwidths of thewrinkles. 180

Figure 1.AFMmorphology images of a 10 mmchannel; a) 2D and b) 3Dmorphology image of a selective four-layer graphene in 10 mm
gap and c-e) line profile heights of the wrinkles for the selected line 1, line 2 and line 3 respectively.
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measurements were taken from12 separate structures. The combination of height andwidth is not randomand
byfitting a line, it reported that the height is usually 40%of thewidth, with the great proportion of data points
appearing to aggregate in the range 10 nm to 30 nmor the height and 100 nm–200 nm for thewidth.Notably,
ripples do appear in three layers systems.However, the case of 3 layers, the orientation of thesewinkles is
randomnot aligned in one direction.Whereas, with 4 layers, wrinkles weremore aligned along the 1 umgap
between the two contacts as presented infigure SI.8 in the supplementary information.Once, it was confirmed,
after the repeated fabrication of several devices, that with four layers of graphene a strainedwrinkle/ripple could
be formedwith high reproducibility.We did not explore withfive ormore layers. The idea of forming a strained
ripple and possibility of opening band gap is nowbeen explored on a dielectric layer, instead of stack of graphene

Figure 2. a)AFMmorphology images of a 1 mmchannel; a) 2D and b) 3Dmorphology images of the four-layer graphene in the 1 mm
gap and c-h) line profiles heights with associated 3D image of the wrinkles for the selected line 1, line 3 and line 4 respectively.
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layers. This could be useful to conduct electrical studies to prove electrically the opening of band gap useful to
make switching devices, which shall be published in future articles elsewhere.

2.2. Raman spectroscopy
Raman spectroscopywas used to determinewhether the optical properties of the top layer of graphene can be
analyzed separately from those of the underlying layers. Raman spectroscopy is often used to detect the number
of graphene layers [21], their crystalline structure, i.e. the presence of defects [22], the concentration of negative
or positive dopants [23, 24], and the presence/absence of stress [15, 25]. Furthermore, the Raman polarisation
measurements can also reveal the presence of different types of stress [26, 27].

Figure 4 shows the results for; (a)metallized sample with (b) 10 μmand (c) 1 μmgaps, at four distinct points
(figure 4(a), points 1 to 4) along the channel, between the electrodes. Differences in the Raman spectra can be
associatedwith variations in the patterns of stacking between the four layers of graphene following the
discussion in [16]. According to such interpretation, the difference in theRaman spectrumoffigure 4(b) for the
10 μmchannel (points 1 to 4), would originate frommultilayer graphene having Bernal interlayer stacking (ABA
stacking), turbostratic interlayer stacking (an arbitrary angle between layers) or twisted interlayer stacking (at a
specific angle between layers). The different stacking patterns have a varying degree of interlayer interaction, that
is reflected in the Raman spectra (morewith respect to the 2Dmode than theGmode). It is worthmentioning
here that having found one instance of Bernal stacking is an extremely lucky coincidence and in fact a rare one.
Mostmeasurements shown in section 5 in supplementeray information typically reflect the presence of random
or turbostratic stacking.

In general, the interaction between graphene layers ismost intensewhen a short-range order is achieved e.g
ABA stacking, and reducedwhen the long-range order is present, e.g. when layers are randomly oriented
(twisted) at an angle between each other [21, 28], although a critical angle exists where the interaction is
maximized [29]. Away from such angle, the Raman spectra ofmulti-layer graphenewill not be very different
from single-layer graphene. Section 3 of the supplementary information is referred for further explanations of
the assignmentmade of stacking order to eachRaman spectra.

Onewould expect to see the same variety of stacking order also for the Raman spectra of the 1 μmchannel.
Despite the proximity of the 10 μmand 1 μmregions, this is not exactly the case. Results for the 1 μmchannel
are shown infigure 4(c). Firstly, it is noticed that because of the presence of awell-definedwrinkle, the results are
considerably noisier compared to the case of the 10 μmgap. Secondly, the intensity ratio (I(2D)/I(G),figure SI
3) is roughly 1 for all points, apart frompoint 3where I(2D)/I(G)=0.47. This is similar to the value of (I(2D)/I
(G)=0.37 found at point 2 of 10 μmchannel. Both are therefore assigned to a twisted-angle stacking order.

Given both the value of the I(2D)/I(G) ratio close to unity and the apparent difference in stacking order
recorded between the 1 μmand 10 μmgap areas, the conclusionmust be that thewrinkle present in the smaller
gapmakes the topmost layer stand above the four-layer stack, and it is, therefore, the only one that is revealed
optically by Raman spectroscopy. Any other difference between the 1 μmand 10 μmgap areasmust be due to
strain, which is expected to be higher in the latter compared to the former. Another important assertion tomake
here is that it is difficult to deconvolve the separate contributions of different layers because thewrinkle is

Figure 3. Statistical correlation between heights andwidths of the wrinkles. 180measurements were taken from12 separate structures.
The fitted line shows that the height is usually 40%of thewidth.
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formed fromonly a portion of the graphene that is present between the 1 μmchannel. The optical signal from
the unwrinkled bottom graphene layers is present in both 1 μmand 10 μmgaps, therefore, the I(2D)/I(G) could
be expected to be similar for both the cases. However, I(2D)/I(G) for 1 μmwasmeasured to be less than that for
10 μmchannel. The actual reason for the low intensity ratio is not very clear here, however, with the given total
laser spot size of 800 nm in diameter, it was difficult to align the laser spot and the reflected signal within 1 μm
gap. This reduction in intensity ratio could be anticipated from the loss of optical signal scattered at themetal
edges and/or the predomination of signal reflected off thewrinkledmonolayer of graphene.

Figures SI 10 and SI 11 (supplementary information) show statistical data from several devices showing that
the results presented in this section are repeatable and that the defect density is sufficiently low (inferred from the
I(D)/I(G) ratio).

For the avoidance of doubt a hyperspectral analysis of a Ramanmap is shown infigure 5. Because of the small
gap between the electrodes in the 1 μmchannel, resolution ismuch better obtained in the Y direction along the
channel than in the Xdirection across it. In the former, in fact, the 3 pointsmeasured cannot be deconvolved
effectively for proximity issues and for the noise that the proximity of the electrodes produces. However one can
still appreciate that the I(2D)/I(G) ratio is the clearest signature for the presence of awrinkle in themiddle of the
gap between the contacts. Other quantities likeG and 2Dpeak positions and the FWHMof theGpeak, tend to
provide information on the strainwhich appears to spatially extend further away from thewrinkled area,

Figure 4.Raman spectra of the a) four points identified on the device; b) 10 mmand c) 1 mmchannels.
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towards the contacts. The next sectionwill be devoted to identifying, quantifying and categorizing of strain
discussed above.

3. Results and discussion

Here three differentmethodswere used to an attempt to identify the signature of the presence of strain, quantify
its amount, andfinally determine the direction and type of 2D strain present around thewrinkles. This is
achieved usingAFM, polarized Raman andmodelling.

3.1. Strain analysis throughAFM
The amount of strain around thewrinkle that originated in the 1 μmchannel is now estimated by concentrating
on an area along a line (line 2) between the electrodes (figures 4(a) and (b)). The distance between the two edges
of the electrodes L is estimated by the black line to be 0.6 μm (though the gap is nominally 1 μm, the shrinking of
this feature beingmost likely associatedwith thermal stress), as shown infigure 6(a).

There are two possible interpretations forwrinkle formation (figure 7) and consequently distinct approaches
in evaluating the strain.One view (see e.g. [10]) is that thewrinkle is akin to a ‘bubble’ forming as a result of a
localized force under the graphene sheet (figure 7(a)). Alternatively, thewrinkle forms as a result of the graphene
layer ‘slipping’ as a result of themetal contact exerting a uniaxial compressive force transverse to the direction
longitudinal to thewrinkle (figure 7(a)). Themain difference between the twomodels is that the ‘bubble’
formation results in a localized tensile strain, while the ‘slip’model implies both compressive and tensile strain
forming together. The former is consistent withmodelling results [30]. In terms ofmodelling framework, the
‘bubble’ approach can be implemented as follows. Firstly, one estimates the height andwidth of thewrinkle,

Figure 5.Raman hyperspectralmapping of a 1 mmstructure a) 3DAFMwith the two areas with andwithout wrinle, outlined by the
dashed lines, b)Pos (G), c)Pos (2D), d) FWHM (G) and e) I (2D)/ I(G). The two areas with andwithout wrinle outlined in a), are also
depicted in b) to e). Only the I (2D)/ I(G) ratio is useful in determining the location of thewrinkle.
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using aGaussian function tofit its curvature, as shown infigure 6(c). Secondly, to estimate the upper limit of the
transverse strain eT present over thewrinkle the following expression can be used:

= - + ( )W W W L 1GR GAP W W

ò= + ¢( ) ( )L f x dx1 2W
a

b

e =
-

=
- ( )W W

W

L W

W
3T

GR GAP

GAP

W W

GAP

whereWGR is the total length of the graphene between themetal contacts after the bubble is formed,WGAP is the
distance between themetal electrodes,Ww is thewidth of graphene that has become strained/deformed, Lw is
the new length of the portion of graphene that has undergone deformation, and f (x) is theGaussian function
thatfits thewrinkle profile. The portion of unstrained graphene is described by the dark blue area infigure 6(a)
where the graphene is assumedflat and not raised. By adding toWGAP the length of theGaussian profile of
figure 6(d)), LW (equation (2), where a and b are the start and end positions of thewidth of thewrinkleWW and

Figure 6.AFMmicrograph of awrinkle in the area investigated by the profile line 2: a) 2D, b) 3D topography, c)Gaussian function
represnting the heights andwidths of thewrinkle and d) deflection length Lw, length of grapheneWGAP and unstrained lengthWGR of
graphene.

Figure 7.Expected strain distribution in a sheet of wrinkled graphene assuming a) a “bubble” caused by an isotropic force underneath
the graphene layer, b) a uniaxial sliding of the graphene sheet.
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¢( )f x is the first derivative of the fittedGaussian function) and subtractingWW, the new transverse length of the
WGR is obtained (equation (1)). The one-dimensional strain εT is then given by equation (3).

The range of longitudinal strain is found to be between 0.66% and 3.8% (tensile strain), with thewrinkle
height varying between 20 nmand 53 nm, respectively. The average is 2.23% along the length of thewrinkle
investigated. Unlike the ‘bubble’model, where the strain is invariably tensile, the ‘slip’model can locally yield
both compressive and tensile strain, and requires amuchmore complexmodelling framework.

Experimentally, it would be very unlikely that anymeasurement would be able to quantitatively determine
the extent of both types of strain, due to spatial resolution limitations. Instead it is likely that an analog average of
the local strains would bemeasured. If the average indicates that only compressive strain is present, then one can
discard the ‘bubble’model and assume that ‘slipping’ is the origin of thewrinkle formation. The converse
however does not apply. If tensile strain is identified, it does not validate the ‘bubble’ approach, as it could just
mean that the amount of tensile strain is larger than the amount of compressive strain. In the next paragraphwe
will showhowpolarized Raman spectroscopy can help discriminate between the two cases.

3.2. Strain analysis through polarizedRaman spectroscopy
Because strain creates subpeaks within the 2D andGRaman peaks, polarized Raman [31, 32], where different
subpeaks become redshifted and blueshifted at the same time, can be used to determine the directions where the
strain is highest. Figure 8 depicts the incident and scattered polarized Raman radiation in relation to the
measured rippled graphene. Polarized Ramanmeasurements were performed, with the angle of the incident
polarized light in the z-direction (one-sided blue arrow) from0° to 90° (two-sided purple arrow in the x-
direction). The angle of the incident laser in respect of the graphene surface (one-sided green arrow)was
changed using a circular rotating stage, which provides 360° rotation. The backscattered laser beam in the z-
direction (one-sided red arrow) is collected after scattering off the graphene. By using a spectrum analyzer, the
collected light is polarized perpendicularly (two-sided red arrow on y-direction)with regard to the incident
polarized light.

Figure 9 shows the polarized Raman spectrum at location 1 and 3 of the 1 μmchannel that was identified
previously. The Raman spectra of the other locations (2 and 4) are displayed in the supplementary information
(figure SI 4). The left and right columns are the data for the 2D andGmodes, respectively.

Both Ramanmodes depend on the angle of the incident laser beam. The singlefilled peaks (olive and blue) at
the various degrees of the incident beam, can befitted by a single Lorentzian function.No appreciable difference
between the subpeaks can be directlymeasured at location 3, presumably because the amount of stress is low.
However at location 1, using a triple Lorentzian fit, up-shifted/down-shifted sub-peaks G+;2D+/G−;2D− (in
respect of the peaks of stress-free graphene, G0;2D0) are observed, evidenced as the blue and red filled curve. The
Gmode at 30° of location 3 is, however, comprised of two subpeaks (G+/G−) that can befittedwith only two
Lorentzian functions. It is proposed thatwhen a triple Lorentzian fit is required, it is evidence that there is a
mixture of strained and unstrained regions contributing to the spectra, while the double Lorentzian arises from a
fully-strained region.

Furthermore, looking at location 1, while the spectral profile of at 0° is symmetric, as the degree of polarized
incident light increases the spectral shape begins to lose its symmetry due to the emergence of sub-peaks,

Figure 8. Schematic diagram for the polarizedmicro-Raman scattering representing directions of incidence and scattered beamoff
the wrinkles topgraphy.
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eventually becoming asymmetric. Also, the change in FWHMof the overall spectral profile depends on the
number (and FWHM) of generated sub-peaks, which in turn depends on the amount of stress. The highest
FWHMof the spectral profile of both Ramanmodes can be found at 60° to the polarized incident light. As the
FWHM increases/decreases as a consequence of the subpeaks becoming red/blueshifted, an increase in a
particular directionmeans that this is the directionwhere the strain is largest. Table SI1 (supplementary
information) summarises the peak positions, sub-peak positions, and FWHMsof the Ramanmodes at locations
1 and 3 at different polarization angles of the incident laser beam.

Figure 9.Polarized Raman spectra for the a) 2D and the b)Gmode at location 1 and the c) 2D and d)Gmode at location 3.
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So far no attemptwasmade to identify the type of strain responsible for the observed spectral properties. It is
well established that when graphene is under the influence of high uniaxial tensile (compressive) stress, both the
G−;2D− (G+;2D+), though spectrally separated, should redshift (blueshift) compared to the zero strain
frequency of theG0;2D0 peaks [25, 32]. This is not what appears to happen in figure 9 (and table SI1,
supplementary information). At 30° of incident light, the strain induced sub-peaks (2D1

− and 2D2
−) at point 1 are

redshifted in relation to (2D0), but the subpeaksG+;2D+ are blueshifted compared toG0;2D0. This suggests that
while tensile strain is present, the tension generated in graphene cannot be assigned directly to uniaxial strain
and that a different type of strainmust be responsible [27]. It is further duscussed in themodelling results in
section 4.3.

From the polarized Ramanmeasurements, the peak shifts of theG and 2Dmodes can be used to determine
the amount of strain generated at the selected four points. Thewidely-used equation given byMohiuddin et al
[32] is used here in this study, which links the shift of theG:2Dmode frequency,D ( )Pos G: 2D S to the peak
position of theG:2Dmode at zero strain, the position itself ( )Pos G: 2D ,0 due to the strain components along
two orthogonal directions is given in equation (4):

g e e n

b e e n

D = - + -

 - +

( ) ( ) ( )( )

( ) ( )( ) ( )

Pos G: 2D Pos G: 2D 1
1

2
Pos G: 2D 1 , 4

s
l t

l t

0
G:2D

0
G:2D

where, el and et are the longitudinal and transverse component of the strain. bG:2D the shear deformation
potential. The experimental and theoretical value of the shear deformation potential is 0.99 [32]. The quantities
e e-( )l t and e e+( )l t are the shear and hydrostatic components of the applied strain, respectively. The quantity
gG:2D is theGrüneisen parameter. The value of gG:2D for theG (2D)mode is 1.99 [32] (1.24 [33]). The quantity n
is the Poisson’s ratio, which ranges from0.33 for a good contact between graphene and its substrate to 0.13 for
suspended graphene [32]. In this study of curved graphene, 0.16was chosen [34], which is the experimental
value of graphite.

From figures 8(a), (b) for a polarized direction of 90°, the unstrained peak position of theG0 (2D0) is
determined to be 1580 cm−1 (2699 cm−1), which is in excellent agreementwith other studies who used incident
laser energy of 2.41 eV [21].

The dependence on strain for the 2D andGmodes of locations 1, 2 and 4 for the four polarization angles are
summarised in table SI2 in supplementary information.

For point 1, themaximum (minimum) value of tensile strain of the 2Dmode is 2.32% (0.036%) at a
polarization angle of 30°, with an average strain of about 1.76%. Themaximum (minimum) value of
compressive strain is−0.26% (−0.69%) at a polarization angle of 90° (60°)with an average strain of about
−0.14%. For theGmode, the average produced tensile (compression) is 0.49% (−0.13%). At point 2, however,
wefind that the average of tensile (compressive) strain of the 2Dmode is 0.60% (−0.04%), which is less than
what is evaluated for point 1. The average of tensile strain is observed for theGmode, which is about 0.09%. Last
but not least, for point 4 the average of tensile strain of the 2Dmode is (1.63%)which is very close to that of the
point 1, but the average value of the compression strain is−0.01%. For theGmode, the average of tensile
(compressive) strain generated is 0.18% (−0.03%).We can conclude that in comparison the strain influences
more the 2Dmode compared to theGmode,making changes in the 2Dmode a better probe for detecting even
small amount of strain in graphene, consistent with previous studies [35].

It is also noted that rather than the strain being largest in the longitudinal or transverse direction to the
wrinkle, it’smaximum is at 30° instead. This is due to the fact that the strain induced by the electrodes, produces
a deformation of the graphene, which turns into awrinkle, andwhere a local (internal) strain is producedwhich
does not need to align itself to the original strain that induces thewrinkle. In terms ofmagnitude, the average
strain values obtained fromRaman spectroscopy are similar to those obtained from theAFMdata.However the
fact that amixture of compressive and tensile strains could be identified, suggests that the ‘bubble’model should
be discarded in favour of the ‘slip’model.Which implies wrinkles do form as a result of uniaxial strain created by
themetallization step during fabrication.

Having obtained quantitative information on both themagnitude, type and direction of the strain present
around the graphenewrinkles, atomisticmodelling is further used to confirm the effect such strain has on the
local bandstructure.

3.3.Density functional theorymodelling
In themodelling, four kinds of stress were applied to the hexagonal structure of graphene: uniaxial tensile,
uniaxial compressive, hydrostatic tensile and biaxial, as shown infigure SI 5 (supplementary information).

The computational results were obtained using the simulation software package CASTEP [36, 37], a density
functional theory package that allows for geometry optimization and electronic structure calculations. Further
details are given in section 4 (supplementary information). The calculations performed confirm that when the
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band structure of graphene undergoes uniaxial and biaxial deformation, a fairly-large energy gap can be
achieved, the value of which depends roughly linearly on the amount of strain as shown infigure 10. In the case
of the biaxial stress, the calculated bandgap rate of change per percentage of strain is 0.19 eV% (figure 10(a)), a
value larger (almost double) than the rate of change for uniaxial stress, 0.11 eV% (figure 9(b)). Thismeans that a
biaxial deformation of only 2%would result in a bandgap of 380 meV, similar to that of the semiconductor InAs
at room temperature.

Tomodel the polarized Ramanmeasurements, the spectrawere computed based on density functional
perturbation theory (DFPT) and using the dynamicalmatrix approach tomodel non-resonance Raman
processes. In addition, Raman intensities of eachmodewere computed by finding themodification in
polarizability with respect to the excitation of a phononmode under an external perturbation (such as due to
photons).More information about computing Raman intensities using theCASTEP code can be found in the
work published by Porezag and Pedersen [38]. Further details are given in section 4 (supplementary
information).

The results are presented infigure 11 showing theGmode dependence on (a) uniaxial tensile (b) uniaxial
compressive (c) hydrostatic (d) biaxial strain.While hydrostatic strain does not lead to any redshift/blueshift of
theG−/G+ subbands, both uniaxial tensile and compressive strain exhibit a combined redshift/blueshift of
both subbands compared to theG0 band. This is despite the two subbands red/blue shifting in respect of each
other as their separation increases with strain. Only in the case of biaxial strain, there is no overall redshift/
blueshift, but rather theG−/G+ subbands blueshifts/redshift individually in respect of G0, precisely as observed
experimentally for theG band (figure 9).

This allows to conclude that the strain present along the ripple is of the biaxial type, and since the biaxial
strain is able to produce a bandgap opening, it is asserted that thewrinkle leads to a semiconducting graphene
region in themiddle of two conductive graphene regions. This also confirms our earlier work [30], where the
biaxial strain inwarped graphenewas shown to be a viable pathway to bandgap opening in substrate-less
graphenefilms.

The energy gap can be calculated usingDFT (even though these are usually underestimated [39]), and the
energy rate of change per unit of the strain rate is given infigure 10(b). Typical values of the strain inferred from
the Raman data aremuch smaller than those determined fromAFM, around 2%,whichwould lead to a band
gap of 0.38 eV, which is still rather sizeable.

4. Conclusions

CVDGraphenewas grown on copper and repeatedly transferred onto a SiO2 substrate to form a four-layer
graphene stack onwhich two gold electrodes were evaporated. Varying gaps from1 μmto 10 μmwere obtained.
AFM shows that while in the area with a 10 μmgap there are relatively small height variations, in the 1 μmgap
area, these height variations appear to coalesce into a large regular wrinkle longitudinal to the electrodes, roughly
in themiddle of the gap. Analyzing the Raman spectra in the 10 μmgap region shows that the four layers of
graphene are stacked in a variety of arrangements, long and short-range ordered. The absence of evidence of the

Figure 10.Energy gap of graphene as a function of; a) uniaxial tensile and b) biaxial strain.
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same for the 1 μmgap region, suggests that the topmost layer of graphene is lifted from the other three layers,
and reactmore to strain created by themetal electrodes than the graphene layers underneath. From the optical
point of view, the topmost layer can be probed independently from the rest of the graphene stack, and essentially
behaves like a strained graphenemonolayer.

Three different approaches were used to identify the amount, direction and type of strain along thewrinkle,
using atomic forcemicroscopy, polarized Raman andDFTmodelling. It is found thatwhile the electrodes
impose an average compressive strain, the strain determined by Raman spectroscopy is of the order of 2.3%,
tensile, aligned at 30° to thewrinkle and of the biaxial type. This is unsurprising as the formation of awrinkle
produces a local strainwhich is amixture of different types and values of strain that cannot be assigned to a
specific angle.Modelling shows that such biaxial strainwould lead to a bandgap of the order of 0.4 eV.

Figure 11.Calculated Raman spectra for theGmode under the influence of a) uniaxial tensile, b) uniaxial compressive, c) hydrostatic
tensile and d) biaxial stress.
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Since graphene is normally a zero bandgapmaterial, applications as an electronicmaterial have often been
considered to be limited. However, the approach presented in this work show that a region of graphenewith a
controllable bandgap similar to a narrow gap semiconductor can be regularly formed using lithographic
techniques. This shows great promise for being exploited as a basis for fabrication of graphene electronic devices.
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