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We study the formation of wrinkles in graphene upon wet transfer onto a hydrophilic target

substrate, whereby draining of water appears to play an important role. We are able to control the

orientation of the wrinkles by tuning the surface morphology. Wrinkles are absent in flakes

transferred to strongly hydrophobic substrates, a further indication of the role of the interaction of

water with the substrate in wrinkle formation. The electrical and structural integrity of the graphene

is not affected by the wrinkles, as inferred from Raman measurements and electrical conductivity

measurements. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4751982]

Graphene has received a lot of attention since its isola-

tion from graphite.1 Although graphene is a 2D crystal, it is

so far only found on a substrate, as a membrane with a sup-

porting construction2 or grown at the surface of SiC.3 There-

fore, it is considered to be a quasi 2D crystal. Quasi-2D

graphene is in general not flat, but has a tendency to form

corrugations, including ripples, wrinkles, and bubbles.2,4 The

curvature associated with such corrugations is predicted to

alter graphene’s electronic and structural properties.5,6 Cor-

rugations are often regarded as undesirable, but they can be

exploited for inducing pseudo-magnetic fields,7 creating

chemically reactive sites,8 and for specific device applica-

tions such as optical lenses.9 Numerical simulations have

been done to understand the formation of wrinkles and their

impact on graphene.10–13

Wrinkles are commonly found in chemical-vapor-depo-

sition (CVD) grown graphene that is transferred to other sub-

strates.14–17 In CVD, graphene wrinkles are formed at metal

step edges due to thermal stress. The morphology of the

metal growth surface can still be seen after transfer. In many

cases, additional wrinkles, ripples, and bubbles are formed

upon transfer. Exfoliated graphene mostly conforms to the

corrugations of the underlying substrate,18 although small

additional wrinkles can be observed in a scanning tunnelling

microscope.19

In this work, we study the formation of wrinkles in gra-

phene during the so-called wedging transfer process, a

water-based transfer process.20 We give insight in the driv-

ing forces for wrinkle formation and suggest different routes

to control the wrinkle orientation and abundance, or to elimi-

nate wrinkles altogether. We also examine to what extent the

electronic and structural integrity of graphene is preserved

upon wrinkle formation.

The wrinkle formation can be easily seen with an optical

microscope, as illustrated for a graphitic flake in Fig. 1 (the

entire process is carried out under ambient conditions). Gra-

phitic flakes of varying thicknesses are prepared by mechani-

cal exfoliation of graphite (NGS Naturgraphit GmbH) on Si

substrates with a 285 nm thermal oxide. A hydrophobic poly-

mer film covers the substrate (Fig. 1(a)), and is “wedged off”

the substrate by intercalation of water (Fig. 1(b)), along with

the graphitic flakes. As a result, the film with the flakes is

floating on top of the water surface (Fig. 1(c)). Then the

water is gradually drained, which brings the polymer film

closer to the target substrate underneath (Figs. 1(d) and

1(e)). Here, the target substrate is just another Si=SiO2 sub-

strate, but the transfer can be done onto arbitrary struc-

tures.20 As water is drained further, the polymer film comes

in contact with the target substrate and pre-existing wrinkles

will act as channels that drain water (Fig. 1(f)). Finally, the

water is drained away completely and the channels are left

behind as wrinkles (Fig. 1(g)).

As the thickness of a graphitic sheet is reduced, the

wrinkles increase in density and decrease in height (Fig. 2).

This can be expected given the lower stiffness of thinner

sheets. Fig. 2(a) shows a graphitic flake with pieces of differ-

ent optical contrasts, corresponding to different sheet thick-

nesses (the lower the contrast, the thinner the flake). Figs.

2(b)–2(e) show atomic force microscopy (AFM) images

taken on the respective parts of the flake, as indicated. The

mean wrinkle height is (c) 1267:9 nm, (d) 7:663:4 nm, and

(e) 4:461:5 nm, respectively.21

The highest density and lowest height of the wrinkles is

obtained for single-layer graphene (SLG). Fig. 3 shows an

AFM image of a SLG flake (a) before and (b) after transfer,

showing no wrinkles before transfer and a large wrinkle den-

sity afterwards.

The Raman spectrum of this SLG flake taken after trans-

fer (Fig. 3(c), wrinkled) is very similar to that taken before

transfer (pristine). It is characteristic of single layer gra-

phene,22 and there is no detectable defect-related D band

near �1350 cm�1. There is no evidence for degradation of

the structural integrity of SLG upon wedging transfer.

Next, we perform electrical transport measurements in

order to estimate the charge-carrier mobility and the

mean-free path. We contact several wrinkled SLG flakes

with 10/60 nm Cr/Au electrodes using e-beam lithography. A

typical device is shown in the inset of Fig. 3(d). In a four-

point field effect transistor (FET) geometry, we measure the

resistance as a function of applied back-gate voltage,

Fig. 3(d). The measurement is done in high vacuum

(�10�5 mbar) at room temperature. The flake geometries area)E-mail: v.e.calado@tudelft.nl.
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irregular. For estimating the conductivity from the conduct-

ance, we choose an aspect ratio such that the mobility values

obtained are an underestimate. The charge-carrier density is

calculated by applying the parallel plate capacitor model,

taking the usual conversion factor for 285 nm SiO2 of

7:56 � 1010 cm2 V�1. From the slope in Fig. 3(d), we calculate

a hole mobility of 3800 cm2 V�1s�1 and an electron mobil-

ity of 4400 cm2 V�1 s�1. These are typical values found for

SLG on SiO2. We have no indication that the wrinkles

degraded the mobility. This is not surprising given that the

mean free path is around �20 nm and the wrinkle-to-wrinkle

distance is �1 lm.

Fig. 4(a) shows an AFM height profile of a typical wrin-

kle. The mean height along the wrinkle is H ¼ 3:360:4 nm

with a mean full width at half maximum (FWHM) of

W < 6:862:2 nm (due to the width of the AFM tip, the

width measurement is an upper bound). These dimensions

are well in the regime of H2=Wa > 1 (a¼ 0.24 nm is the

graphene lattice constant), where the pseudo-magnetic field

from the corrugations is predicted to be large enough to

induce a zero-energy Landau level.23

In Fig. 4(b), we demonstrate that using the morphology

of the substrate we are able to control the orientation of the

wrinkles to a certain degree. We have fabricated 1 lm spaced

metal strips of 200 nm wide and 55 nm high. SLG is trans-

ferred onto these periodic structures, and is partially sus-

pended between the top edge of the step edges and the

substrate, as can be seen in Fig. 4(b). It shows that there is

room for water to evacuate near the steps. Wrinkles form in

the direction perpendicular to the steps (Fig. 4(c)), presum-

ably so that water can be evacuated towards the steps, and

outwards from there. In this way, we demonstrate the possi-

bility to align nm sized wrinkles in graphene. We propose

that milling small trenches (<50 nm width) in a substrate

would yield a similar result, if graphene can freely suspend

over these trenches. This could be used to study electronic

transport across multiple aligned wrinkles.

The density of wrinkles in graphene may also be con-

trolled by using other polymers for the transfer or by per-

forming the transfer at different temperatures.21 We

FIG. 2. (a) An optical microscope image of a wrinkled graphite flake of dif-

ferent thicknesses (down to �3 nm thickness). (b)-(e) AFM image of the dif-

ferent parts as indicated in (a).

FIG. 3. (a) AFM image of a pristine SLG sheet as prepared by exfoliation.

(b) An AFM image of the SLG sheet after transfer, now containing many

wrinkles. (c) The Raman spectra for the pristine and wrinkled graphene layer

of (a) and (b) (taken on a Renishaw Raman system 2000 with a 514 nm ar-

gon laser, 1 lm spot size, 1 mW power, and spectral resolution of �3 cm�1).

(d) Conductivity as a function of applied back-gate voltage, measured at

room temperature and at low pressure (�10�5 mbar). Inset: AFM image of

the device.

FIG. 1. (a) A SiO2 substrate with graphitic flakes covered with a polymer

(cellulose acetate butyrate (CAB)). (b) and (c) The polymer film is “wedged

off” the substrate and floats on water. (d)-(f) Film-strip of a wet transfer pro-

cess seen through an optical microscope (the time stamps are approximate).

The arrow points at a large corrugation that is already present when the flake

is floating on water. Once water is drained, the corrugation is left behind as

a wrinkle. The scale-bar is 50 lm. The schematics in the insets show the

water level.
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speculate that the wrinkle density and height depend not

only on the polymer viscoelastic properties but also on the

polymer film thickness and the polymer concentration in the

solution the substrate is dipped in to cover it with the

polymer.

Finally, we show that wrinkle formation can be pre-

vented altogether by transferring flakes onto hydrophobic

substrates, as shown in Fig. 4(d) for a SLG flake. To render

the surface hydrophobic, it was functionalized with a fluo-

roalkane molecule (CF3ðCF2Þ8ðCH2Þ2SiCl3Þ. This observa-

tion supports the hypothesis that water plays a key role in

wrinkle formation during wedging transfer.

In summary, we find that wet transfer of graphene onto

commonly used hydrophilic substrates induces wrinkles in

graphene. Raman measurements show no detectable defect-

related D-peak in this wrinkled graphene, and transport

measurements show mobilities comparable to those found

before transfer. It is possible to control to a certain extent the

density and orientation of the wrinkles. This could be useful

for studying electronic transport across a controlled number

of (aligned) wrinkles. It also opens up the possibility to

explore a number of other experiments. In the presence of a

magnetic field, the angle between field and flake will vary

on a nm length scale. In addition, the curvature induces

local pseudo-magnetic fields.7 The curvature also increases

chemical reactivity which can be exploited to chemically

bind atoms or molecules8,24,25 in one-dimensional patterns

along the wrinkles.
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FIG. 4. (a) The height profile of a typical wrinkle. The black dots are a sub-

set of data taken from the inset and plotted together on the same horizontal

axis. The red curve is a fit, which is the result of an average over 294 traces.

Inset: AFM image of a single wrinkle. The middle part is excluded in the fit.

(b) The cross-section height profile across a bare metal strip on the substrate

(blue) and across a strip covered with graphene (red), as indicated in the

AFM image in the inset. (c) AFM image of SLG transferred onto a periodic

step structure. The wrinkles tend to align perpendicularly to the steps. (d)

AFM image of SLG transferred to a hydrophobic substrate.
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