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Wrinkle-induced highly conductive channels in
graphene on SiO,/Si substrates
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A graphene wrinkle is a quasi-one-dimensional structure and can alter the intrinsic physical and chemical
activity, modify the band structure and introduce transport anisotropy in graphene thin films. However,
the quasi-one-dimensional electrical transport contribution of wrinkles to the whole graphene films com-
pared to that of the two-dimensional flat graphene nearby has still been elusive. Here, we report
measurements of relatively high conductivity in micrometer-wide graphene wrinkles on SiO,/Si substrates
using an ultrahigh vacuum (UHV) four-probe scanning tunneling microscope. Combining the experi-
mental results with resistor network simulations, the wrinkle conductivity at the charge neutrality point
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shows a much higher conductivity up to ~33.6 times compared to that of the flat monolayer region. The
high conductivity can be attributed not only to the wrinkled multilayer structure but also to the large
strain gradients located mainly in the boundary area. This method can also be extended to evaluate the
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Introduction

Graphene, as the first discovered two-dimensional (2D)
material with honeycomb structure, was mechanically exfo-
liated from bulk graphite using Scotch tape in 2004."> With
excellent mechanical,® electrical,” and optical properties,® it
shows prospects of promising applications in terms of field-
effect transistors,® optoelectronic devices,” and flexible and
transparent electrodes.® Other than mechanical exfoliation,
methods for preparing large-area and high-quality graphene
include chemical vapor deposition (CVD),” reduction of gra-
phene oxide,® epitaxial growth on SiC'" and single crystals of
noble metals,">*® etc. Due to the thermodynamic requirement,

“Institute of Physics, Chinese Academy of Sciences, PO Box 603, Beijing 100190,
People’s Republic of China. E-mail: [hbao@iphy.ac.cn

bUniversity of Chinese Academy of Sciences & CAS Center for Excellence in
Topological Quantum Computation, Chinese Academy of Sciences, PO Box 603,
Beijing 100190, People’s Republic of China

Key Laboratory of Material Chemistry for Energy Conversion and Storage, Ministry
of Education, School of Chemistry and Chemical Engineering, Huazhong University
of Science and Technology, Wuhan, 430074, People’s Republic of China

dSongshan Lake Materials Laboratory, Dongguan, Guangdong 523808,

People’s Republic of China

‘Department of Physics and Astronomy and Department of Electrical Engineering and
Computer Science, Vanderbilt University, Nashville, Tennessee 37235, USA
tElectronic supplementary information (ESI) available. See DOI: 10.1039/
donr01406k

{These authors contributed equally to this work.

12038 | Nanoscale, 2020, 12,12038-12045

electrical-transport properties of wrinkled structures in other two-dimensional materials.

strictly 2D graphene does not exist and therefore, pronounced
out-of-plane deformations are present in the form of ripples
even in suspended graphene with a height of up to 1 nm."®
Wrinkled structures are formed on the substrate during the
preparation and transfer process,"” through which layer-layer
interactions can lower the total energy of the system.'® The
most observed wrinkle structure is collapsed trilayer graphene,
in which the folded region shows large curvature and apparent
height."®"** The distribution of wrinkle width is wide, ranging
from ~10 nm to several micrometres, while the length can be
one order of magnitude larger.”® Therefore, a wrinkle can be
regarded as a quasi-one-dimensional structure within 2D gra-
phene films.

For pristine monolayer graphene, the nearest two carbon
atoms in the honeycomb lattice are bound together by the =
bond and electrons can move freely in-plane. For multilayer
graphene (bilayer, trilayer or more), the stacking order can be
AB/ABC or turbostratic due to the van der Waals interactions
and interlayer tunneling allowing carrier transport between
layers."” As for the graphene wrinkle, it can be considered as
multiple-stacked layers jointed by a folded region with a large
curvature, by which the band structure is significantly
tuned.?®?"**2>  Pprevious scanning tunneling microscopy
(STM) studies suggested that the local curvature of the
wrinkle can break the six-fold symmetry of the graphene
lattice and lead to the presence of midgap states in the neu-
trality point.>*®*” For a sub-5 nm graphene wrinkle on Ni
(111), scanning tunneling spectroscopy (STS) results revealed
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bandgap opening and a one-dimensional van Hove singular-
ity, showing the possibility of controlling the electronic band
structure of graphene by engineering the geometric struc-
ture.”® As for the nanoscale double-folded wrinkle in mono-
layer graphene on SiO,/Si, pseudo Landau levels were
observed in STS, which are caused by a gradient-strain-
induced pseudomagnetic field of up to ~42 T.>° In both the
systems above, d7/dV spectra recorded in the wrinkled region
were pronouncedly higher than those in the pristine mono-
layer area.”®?® In addition, DFT calculations showed that the
charge density distributions of the enhanced up-dispersed
and the down-dispersed states are mainly distributed within
the wrinkled trilayer area.>>*" Therefore, compared with their
flat counterpart, the graphene wrinkles give rise to significant
changes in the energy band structures and electrical pro-
perties, and show new application prospects in field effect
transistors and flexible electronics.*®

Previous studies on the electrical transport properties of
graphene with wrinkled structures treated the wrinkle as a
line-defect like a grain boundary, which degrades the conduc-
tivity and mobility of carriers traversing it.**** The reduction
in electrical figures of merit for the transverse transport
through wrinkles is mainly attributed to carrier scattering by
flexural phonons that stem from the corrugations.>*?®
Furthermore, formation of graphene wrinkles can lead to
inhomogeneous charge distribution and local variation of
surface potential, forming potential barriers for electrons.*>%?”
A distinct anisotropy in conductivity of wrinkled graphene was
observed and transport along the folded wrinkles showed
much better electrical performance than that across the
wrinkles.***”™*® Wu et al. found that there exists strong con-
finement in the graphene wrinkle and electronic waveguides
are formed in the direction parallel to the fold axis.*" All these
results indicate that wrinkles are one dimensional (1D) highly
conductive channels and can be useful for constructing elec-
tronic devices. However, previous investigations were mainly
performed by conventional two- and four-terminal measure-
ments, in which the microfabrication process inevitably
introduces undesirable contamination, irreversibly causes
damage, and changes the intrinsic electrical properties.>**%*!
Furthermore, 1D electrical transport contribution to the whole
graphene films compared to that of 2D flat graphene nearby
has not been isolated yet.

In this work, we report wrinkle-induced highly conductive
channels in millimeter-scale graphene, typically 1 mm in size,
using a UHV four-probe STM system. By performing variable-
spacing four-probe measurements away from and along the
graphene wrinkles, it is found that the presence of wrinkles
leads to breaking down of the 2D transport nature of pristine
graphene. Collinear four-probe measurement with fixed
spacing shows that the introduction of wrinkles results in a
much higher conductivity compared to that of the monolayer
regions on both sides. Using a resistor network simulation, the
conductivity in the wrinkled area is extracted, which can be up
to ~33.6 times higher than that in the flat monolayer region.
Both the multilayer structure and large strain presented in the
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wrinkled area can be the cause for the high conductivity
within the quasi 1D channels.

Experimental section

The millimeter-scale graphene samples were grown on Cu foil
by the CVD method and then transferred onto a Si substrate
with a 300 nm SiO, dielectric layer by the poly(methyl meth-
acrylate)-assisted method.” Atomic-force-microscopy (AFM)
characterization was performed under ambient conditions
using a Nanoscope IIIa SPM (Digital Instruments) and all data
were collected in tapping mode. Raman mapping was obtained
using a Horiba HR Evolution Raman microscope system under
ambient conditions. The setup parameters are a 532 nm laser
wavelength, a 0.90/100x objective and a 1 pm beam spot size.
The STM/STS experiments and electrical transport measure-
ments were performed using a home-designed UHV 4P-STM
system running at a base pressure of about 5.0 x 10~ mbar.*>
The STS results were obtained using a lock-in amplifier with a
typical sinusoidal modulation of 5.9 meV (rms) at 973 Hz. The
dz/dV spectra were recorded from an average of 100 individual
curves obtained continuously at the corresponding positions.
In the load-lock chamber, the graphene@$SiO,/Si samples were
annealed at 200 °C for 24 hours at a pressure of ~1 x 107°
mbar. During the STM experiments, a chemically etched W tip
operated in constant-current mode, while a chemically etched
gold tip contacts the sample as the bias electrode. All four-
probe electrical transport characterization studies were per-
formed at room temperature using chemically etched gold tips
and a Keithley 4200-SCS system. The real-time capacitance
signals between the probes and the gate were monitored as
feedback during the probe approaching process for the con-
ductive sample on dielectric substrate, such as graphene@SiO,/Si
in this paper. In order to reduce the interference coming from
graphene edges and wrinkles, the probe distances from the
wrinkles and the edges were set as at least ~1.6 times larger
than the probe distances with a measuring error under +5%.**
Since the wrinkles can also interfere with each other, we per-
formed four-probe measurements on isolated wrinkles which
are at least ~100 pm away from others. The carrier densities of
graphene on the SiO,/Si substrate can be tuned by applying
voltage to the heavily doped Si (P++ Si) layer.

Results and discussion

The extended graphene wrinkles were formed during the trans-
fer process and their width and length are micron-scale and
millimeter-scale, respectively. A typical graphene wrinkle
(labeled as wrinkle-1) of ~3 pm wide is shown in Fig. 1(a) and
the corresponding large-area AFM images are shown in
Fig. 1(b). The wrinkle is embedded in monolayer graphene
regions with a thickness of ~1.0 nm as confirmed by AFM,**
as shown in Fig. S1(a) in the ESL} The monolayer nature is
also confirmed by Raman characterization (Fig. S1(b) in the
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Fig. 1 Optical, AFM and STM characterization of the graphene wrinkle. (a) Optical micrograph of one typical graphene wrinkle on the SiO, sub-
strate. (b) AFM image of the graphene wrinkle in (a). (c) The line profile along the blue line in (b). (d) STM image of the graphene wrinkle on the Si/
SiO; substrate. The main direction of the small wrinkles is in parallel with the large wrinkle. (e) The STM image of the monolayer graphene area on
the Si/SiO, substrate. No orientation preference is observed in the unwrinkled region. (f) STS results on the wrinkle (in red) and the monolayer gra-
phene (in black), in which the former is distinctly higher than the latter. Each spectrum is an average of 100 neighboring spectra. STM imaging para-

meters: Iy = 3 nA and Vsampie = =300 mV.

ESIt). According to the line profile shown in Fig. 1(c), the
wrinkled area shows a much higher thickness compared to flat
monolayers and an averaged wrinkle thickness is ~7.5 nm.
As previously reported, in the folding structure, the wrinkle
can be composed of three, five, or more layers, where the
folding regions show a much larger curvature like carbon
nanotubes.’>*"*® In addition, the layers were not closely
stacked due to the curved structures.”® As can be seen in
Fig. 1(c), the boundary sites are much higher than the middle
area inside the wrinkle, which possesses larger curvature and
has been also observed in sub-micro-scale wrinkles.”> The
micron-scale wrinkle is composed of many nm-scale wrinkles,
the main directions of which are in parallel with the larger
one, as shown in the STM image (Fig. 1(d)). In addition, we
also performed STM characterization on the monolayer area in
which no specific orientation is present (Fig. 1(e)). As shown
in Fig. 1(f), our STS results also reveal that the local density of
states at the wrinkled area is distinctly higher than that in the
flat monolayer region, which is in accordance with previous
studies.**?®

In the four-probe collinear measurement, the probes are
arranged along a line, in which probes 1 & 4 are used to inject
current (I1 and G4) to the sample, while probes 2 & 3 (V2 and
V3) are used to measure the potential difference on the sample
surface.”® The measured resistances of the sample with homo-
geneous conductivity o are defined by the potential difference
(V23 = V2 — V3) over the injected current (V23/I1), which are
sensitive to the sample dimensionality and the distance
between the probes. The probes are usually equally spaced
with the current probes at the outside.”® In a specific case, the
distance between probes 1 and 4 is fixed to 3 (a.u.), while V2 is
positioned between them at a distance of 1 (a.u.) from probe 4
(Fig. 2(a and b)). Probe 3 is movable and the distance between
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G4 and V3 is x (a.u.). For materials with different dimensional-
ities, the measured resistance will follow a specific relationship
as a function of x, as shown in Fig. S2 in the ESLf In particu-
lar, when x is 3 for the 2D case, the measured resistance is
equal to zero since V2 and V3 are the same.

Using this measurement configuration, the dimensionality
of transport behavior has been probed on thin Al foil and
the bulk bismuth sample.*” In our case, the unit of the probe
distance is set as 30 pm and variable-spacing four-probe
measurements were performed both away from and along gra-
phene wrinkles, as illustrated in Fig. 2(a) and (b), respectively.
In the former configuration, the measured resistances as a
function of x follow the 2D behavior quite well (red curve), as
shown in Fig. 2(c). As for the latter configuration, the
measured resistances deviate from the 2D scaling regime and
no negative values are presented (Fig. 2(d)). Therefore, the
presence of a wrinkle breaks the original 2D transport pro-
perties in graphene and introduces additional one-dimen-
sional contribution to the electrical transport.*®

Previous studies treated a wrinkle as a kind of defect like a
graphene grain boundary, which can build a transport barrier,
thus degrading the transport properties in terms of conduc-
tivity and carrier mobility when the electrons pass through it,
as shown in Figs. S4(a) and (c) in the ESL{?°*** In order to
study the electrical transport properties along the quasi-one-
dimensional channel, collinear four-probe measurements with
equal spacing (~60 pm) are performed both away from and
along wrinkle-1, as schematically shown in Fig. 3(a) and (b),
respectively. The gate-tunable conductivities and conductivity
ratios of the two setups are shown in Fig. 3(c) and (d), respect-
ively. It shows that the conductivities along the wrinkle (rep-
resented by 6T,10ngw) are several times higher than those in
the pristine monolayer region (oo, especially at a high gate

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Variable-spacing four-probe measurements away from and along a graphene wrinkle. (a and b) Schematic illustration (not to scale) of four-
probe collinear measurements away from and along a graphene wrinkle, respectively. Probes 1, 2 and 4 are fixed, while probe 3 is movable. The dis-
tance between probes 3 and 4 is set as x. (c and d) The measured resistance (V23/I1) as a function of x at zero gate bias for the cases shown in (a)
and (b), respectively. The black dash line in (c) shows the zero position of the measured resistance. The red solid lines show the fitting curves based

on the 2D case.

G4
(a) - (b) s
11 11
;‘ Equal " Equal e
| spacing Wr;kle Si0,/Si | spacing Winkie Si0,/Si
ate Gate
(/C\) 2000. —— Along wrinkle | (d) 3 5. Conductivity ratio
c7D> —— On monolayer| &
e 1600+ 2 3.0
% 1200+ i 25
800 =
_§ 400_\_/// _(Ig 2_0-
R | ol R | I ——
-45-30-15 0 15 30 45 -45-30-15 0 15 30 45

Gate Voltage (V)

Gate Voltage (V)

Fig. 3 Collinear four-probe measurement away from and along the graphene wrinkle with equal spacing. (a and b) Schematic illustration (not to
scale) of four-probe collinear measurements away from and along a graphene wrinkle, respectively. The four probes are arranged along a line with
equal spacing (60 pm). (c) Gate-tunable conductivity for the cases away from and along the graphene wrinkle-1 as shown in (a) and (b). The curves
are averaged by eight measurements at different positions in each case. (d) Conductivity ratio of four-probe measurements along the graphene

wrinkle (60;10ng-w) @and on the monolayer area (o0y,).

voltage range. Therefore, the presence of a quasi-one-dimen-
sional wrinkle leads to a higher conductivity in two-dimen-
sional graphene film. In addition, the charge neutral points
for both cases are located at the same position, indicating that
no observable doping effect is introduced by the wrinkle. The

This journal is © The Royal Society of Chemistry 2020

same four-probe electrical measurements on other wrinkles
(labeled as wrinkles 2-5) show similar results, as shown in
Fig. S4 and S5 (see the ESIY).

Since the wrinkles are embedded within the monolayer gra-
phene, the conductivity along the wrinkle in the four-probe

Nanoscale, 2020, 12,12038-12045 | 12041
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Fig. 4 Resistor network simulation. (a) Schematic illustration of resistor network simulation for four-probe collinear measurements along a gra-
phene wrinkle. The blue and green resistors represent the pristine graphene and graphene wrinkle, respectively. (b) Simulated conductivity ratio of
four-probe measurements along the wrinkle and on the monolayer region vs. conductivity ratio of the wrinkled area and the monolayer region. (c)
Conductivity ratios of five graphene wrinkles labeled 1-5 at the charge neutral point in this paper.

measurements is determined by both the conductivity inside
the wrinkle (60i,side-w) and that of flat monolayer graphene. In
order to estimate the contribution solely from the wrinkle,
resistor network simulation is employed to simulate the four-
probe collinear measurements, as shown in Fig. 4(a). Therein,
green and light blue resistors represent the graphene wrinkle
and pristine graphene, respectively. In a resistor network with
a constant current source, the potential distribution is merely
determined by the relative conductivity.’®> That is to say, the
ratio of o0jnsige-w tO 00, results in the potential profile in the
four-probe case if the injected current is constant. For the
experimental results, 60,1ong-w and o0y, can be directly obtained
from the four-probe measurements. Based on the resistor
network simulation (see details in the ESIt), o0inside-w/00m can
be extracted from ouong.w/00m, as shown in Fig. 4(b).
Accordingly, for the case in Fig. 3, the presence of wrinkle-1
can lead to an increased conductivity by up to ~1.76 times at
the charge neutral point, which means the conductivity solely
in the wrinkled region is ~33.6 times higher than that in pris-
tine graphene (Fig. 4(c)). The conductivity ratios of wrinkles
2-5 at the charge neutral point are also shown in Fig. 4(c),
wherein all of them show about one order higher conductivity.
Based on these ratios, the conductivity solely in the wrinkled
region can be extracted which is on the order of several
mS O, as shown in Fig. S6.1

As revealed in the AFM and STM images shown in Fig. 1(b-d),
the height and thus structures in wrinkle-1 vary from place to
place, while the averaged wrinkle thickness is about 7.5 nm.
Previous studies showed that the wrinkles are composed of
multi-folded graphene layers, in which an averaged layer thick-
ness is about 0.5 nm in trilayer or five-layer wrinkle struc-

12042 | Nanoscale, 2020, 12,12038-12045

tures.>" As for wrinkle-1 with inhomogeneous structures, it is
approximately composed of 15 layers on average. As a conse-
quence, for carrier transport along the wrinkled graphene
area, the multilayer graphene structure can provide additional
transport channels, thus leading to a much lower resistance
than that in the flat monolayer region.*® The different conduc-
tivity of the five wrinkles can be mainly attributed to the vari-
ations of the width and height in the wrinkled area.*® The
wider and higher the wrinkle, the more the likely presence of
transport channels, which can promote electron transport and
increase electrical conductivity. Among the five wrinkles, the
averaged lateral size of wrinkle-1 is the largest (~3 pm x
~7.5 nm), and it shows the highest conductivity. Since the
width and height of graphene wrinkles span a wide range, the
statistical spread of the conductivity is large.

As is known, both strain and doping can modify the band
structure and influence the electrical transport properties of
graphene.*® It was reported that for a narrow graphene wrinkle
on the SiO,/Si substrate, pronounced and nearly equally separ-
ated pseudo Landau levels were observed in the d//dV spectra,
which are caused by a gradient-strain-induced pseudo mag-
netic field.”® Lee et al reported that mechanical strain and
charge doping in graphene can be separated via mapping of
Raman 2D and G modes.** Raman characterization studies of
2D and G peak positions are performed on wrinkle-1, as
shown in Fig. 5(a—c). Previous studies showed that both hole
and electron doping will lead to upshift of Raman G peaks.”®
However, only downshift is observed in our case. Furthermore,
based on the gate-tunable conductivity measurements, no dis-
tinct shift in the charge neutral point or doping preference is
shown, compared with the unwrinkled graphene area. Both

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Raman characterization of the graphene wrinkled area. (a) Optical micrograph of the characterized graphene wrinkle-1. (b and c) Raman
maps of the 2D and G peak positions of the graphene wrinkle shown in (a). (d) Contour map for graphene strain extracted from the mapping results
shown in (b) and (c). The wrinkled areas show a compressive strain of up to 0.4%, while the monolayer regions near the wrinkle present a tensile
strain of up to 0.3%. (e) Distribution of the strain gradient along the direction perpendicular to the wrinkle. The large strain gradients are mainly

located at the wrinkle boundary.

results exclude the possibility of doping in causing the
increased conductivity.

Based on the vector deposition method proposed by Lee
et al. (see details in the ESI}), strain variations are estimated
as shown in Fig. 5(d)."® The wrinkled regions show a compres-
sive strain of up to 0.4%, while the monolayer regions near
wrinkle-1 present a tensile strain of up to 0.3%, in agreement
with the sub-micron-scale wrinkles.®” Accordingly, the strain
polarity is reversed in the wrinkle boundary position, and
therefore large strain gradients are mainly distributed in the
boundary area with larger curvatures, as confirmed in Fig. 5(e).
In addition, Raman characterization studies of wrinkle-2 reveal
a similar polarity of strain distributions, as shown in Fig. S8 in
the ESL The strain variations of the five wrinkles are signifi-
cant, in which the highest compressive strain inside the
wrinkle can be up to ~0.5% and the highest tensile strain near
the wrinkle can reach ~0.3%, as summarized in Fig. S9 in the
ESLf Such strong variations in strain distributions (Fig. 5 and
Fig. S8, S9 in the ESI}) result from the difference in inhomo-
geneous morphologies and local curved structures between
regions both inside and near the wrinkle, which is confirmed
by the AFM and STM images shown in Fig. 1(b-d). Previous
theoretical studies revealed that local strain can effectively
engineer the electronic structure of graphene by considering
nearest-neighbor hopping amplitude changes and be used to
generate 1D channels, surface states, and confinement.>®
Furthermore, the calculations showed that the charge density
distributions of the enhanced up-dispersed and the down-dis-
persed states are mainly distributed within the wrinkle with
larger curvature.”>*' Therefore, besides the wrinkle dimen-
sion, strain gradients should also be an important factor for
the enhanced conductivity of wrinkles. Since the conductivity
is positively correlated with strain, local variations of levels of
strain in the wrinkled region can be a minor cause for the
different conductivity of the five wrinkles. To pick out wrinkles
with possibly higher conductivity, levels of strain distributions
should be characterized individually.

This journal is © The Royal Society of Chemistry 2020

In general, due to the multilayer channels and strain-
enhanced electronic states, the pseudo-one-dimensional wrin-
kles provide highly conductive channels in two-dimensional
graphene films and can be used for electronic applications,
such as interconnecting channels in chips. Additionally, it has
already been addressed that periodically 1D wrinkles can be
fabricated by transferring graphene onto substrates with orga-
nized microstructure or pre-stretched polymer substrates,
which is important for manufacturing high-speed and flexible
electronic devices.'””" Beyond graphene, wrinkles can also be
used to control the band structure of other two-dimensional
materials, such as MoS,,>> and therefore our four-probe
method can be extended to characterize wrinkle-induced elec-
trical transport properties in these systems.

In conclusion, we demonstrate direct probing of conduc-
tivity enhancement in quasi-1D wrinkles within millimeter-
sized graphene on SiO, substrates using a UHV four-probe
STM system. The micro-scale graphene wrinkles are composed
of many nano-scale wrinkles, the main orientations of which
are nearly in parallel. According to the variable-spacing four-
probe measurements away from and along the graphene wrin-
kles, it is revealed that the introduction of wrinkles strongly
disturbs the 2D transport behavior of pristine graphene.
Collinear four-probe measurements show that the conduc-
tivities along the wrinkles are distinctly higher than those
along the flat monolayer area. Based on the resistor network
simulation, the conductivity inside the wrinkled region can be
33.6 times higher than that in the non-wrinkled region, which
can be attributed to the multilayer configuration and large
strain gradients shown in the wrinkled area. Our results help
to pave the way toward practical applications with wrinkled
graphene as electrodes in electrical devices and can be used to
probe the corrugation-induced effects in other 2D materials.
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