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Introduction

Graphene, the first-discovered two-dimensional 
(2D) material [1], is extensively investigated for 
applications in field-effect transistors, optoelectronic 
devices, and flexible and transparent electrodes due to 
its high carrier mobility, exceptional optoelectronic 
properties, optical transparency, and flexibility [2–4]. 
Inspired by these and other promising applications, 
large-area macroscopic graphene has been synthesized 
by numerous techniques [5]. One of the most effective 
methods to synthesize large-area graphene is chemical 
vapor deposition (CVD) on metal-foil substrates 
such as Cu and Ni [2, 6]. Due to imperfections 
and impurities in the polycrystalline Cu substrate 
that provide nucleation centers for growth [7], the 
synthesized graphene is usually polycrystalline, 

whereby the one-dimensional (1D) grain boundaries 
(GBs) scatter charge carriers and decrease carrier 
mobility [8, 9]. In addition, multilayer graphene 
islands can also form between the top layer and the 
Cu substrate with an inverse ‘step pyramid’ stacking 
structure [10, 11].

After graphene is grown on a conducting sub-
strate, it must be transferred to an insulating substrate 
for electrical characterization and device integration. 
During the post-growth transfer process, surface 
adsorbates, microns-wide wrinkles, extended cracks, 
and irregular holes are introduced. All these imperfec-
tions, namely wrinkles, GBs, multilayer islands, cracks, 
holes, and adsorbates, reduce graphene’s homogeneity 
and result in additional carrier scattering during elec-
trical transport, degrading the electrical performance 
and limiting practical applications in electronics  
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Abstract
In large-scale electronic applications of graphene, imperfections play a key role in controlling the 
electrical properties. Here we directly probe the electrical-degradation effects induced by wrinkles, 
grain boundaries, multilayered islands, cracks, holes, and adsorbates on millimeter-scale graphene 
on a SiO2/Si substrate using a four-probe scanning tunneling microscope. By comparing the local 
measurements near and far away from these imperfections, we quantify their impact on the most 
important figures of merit including sheet resistance, carrier mobility, and residual carrier-density 
variations in the vicinity of the imperfections. Angle-dependent measurements via a van der Pauw 
geometry are then performed to determine the influence of imperfections on the whole graphene 
flake. A key result is that, as long as the imperfections do not extend continuously over the entire flake, 
the overall electrical properties of a graphene flake are not distinctly impacted by the imperfections 
because carriers find the paths of least resistance. The four-probe method can also be extended to 
evaluate the degradation effects on electrical-transport properties in other two-dimensional (2D) 
materials.
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[9, 12–15]. A deep understanding of the electrical deg-
radation effects induced by graphene imperfections is 
highly needed.

Experimental studies of degradation effects 
induced independently by graphene wrinkles [16], 
GBs [17, 18], multilayered islands [19, 20], adsorb-
ates [15, 21], and cracks and holes [22, 23] have been 
performed by conventional two- and four-terminal 
measurements, which entails lithographically pat-
terning the graphene films into electrical devices with 
drain and source electrodes [16, 17, 20]. The micro-
fabrication process inevitably introduces additional 
contamination, irreversibly damages the sample, and 
changes the intrinsic electrical properties [12]. In 
contrast, four-probe electrical measurements per-
formed by an ultra-high-vacuum (UHV), four-probe, 
scanning-tunneling-microscopy (4P-STM) system 
can avoid additional contamination and preserve the 
original quality and intrinsic properties of the samples 
after characterization [24–26]. Moreover, the 4P-STM 
system can measure samples with any geometri-
cal shape by placing probes at various positions and 
length scales, exploiting the versatility of individually-
driven probes with nm resolution [27]. Therefore, the 
4P-STM is an effective way to systemically study elec-
trical properties of large-scale graphene with a wide 
assortment of imperfections.

Here we report direct probing of the effect of 
imperfections on the electrical properties of millim-
eter-scale graphene, typically of samples 1 mm in 
size, including sheet resistance (R□), carrier mobil-
ity (µ), and residual carrier-density (n0) variations, 
by a 4P-STM system. By performing local four-probe 
measurements, it is found that imperfections lead 
to a local increase of the sheet resistance R□ by up to 
650% while the mobility µ decreases by up to 95%. 
Both global van der Pauw measurements and local 
four-point measurements in regions far away from 
imperfections reveal that imperfections have no dis-
tinct effect on the electrical homogeneity of the whole 
graphene flake unless they are quite extended, as can be 
the case with multilayered islands and cracks. Overall, 
the whole graphene flake shows better electrical per-
formance than local regions with imperfections. The 
present method can be extended to characterize the 
electrical properties of other 2D materials.

Results and discussion

The graphene samples were grown on Cu foil by the 
CVD method and then transferred onto a SiO2/Si 
substrate [28]. The polycrystalline graphene flakes 
with irregular shapes can be easily identified on 
Cu foil after growth, as shown in the optical image 
in figure  1(a). The growth process of graphene is 
not encumbered by GBs or the morphology of the 
Cu substrate, leading to grains of millimeter size 
or larger [28]. Figure  1(b) shows one of the typical 
STM images of graphene on Cu foil, revealing the  

highly-corrugated nature of the substrate. The 
presence of both triangular and honeycomb lattices 
in the atomic-resolution STM image (figure 1(c)) 
is attributed to the local corrugations of the Cu 
surface, which cause anisotropic strain effects, 
leading to breaking the six-fold symmetry of the 
graphene carbon lattices [29]. An optical micrograph 
of graphene transferred onto a SiO2/Si substrate 
is shown in figure  1(d), wherein wrinkles, GBs, 
multilayered islands, cracks, holes, and adsorbates 
are indicated by blue, green, red, purple, yellow and 
black arrows, respectively. In addition to the optical 
contrast, the thickness obtained by the AFM height 
image (~1.2 nm) also verifies the monolayer nature 
of the transferred graphene flakes [30], as shown in 
figure 1(e). Using two STM probes, we performed STM 
imaging of graphene on a SiO2/Si substrate. As shown 
in figure 1(f), the triangular and honeycomb atomic 
structures are clearly resolved for graphene transferred 
to the SiO2/Si substrate.

The electrical properties of the transferred gra-
phene samples were characterized by a home-designed 
UHV 4P-STM system (see methods) [25]. In the four-
probe electrical experiments, probe 1 injects the cur
rent (I1), probe 4 is grounded (G4), while probes 2 and 
3 measure the potential drop V23 (V2–V3) between 
them. In general, the four probes are usually arranged 
in square, collinear or van der Pauw geometry setups. 
The sheet resistances R□ are obtained after multiply-
ing measured RI1V23 (V23/I1) by certain geometry 
factors, which are determined according to the probe 
spacing or the ratio between two measurements (see 
details in supplementary material (stacks.iop.org/
TDM/6/045033/mmedia)) [31]. By applying a tunable 
gate voltage to the heavily-doped Si layer that acts as 
gate electrode, the carrier densities of graphene on the 
300 nm SiO2 dielectric layer can be varied. Based on the 
gate-tunable sheet resistances R□, n0 variations and 
carrier mobility can be extracted (see details in sup-
porting information).

For local four-probe measurements in square con-
figuration, the imperfections are located in the center of 
the square and the side length is ~150 µm (figure 2(a)).  
After that, the square formed by the probes is moved 
to a non-defective area ~450 µm away from the origi-
nal imperfection region, as shown schematically in fig-
ure 2(b). Since the nm-scaled corrugation puddles are 
five orders smaller than the measurement square (figure 
1(f)), the strain-induced inhomogeneity are averaged 
out. By comparing the key figures of merit of the two 
electrical measurements in one cycle, including maxi-
mum R□, n0 variations, hole mobility (µh) and electron 
mobility (µe), the degradation effects caused locally by 
each kind of imperfection can be extracted. Four-probe 
measurements via a van der Pauw geometry are carried 
out to obtain the electrical properties of the whole gra-
phene flake, as illustrated in figure 2(c) [32].

Typical gate-tunable sheet resistances R□ near 
(black curves) and away (red curves) from local  
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graphene imperfections are shown in figure 3. Except 
for the multilayered islands, the sheet resistances R□ 
near the imperfections are higher than those of regions 
far away from imperfections in the gate-voltage (VG) 
range from  −51 to 51 V. These increases are due to the 
fact that the local imperfections act as strong scatter-
ing centers. As for the multilayered islands, the sheet 
resistances R□ in the VG range from  −15 to  +15 V are 
lower than those in pristine graphene monolayer areas, 
while at higher VG this relationship is reversed. We also 
performed four-probe collinear measurements across 
parallel stripe-like multilayered islands, from which 

the results show similar trends as the square case (see 
supplementary figure S1). We will discuss the origin of 
this behavior shortly.

Based on the four-probe measurements shown 
in figure 3, the maximum R□ at the Dirac-point volt
age, µh, µe, and n0 variations are extracted as shown in 
figure 4. The strong scattering due to the presence of 
imperfections not only increases the sheet resistance 
R□ but also reduces the carrier mobility µh and µe by 
anywhere from 20 to 80%, as shown in figures 4(a)–(c).  
The similar features of the carrier mobility ratio varia-
tions shown in figures 4(b) and (c) indicate that imper-

Figure 1.  Optical, AFM and STM characterization of CVD-grown graphene. (a) Optical micrograph of CVD-grown millimeter-
scale graphene flakes on Cu foil. (b) Large-area STM image of graphene on Cu foil. The morphology of the Cu substrate can be 
clearly resolved. (c) Atomically-resolved STM image of graphene shown in (b). (d) Optical micrograph of transferred graphene on 
Si/SiO2 substrate. The selected wrinkles, GBs (highlighted by a green dashed line), multilayered islands, cracks, holes, and adsorbates 
are indicated by blue, green, red, purple, yellow and black arrows, respectively. (e) AFM height image of the transferred graphene 
on Si/SiO2 substrate. The inset line profile reveals that the thickness of the monolayer graphene area is about 1.2 nm. (f) Atomic-
resolution STM image of graphene on Si/SiO2 substrate. The triangular and honeycomb lattices are indicated by triangles and 
hexagons, respectively. STM imaging parameters: It  =  300 pA and Vsample  =  −300 mV.

Figure 2.  Schematic of direct four-probe measurements on graphene via three different configurations. (a) Schematic diagrams 
of local four-probe measurements with imperfections located in the center of the measurement square. (b) Local four-probe 
measurement in square configuration directly on monolayer area far away from imperfections. The side length of the square is fixed 
at ~150 µm and the distance between the two configurations in one cycle is ~450 µm. (c) Schematic of four-probe measurement by 
van der Pauw geometry. Probe 1 and 2 contact two nearest corners while probe 3 and 4 contact the corners on the opposite side.

2D Mater. 6 (2019) 045033
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fection-induced degradation has the same effect on 
both holes and electrons. Compared to other imperfec-
tions, the cracks show the largest degradation effects in 
maximum R□ (~increased by up to 7.5 times) and µ 
(~decreased by up to 20 times). This feature is due to the 
fact that the presence of extended cracks leads to discon-
tinuities in conduction channels, where strong short-
range scattering potentials are introduced [12, 33].  

A hole also causes a discontinuity in the graphene lat-
tice, but the size of typical holes is much smaller than 
the probe distance, leading to a smaller impact on elec-
trical performance than the impact of cracks. Unlike 
cracks that break the graphene lattices, wrinkles and 
GBs are 1D defects formed in the lattice of pristine gra-
phene. The reduction in conductivity and mobility of 
graphene wrinkles is mainly attributed to scattering of 

Figure 3.  Gate-tunable sheet resistances (R□) of graphene near and far away from the local imperfections: (a) wrinkle,  
(b) GB, (c) multilayered island, (d) cracks, (e) hole and (f) adsorbate. The insets show the optical micrograph of direct four-probe 
measurements near these imperfections. The intra-grain R□ in (d) scales by a factor of 2. The side length of the measurement square 
is ~150 µm.

Figure 4.  Impacts of different local imperfections on electrical performance of graphene. (a) The ratio of maximum R□ in 
measurement near the imperfection (R□1) to those far away from the imperfection (R□2). The dashed line in (a) indicates the 100% 
position. (b) The ratio of extracted hole mobility near the imperfection (µh1) to those in a non-defective area far away from the 
imperfection (µh2). (c) The ratio of extracted electron mobility in measurement near the imperfections (µe1) to those far away from 
the imperfections (µe2). (d) The n0 variations between measurements near (n01) and far away from the imperfections (n02). The 
dashed line in (d) indicates the zero doping shift position.

2D Mater. 6 (2019) 045033
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carriers by flexural phonons that stem from the corru-
gated structures [34], in which curvatures of wrinkle is 
of vital importance in modifying the electronic band 
structure [35, 36]. Previous STM studies suggest that 
the local curvature of the wrinkle can break the six-fold 
symmetry of the graphene lattice [29, 35]. Through 
scanning tunneling spectroscopy (STS), lower electri-
cal conductance in wrinkled region was demonstrated 
compared to relatively flat graphene area due to the 
presence of midgap states [35]. Moreover, wrinkles can 
also give rise to n-type doping which forms potential 
barriers for charge carriers [37, 38]. GBs are composed 
of non-hexagonal and distorted hexagonal carbon 
rings [39], in which backscattering and intervalley scat-
tering are the dominant mechanisms responsible for 
performance degradation [40]. Furthermore, the wider 
the wrinkle is, the more curved structures are likely pre-
sent, which can suppress electron transport and mobil-
ity [36]. Since the width of graphene wrinkles (~µm) 
varies a great deal, the statistical spread of the effect of 
wrinkles is the greatest. In contrast, the width of GBs 
is limited to ~1 nm [39] and thus the statistical spread 
of their effects is the smallest. As for the adsorbates, the 
transport properties of graphene near these impurities 
are dominated by both Coulomb scattering and short-
range scattering [15].

As has already been mentioned, the behavior of 
the sheet resistances R□ at variable VG for multilayered 
graphene islands is different compared to other imper-
fections (figures 3(c) and 4(a)). According to previous 
studies of CVD-grown graphene, these multilayered 
graphene islands are located beneath the topmost gra-
phene layer with the inverse ‘step pyramid’-type struc-
ture [10, 11]. The gradual change of height rather than 
an abrupt change at the step as demonstrated by the 
AFM image also verifies the inverse stacking sequence 
(supplementary figure S2(b)). The lower sheet resist
ance R□ near the Dirac-point voltage is mainly attrib-
uted to the additional conduction channels provided 
by the multilayered islands [19]. However, since all the 
probes contact the topmost graphene layer, the mul-
tilayered islands between the dielectric substrate and 
the topmost layer would cause a screening effect in the 
gate-tuning process [19, 41]. Therefore, field-induced 
carriers in the topmost layer are fewer than in the case 
without screening. As a consequence, at large VG bias, 
the R□ for the multilayered island area are higher than 
those in monolayer regions (figure 3(c)). The reduc-
tion in carrier mobility µ is attributed to two mech
anisms (figures 4(b) and (c)). One is the interlayer 
scattering induced by the multilayered graphene 
islands [42] and the other is the non-uniformity of 
the multilayered islands which are composed of both 
commensurate and incommensurate stacking orders 
[43, 44], as shown in the Raman maps in supplemen-
tary figure S2. The GBs inside the polycrystalline layers 
give rise to more scattering centers for carriers passing 
through this area.

The variations of residual carrier-density n0 
between measurements near and far away from the 
imperfections are shown in figure 4(d). For GBs, mul-
tilayered islands, cracks, holes, and adsorbates, both 
electron- and hole-doping (less than 1  ×  1012 cm−2) 
are present, while for the graphene wrinkles, only elec-
tron-doping is observed, which is attributed to elec-
trons transferred from the bulk to the folded regions 
[37, 38].

To study the effect of imperfections on the electrical 
properties of the whole graphene flake, global van der 
Pauw measurements under variable rotation angles 
are performed, by which the key electrical figures of 
merit of the whole graphene flakes are extracted.  
Figure 5(a) shows a schematic diagram of four-probe 
van der Pauw measurements on a polycrystalline gra-
phene flake with an increment angle of 20°. The GB 
positions are identified by the Raman D peak mapping 
as shown in supplementary figure S3 [17]. A multilay-
ered island measuring several hundred micrometers is 
located in the center with some adsorbates around. For 
a graphene flake with regular or symmetric shape, e.g. 
hexagonal graphene shown in figure 2(c), the probes 
are placed at the corners for the van der Pauw meas-
urements [32]. On the other hand, for a polycrystal-
line graphene flake with irregular shape shown in fig-
ure 5(a), the four contacting points are determined by 
drawing two orthogonal lines through the center of the 
flake which intersect with the periphery. Based on this 
configuration, nine van der Pauw measurements are 
shown in figure 5(b), in which all curves almost merge 
with each other and only small variations are present 
near the Dirac point. The local four-probe measure-
ments inside the same polycrystalline graphene flake 
and the averaged van der Pauw result are shown in 
figure 5(c). Figures 5(d)–(f) summarize the residual 
carrier density n0 variations, maximum sheet resist
ance R□, and carrier mobility µ, respectively. As dis-
cussed above, the key electrical figures of merit in the 
local measurements show large changes. In contrast, 
the angle-dependent van der Pauw measurements on 
the whole graphene flake show lower doping, smaller 
variations, and better electrical performance in terms 
of sheet resistance R□ and carrier mobility µ. The four-
probe measurements on another two polycrystalline 
flakes with isolated multilayered islands and cross-
island wrinkles reveal similar electrical properties as 
shown in figures S4 and S5 (supplementary material).

Based on these results, we conclude that local 
imperfections only affect the electrical uniformity in 
their vicinity but have no distinct impact on the elec-
trical properties of the whole graphene flake. Since the 
contact points are located at the periphery and nearly 
equally spaced in the global van der Pauw experiments, 
the electrons choose paths of least resistance between 
the two current probes. A similar conclusion regard-
ing paths of least resistance was recently inferred for 
phonon scattering in semiconductors [45]. Here, the 

2D Mater. 6 (2019) 045033



6

R-S Ma et al

induced degradation is only effective near the local 
imperfections, even for the very extended 1D GBs and 
wrinkles. As a result, the electrical properties of the 
whole graphene flake are relatively uniform and bet-
ter than those near the imperfections. Therefore, from 
the perspective of practical applications, the electrodes 
can be fabricated at arbitrary positions for graphene-
based electrical and optoelectronic devices, such as 
chemical sensors and photodetectors.

Finally, it should be noted that, if the imperfections 
are not localized, i.e. their scale is comparable with that 
of the entire flake, the electrical homogeneity is com-
pletely lost. Figure  S6(a) (supporting Information) 
shows four-probe van der Pauw measurements on a 
polycrystalline graphene flake in which a continuous 
multilayered region covers ~1/5 of the whole flake. The 
three gate-tunable sheet resistance R□ curves show 
considerable differences from each other, indicating a 
breakdown of the electrical uniformity. Figure S6(b) 
(supplementary material) shows the global four-probe 
van der Pauw results on a single-crystal graphene flake 
with a quite-extended internal crack, the length of 
which is about 1/2 of the side length of the hexagon. 
Unlike 1D GBs or wrinkles that are embedded in the 
continuous flake and semitransparent for charge carri-
ers, the cracks entirely disrupt the original conduction 
channels for the current flows [12]. Thus, the presence 
of this long crack leads to a breakdown of the electrical 
uniformity and failure of van der Pauw measurements. 
The same applies to holes [46].

In summary, we report direct probing of electrical 
degradation in millimeter-scale graphene on SiO2 sub-
strates induced by imperfections, including wrinkles, 
GBs, multilayered islands, cracks, holes, and adsorb-
ates. Except for the multilayered islands, the presence 
of imperfections leads to an increase of the local sheet 

resistance R□ by up to 650% while the carrier mobility 
µ decreases by up to 95%. As for multilayered islands, 
the decrease of R□ near the Dirac-point voltage is 
attributed to the additional conduction channels while 
the reduction of µ is mainly due to interlayer scatter-
ing and GB-induced scattering. Due to the great vari-
ations in width and amount of corresponding curved 
structures, the electrical figures of merits of graphene 
wrinkles show the largest spreads. The present results 
also verify that these local imperfections do not lead to 
prominent electrical inhomogeneity of the whole gra-
phene flake unless they are quite extended, as can be 
the case of multilayered islands and cracks. The present 
study helps pave the way toward practical applications 
of graphene in electrical and optoelectronic devices 
and can be used to probe the degradation effects in 
other 2D materials.

Methods

The graphene on Cu foil samples were grown by the 
CVD method [28]. The millimeter-scale graphene 
flakes were then transferred onto a SiO2 (300 nm)/
Si substrate by the poly (methyl, methacrylate)-
assisted method [28]. Atomic-force-microscopy 
(AFM) experiments were performed in ambient 
conditions using a Nanoscope IIIa SPM (Digital 
Instruments) and all images were acquired in the 
tapping mode. Raman maps were obtained by a 
HORIBA HR Evolution Raman microscope system 
at ambient conditions with 532 nm laser wavelength, 
a 0.90/100×  objective and 1 µm beam spot size. The 
STM imaging experiments and four-probe electrical 
transport measurements were carried out by a home-
designed UHV 4P-STM system with a base pressure at 
about 5.0  ×  10−10 mbar [25]. Before transferred to the 

Figure 5.  Global van der Pauw measurements on the whole graphene. (a) Schematic of four-probe measurement on a 
polycrystalline graphene flake via van der Pauw (vdP) geometry. The blue quadrangle outlines the vdP-1 measurement and the blue 
dashed lines mark the vdP-2 measurement. The step angle between two contiguous measurements is 20° as indicated by the red 
double-sided arrow. (b) Gate-tunable sheet resistance (R□) of nine vdP measurements. The nine curves show only small variations. 
(c) Local four-probe measurements on a GB, a multilayered island, an adsorbate, and a nondefective monolayer region far away from 
the imperfections. The averaged result from (b) is also shown for comparison (Average-vdP). Statistical results of (d) residual carrier 
concentration n0, (e) maximum sheet resistance R□ and (f) carrier mobility µ from local four-probe measurements and those in vdP 
configuration.

2D Mater. 6 (2019) 045033
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STM chamber, the graphene sheets on Cu foil and on 
SiO2/Si substrates were annealed at 200 °C for 24 h at a 
pressure of ~1  ×  10−8 mbar in the load-lock chamber. 
The STM images were acquired in constant-current 
mode using a chemically-etched W tip. All four-probe 
characterizations were performed with chemically-
etched gold tips at room temperature and data were 
acquired by a Keithley 4200-SCS system. The real-time 
capacitance signals between the probes and the gate 
were monitored during the probe approaching process 
for graphene@SiO2/Si [25]. A heavily-doped Si (P++ Si)  
layer acts as gate electrode, by which the carrier 
densities of graphene on the 300 nm SiO2 dielectric 
layer can be tuned.
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