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By using Kelvin Probe Force Microscopy with an additional applied electric field we investigate the local
voltage drop in graphene on SiO, under ambient conditions. We are able to quantify the variation of the
local sheet resistance and to resolve localized voltage drops at line defects. Our data demonstrates that
the resistance of line defects has been overestimated so far. Moreover, we show that wrinkles have the
largest resistance, pwrinkle < 80 Qum. Temperature-dependent measurements show that the local

monolayer sheet resistance reflects the macroscopic increase in resistance with temperature while the
defect resistance for folded wrinkles is best described by a temperature-independent model which we
attribute to interlayer tunneling.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Due to its fascinating electronic structure, graphene is a prom-
ising candidate for future device physics including gas sensors,
flexible displays and microelectronics [1,2]. Graphene growth by
chemical vapor deposition (CVD) and subsequent transfer to SiO,
has become a favored method for large-scale synthesis [3—5].
During the growth and transfer process structural defects such as
wrinkles, grain boundaries and multilayer areas are formed. They
can limit the performance of potential devices since they contribute
to the resistance and to the heat generation of the sample [6—12].

In contrast to conventional transport measurements, scanning
probe techniques can reveal local voltage drops reflecting enhanced
resistance associated with features of a sample's microscopic
structure; this is a significant advantage. The transport physics of
atomic scale defects in graphene on SiC [7,13—15] and SiO; [7] has
been elucidated by scanning tunneling potentiometry (STP) for low
temperatures (6—77 K) and under ultra-high vacuum (UHV) con-
ditions and been analyzed theoretically [16,17]. In contrast, at room
temperature and under environmental conditions increased
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phonon-scattering dominates the graphene sheet resistance [18]
while phase coherent transport processes vanish [9,19].

Using an atomic force microscope (AFM) the method of Kelvin
probe force microscopy (KPFM) has been used to map the elec-
trostatic potential in graphene [20—22], functionalized and chem-
ically derived graphene [23,24] and other systems [25,26]. Thus,
AFM techniques working under ambient conditions and room
temperature are a versatile tool for analyzing the microscopic
transport properties in graphene under conditions relevant for
device physics.

For graphene, the KPFM technique has been limited so far to the
contactless analysis of the local sheet resistance and to the voltage
drop at graphene contacts. In this work we quantify for the first
time the resistance of a single line defect in graphene under
ambient conditions by KPFM. Being smaller than 80 Qum, we find
that most studies overestimate their influence on the total sample
resistance. Moreover, we can map local resistances as a function of
temperature by using joule heating in our sample.

2. Results and discussion
2.1. Evaluation of KPFM transport measurements

The experimental setup is sketched in Fig. 1a. A graphene
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Fig. 1. KPFM-setup for local transport measurements. (a) Sketch of the experimental setup. Graphene sample is contacted in two-point geometry allowing to apply Vaigs across the
sample while Viewin(X,y) is measured by the AFM. (b) IV-characteristic of the device. The non-linearity for higher Vp;qs is induced by the increase in temperature T due to Joule-
heating. (c) Absolute device resistance as a function of temperature T derived from the data points in (b). (A color version of this figure can be viewed online.)

sample on SiO; is investigated by AFM. Additionally, a potential
V3gias is applied via two gold contacts inducing a current across the
sample. The IV-characteristic of the device is depicted in Fig. 1b
showing an increasing non-linearity outside the interval +6 V, since
the sample resistance increases due to increased temperature
induced by Joule-heating. The extracted macroscopic resistance
R(T) = V/I(V,T) is depicted in Fig. 1c, now explicitly as a function of
temperature (see methods).

To analyze the behavior of the voltage drop on a microscopic
scale (also as a function of temperature) we make use of KPFM.
Here, a voltage Vielvin is applied on the tip side to compensate the
electrostatic interaction between tip and sample. In most KPFM
experiments no external bias voltage Vgi,s is applied and the
measured quantity Vielvin is equal to the contact potential differ-
ence Vcpp leading to

1
Vietvin(X:¥) = Vepp (X, Y) = e [q)tip — ®ample (X, Y)] (1)

where @y, and ®sampie are the work functions of the tip and sample,
respectively. The contact potential difference Vcpp(x,y) of a
30 um x 30 um area is shown in Fig. 2b (topography shown in
Fig. 2a). Here, the most striking feature is the work function dif-
ference between the mostly monolayer graphene covered surface
compared to many small islands of bilayer graphene. While
Vepp(x,y) does not yield information about the electron transport, it
serves as the reference for no applied current and allows additional
insight into the electronic structure of the sample. By applying now
the additional external bias voltage Vgijas the drop of the electro-
static potential is superimposed on Vcpp:

Vikelvin (X, ¥) = Vepp (X, Y) + VBias(X,Y) (2)

This is shown in Fig. 2c and d with an applied external bias of
Vgias,+ = +4 V and Vpjas - = —4 V, respectively. Both images already
demonstrate an apparent problem for the extraction of transport
information: since the variation of Vcpp(X,y) is still present in the
images, a direct evaluation is difficult. However, under the
constraint of symmetric transport (Vpias+ = —Vgias,—) the pure
transport signal can be obtained by subtraction of opposite applied
bias voltages:

1 -
VTranSport(X7 y) = 5 {V]_gelvin (X,¥) = Viewin(X,¥) } (3)
with Vg 1in (%, ¥) = Vienvin(X, ¥, Viias +)- This effectively cancels the

influence of Vepp(x,y) and is shown in Fig. 2e. Now, the voltage drop
is dominated by a linear gradient across the whole image. This
evaluation method is equivalent to the elimination of thermovolt-
age in scanning tunneling potentiometry that we introduced else-
where [13] and is similar to our recently reported work where
KPFM was applied to evaluate the graphene/gold-contact resis-
tance [20]. Yan et al. also subtracted Vi, (X, V) — VW in (X, ¥) [23],
which is also valid if the surface potential does not change under
the influence of current or temperature. We emphasize that Fig. 2e
clearly demonstrates that complete 2D transport maps can be ob-
tained with this method. In addition, the contact potential differ-
ence Vcepp(X,y) can be recovered from the maps in Fig. 2c and d by
simple addition.

1 _
Véle’Sl)torEd x,y) = 2 Vzelvin (X.¥) + Vietvin (X, ¥) ] “

Comparing Fig. 2f with the original contact potential difference
in Fig. 2b, we see that the assumption of symmetric transport is
valid [13]. Fig. 2g shows the averaged potential drop across the
sample in the x- and y-directions. Clearly, the voltage drop occurs
mainly in x-direction and much less (7%) along the y-direction.

Variations in the voltage drop are found on a local scale. We
calculated the local sheet resistance pmr = Emi/jmacro With the
electric field on the monolayer areas Epy; and the macroscopically
measured current density jmacro for several areas indicated in Fig. 2e
and f. The electric field on the monolayer areas can be calculated by
EmL = AV/AX, the slope of the voltage drop AV over the distance Ax.
Besides, the macroscopic current density is defined as
Jmacro = Vpigs- W /R with the width W of the sample and the sample
resistance R as shown in Fig. 1c. The result can be found together
with the macroscopic sheet resistance pmqcro in Fig. 2h. Two ob-
servations can be made. First, the local monolayer resistance is
=~10 % smaller than the macroscopically measured sheet resistance
Pmacro- Reasons for this lower value are the observed voltage drop in
y-direction which can be introduced by small deviations in the
alignment of the sample. Possibly, the contact resistance between
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Fig. 2. AFM transport study on a scale of 30 um x 30 pm (a) topography image of graphene on SiO.. (b) Vienin Without applied bias voltage Vgi,s. (€) Vielin for additional applied
bias voltage Vgjas,+ = +4 V and (d) Vgijas— = —4 V. (€) Vrransport €valuated by subtracting the KPFM data in (c) and (d). (f) Addition of (c) and (d) reveals the reconstructed Vielyin-
measurement equivalent to the case of no applied bias voltage in (b). (g) Voltage drop in x-direction (black) and y-direction (red) by averaging over the whole image in (e) along the
indicated lines. (h) Local monolayer sheet resistance py; for 9 different areas indicated in (e) and (f). Darkblue line indicates the macroscopic sheet resistance pyqcro While the yellow
line is the average of the local measurements py;. (A color version of this figure can be viewed online.)

gold and graphene can contribute to the voltage drop which is
however relatively small [20]. In addition, the influence of localized
defects as ML/BL-interfaces, steps and wrinkles can give a signifi-
cant contribution to the total resistance as in the case of graphene
on SiC [13,15]. The comparably small difference to pmacro already
limits this influence to < 10%. The second observation is that the
monolayer sheet resistance py varies by up to 8% from the average
value ppp = 342 Q. Reasons for this can be a different density of
defects such as smaller wrinkles present on the sample as well as
local differences in doping and differences in coupling to the sub-
strate. Moreover, it has been shown that the size of single graphene
grains has an influence on the total resistance [10]. Since grain
boundaries are not visible within AFM measurements we cannot
evaluate this quantitatively, while the grain size (<10 pm) is clearly
smaller than the image size. The evaluation of any local resistance
from the voltage drop is only legitimate, if the local current density
is sufficiently homogeneous and not locally varying due to e.g.
defects. In order to estimate the effects of inhomogeneities in the
current density, we have performed resistor network simulations of
the system (see Supporting Information). The current is found to be
mainly homogeneous (coefficient of variation 3.8%), thus employ-
ing the macroscopic quantity jmacro is justified and only holds a
small error for the values of local resistances.

2.2. Temperature dependence of local resistances

As already discussed for the macroscopic case, the macroscopic
resistance pmacro increases with temperature T due to Joule-heating.
In Fig. 3 we demonstrate that this is also true at the microscopic
scale. For the two monolayer areas indicated in the topography
(Fig. 3a) and the KPFM map (Fig. 3b) we measured the electric field
Enm for different bias voltages Vpiqs in the range between +4 V and
+12 V. The latter can be expressed as the macroscopic current
density jmacro- Fig. 3¢ depicts the electric field Epy as a function of
Jmacro Which would be linear if temperature did not vary and for the

Ohmic case. The deviation from linearity reveals the temperature
dependence of the resistance. In Fig. 3d we show the calculated
temperature dependent sheet resistance for both areas together
with that of the macroscopic sample. All show a similar slope. The
increase in sheet resistance with temperature for graphene on SiO,
can be explained by additional contributions from acoustic pho-
nons (p(T)«T) and from the activation process of two surface
phonon modes in SiO (p(T) o (eBo/keT — 1)=1) [18]. The fits to the
data using this model are shown as lines in Fig. 3d. The macroscopic
change and the two microscopic values yield similar values for the
activation energy Eo. The variation of the curves in Fig. 3d only
stems from the temperature-independent part pg varying in the
range as discussed in Fig. 2h (see Supporting Information). This part
is amongst others depending on gate voltage/electron concentra-
tion [18]. While no gate voltage has been applied in this experi-
ment, local changes in doping as well as different concentration of
atomic scale defects can lead to local variations of this term.

2.3. Resistance of line defects

A variety of line defects, such as grain boundaries, ML/BL-
interfaces and wrinkles can be found on our samples; however,
they hardly influence the transport compared to e.g. graphene on
SiC [13,15]. As demonstrated in Fig. 2e, the main voltage drop is
found on the free graphene terraces. Nevertheless, by carefully
analyzing the voltage drop in the vicinity of a defect, their small
contributions to the resistance can be observed.

One of the most prominent defects are folded graphene wrin-
kles, one of which can be seen in the middle of Fig. 3a—b (Defect
#4). According to Zhu et al. these are formed when a wrinkle's
height becomes large enough to result in instability and collapse
[11]. It then forms a local quasi-trilayer (TRL) graphene region.
Therefore, they are comparably wide yet smaller in height
compared to unfolded wrinkles (Fig. 4a left/middle). The folded
graphene wrinkles analyzed here are between 150 and 300 nm
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Fig. 3. Temperature-dependence of local sheet resistance pp(T). (a) Topography map and (b) KPFM map without applied bias voltage. (c) Electric field Eyy. as a function of jmacro for
the two areas indicated in (b). Lines are fitted to the data points of lowest current density. (d) Local monolayer sheet resistances py;(T) as a function of temperature T calculated from
the data in (c). Black points show the macroscopic sheet resistance ppqcro(T) derived from the data in Fig. 1(c) and the device geometry. Lines indicate the fit to the model described

in the text. (A color version of this figure can be viewed online.)
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Fig. 4. Voltage drop at a folded graphene wrinkle. (a) Sketch of the formation of a folded graphene wrinkle. In the folded region three layers of graphene are effectively on top of
each other. (b) Topography, KPFM and transport map (Vgias = 12 V) for the folded graphene wrinkle in Fig. 3 (#4). (c) Averaged voltage drop Vqransport across the data shown in (b)
taken for different applied bias voltages Vg;.s. The x-axis has been adjusted so that the wrinkle is located at x = 0 um (gray vertical line). Colored lines indicate linear fits to the left
and right side of the wrinkle. The inset displays the voltage drop in the vicinity of the wrinkle for Vg;j,s = 12 V with the voltage drop AV located at the position of the wrinkle. (d)
Voltage drop AV for the data in (c) as a function of macroscopic current density jmacro- The orange (black) line shows the temperature-independent (temperature-dependent) fit to

the data. (A color version of this figure can be viewed online.)

wide and 0.9—1.2 nm in height similar to those reported in [11].
Their anticipated structure can be seen in Fig. 4a according to the
model of [11]. In Fig. 4b, we show the topography of the folded
wrinkle from the data set in Fig. 3 along with the KPFM and the
transport map. The KPFM map clearly shows a strong contrast on

the wrinkle indicating its different electronic structure. The work
function difference associated with the folded wrinkles
[ADwrinkie—mr = (85 + 5) mV] in Fig. 3b is demonstrably higher than
that for the bilayer [A®p;_pp = (71 + 5) mV]. While Adpg; _ py is in
excellent agreement with other reported values [27], the higher
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value for A@wyrinkle — M1 is a strong evidence for the TRL-like nature
of the folded wrinkle [27]. In Fig. 4c we present averaged sections
through the transport map for different applied bias voltages. For a
defect resistance pwrinkle We expect a step-like jump in the potential
AV at the position of the wrinkle (gray line). Note that a defect
resistance for a 1D defect is given in Qum in contrast to the sheet
resistance pyy due to its difference in dimension. The jump in po-
tential AV can be clearly seen in the inset for Vpj;s = 12 V. For a local
scatterer at constant temperature, the size of the potential jump
effectively scales with Vpj,s [15], since

AV = pyrinkie 'jmacro (VBias) (5)

To evaluate AV we fitted straight lines to the voltage drop over
the ML sheets to the left and to the right of the wrinkle and
determined their difference at the position of the wrinkle as shown
in the inset of Fig. 4c. While the evolution of the voltage drop
within the defect could give access to further information on the
scattering mechanism [13], we cannot exclude crosstalk from
Vikewvin (Fig. 4b) that changes significantly on the wrinkle and
therefore we do not discuss this further here. In Fig. 4d, we plot AV
as a function of macroscopic current density jmacro. We compare
this to predictions of two models of transport: one reflecting the
temperature-dependent sheet resistance of the monolayer gra-
phene pyp (black line) and one reflecting a temperature-
independent voltage drop (orange line). We find that the obser-
vations are most consistent with a T-independent transport model
(see Supporting Information). This is supported by the results of
Grosse et al. who found a large increase in Joule-heating at localized
scatterers [12]. Thus, it is possible that the temperature of the fol-
ded wrinkles is higher than for the sheet itself. Hence, if pwrinkie
were temperature dependent, deviations from the linear behavior
of Fig. 4d would be larger than expected. Consequently, we
conclude that for the localized scatterer the underlying scattering
mechanism shows either a significantly smaller temperature-
dependence or is completely independent of temperature.

From the best fit to the data we determine the wrinkle defect
resistance, pwrinkle = (51.9 + 2.4) Qum. The lowest reported exper-
imental resistance value for a graphene wrinkle is 200 Qum for a
20 nm wide wrinkle [7]. Theoretically, the folded graphene wrinkle
was postulated to have a defect resistance 200—300 Qum domi-
nated by interlayer tunneling using nonequilibrium Green's func-
tion method [11]. Our measurements suggest that the influence of
this type of wrinkle has likely been overestimated up to now.

In Fig. 5 we show all significant local defects in the area of Fig. 3

wrinkle folded wrinkle
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Fig. 5. Defect line resistance pwrinkie for different wrinkles. For wrinkles #1 - #4 the
colors indicate their position in Fig. 3a. Wrinkle #4 corresponds to that in Fig. 4. Gray
line separates between unfolded (left) and folded graphene wrinkles (right). (A color
version of this figure can be viewed online.)

as well as those from a similar map. All folded graphene wrinkles
show a similar defect resistance; furthermore, standing wrinkles
have comparable but slightly smaller defect resistances. We cannot
exclude the presence of grain boundaries at these positions while it
is likely to coincide, since the grain size in these samples is only of
the order of several pm. On the other hand, since we did not
observe any larger localized voltage drops in our sample, the line
resistance of grain boundaries must be comparable to or smaller
than 80 Qum, which is again smaller than previous experimental
reports [7,12].

We may understand the value of the folded wrinkle resistance if
we note that the wrinkle can be modeled by two ML/TRL interfaces.
As ML/BL-interfaces are known to have a defect resistance of
10—30 Qum [13,15], it is not surprising that a double ML/TRL inter-
face might exhibit a value about twice as large. A more sophisticated
model would have to take into account the particular structure of the
defect: in case of no interlayer coupling, the defect resistance results
simply from the additional path traveled by the electrons; this can be
estimated, pwyinkie = 2 PML - Lwrinkle =200 Qum. This is not consis-
tent with our observations. To accurately describe lower values of the
defect resistance, interlayer tunneling has been proposed theoreti-
cally [11].

A folded wrinkle tunneling transport model is confirmed by our
results, not only by the lower than expected value of the defect
resistance through the folded wrinkle, but also by its temperature-
independence. If the electron transport were simply governed by
the elongated path, the defect resistance would increase due to the
temperature-dependence of pp(T). On the other hand, for
tunneling between graphene sheets the resistance is lowered at
elevated temperature due to thermal broadening of the Fermi
distribution [28]. However, since this is a second order process the
effect is rather small and not observable in our experiments. By
modeling the interlayer tunneling process in a classical resistor
network model (see Supporting Information) we can estimate the
interlayer resistance to be Rc =8-10-82cm? which we treated here
as a contact resistance between two layers of graphene. This value
is 2—3 orders of magnitudes larger than the bilayer interlayer
resistance for graphene on SiC indicating a weaker coupling and a
higher potential barrier [13]. Despite this, it is still smaller than, for
example, the contact resistance between graphene and gold [20].

For the unfolded wrinkles (#1 and #2) the scattering mecha-
nism must be a different because the path is almost not elongated
and thus tunneling is not favored here. One possibility is the in-
fluence of grain boundaries as described above. An alternative
explanation might invoke a scattering mechanism influenced by an
induced potential by detachment of the graphene from the sub-
strate as shown for steps for graphene on SiC [13,15,17]. For CVD-
grown graphene, a local change in doping has been found at
wrinkles and grain boundaries on the atomic scale by scanning
tunneling spectroscopy [29,30].

3. Conclusion

In summary, we have utilized KPFM to map the spatial evolution
of the electrostatic potential for CVD-grown graphene. By addi-
tional data processing we could disentangle the transport and
electronic contribution to the mapped surface potential. We are
able to quantify the local variations of the monolayer sheet resis-
tance and to prove its local dependence on temperature. In
contrast, local voltage drops across collapsed wrinkles gave only
small contributions to the total resistance and did not depend on
temperature. We suggest that this is due to a different scattering
mechanism involving interlayer tunneling. All observed voltage
drops reflected a line defect associated resistance <80 Qum.
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4. Methods

We used commercial graphene samples (Graphene Supermar-
ket) on SiO, (285 nm) on p-doped Si-substrate with no additional
gate voltage applied. While the KPFM measurements were done on
one sample only, several samples where checked for similar
morphology via normal AFM measurements. Since the samples
showed no signs of contamination, no cleaning step was per-
formed. Gold contacts were added in a shadow mask procedure and
contacted by aluminum bond wires in a two-terminal geometry.
Thus, we prepare large area graphene samples with a width
W = (520 + 20) um and length L = (260 + 20) pm.

KPFM is realized in a commercial setup (Agilent 5600LS). Atomic
force and Kelvin force measurements are performed in tapping
mode; amplitude modulation KPFM was used. For KPFM mode we
used platinum deposited silicon cantilevers (OLYMPUS OMCL-
AC240TM-B2) with a resonant frequency of 70 kHz and a spring
constant 2 N/m.

The calibration of the sample temperature has been done by use
of an infrared camera (Wohler, EasIR-4). During the temperature
measurements the same current densities and voltages as later in
the KPFM experiments have been applied to the sample and sub-
sequently, the temperature was mapped in the middle of the gra-
phene sample. This yield a quadratic relation
T = (0.0089+0.0002) %fl(jﬁwcm +(298.9+0.7)K as expected for
Joule-heating. While the temperature might not be homogeneous
about the sample, e.g. at the contacts, the KPFM maps were taken in
the middle where also the temperature was measured. Due to the
high homogeneity in current density, we assumed Joule heating
and thus the temperature to be constant on the ML graphene
sheets.

Measurements have been taken over several days and with
different tips, especially the data shown in Fig. 4 demonstrate their
reproducibility.

For the evaluation of the local voltage drops, all lines of a map
have been shifted along the x-direction to give a straight line as
depicted in Fig. 4b. Thus, averaging along the y-axis improves the
statistics and thus the resolution of the voltage drop. This method is
valid for a small voltage drop in y-direction which we demonstrated
in Fig. 2g. For inclined wrinkles a correction factor of cosf has been
introduced corresponding to the projection in the direction of the
current in order to reproduce the actual voltage drop.
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