Charge Puddles and the Edge Effect in a Graphene Device as Studied by a Scanning Gate Microscope
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Despite the recent progress in understanding the geometric structures of defects and edges in
a graphene device (GD), how such defects and edges affect the transport properties of the
device have not been clearly defined. In this study, the surface geometric structure of a GD
was observed with an atomic force microscope (AFM) and the spatial variation of the
transport current by the gating tip was measured with scanning gate microscopy (SGM). It
was found that geometric corrugations, defects and edges directly influence the transport
current. This observation is linked directly with a proposed scattering model based on

macroscopic transport measurements.
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Graphene has been widely studied due to scientific interests and because of its possible
application to high-speed devices [1-4]. Ever since the successful separation of graphene
layers, many unique physical properties of graphene have been reported, including its linear
dispersion relationship, relativistic fermionic behavior in the conduction and the valence
bands, two-dimensional electron gas (2DEG) behavior, and back-scatteringless tunneling [5-
9]. Many related theoretical predictions have been confirmed by macroscopic transport
measurements [2,3,10]. Despite the successful explanation of the physical properties, the
correlation between the geometric structures of defects such as those caused by corrugations,
defects and edges and the carrier scattering at these defects is not fully understood. For
example, the mobility of graphene measured in a suspended GD or epitaxially grown
graphene is reportedly as high as 200,000 cm/V-s [11-16]. However, a GD on a SiO,substrate
has been measured in the range of 5,000~10,000 cm/V-s [17-19]. The difference is modeled
by the carrier scattering by various defects on a GD on SiO, substrate but not on a suspended
GD. Thus far, structural studies have been conducted using microscopic tools such as
electron microscopy and scanning tunneling microscopy [16,20-25], while the transport
properties have been measured macroscopically in a two- or four-terminal device with a back
gate [2].

We report local carrier transport measurement results using SGM. SGM is a unique
microscopic tool with which the local geometric and electronic structures and the transport
property of an electronic device can be measured simultaneously [26-34]. An SGM uses a
conducting tip to apply an electric field locally and measures the transport current through
two or four contacts. It can use the same tip to measure the geometric structure in Atomic
Force Microscopy (AFM) mode. The results of this experiment showed that the local

geometrical defects indeed work as scattering centers in the transport measurement.

TRANSPORT PROPERTY of GD

Even before any transport measurement of a GD were reported, Ando predicted the
characteristics of the transport properties [35]; perfect graphene only with short-range scatters
would show no conductivity dependence on the carrier density because the scattering rate
would be divergent as the carrier density goes to zero near the Dirac point. However, the
long-range scatters would be dominant in the low-density limit such that the device becomes
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insulating at the Dirac point. Earlier transport results reported that the conductivity is linearly
dependent on the induced charge density by the back gate voltage, even in the range of
+1x10" cm™ [2,3]. This result suggests that the transport property of a GD is strongly
dependent on the scattering mechanism by long-range scatters. With the progress of GD
fabrication, a GD was processed as a suspended device in order to remove the substrate
effects [14,15]. It was predicted that the carrier transport would be affected by scattering with
charged impurities, short-range scatterers, mid-gap states, various phonon modes, surface
corrugations, and defects in a GD [17-19,36-40]. In the case of the charged impurity potential

at a high carrier density limit, the conductance is given by
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which is linearly dependent on the induced charge density [17,38]. The dimensionless
constant C is ~10 to ~20. A recent experiment reported that the measured mobility is linearly
dependent on the doping level of potassium [38,41].

Experimentally, the existence of charge puddle in graphene on the top of the SiO,
substrate was resolved using a scanning single-electron transistor microscope [42]. That
experimental result was considered in the theoretical calculation of transport properties of GD
near Dirac point [43]. Recently, another investigation resolved the charge impurity scattering
centers using a spatial map in scanning tunneling spectroscopy (STS). In that study, the Dirac
point was locally mapped from STS data and the scattering pattern was analyzed to determine
the scattering centers. Good agreement was noted between the local Dirac point and a
theoretical model of carrier scattering [44].

Another important scattering mechanism in a GD is scattering with a phonon. Raman
spectroscopy results in the presence of an electric field showed G band damping due to
scattering with a phonon [40]. The temperature-dependent resistivity of GD is well-fitted to
the theoretical prediction considering the scattering with an acoustic and an optical phonon
[18]. Scattering by geometric corrugations on a graphene surface is also an interesting subject.
The corrugations can be formed by interaction with the substrate or by a thermal cycle during
the annealing process [45]. From the theoretical calculations, electrons in the presence of a
ripple are affected by the vector potential due to a strain field [37,46]. However, the role of

corrugation in carrier transport remains not well understood.

SCANNING GATE MICROSCOPE



The SGM in this study was operated under an ultrahigh vacuum (UHV) at 20 K with
liquid helium, at 84K with liquid nitrogen, and at room temperature. The sample can be
annealed with current through a device or annealing of the whole chamber can be
accomplished at an elevated temperature. An ultra-sharp AFM tip can be positioned over the
GD using custom-made vacuum motors. During the SGM operation, the transport current is
measured through the electrodes, as shown in Fig. 1A. As we place the conducting AFM over
the area of interest in a GD, the transport current varies as we move the device. A typical total
conductance value without the tip gate is ~ 100 uS whereas the variation in the conductance
with the tip gate is ~ 1 uS.

A custom-made UHV AFM operating at cryogenic temperatures was used to perform the
SGM experiment, as shown in Fig. 1B [47]. The AFM head has a rigid three-column
structure inside the UHV chamber, and the chamber is immersed in a liquid-helium Dewar
and cooled by the helium exchange gas (at nearly one atmospheric pressure) to ensure
optimal thermal and vibrational stability. The radiation through the main probe chamber is
effectively cut off by internal baffles and the objective lens of the CCD optics is installed for
a long-range optical microscope just above the AFM head. To achieve the maximum
numerical aperture, we mounted an objective lens with a diameter of 25 mm and a focal
length of 60 mm on top of the head. We drilled a small hole (4 mm diameters) in the lens
along its optical axis to allow for the unhindered piezomotor-driven motion of the optical
fibers. The intermediate image of the tip and the sample formed near the top of the main
chamber is refocused onto the CCD by a telescopic microscope lens. Fig. 1C shows a long-
range optical microscope image on the sample surface and the cantilever.

Vibration isolation is achieved by anchoring the chamber on a granite table. Three air
table legs support the granite table, at 500 kg, and the cut off frequency is below ~3Hz. A
helium Dewar is attached to three additional air dampers to isolate the mechanical vibration
from the Dewar. The system is installed in a sound-proof room that is separate from the
control and measurement circuits. The noise level from mechanical parts is much less than
100dB. A laser light bounced off the back of a commercial cantilever is detected by a
guadrant photo diode to detect the z movement of the probe. The head has four inertial
piezomotors: a one-dimensional (1D) Z motor [48] (10 mm span) for a coarse approach to the
sample, and three planar XY motors (2 mm x 2 mm span each) for fine horizontal positioning
of the sample and to adjust the laser lens assembly and the photodiode. A pan-type linear
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walker with six independent shear piezo feet is used for coarse movement of the sample to
the tip. As a white light source (the cleaved end of the multi-mode fiber) illuminates the
sample surface at the angle 6, we can estimate the distance between the tip and the sample to
be ten times the distance between the cantilever and its shadow laid on the sample, achieving

a safe and fast coarse approach down to a tip-sample distance of ~ 5 um.

SAMPLE PREPARATION

The GDs used in this study were fabricated by fabrication processes similar to those
reported earlier [4]. Graphene flakes were mechanically exfoliated from either highly
oriented pyrolitic graphite (HOPG) or natural graphite. Graphite was tapped onto scotch tape
and then peeled off several times until it appeared shiny. Subsequently, this graphene tape
was transferred by finger onto the top of thermally grown 300-nm thick SiO20n a highly
doped Si substrate that was used as back gate later. The thickness of the graphene flake was
confirmed by micro-Raman spectroscopy. A single layer of graphene was confirmed via
image contrast of an optical microscope. Source-drain metal (3 nm Cr / 30 nm Au) contacts
were defined by conventional electron beam lithography and a lift-off process. Figure 2A
shows an optical image of a fabricated GD with metallic contacts. These electrodes were used
as markers to position the sample with the tip later, as shown in Fig. 1B. After the GD was
mounted in a cryogenic AFM, a macroscopic transport measurement was done to check the
device characteristics, including the position of the Dirac point, electron and the hole
mobility, as shown in Fig. 2B. Red and green lines represent data of a different sweep
direction to note the hysteresis of the device. As the GDs were fabricated in an ambient
environment and transferred to the AFM chamber, the macroscopic transport properties
changed in the UHV chamber, as expected [49]. Figures 2C and D demonstrate the transport
current as a function of the back gate bias voltage before the GD was inserted into a vacuum
(2C) and in the vacuum (2D). Under ambient pressure, the Dirac point of the GD exceeded
+20 V, indicating a hole-doped device by water molecule adsorption on graphene. After the
GD was annealed at 380 K for 6 hours, the Dirac point moved to ~0 V, suggesting that the
adsorbates were desorbed under UHV. The mobility of the sample was also increased when
this process was repeated.

RESULTS and DISCUSSION



The topography of a graphene layer was measured using a scanning tunneling
microscope (STM). In monolayer graphene, a honeycomb-shaped STM topography is
observed. In double-layer graphene, every other carbon atom appears bright, resulting in a
hexagonal topography due to the Bernal stacking of the double layers. Figure 3A shows an
STM image of an epitaxially grown graphene layer on a Si-terminated SiC surface [50],
showing the honeycomb-shaped atomic details. Imaging of the atomic details of a GD on
SiO, was not possible with STM without an x-y motor or by the optical microscope in this
chamber. In the SGM chamber, where x-y-z motors were equipped, it was possible to obtain a
resolution of ~ 1nm with a cantilever-based operation. Figure 3B shows a STS result on the
graphene layer. It has a hump just below the Fermi level, as explained by phonon-mediated
tunneling near the Dirac point [25].

After a GD was installed in a cryogenic AFM-SGM chamber, it was imaged in AFM
mode. Figure 4A shows a contact mode AFM image of a GD, where a SiO,-coated Si tip was
used. The GD appears to have a lighter color in the middle. The corrugation on the SiO,
surface is known to be ~1 nm with an average corrugation width of ~50-60 nm [51]. Similar
corrugation was observed on the GD, and the characteristic features are very similar on the
GD and a SiO; substrate. Figure 4B shows the AFM topography of a GD with a higher
resolution. Again, the observed corrugation depth is very similar to that on a SiO, surface and
the average separation among those corrugations is ~50-60 nm, as reported on a bare SiO,
surface. This data suggests if there is a scattering mechanism due to corrugation, it can be
modeled by this topography. Unlike earlier results [36], we could not find self-similarity in
the length scale in our data.

After the corrugation was confirmed by AFM topography, SGM experiments were
conducted. Figure 5A depicts a 800 x 800 nm? AFM topography of a GD and Figs. 5B-L
show SGM micrographs from a tip bias voltage range of —2.5 to +2.5 in steps of 0.5 V. The
Dirac point of this GD was —24 V, as set by the back gate bias. All of the SGM measurements
were taken at Dirac point by back-gating. Corrugations on graphene surface are seen in
topography image with lateral dimension of ~100 nm. The spatial variations of conductance
change become more prominent as the absolute value of the tip gate bias increases in either
negative or positive polarity. Negative (positive) polarity of electric field from the tip is
related to the scattering dynamics of electron (hole) carriers. The small features in the SGM
data are tens of nanometers, revealing good agreement with the AFM observation. There is
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strong correlation between the SGM signal and the topographic corrugations; the peaks
appear at the bottom of the valley in topography. The range of high conductance region with
hole carrier is extended more than that with electron carrier at the same electric field strength.
This difference is due to the structure of charge puddle. The correlation between topographic
data and SGM data implies that the charge puddles exist at the bottom of each ripple. The
difference features in electron and hole carriers indicates that electrons are more locally
confined at the bottom of the ripple induced by the interaction with substrate and hole carrier
screens around confined electrons.

Unlike scattering by a geometrical corrugation, scattering caused by crystalline defects
are slightly different. Figure 6A shows the topographic image with defect and Figs. 6B-F
show the tip bias dependence of the SGM micrographs near defects with tip gating bias of
2.0V (B),4.0V(C),0V (D), 20V (E) and 4.0 V (F) respectively. The nature of this
defect is not clear, but this area appears to be elastically deformed. The SGM signal indicates
strong carrier scattering even at a high tip bias voltage compared to scattering by geometrical
corrugations in which the averaging effect by tip bias conceal the spatial resolution with tip
gating voltage of higher than £3 V [52]. It is worth to note that the conductance change by tip
gating is dramatically high compared to scattering by geometrical corrugations. Color-coded
scale bar for SGM signal for defect is shown in Fig. 6G which is an order of magnitude
higher than that for geometrical corrugation as shown in Fig. 5M. This result indicates that
the defect can affect the transport properties in a dramatic way and has to be considered
carefully.

When the SGM signal was measured at edges of a GD, a strong enhancement of the SGM
signal was observed. Figure 7A and B show SGM results obtained by contact mode AFM
with SiO,-coated Si tip. The Dirac point of this sample was —20 V according to the back gate
bias. As the tip gate bias was decreased to -2V, Fig. 7B, i.e., as the tip gate approaches the
Dirac point, the edge transport signal increases by as much as 10 times that at the middle of
the GD. That is due to charge accumulation at the edge of a GD by electrostatic force [53].
The edge state conducting channel can be opened and contributed to electron transport like in
a lightning rod. More experiment about edge effect with gate-controlled GD showed that the
conductance enhancement at the edge was not observed with back gate of Dirac point (in low
carrier density limit), however, the conductance enhancement at edge were observed again in
electron or hole charging regime. Theoretical calculation with SGM simulation confirmed
this edge effect by the edge channel opening [52]. Based on this result, it becomes necessary
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to re-interpret a considerable amount of existing macroscopic data.

In conclusion, the results of this study show that geometric ripples, defects and edges directly
influence the transport current according to SGM. This observation is directly linked with the
proposed scattering model based on macroscopic transport measurements, and the existing

results must be re-examined.
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FIGURE CAPTIONS

Fig. 1: (A) Schematic diagram of AFM operated at cryogenic temperature. This unit is
kept inside a UHV tube that is inserted in a helium Dewar. A laser reflection from the
back of a cantilever is detected by a quadrant photodiode. Piezoelectric motors are
mounted to align the detection mechanism and the sample coarse movements. (B) CCD
images of a GD with a long-range optical microscope installed inside UHV AFM
chamber. C) Operational principle of SGM. As an AFM cantilever scans a line, the
controlling computer remembers the topography. After the scan a tip bias is applied to
the tip and follows the topography, such that the tip follows the same distance away
from the sample.

Fig. 2: (A) An optical microscope image of a fabricated GD. A faint dark object is a single-
layer graphene and bright parts are contact electrodes. (B) A typical graphene resistance
versus back gate bias voltage after loading into AFM and several annealing process. Red
data was taken as increasing the bias and the green curve was obtained as ramping down.
(C)-(D) Macroscopic transport measurement data before inserting into AFM chamber (C)
and after annealing at 380K for 6 hours (D).

Fig. 3: (A) STM topography of a monolayer graphene on a Si-terminated SiC. (B) STS data
on the surface of the monolayer graphene.

Fig. 4: (A) AFM topography of a GD measured in contact mode. (B) An AFM topography in
non-contact mode. Maximum vertical corrugation is ~ 2nm.

Fig. 5: (A) An AFM topography of 800 x 800 nm area on a GD. (B)-(L) SGM data on the
same area at tip gating bias of 25V, -20V,-15V,-10V,-05V,0V,05V, 1.0V,
1.5V, 2.0V and 2.5 V respectively. (M) Color-coded scale bar of conductance change
for SGM data

Fig 6: (A) An AFM topography of geometrical defect. (B)-(F) Corresponding SGM signals
with tip gating bias of -2 V, -4 V, 0 V, 2 V and 4V respectively. (G) Color-coded scale
bar of conductance change for SGM data

Fig. 7: SGM micrograph of a GD in which the Dirac point is -20 V of the back gate voltage

with tip gate bias of -1 V (A) and —2 V (B). Strong conductance enhancement at the
edge was observed with —2 V of tip bias which is more close to Dirac point.
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Fig. 1. Chaeetal
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Fig. 2: Chaeetal
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Fig. 3: Chae et al.
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Fig. 4: Chae et al
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Fig. 5: Chae et al
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Fig. 6: Chae et al
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Fig. 7: Chae et al
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