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ingle- and few-layer graphene is cur-

rently attracting considerable atten-

tion because of both the scientific im-
portance (e.g., it is the only material to date
with a two-dimensional gas of Dirac fermi-
ons) and tremendous potential for various
electronic and spintronic applications.! 3
The relatively high carrier mobility that can
be attained in graphene makes it an intrigu-
ing material for microwave applications.*~°
Lin et al” demonstrated the first microwave
graphene transistor, operating at 4 GHz,
and very recently, a transistor with a 100
GHz cutoff frequency. Using a near-field
scanning microwave microscope based on
atomic-force microscopy (AFM), Kundhikan-
jana et al.'® obtained the first microwave im-
aging of graphene flakes, but they do not
report any quantitative results of graphene
AC impedance.

To further investigate electrodynamic
properties of graphene and reveal its poten-
tial for microwave applications, we have
employed a quantitative approach using a
parallel-strip transmission line near-field mi-
crowave probe.""'? We have found that the
microwave impedance of few-layer
graphene is thickness dependent and de-
termined by the local sheet impedance of
the underlying graphene flake. We demon-
strate that near-field microwave microscopy
is a feasible alternative to atomic-force mi-
croscopy, Raman microscopy,’>™'° low en-
ergy electron microscopy (LEEM), or optical
methods'®~'? in determination of local
graphene thickness.

Near-field microscopy is associated with
evanescent waves that occupy a nonradiat-
ing, high spatial frequency end of the plane-
wave spectrum representation for electro-
magnetic field. In this regime, k* < k> + k,?
< o, where k is the material complex wave-
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ABSTRACT Near-field scanning microwave microscopy is employed for quantitative imaging at 4 GHz of the

local impedance for monolayer and few-layer graphene. The microwave response of graphene is found to be

thickness dependent and determined by the local sheet resistance of the graphene flake. Calibration of the

measurement system and knowledge of the probe geometry allows evaluation of the ACimpedance for monolayer

and few-layer graphene, which is found to be predominantly active. The use of localized evanescent

electromagnetic field in our experiment provides a promising tool for investigations of plasma waves in graphene

with wave numbers determined by the spatial spectrum of the near-field. By using near-field microwave

microscopy one can perform simultaneous imaging of location, geometry, thickness, and distribution of electrical

properties of graphene without a need for device fabrication.
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number, and k, and k, are the in-plane com-
ponents of the wave vector. Examples of
the application of evanescent waves are
found in near-field optics and scanning op-
tical microscopy,? near-field scanning
microwave microscopy,?'~? negative re-
fraction index materials, % and the perfect
focusing lens.*® In near-field microwave
microscopy, evanescent waves are created
by either an electrically small antenna or
scattering of the far-field radiation on a sub-
wavelength feature.' Since evanescent
waves decay exponentially without energy
loss, the near-field forms a “cloud” in the vi-
cinity of the probe tip.3? Assuming that the
in-plain spatial frequencies are governed by
the probe characteristic size D, such that
|k =~ |k,| = D", and the probe is small
enough that [k|D << 1, the near-field de-
cays into the sample as exp(— |k — k? —
k,?|""22) ~ exp(—+/2z/D) yielding |k,| ~
\/2/D. Therefore, in all three dimensions
the cloud spatial extent is governed by the
probe size, which enables a super-
resolution imaging. In contrast, the inabil-
ity of conventional far-field optics to recover
evanescent signals causes the spatial

near-field microwave microscopy - impedance
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Figure 1. Experimental setup for near-field microwave imaging: (a) diagram of a near-field scanning microwave mi-
croscope; (b) scanning electron microscopy (SEM) image of the electrically open tip of the parallel-strip transmission
line probe (the spacing between the aluminum strips at the tip is D ~ 1 wm), and the equivalent scheme for the
tip—sample interaction in the case of graphene on SiO,/Si substrate. The tip—sample distance h is about 30 nm on

graphene; C,g ~ Co, ~ femtoFarad.

frequency of the smallest spot to which the electromag-
netic radiation can be converged to be less than 4w/
(ref 33). Near-field scanning microwave microscopes
with the ratio of the probe size to the wavelength down
to 107°—10"7 have been demonstrated and found to
be very useful in nondestructive investigation of local
electrodynamic properties of semiconductors, highly
correlated electron systems, metamaterials, biological
samples, and nanostructures.'?2! 2731

Our balanced (differential) near-field probe geometry,
having both the signal and ground wires located above
the sample (see Figure 1), offers several advantages ver-
sus the unbalanced STM- and AFM-based near-field mi-
crowave probes. First, it allows for truly localized material
characterization with the response region defined by the
spacing D between the strips, while in an AFM geometry
the response may be defined by entire area of graphene
flake,'® which hampers the advantage of AFM'’s higher
physical spatial resolution. Second, an intuitively simple
modeling of the probe—sample interaction enables char-
acterization of the absolute local impedance of the
sample under study.3*

The graphene flakes studied in this work were fabri-
cated by a mechanical cleavage method on 300-nm-
thick SiO, on low resistivity Si wafer. Accurate calibra-
tion of the measurement system and knowledge of the
tip geometry and tip—sample distance allowed us to
evaluate the sheet resistance of exfoliated few-layer
graphene at 4 GHz as a function of thickness and/or
number of layers. For initial thickness characterization
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of mechanically cleaved samples, we used
“color-code”’? identification of flakes. The final determi-
nation of flake thickness was based on AFM data and
on the well-known sensitivity of the position and shape
of the Raman 2D band around 2700 cm ™' to the num-
ber of monolayers.'*~1

Our near-field scanning microwave microscope ap-
paratus is described in detail in the Experimental Meth-
ods section (also see ref 12). Briefly, the probe is made
of a tapered quartz bar sandwiched between 2-pm-
thick aluminum strips (see Figure 1), which forms a bal-
anced parallel-strip transmission line. Such a line car-
ries a TEM wave with highly confined electric field,
which uniquely suits the microscope for quantitative
measurements.®® For graphene characterization we fab-
ricated a probe with the quartz cross-section reducing
from 1 X 1.2 mm at the probe top downto 1 X 1.2 um
at the electrically open tip end. The probe spatial reso-
lution on the order of one micrometer is governed by
the spacing between the aluminum strips at the tip D ~
1 pwm. Microwave imaging was performed in a pixel-by-
pixel manner where, at each site, the probe was moved
away from a sample and the probe resonant frequency
shift AF = Fy — Fample Was recorded, where Fy is the
probe frequency uninfluenced by the sample, and
Feample is the frequency measured with the probe in
close proximity to the material. Shear-force feedback
with optical detection®® was employed to control the
tip—sample distance h with better than 1 nm repeat-
ability.3 With knowledge of the probe tip geometry
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Figure 2. (a) Optical and (b) near-field microwave images of a few-layer graphene flakes with varying number of monolay-
ers. The blue colored fragments in panel a are single- or few-monolayers thick, while the two fragments located in the lower
left and upper right corners are 20+ nm thick. The color code in panel b corresponds to the resonant frequency shift of a
near-field microwave probe; SiO, background yields AF = 0.33 MHz. The small cartoon overlaid in the lower left corner of
panel b compares the probe tip cross-section to the size of graphene flakes. The tip—sample distance was about 30 nm on
graphene. Panel c is the example of 532 nm micro-Raman spectrum taken at the place shown by an encircled area in panel
a along with the multiline Lorentzian fitting of 2D band for control of monolayer number at different parts of flakes, which
corresponds to 3-layer graphene. (d) Schematic of the in-plane distribution of the sampling microwave current overlaid by

the probe tip projection on a sample.

(see Figure 1b) and AF measured on a low resistivity sili-
con wafer, the tip—sample distance on SiO,/Si was esti-
mated to be about 50 nm (assuming a parallel plate ge-
ometry for the air-gap capacitors C,). All microwave
measurements were performed in ambient air without
anneal of graphene.

RESULTS AND DISCUSSION

Figure 2a shows an optical image of several exfoli-
ated graphene flakes where color gradation is indica-
tive of flake thickness. The 1T wm spatial resolution mi-
crowave image of Figure 2b is formed by the probe
resonant frequency shift AF acquired as a function of
the microscope tip lateral position. As shown, a good
correlation exists between the near-field microwave
and (far-field) optical image of the few-layer graphene:
AF is proportional to the thickness-defined color grada-
tion in the optical image. In particular, this is because
the size of the near-field probe tip D =~ 1 pm is compa-
rable to the optical wavelength.

www.acsnano.org

To confirm the observed phenomena, we mea-
sured local thickness at different parts of the various
flakes using both AFM and Raman microscopies. A typi-
cal example of correlation between the microwave
and AFM thickness profile “cuts” is shown in Figures
3a,b for a graphene flake shown in Figures 3c,d using
microwave and AFM imaging, respectively. The white
arrows in Figures 3c,d show the location and direction
of the “cut” shown in Figures 3a,b. From the microwave
and AFM cross sections it is clear that the thicker parts
of the flake produce larger frequency shifts. From the
microwave, AFM, and Raman data we were able to ex-
tract AF versus graphene thickness as shown by sym-
bols in Figure 4. To explain the observed dependence,
we developed the following two-dimensional (2D) and
three-dimensional (3D) models for graphene flakes
thinner and thicker than about 10 nm, respectively.

To derive an impedance for few-layer graphene, we
recall that in the absence of interlayer interaction the
screening due to a “sandwich” of two-dimensional con-
ducting layers can be represented as a sum of the
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Figure 3. Example of the microwave frequency shift (a) and corresponding AFM-measured thickness profile (b) for a few-
layer graphene flake shown in panels c and d. Panels c and d are the near-field microwave and the optical images and the op-
tical of graphene flake, respectively. White arrows in panels c and d show the location and direction of the microwave and

AFM profile “cuts” in panels a and b.

screening due to individual layers.”38 Following the re-
sults of ref 39 and ref 40, the impedance presented to
our near-field probe by a two-dimensional system is

g+ 2al+iot
N Oyp

ZngD =

where g =~ 0.36 is the form-factor accounting for the mi-
crowave current distribution in the graphene outside

1.8 T T T
1.6 AF on bulk HOPG

14

1.2}
® Data

—— 2D model fit

—— 3D model fit

10}
0.8
0.6

AF (MHz)

0.4

0.2 AF on 300 nm SiO,/Si

0.0 Lo :
1 10

Thickness (nm)
Figure 4. Probe frequency shift AF vs AFM-defined graphene
thickness on a semilog scale. The blue dashed line repre-
sents AF observed on bare 300-nm-thick SiO,/Si. The verti-
cal error bars in our diagram are due to the difference in spa-
tial resolution between the microwave and AFM images.
The uncertainty of the AFM thickness measurement (re-
flected in horizontal error bars) is about 0.2 nm. For mono-,
bi-, and trilayer graphene, using both AFM and Raman thick-
ness determination, we minimized the vertical error. Solid
lines are the fits to 2D and 3D models (see text).
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of the two areas projected by the aluminum strips3'4!
(see Figure 2d), a =~ (2 wm/1.2 wm)/3 = 1.1 is the form-
factor*? describing the contribution from the graphene
region projected by the aluminum strip (see Figure 1b),
N = t/t; is the number of layers in the graphene stack;
t is the stack thickness, t; is the monolayer thickness,
and T is the scattering time. In eq 1 op = pnype is the
semiclassical two-dimensional low-frequency Drude
conductivity, with . being the carrier mobility, n,p the
carrier density per unit area, and e the electron charge.
The use of the Drude model is justified for the Fermi gas
of electrons. However, the transition from Dirac to
Fermi gas of electrons in monolayer and bilayer
graphene takes place at elevated temperatures and/or
high electron concentrations (see refs 43—45). In our
nonannealed dirty samples, we expect rather high car-
rier concentrations, thus making the above “high-
carrier-density” conductivity applicable. Let us point
out that relation (1) is valid in the long-wavelength limit
g<< kg, where g is the plasmon wavenumber and kg is
the Fermi momentum. The wavenumber (or the effec-
tive sample size) in our experiment is defined by the
spacing between the aluminum strips at the tip, that
is,g~ D"~ 1pum " Using npp =~ 10" =10 cm~2, we
estimate for graphene kr = (41n,p/g:g,)""? =~ 100 pm ™",
with g, = 2 and g, = 2 being the spin and valley degen-
eracy, respectively.*® Therefore, the long-wavelength
limit is valid in our case.

www.acsnano.org



Similarly to eq 1, the impedance presented to the
probe by thicker graphene (or graphite) can be found
as follows:

_g+t2al+iot
Zgr3D - t

)
O3p

where o3p = pnspe is the three-dimensional low-
frequency Drude conductivity with ns3p being the car-
rier density per unit volume, and t being the graphite
thickness.

From the lumped element scheme in Figure 1b, ne-
glecting Zs; in comparison to 1/wC,y, the total tip sus-
ceptance terminating the parallel strip resonator can be
calculated as follows:

wC,g(4Gy” + (2By, + wC,)(2B,, + o(C,y + C,))
8Gy” + 2(2B,, + (C,y + C,))

t

A3)

where Gy, = Re[1/Z,] and By, = Im[1/Z,] are the
graphene conductance and susceptance found from
eq 1 and eq 2 for 2D and 3D cases, respectively. Finally,
using eq E3a from the Experimental Methods section
of our article, the probe frequency shift is calculated as
follows:

AF = Fo = Fsample = JE_1FOZOBt (4)

where Fy is the probe frequency with the tip retracted
from the sample, Fmple is the probe frequency in the
shear-force, Z, ~ 100 () is the characteristic impedance
of the parallel strip transmission line, and B, is the tip
susceptance in the shear-force given by eq 3. In eq 4 the
susceptance of the tip retracted from the sample is ig-
nored in comparison to B, because the terminating ca-
pacitance of the fully retracted tip of about g,D ~

107 "7F (g is the vacuum permittivity) is much less than
the air-gap capacitance G, = 10~ "*F. To extract the
graphene characteristics from our data, according to
eq 3, we also need to know C,4 and the silicon dioxide
capacitance Co. C5q is determined experimentally by
measuring AF = Fi>Z,C,q on implanted Si wafer with
100 () sheet resistance. After that, C,, is determined
from the measurement on SiO, film (outside of
graphene flakes) where AF = Fy?ZyCoqCox/(Cag + Cox) =
0.33 MHz.

The results of analyzing our experimental data us-
ing the above models are shown in Figure 4 by solid
lines. For graphene flakes thinner than 10 nm we fit AF
given by eq 4 with the aid of eq 1 and eq 3, using op
and T as the free-fitting parameters. We obtain op =
1.4 X 107%S and T < 107 "2 5. The latter confirms that at
4 GHz we operate in a diffusive transport regime with
w1 << 1, where the impedance is mostly active and de-
fined by the DC conductivity. This agrees with results
of ref 47, where depending on the carrier concentra-
tion, the scattering time in graphene was found to
range from 10" to 1072 s.

www.acsnano.org

For thicker graphite with t > 10 nm, using o3p and
T as the free-fitting parameters, we fit eq 4 with the
aid of eq 2 and eq 3. The obtained values are o3p =
1.1 kS/m and T = 3 X 107 "% s. Such a short scattering
time shows that, again, our samples exhibit diffusive
transport.

Our two-dimensional model does not take into ac-
count all specifics of the Dirac band structure of
graphene 384474648 At the same time, it adequately de-
scribes the overall behavior of the probe frequency shift
due to multilayer graphene/graphite over a wide range
of thicknesses. Application of this model for few-layer
graphene allowed us to directly restore the sheet resis-
tance for mono-, bi-, and trilayer graphene from the ex-
perimental data. For monolayer, bilayer, and trilayer
graphene, we obtained a 4 GHz sheet resistance of
~700 k€/0, ~350 k€/O, and ~240 k€/0, respectively.
The determined value of sheet resistance for our mono-
layer graphene is significantly higher than ~2.1 kQ)/0
reported in ref 4 for pristine material. However, our
value is consistent with the hundreds of k() values of
DC resistance found in contaminated non-annealed
monolayer graphene.’® Since in our experiment we
have also used nonannealed samples in ambient air,
the observed values of impedance are reasonable.

Further analysis of our experimental data requires
significant development of theories describing interac-
tion between our balanced probe geometry and a two-
dimensional gas for both “classical”*®~>' and Dirac
electrons. 38444548 The use of a localized evanescent
electromagnetic field in our experiment provides for
unusually large plasmon wave numbers in graphene g
~ D' =10%*cm™. For correct description of conductiv-
ity in this case, the screening properties (plasma ef-
fects) of the two-dimensional electron system will be-
come important and need to be included in a full
analysis. We anticipate that future efforts involving dy-
namic control of the carrier density of graphene
samples under test will be performed in order to de-
velop a better understanding of probe/sample interac-
tion as well as high frequency graphene conductivity.

The use of a parallel-strip transmission line probe in
near-field microwave microscopy opens up other new
possibilities in graphene research. One interesting
question is the influence of stacking of graphene sheets
on electrical properties of a few-layer graphene. Signifi-
cant modifications of the energy band spectra of few-
layer graphene near the charge neutrality point due to
different stacking of adjacent monolayers®? lead to ob-
servable differences in Raman>? and infrared spectra.>*
Theory?® also predicts the decrease of electromagnetic
field screening in the case of non-Bernal stacking. One
of the next steps investigating graphene with our tech-
nique will be to work with larger annealed graphene
flakes to allow investigations of the influence of stack-
ing on electrodynamic response and screening proper-
ties of graphene stack that are not masked by doping or
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limited by spatial resolution. Investigation of high qual-
ity gated Hall-bar samples comprising one or few-layer
graphene material is also of significant interest in order
to study the microwave impedance under various
charge configurations. Here, by gaining control over
the carrier density in the graphene layers, we should
be able to further investigate the two-dimensional
properties of the material and refine the electrody-
namic analysis presented in this work. Our probe geom-
etry should also allow for direct investigation of ballis-
tic transport in materials with the coherence length
greater than 1 pm, such as graphene or more conven-
tional two-dimensional electron gas systems.

SUMMARY AND CONCLUSION
We performed near-field microwave imaging
and electrical characterization of few-layer graphene

EXPERIMENTAL METHODS

For fabrication of graphene flakes we used a mechanical
cleavage of highly ordered pyrolytic graphite (HOPG) SPI-I from
Structure Probe Inc. on 300-nm-thick ICPCVD-grown SiO, on low
resistivity Si wafer. For thickness characterization of mechani-
cally cleaved samples, we used “color-code”'? identification of
flakes in Nikon Eclipse 150 optical microscope. The final determi-
nation of flake thickness was based on AFM data and on the well-
known sensitivity of the position of the Raman 2D band around
2700 cm™" to the number of monolayers.'>~'> Atomic force mi-
croscopy is a standard technique for graphene thickness deter-
mination. In our measurements, we achieved about +0.2 nm un-
certainty in thickness determination by AFM which allowed us
to distinguish between the single and few-layer graphene
sheets. For Raman measurements of graphene thickness we
used a well-known dependence of 2D-Raman-band on the num-
ber of monolayers for structurally uniform graphene.??~2* We
analyzed the shape of 2D-band by comparing experimental Ra-
man spectra with the results of numerical multi-Lorentzian fit-
ting. The number of Lorentzian peaks forming the shape of 2D-
band, its positions and widths clearly indicate the number of
monolayers.'>~'> The Raman studies were performed using a
HORIBA Jobin-Yvon LabRAM Aramis micro-Raman system. The
532 nm line of a solid state laser was used for excitation. Struc-
tural information on the graphene flakes was obtained using
atomic force microscopy (AFM) using a Digital Instruments Di-
mension 3100 scanning probe microscope.

Our near-field scanning microwave microscope utilizes a
probe based on a balanced parallel-strip transmission line reso-
nator.'? It is made of a tapered quartz bar sandwiched between
2-pm-thick aluminum strips (see Figure 1) with the quartz cross-
section reducing from 1 X 1.2 mm at the probe top down to 1
X 1.2 um at the tip end (see Figure 1b). The probe was microfab-
ricated as follows. First, a quartz micropipette is pulled with a
commercial UV laser micropipette puller from Sutter Instrument,
Inc. This is followed by depositing 2-pm-thick aluminum onto
two wide sides of the micropipette. Then, the unwanted alumi-
num deposits are removed selectively from the narrow sides by
exposing the entire probe to a large diameter ion beam normally
incident to the narrow sides. Finally, the electrically open
tip end facet is micromachined by a focused ion beam*®
where a separation between two aluminum strips is about 1
wm (see Figure 1b), which eventually governs the microscope
spatial resolution (see Figure 2d). The obtained transmission
line is capable of carrying a TEM wave with electric field
mostly confined between the two aluminum strips (similar
to that of a parallel plate capacitor).>® The balanced probe de-
sign virtually eliminates both the stray field and far-field ra-
diation so the microscope response is entirely defined by a
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flakes. Near-field microwave microscopy is shown
to be a viable method for the electronic transport
characterization in graphene, which can be used as
an alternative method for thickness determination of
graphene. The observed resonant frequency-shift
sensitivity to local thickness of graphene may be ex-
plained by the similarity of graphene behavior at 4
GHz to that of a thin conductive film. By using an
electrodynamic model relating the frequency shift
to the tip impedance, we evaluated the sheet imped-
ance for thicknesses ranging from single and few
layer graphene to bulk graphite. Our approach may
be useful for the design of future graphene-based
microwave devices, quality control in large area
graphene sheets, or investigations of how chemical
or electrical doping of graphene influences the mi-
crowave material properties.

sample area projected by the probe tip, unlike in unbal-
anced STM?' or AFM-based'%?? near-field probe geometries
where return path for the sampling current is typically
indeterminate.

To achieve the desirable microscope sensitivity, the probe
tip impedance of the order of 10°—10° () is matched to the 50
Q) coaxial feedline impedance by forming a 24-mm-long half-
lambda transmission line resonator with resonant frequency of
4.2 GHz and unloaded Q-factor greater than 100. A magnetic
loop, adjusted by a fine micrometer screw, provides a critical
coupling to the resonator with a return loss greater than 60 dB.
The resonator and coupling loop are mounted inside a metallic
enclosure with the resonator tapered end portion protruding a
few millimeters out through a clear hole in the enclosure end
wall. The typical magnitude of microwave electric field at the end
of the tip exposed to the sample was on the order of 1—2 kV/
cm.

Since the probe tip is much smaller than the microwave ra-
diation wavelength, a lumped element approach is adequate
for describing the probe—sample interaction. To find a relation-
ship between the probe tip admittance Y = G + iB (G and B are
the tip conductance and susceptance, respectively) and the reso-
nant frequency F, consider a half-wavelength resonator formed
by a parallel strip transmission line terminated with an electric
near-field probe on one end. The resonant condition is:*’

exp(—i2yL)I'T"y = exp(—i2mn) (E1)

where y = y;—iv, is the complex propagation constant, L is the
resonator length, I'; is the probe tip reflection coefficient I'; =~ 1
— 2Z,yY,, Z, is the characteristic impedance of the parallel strip
transmission line, I'y is the reflection coefficient from the resona-
tor opposite end, and n = 1, 2, ... is the mode number. Substitut-
ing the complex angular frequency @ = w; + iwy and I'y = 1
into (E1), expanding exp(—i2yL) around yL = wn, and neglect-
ing the higher-order terms due to v, << v, w; << wq and Zo|Yy
<< 1 we obtain for the relative change in @:

oz

ZO
= —i2AY, (E2)
T

Separating the real and imaginary parts in eq E2 yields for the
small changes in F = o,/2m and Q7' = 2w,/w:

z
ATF = —;OABt (E3a)

www.acsnano.org



1 27,
A( Q) = A6, (E3b)
While the Q-factor measurements were not available at the time
of our experiment, we present the last equation here for the
sake of completeness. Expression E3a recaptures the result of
ref 58 for the case of a low-loss sample.

Shear-force feedback3**® with optical detection®® is em-
ployed in our microscope to control the probe-sample distance
h with better than 1 nm repeatability. The tapered quartz bar
forms a cantilevered beam in which a fundamental mode at 2.6
kHz is excited by dithering the probe enclosure with nanometer
amplitude using a piezo tube. The probe tip is illuminated with
a laser beam projecting onto a photodetector, which AC output
depends on the tip vibration amplitude that is a strong function
of the tip—sample distance for h < 100 nm. After passing
through a lock-in amplifier the signal is fed into a closed-loop
controller, moving up and down a precision piezo z-stage carry-
ing the probe enclosure. To eliminate the thermal drift in the
tip—sample air-gap the closed-loop set point is recalculated ev-
ery time the probe pulled away from a sample.

The shear-force tip—sample distance in our microscope is
typically independent of the sample material 3> From measuring
AF on a low resistivity silicon wafer and knowing the probe tip
geometry (see Figure 1b) the tip—sample distance is estimated
to be about 50 nm (a parallel-plate geometry is assumed for the
air-gap capacitors in Figure 1b). However, in the case of
graphene as well as HOPG (the same sample was used for fabri-
cating the graphene flakes), we noticed a reduction in the
tip—sample distance by about 30—40% in comparison to that
on Si or SiO,/Si samples. By recording a probe response at the
very beginning of the tip coming into a shear-force with the
sample, we were able to mitigate the problem of occasional flake
damage and collect reliable data. While the nature of the shear-
force interaction in scanning probe microscopy is not well under-
stood yet,* the observed issue can be attributed to the fact
that graphite is a strongly hydrophobic material.

All microwave measurements were performed in ambient
air without a preliminary anneal of graphene. The imaging was
performed in a pixel-by-pixel manner where, at each site, after
measuring a sample the probe was pulled about 30 um away
from a sample and the resonant frequency shift AF = F, —
Feample Was recorded, where Fy is the probe frequency uninflu-
enced by the sample. Using this procedure, the terminating ca-
pacitance of the tip fully retracted is on the order of &,D ~ 10aF.
This value is negligible compared to all other impedance values
encountered and serves as a reasonable reference point. The mi-
crowave electronics based on a closed-loop frequency tracking
circuit'? allows monitoring the probe resonant frequency with
better than 1 kHz precision. This is enough to distinguish be-
tween one, two, and more graphene layers in our experiment
(the observed in our experiment frequency shift difference be-
tween one- and two-monolayers-thick graphene was about
30—40 kHz, what is about 10 times the precision of the fre-
quency shift determination).
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