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Graphite thin film characterization using a simplified resonant
near field scanning microwave microscope
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We describe a highly simplified design for a coaxial resonant near field scanning microwave microscope operating at 7.4 GHz configured
to measure surface resistance and obtain topographic images with micrometer resolution. This design for a resonant probe tip combined
with a highly stable mechanical system developed to rapidly tune the resonant frequency enables a simplified and effective approach to
implementing near field microwave microscopy. We present images and measurements performed on a non-uniform granular graphite film
sample and the surface resistance results agree with data in the literature.
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Presentamos una descripción del disẽno de un microscopio de microondas altamente simplificado de exploración por barrido con resonador
coaxial que opera en el campo cercano a 7.4 GHz configurado para la medición de la resistencia superficial y la obtención de iḿagenes
topogŕaficas con resolución microḿetrica. El disẽno de una sonda altamente estable permite la sintonización ŕapida de la frecuencia de
resonancia mediante un sistema mecánico, y esto hace posible una implementación eficiente de la microscopı́a de microondas de campo
cercano. Las iḿagenes y mediciones presentadas corresponden a una pelı́cula de grafito granular no uniforme cuya resistencia superficial
medida concuerda con los datos reportados en la literatura.

Descriptores: Microscoṕıa de microondas de campo cercano; resistencia superficial; imágenes topográficas; sonda resonante; frecuencia
resonante.

PACS: 78.70.Gq.

1. Introduction

Near field microwave microscopy (NFMM) has attracted at-
tention in recent years due to its sub-micrometer resolution
and its utility in characterizing electrical properties of a va-
riety of materials relevant to microelectronics [1-4] and the
biological sciences [5]. It has yet to gain widespread ac-
ceptance as a routine characterization technique partly due
to the complexity involved in interpreting images [6,7]. One
approach has been to implement NFMM systems based on
planar microwave probes integrated with commercial atomic
force microscopes [8,9], which allows one to make use of ex-
isting scanning systems. Although this approach has led to
the highest resolutions reported to date [10] and is the ba-
sis of a commercial system (Agilent), it is especially costly.
A more common approach has been to implement systems
based on coaxial resonant probes [12] which are much sim-
pler from an electromagnetic point of view and are easier to
fabricate.

The design of microwave scanning near field probes fall
into two categories: broadband and resonant [11]. The vast
majority of recent works have focused on resonant systems
which provide a much higher energy density at the probe
tip and allow for sensitive cavity perturbation measurements
sensitive to both the real and imaginary parts of the sample
impedance [13-15]. The response of a resonant system to
the interaction with a sample has been used to obtain super-

ficial topography images [16] and to measure electrical [17]
and magnetic [18,19] properties of planar samples, typically
capacitance associated with changes in frequency and resis-
tance associated with changes in quality factor [20,21]. Spa-
tial resolution is determined by tip sharpness, which also in-
fluences the sensitivity with which cavity perturbation param-
eters need to be measured.

This work responds to the need for an accessible NFMM
system and a simple and robust protocol for interpreting im-
ages. We describe a system based on the well studied coaxial
geometry [11], with a new and particularly simple implemen-
tation that allows for an easily tunable probe and easily inter-
changeable probe tips. Additionally, a method is described
for the fabrication of micrometer resolution probes using a
simple, repeatable mechanical technique. Here we choose a
representative sample with variations both in sheet resistance
and in topography: a thin film of graphite on a glass substrate
with a thickness much less than the skin depth at 7.4 GHz.
We present spatially resolved measurements of surface resis-
tance and provide an interpretation of electromagnetic prop-
erties of the sample through a simple mathematical model
derived here.

2. Experimental procedures

A block diagram of our system is shown in (Fig. 1). Mi-
crowave power from a network analyzer (Agilent E5071C)
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was supplied to a resonant near field probe through a direc-
tional coupler, whose output reflection port was connected to
a microwave amplifier. This output signal was sent to a detec-
tor diode, whose d.c. signal, proportional to the microwave
power, was amplified and filtered through a low noise pream-
plifier (SRS560). A three-axis motorized translation stage
system, with a resolution of 10 nm per step [22] allows for
both two dimensional scanning over the sample and control
over the probe-sample distance. The network analyzer’s de-
tection system was used to measure the probe’s reflection co-
efficient (Γ) in the absence of a directional coupler and the
frequency was then fixed to a point on the resonant curve
where the reflected power was about half its maximum value.
As in previous works [2,5], when the reflected signal is then
sent to the diode detector, one can assume that small changes
in resonant frequency give rise to changes in the measured
microwave power in a quasi-linear fashion. When the tip is
brought close to a sample, its coupling to the sample per-
turbs the cavity and results in a change in resonant frequency.
The reflected power is thus used, once digitized and with
appropriate software, to create an image representing fre-
quency shift at each point over which the probe is mechani-
cally scanned. In this way, it is not necessary to measure the
entire cavity resonant spectrum at every point in an image,
which is an important simplification.

Our near field probe tip was constructed from a short seg-
ment of a commercial cylindrical coaxial microwave trans-
mission line whose external conductor diameter was 1.22 mm
and internal conductor diameter was 0.28 mm. Its cross sec-
tion was much smaller than the wavelength used, which al-
lows only TEM wave propagation. Its length of the coaxial
segment was close to the wavelength of the incident radiation.
Its input port was formed by a flat and polished central con-
ductor to permit capacitive coupling to the microwave feeder
line, while the near field probe section was left open with the
protruding central conductor ending in a sharp tip (Fig. 2).
This probe tip was manufactured using a purely mechanical

FIGURE 1. Schematic of the experimental setup showing the elec-
tronic and microwave components.

FIGURE 2. Schematic of the process used in tip fabrication.

FIGURE 3. Details of the tuning system showing a) the mechanical
adjustment and b) the coaxial resonator.

procedure: a section of transmission line (Fig. 2a) was me-
chanically polished on both sides (Fig. 2b), a portion of the
central conductor displaced (Fig. 2c), and the protruding sec-
tion was mechanically turned in a precision lathe to form a
sharp tip (Fig. 2d). The central conductor was then brought
close to its initial position with the tip protruding less than
150 microns (Fig. 2e) from the outer conductor, the opposite
end was polished again (Fig. 2f) and the probe tip was assem-
bled with the tuning system. Its dimensions are also shown
(Fig. 2g). An important feature of this design is the fact that
the central conductor is easy to extract, which makes it easy
to replace tips and to sharpen and reuse damaged tips.
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To allow for fast tuning of the probe tip’s central fre-
quency, while maintaining frequency stability, we developed
a mechanical tuning system shown in (Fig. 3). By turning
the micrometer screw shown in (Fig. 3b), the coupling of the
input section of the resonator to the microwave feeder is ad-
justed by varying the air gap between the two coaxial lines.
This not only varies the depth of the resonance peak in the
reflected signal at resonance, but also allows us to tune the
central frequency and, to some extent, the loss suffered by
the cavity to the feeder line. This provides an important op-
erational advantage: not only do we have fine control over
the resonant frequency, but also over the width of the res-
onant peak, as a result of this precisely controlled coupling
between the resonator and the feeder line. The latter makes
it possible to optimize the cavity parameters so that the fre-
quency displacement caused by a given sample is always less
than the width of the resonant peak, and the quasi-linear ap-
proximation described above is always valid. This detail is
important: the quasi-linearity allow us to make quantitative
estimations of the sample properties without having to mea-
sure the full reflection spectrum at each point in an image,
as shown in the next section. Additionally, the tuning of the
cavity of course affects the sensitivity and signal to noise ra-
tio, by varying the extent of the change in measured reflected
power caused by a given sample.

3. Results

In order to extract meaningful information from the instru-
ment, the microwave properties of the resonator were first
characterized. To this end, we rely on a simple model of the
resonator and tip. As shown in (Fig. 4a), we assume there is
a well defined coupling between the feeder line and resonator

FIGURE 4. a) A distributed parameter model used to describe the
microwave behavior of the system, b) a photograph of the tuner
system.

FIGURE 5. Experimentally observed resonant behavior of the sys-
tem for the bare resonator (dotted line), the tip in close proximity
to a glass substrate (dashes line) and the tip in close proximity to
a graphite sample (solid line). Also shown is the change in cavity
reflection measured at a fixed frequency when the tip moved from
the substrate to the graphite.

onator with capacitanceC, there is a capacitanceCc between
the tip and the sample and a stray capacitanceCstr between
the outer conductor and the sample. For clarity, an image of
the tuner system is shown in (Fig. 4b).

The cavity absorption curve was obtained by measuring
directly the complex reflection coefficientΓ versus frequency
(also known as S11). The discontinuity between the feeder
line and the probe was maintained at the condition of critical
resonant coupling so that impedances between the microwave
sourceZms, the feeder lineZft and the probe tipZp were
matched with effective impedanceZ0 = 50 Ohm

First, the resonant frequencyfr, defined as the frequency
of minimum reflection, was measured for the resonator alone.
This yielded a frequency of 7.403 GHz with a small minimum
reflected power of -45.192 dB. The procedure was repeated
with the probe tip in close proximity to a glass substrate (with
a separation of a few microns), and then again with the probe
tip close to a thin structure of patterned graphite on a glass
substrate. The results are shown in (Fig. 5): In the first case,
with the probe tip in air, we observe the highest quality fac-
tor Q and frequency. With the tip close to glass, we observe
a decrease in both resonant frequency andQ, and a further
decrease when close to graphite. We also find that there is
a convenient frequency point in the spectrum where the fre-
quency shift gives rise to an approximately linear change in
measured reflected power. The validity of this will be tested
at below by comparing the final measurement with known
sample parameters.

The nature of the interaction between the tip and sam-
ple was characterized further by investigating the complex
impedance of the reflected signal. The results are summa-
rized in the Smith charts shown in (Fig. 6): we observe that
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FIGURE 6. Smith charts showing the complex reflectance of the resonator.

TABLE I. Cavity perturbation parameters for a tip close to the sam-
ple.

frfit (GHz) Q ηQ %

Air 7.40329 244.49 –

Subst 7.39042 197.81 19.10

Graph 7.3795 147.12 39.82

the coupling changes from inductive in air to capacitive in
presence of the graphite sample. It is clear that the effect
of both the substrate and the graphite film is to change both
the frequency and phase of the signal reflected from the res-
onator. This gives us the option of using both phase and fre-
quency to deduce material properties of the sample. In this
work we choose frequency, since it implies a simpler mea-
surement and therefore a simpler instrument.

It is clear from these results that the resonator provides
sensitivity to changes in quality factor and resonant frequency
that can be measured using the method described in the previ-
ous section. These properties are summarized in Table I: the

resonant frequency shifts as determined through a Lorentzian
fit and the quality factor. The probe tip efficiency, defined as
ηQ = 1 − Qm/Qair [25], is also shown and this provides a
measure of the degree to which the cavity is being perturbed.
In this case, the perturbation is substantial.

The extent to which the sample perturbs the resonant cav-
ity depends on the tip-sample distance. This was verified by
repeatable measurements performed at different heights at a
fixed point on the surface of graphite as shown in (Fig. 7). In
Table II we condense the relevant experimental information.
In particular, the maximum variation ofQ when the probe
tip interacts with graphite is from 0 to 0.5µm and here the
sample is effectively part of the resonant circuit.

The coupling between the probe-tip and the sample is
through capacitanceCc (Fig. 4), which depends strongly
with the distance d. An increase in capacitance (and loss)
leads to greater absorption and a reduction in resonant fre-
quency. In Table II,∆f variation is greatest at the minimum
distance (0.25 microns), which implies a maximum change in
capacitance, and in this condition topographic images were
obtained from shifts in capacitance during tip scanning. It

TABLE II. Cavity perturbation parameters as a function of tip-sample distance with a graphite sample.

Height (µm) frfit GHz Γ dB Q ∆frfit MHz

(Experimental) (In relation tofrfit in air)

0.0 7.37487 -21.535 130.73 28.42

0.25 7.37950 -23.680 147.12 23.79

0.5 7.38553 -24.723 170.10 17.76

1.0 7.38873 -26.244 185.09 14.56

2.0 7.39107 -27.445 196.93 12.22

4.0 7.39370 -29.115 209.04 9.59

5.0 7.39446 -29.432 212.12 8.83

10.0 7.39703 -30.417 223.13 6.26

∞ final measue. 7.40329 -45.192 244.49 0.00
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92 G. LÓPEZ-MALDONADO, N. QURESHI, O. V. KOLOKOLTSEV, H. VARGAS-HERŃANDEZ AND C. L. ORDÓÑEZ-ROMERO

FIGURE 7. Behavior of the cavity reflectance when the probe tip is
placed above a graphite surface and the vertical distance between
tip and sample is varied.

FIGURE 8. Plot of sample separation vs. [fr(d)− fr−air]−2 with
a graphite sample.

is worth noting that the tip-sample separation has a much
stronger effect on the response than any reasonable change
in graphite impedance, and we use this fact to distinguish
between the effects. For this reason, we can safely say that
scanning with over an amorphous surface will produce pre-
dominantly topographic images.

It is instructive to consider the tip-sample interaction
from a dimensional point of view. The frequency of a sim-
ple resonator is proportional to1/(LC)1/2 , and the capaci-
tance of the tip-sample region is proportional to1/d (assum-
ing the tip and sample can be modeled effectively as parallel
plates). Since the capacitance of this region adds linearly to
the capacitance of the resonator (two capacitors in series), the
frequency shift is proportional to[fr(d) − fr−air]−2 where
fr(d) is the resonant frequency at any given value ofd and
fr−air is the resonant frequency of the resonator alone. In-
serting values from Table II, and fitting, we obtain the curve
in Fig. 8, which is consistent with this simple physical inter-
pretation. The close agreement confirms that the tip-sample
interaction can be seen as a simple capacitive one, and can
be described in a lumped circuit model, as we do in the next
section.

By scanning the tip over the graphite structure on a glass
substrate in two dimensions and recording the change in re-
flected microwave power at a fixed frequency, images were
obtained. The tip-sample separation was fixed at 0.25µm
above the graphite structure. A representative image is in
(Fig. 9a). Scanning above of the graphite we can distinguish
different intensities of blue corresponding to surface varia-
tions detected as changes inΓ, dark corresponds to more re-
flected power. (Fig. 9b) shows a three-dimensional surface
representation of the image obtained. This shows clearly the
topographic distribution of thin areas of graphite on the glass
substrate. In the next section, we extract the value of surface
resistance as a function of these data.

FIGURE 9. A representative image of a graphite sample on glass substrate. In contour plot (a), white and blue correspond to graphite of
varying density and white corresponds to the glass substrate. Surface plot (b) indicates the relative magnitude of the change in reflection
coefficient on a linear scale with arbitrary units.
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4. Discussion

A simple model derived from standard transmission line the-
ory [23] was used to determine the surface resistivity of the
graphiteρg−sr at a local point employing these measure-
ments and estimations. Initially we relate the experimental
measured reflection coefficientΓ obtained with the network
analyzer to the probe tip characteristics then we relate this
result to the impedance of the sample.

With the system in operation the probe tip simultaneously
interacts with the feeder line and with sample. First we con-
sider the interaction between the feeder line and the resonator.
The resonance condition is [23]

exp(−i2hL)ΓΓ0 = exp(−i2πn) , (1)

in which Γ is the complex reflection coefficient from the
probe tip opposite end to the feeder line,h = h′ − h′′

= ω(ε0εeffµ0)1/2 − ih′′ with h′ À h′′ is the transmis-
sion line complex propagation constant [23],ω = 2πfr,
ε0 = 8.854 × 10−12 F/m and µ0 = 4π × 10−7 H/m
are the permittivity and permeability of the vacuum respec-
tively, εeff = 3.147 is the effective dielectric constant
of the transmission line calculated using standard methods,
L = 0.02861 m is the length of the resonator andn is the
mode number.

Next, the complex reflection coefficient between the
probe tip and the sample is given by

Γ0 =
Zs − Zp

Zs + Z0
, (2)

whereZs is the effective impedance of the sample andZ0 is
the effective impedance of the probe tip. In the intermediate
regime [3,13]ρg−sr/Zsubst ¿ tg ¿ δg is satisfied, which
gives rise to

Zs = ρg−sr/tg . (3)

Here,Zsub is the effective complex impedance of the sub-
strate, andtg and δg are the thickness and the penetration
depth of the graphite film respectively.

In order to obtainΓ0 in terms ofρg−sr Eq. (4) is substi-
tuted into Eq. (2) which results in

Γ0 =
ρg−sr − Z0tg
ρg−sr + Z0tg

. (4)

It is important to note that the magnitude ofΓ0 will de-
pend strongly on the distance between the tip and the sam-
ple, bringing the tip closer to the sample will increase the
sensitivity. Here, we can use the measured values ofQ from
Table II.

Now substitution of Eq. (4) into Eq. (1) relates the
probe tip characteristics with the graphite superficial resis-
tivity, solving for ρg−sr we obtain

ρg−sr =
Z0tg[exp(−i2πn) + exp(−i2πL)Γ]

exp(−i2hL)Γ− exp(−i2πn)
. (5)

Equation (5) depends now on the properties of the res-
onator, the thickness of graphite, the suitable impedance cou-
pling, and depends onΓ. This allows us to extract the surface
resistivity directly from the microwave measurements.

With this simple model, we can estimate the surface re-
sistivity of the graphite sample from the experimental results
when the height between the probe tip and the graphite is
0.25µm. Using Eq. (1), and substitutingεeff = 3.147 and
h = 274.5− .02741i from the previous section, we find that
the experimental complex reflection coefficient from the res-
onator opposite end to the feeder isΓ = 50.00 − 6.414i.
Note that the cross sectional geometry is chosen to be much
smaller than the wavelength, therefore the TEM mode is the
only possibility and we use mode numbern = 1. This value
can then be substituted into Eq. (5), and using a measured
average graphite thickness of 0.270µm to calculate the sur-
face resistance. This yields toρg−sr=14.1621×10−6 Ω/m
which is in good agreement with reported data of
14.286× 10−6 Ω/m [24].

Note that this result corresponds to one point on the sam-
ple with known graphite thickness. Clearly, this procedure
can be repeated in an automated manner to quantify the sur-
face resistance at each point on an image such as that in
(Fig. 8). Alternatively, taking advantage of the good quantita-
tive agreement between our calculation and the correct value
of surface resistance, this procedure can also be applied in
reverse: from Eq. (5) we can estimate the thickness of the
graphite film if we know the value of the surface resistance.

5. Conclusions

We have demonstrated the functionality of a highly sim-
plified microwave microscope, and have shown that a sim-
ple theoretical treatment provides an effective way to deter-
mine the correct surface resistance of a sample with complex
impedance, with spatial resolution at the micrometer scale.
The main contribution of this work is the combination of
a simple and reliable method for fabrication of a resonant
probe-tip, a simplified method for implementing a rapid tun-
ing mechanism and a theoretical treatment that agrees closely
with known values of surface impedance. This represents
a step towards the practical application of microwave mi-
croscopy in routine measurements.
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