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Abstract— This paper outlines how demands on electromag-
netic metrology have developed over recent years with the
continuing reduction in the typical length scale of electronic
components and circuits. In addition, novel materials, especially
2-D self-supporting structures such as graphene, have properties
quite unlike the conventional systems. At the nanoscale radical
changes occur in techniques required and even in the physical
quantities measured. This paper focusses on the example of a
near-field scanning microwave microscope and its application
to nano-electromechanical system resonators to illustrate these
changes and challenge.

Index Terms— 2-D materials, electrical conductivity, graphene,
microwave, nano-electromechanical system (NEMS) resonator,
nanoscale electromagnetic metrology, noncontacting scanning
microwave microscope (NSMM), SMM.

I. INTRODUCTION

IMMENSE strides have been taken over the past 50 years
in replacing artifact definitions of the SI-base units by

those based on fundamental constants [1]. It is important to
recognize that the development of metrology relating to the SI
is not “complete” once the base units are all defined in this
way. New physics, new materials, and new technologies will
always emerge and will require developments and extensions
to the SI. A current significant development involves the
extension of precise metrology towards the nanoscale. Devel-
opments in this area not only require novel techniques but it
must also be acknowledged that as the length scale reduces the
behavior of the system moves away from the classical concept
of an ensemble of particles toward an approach based on a
finite number of entities, whether they be molecules, atoms,
photons, spins, or even phonons. Ultimately metrology at or
even below the nanoscale is concerned with the measurement
of single entities and the inevitable quantum mechanical issues
which arise. However, long before the single entity level or
true quantum mechanical behavior is attained, many other
challenges to classical electrical metrology arise as the length
scale decreases [2]. Some key issues are outlined in Section II.
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As an example, Section VI focus on measurement issues
related to scanned microwave microscopy (SMM) [3] applied
to nano-electromechanical system (NEMS) resonators [4], [5].

II. CONTACTS, INTERFACES, AND DIMENSIONALITY

Conventional electromagnetic measurements involve attach-
ing conducting leads to a specimen under test (SUT) and
then applying stationary or time-varying currents or voltages
to these leads while measuring the response of the SUT via
other connections. Measurement of conductivity, resistance,
capacitance, inductance, and magnetization can all be carried
out in this way for samples of millimeter size and larger,
at relatively low frequencies (e.g., <1 GHz).

With the development of submicrometer scale lithography
new techniques for electromagnetic metrology were needed.
Increasingly, nonlinear properties of the SUT were required to
be measured, due to growing importance of semiconductors.
Further developments toward ever smaller lengths have led to,
and enabled, nanoscale electromagnetic devices. Particularly
significant have been the improvements in electron beam
lithography, focused ion beam milling, and scanned probe
microscopies, including atomic force microscopes (AFMs) and
scanning tunneling microscopes. Patterned devices on the scale
down to a few tens of nanometers in all 3-D are now possible,
leading to increased focus on connections, interfaces, and
dimensionality of the SUT.

A. Ballistic Versus Diffusive

The 2-D materials showing ballistic transport at room tem-
perature over micrometer length scales are now well known.
This compromises the concept of the universal property of
resistivity of a material, i.e., it can become no longer appro-
priate to describe a material as having a bulk single-average
dissipative property. Instead the interface properties between
the material and the measuring system become critical to the
observed electrical dissipation. Of course also the anisotropy
of 2-D and 1-D materials must be considered in general,
although this is not entirely a new phenomenon to metrol-
ogy. These effects are not only impacting resistance mea-
surement but also the imaginary component of conductivity
(i.e., permittivity) in nanoscale confined spaces. It has been
recently reported that the permittivity of water (in the bulk
as high as 80 due to its strongly polar molecular structure) is
reduced to around 2 when the water is confined between two
2-D surfaces with separation of not more than 1–2 nm (or some
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Fig. 1. (a) Schematic of NPL scanned microwave microscope circuit for
homodyne detection of surface impedance. (b) Photograph of scanning and
readout system inside vacuum chamber with glass lid [9].

three layers of water molecules. Fumagalli et al. [6] suggest
that these and future results for this type of system will be
important for better understanding of long-range interactions
in biological systems, including stability of macromolecules
such as DNA and proteins, and of the electric double layer,
critical in electrochemistry and energy storage. It is clear that
some new concepts as well as measurement techniques are
required to take electrical metrology deep into the nanoscale.

III. ELECTRICAL MEASUREMENTS

ON REDUCED DIMENSIONS

The complexity of the requirements of nanoscale elec-
tromagnetic measurements is exemplified by the needs of
the new 2-D material graphene. As the first self-supporting
single atomic layer material, graphene has high electrical,
thermal conductivity and its interfaces with external circuits
are problematic. In addition, the conductivity and mobility of
this semimetal are both easily influenced by an electric field
acting perpendicular to the graphene surface. Many techniques
have been developed to deal with these issues but here we
discuss one important example [7] which overcomes some of
these difficulties, a near-field noncontacting SMM (NSMM).

A. Scanning Microwave Microscopy
The paradoxical ability to use microwaves (typical free-

space wavelength ∼1 cm) to image on the nanoscale requires
the use of the strongly localized evanescent microwave
near-field existing in the neighborhood of a sharply pointed
conductor driven by a microwave signal [7], [8]. An additional
advantage of using microwaves is that a high Q resonator
(unavailable at lower frequencies) can be incorporated with
the sharp tip, to give enhanced gain. A home-built National
Physical Laboratory (NPL) NSMM (Fig. 1) is based on
a quarter-wavelength coaxial resonator, filled with a high
permittivity (εr ∼ 20) dielectric material, having a lowest

Fig. 2. (a) Schematic of lumped component circuit for the dielectric resonator
coupled to a conducting thin-film substrate. (b) Theoretical fit using this
model equation to the experimental reflection dip of the dielectric microwave
resonator.

mode resonant frequency of 4 GHz and length of only 4 mm
with radius 1.25 mm [9], [10], allowing an unloaded Q value
of 700. A short length of sharply tapered tungsten wire (tip
radius of curvature ∼1 μm) is attached to the open end of the
center conductor. The microwave field from the cavity extends
into this region and is highly enhanced at the tip, on account of
the sharp radius of curvature. The near-field region provides an
external contribution to the total stored energy in the coaxial
resonator. When a conducting or dielectric element moves in
this high field region, the field distribution will be changed,
and as a result, the microwave resonator properties will be
slightly altered, with a response leading to shifts in both its
resonant frequency and Q.

To interrogate the resonator, a modified homodyne detection
system is shown in Fig. 1. A microwave synthesizer (output
power up to +21 dBm) provides a signal tunable through the
resonant frequency of the dielectric resonator. This may be
amplitude or frequency modulated by an external signal sup-
plied by a lower frequency synthesized source. The microwave
output passes through a splitter, allowing a fraction of the
power to be tapped off, while the remaining power is fed to a
circulator. The dielectric coaxial resonator being connected to
the adjacent port of the circulator, and the reflected signal from
the resonator is returned through the third circulator port to the
RF input of a microwave mixer, with the tapped off component
of the microwave power acting as the local oscillator input.

To relate the observed change in the reflected microwave
signal to the complex conductivity (or equivalently the
2-D surface impedance) of the sample underlying the
microwave probe, we have found that a lumped circuit model
is an effective means to characterize these properties. Fig. 2
shows the equivalent circuit for the system, where the coaxial
resonator is characterized by a capacitance C0 and an induc-
tance L0 which can be calculated from the known geometry
of the resonator together with the permittivity of its dielectric.
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The resonant frequency is fitted to the observed experimental
value when far from any dielectric or conducting surface.

B. Quantitative Analysis

In order to quantify these electrical measurements, it is
necessary to model the response of the near-field microwave
resonator to change in the electromagnetic environment close
to the tip region. The first approach to this problem treats
the coaxial dielectric resonator as a lumped LC circuit with
the tip to substrate interaction introducing an additional com-
plex impedance which is spatially dependent on the scan
position. The known dimensions and materials of the coaxial
quarter-wave resonator provide sufficient accuracy to calculate
L and C0. The unloaded Q value of the resonator allows r
to be calculated. Then, a simple lumped circuit model can
provide the predicted influence of the additional contributions
Ct and R which come from the tip-to-substrate interaction.
Note that as this is a noncontact scanning system, the contact
resistance between tip and sample is not involved in R which
represents the spreading resistance of microwave current flow
into the surface film. This is not directly the sheet resistance
of the material. To convert the values derived for R from
the lumped component model, it is necessary to model the
electric field and current distribution within the thin film and
the underlying substrate. We are in the process of developing
a 3-D finite-element model which will allow simultaneous
deconvolution of the sheet resistance and complex conductivity
of the underlying substrate from this data.

In the following sections, we describe some developing
applications of the SMM, focusing on measuring materi-
als properties and characterization of nano-electromechanical
resonators.

C. Graphene Conductivity Measurements

The system has been used to make 2-D scans across both
the dielectric and conducting thin films and is able to resolve
changes in the local properties down to a length scale of
around 1 μm. We have recently used this to image variations
in local sheet resistance of transferred chemical vapor depo-
sition (CVD) graphene films (Fig. 3). The upper plot shows
how the width of the reflected resonance line varies across
the scan, showing a qualitative variation by a factor of 2 in
comparing the linewidth with the unperturbed resonance when
the tip is far from any surface. The lower scan shows how the
center frequency of the response varies with scan position.

This qualitative information proves useful since the
linewidth gives information about local graphene conductivity
and its spatial variation, whereas the frequency shift reflects
the local variations in permittivity. The former tells us about
quality or layer number of the graphene, while the latter
indicates the presence of some dielectric material polymethyl
methacrylate left over from the graphene transfer process.
However, neither of these measurements is immediately trans-
lated into quantitative values for conductivity or dielectric
thickness. In Section VI, we discuss how future developments
can be expected to rectify this situation and provide quantita-
tive and ultimately traceable measurements with this system.

Fig. 3. (a) 2-D scan of sheet resistance shifts across a 0.2×0.4 mm2 region
of CVD graphene deposited on quartz substrate. (b) Scan over the same area
showing the microwave resonator frequency shift. This is proportional to the
local variation of tip to substrate capacitance.

D. NEMS Resonators

The flexibility of the NSMM system is further demonstrated
by its ability to excite and readout mechanical resonators,
down to the nanoscale. As we have noted, the convolution of
physical size, real and imaginary parts of electric conductivity,
and relative permeability of any SUT make accurate mea-
surements of nanoscale electromagnetic properties complex.
Additional complexity arises if NEMSs are also considered.
For example, the radiation pressure at the tip of the NSMM
exerts a measurable force on a conducting sample and if
this is free to move, this movement will change the reflected
microwave signal from the probe, making it hard to distinguish
a spatial from an electrical variation. However, the interaction
between tip and sample can be put to good use since by
modulating the amplitude of the microwave signal at a variable
frequency any mechanical resonances in the freely suspended
sample may be detected.

The microwave field exerts a force on the mechanical
resonator (proportional to the electric field) since the com-
bination of sharp tip and mechanical resonator can be treated
as electrodes of a capacitor whose value changes with rel-
ative movement. In order to apply a time-varying force,
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Fig. 4. Monolayer CVD graphene drum resonator (3 μm diameter) response
to two levels of piezodrive, showing a softening of the resonance as the drive
level is increased [12]. Inset: AFM image of the 3-μm-diameter well.

the amplitude of the microwave field must be modulated.
In this way motion of microscale and nanoscale cantilevers
has been imaged, measuring the shape of the displacement
along the diameter of a drum or length of a cantilever (see
Section IV). The technique can detect nonlinear behavior
including Duffing-type response and has been used extensively
at NPL to investigate graphene drum resonators.

E. Graphene Drum Resonators

The unique properties of graphene make it highly promising
for NEMS applications. The 2-D material is both highly
crystalline and very strong, with high breaking strain and
exceptional Young’s modulus, low mechanical dissipation,
implying high mechanical Q values, combined with low areal
density. A wide range of sensor applications at the single
particle and quantum end of the spectrum are anticipated.
Graphene drum membrane resonators present large capture
area (being 2-D) as well as simple excitation, readout, and
functionalization.

We have carried out a number of measurements on CVD
monolayer graphene transferred onto Si substrates which have
been previously lithographically patterned with an array of
“wells” of some micrometers deep (inset of Fig. 4). The Si chip
with graphene surface layer is mounted on a piezodisplacer
to which a variable frequency ac drive voltage is applied.
The tip of the microwave microscope is placed over one
of the drums, and the reflected microwave signal is mea-
sured as the piezodrive frequency is swept. The reflected
microwave signal is fed to a mixer whose local oscillator
input is provided by the microwave synthesizer, tuned to be
at the point on the reflection dip which is most sensitive to
changes in frequency and Q. In this way, the mechanical
resonance of the suspended graphene drum can be measured.
We have carried out measurements on a range of drum
diameters from 3 to 30 μm observing fundamental resonant
frequencies ranging from 28 kHz (for the largest drums)
up to 350 kHz for the smallest size. Unlike some authors
(see [11]), we observe resonant frequencies corresponding to
unstrained graphene films, perhaps reflecting the nature of the
substrate used and or the transfer process [12]. As shown by

Fig. 5. View of the near-field microwave microscope tip positioned close to
oscillating arm of tuning fork cantilever.

the Raman spectroscopy, the CVD graphene is greater than
90% monolayer. The Q values observed at room temperature
in air range from 50 up to 500, and all drum resonances show
a softening of the resonant frequency as the piezodrive level is
increased (a negative Duffing coefficient), possibly indicating
relatively poor adhesion between graphene and substrate.

IV. AC DISPLACEMENT CALIBRATION

The near-field microwave method is not only capable of
measuring the complex conductivity variations across a sample
but also capable of measuring the resonant frequency of small
mechanical resonators. It may also be used to image the spatial
shape of excited mechanical resonators, such as cantilevers
or drum resonators. First, a series of microwave reflection
dips are taken with successively closer separation between tip
and fork. Then, one of these positions is selected, where the
frequency variation with approach distance along the x-axis is
high. As the tip is moved over a calibrated x-axis distance
around the chosen tip-cantilever position, the gain dV 0/dx
is measured. The microwave frequency f is then fixed at a
value, where the gain dV 0/df is greatest. Then, driving the
cantilever at one of its mechanical resonances, the near-field
tip is scanned along the length of the oscillating cantilever
while the output of the microwave mixer is measured. The
output Vac at the mechanical drive frequency is extracted from
the IF signal from the mixer by feeding it to a lock-in amplifier
referenced by the cantilever drive signal. Then, the x-axis
amplitude of the fork oscillation is just xac where

xac = Vac

dV0/dx
. (1)

Fig. 5 shows the near-field microscope imaging the resonant
displacement of one arm of a tuning fork, driven at a resonant
frequency of 10.8 kHz in its lowest out-of-plane flexural mode.
This was selected rather than one of the in-plane modes at
around 32 kHz as it was easier to bring the scanning tip
close to the tuning fork from this direction. Fig. 6 shows the
experimental data as the tip is scanned along the length of
the tuning fork, compared with a fit to the theoretical form
for a simple homogenous cantilever clamped at one end. The
shape derived experimentally is seen to be in good agreement
with the theoretical shape over the length of the fork which
is uniform. Departures are observed at the free end of the
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Fig. 6. Measured oscillation amplitude (blue points) of the driven cantilever
as a function from the fixed end of the fork (z = 0) compared with the
theoretical shape for a single clamped cantilever (solid line).

Fig. 7. Circuit diagram for microwave near-field self-oscillating cantilever
drive system.

fork where its homogeneity changes due to additional metallic
electrodes.

V. SELF-OSCILLATING MECHANICAL RESONATOR

Although piezoexcitation has a number of limitations it can
enable a self-oscillating mechanical resonator system. Sim-
ple modifications to the homodyne detection system (shown
in Fig. 7, compared with the original in Fig. 1) allow the
IF output from the microwave mixer to be fed back via a
variable attenuator to a piezostack on which the mechanical
resonator is mounted. After an elapsed time of just a few
inverse linewidths of the mechanical resonator, the thermal
noise motion of this cantilever is amplified by the microwave
detection system and fed back with positive gain through the
piezoelement. This causes the cantilever to burst into oscilla-
tion at a stable resonant frequency which can be measured with
a frequency counter. Alternatively, the mixer output can be
mixed with an RF local oscillator, signal being fed to a lock-in
amplifier whose output will measure the time-dependent phase
between mechanical resonator and local oscillator. Analysis of

Fig. 8. Phase noise as a function of sampling frequency for a self-oscillating
mechanical cantilever.

this time-dependent phase wander provides a measure of the
stability of the mechanical oscillator. A plot of the phase noise
as a function of the sampling frequency is shown in Fig. 8.

The self-oscillator demonstrates the high sensitivity of a
mechanical resonator as a small force detector. The cantilever,
oscillating at a resonant frequency of 6 kHz, was capable of
detecting applied force changes of less than 30 fN, applied to
the cantilever by a very low-power laser beam [13].

VI. TRACEABILITY

The near-field microwave microscope is a very versatile
tool, capable of detecting electrical properties of metal or
semiconducting thin films on insulating or semiconducting
substrates. In addition, its ability to excite and read out the
mechanical oscillations of NEMS and MEMS provides high
sensitivity measurements of applied force, displacement, and
mass addition. The metrological impact of these capabilities
will be much enhanced if traceable methods can be developed
and applied to this technology. Current developments at NPL
involve converting the scanned raw microwave resonance data
to conductivity and permittivity of the underlying material.
Simple circuit-based modeling provides good measures of
relative changes in both the real and imaginary components of
SUT impedance. However, scaling these variations to material
parameters such as conductivity or permittivity is more com-
plex. One approach uses the mean parameter values measured
with a far-field dielectric resonator. A second system employs
the observed frequency shift in the microwave resonance as
a servo signal to control the distance between tip and SUT.
This has been used extensively [14] but is not appropriate if the
permittivity of the surface is also subjected to spatial variation.
A more precise approach, currently under test, uses standard
thin-film conducting and insulating samples. In the longer term
simultaneous monitoring of multimodes of the microwave,
dielectric resonator may provide higher confidence levels in
the deconvolution of spatial and electrical property variations.
Note this paper is an extended version of the CPEM 2018
Proceedings Digest paper of the same title [15].
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