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Interferometer Scanning Microwave Microscopy:
Performance Evaluation

Silviu-Sorin Tuca

Abstract—A systematic and quantitative comparison of electri-
cal detection systems in scanning microwave microscopy is re-
ported. Scanning microwave microscopy (SMM) is capable of in-
vestigating nanoscale electrical properties with high accuracy over
a broad frequency range of 1-20 GHz. However, due to the pas-
sive matching network only discrete frequencies can be used every
1 GHz with varying signal-to-noise ratio (SNR). Here we study
in detail the impedance matching mechanism using an interfer-
ometric network where a two-port measurement is implemented
with a reduction of the trace noise due to signal subtraction. The
interferometer setup shows superior performance resulting in a
2-8 fold increased SNR with respect to the standard shunt solu-
tion, in addition to stable broadband performance over the full
frequency range. We perform a comparison of the electrical sensi-
tivity obtained using a direct connection from the network analyser
to probe, the typically implemented shunt-resonator impedance
matching network, and the proposed interferometer setup. The
interferometer SMM allows us also for calibrated impedance mea-
surements, which we demonstrate on Tobacco mosaic viruses with
18-nm diameter, with a capacitance resolution of 0.67 attoFarads
at 10 ms acquisition time per pixel.

Index Terms—Hybrid coupler, interferometer, low noise ampli-

fier (LNA), SMM.

CANNING Microwave Microscopy (SMM) is a valuable
S tool that allows for simultaneous investigation of mechan-
ical and high frequency electrical properties of materials at the
nanoscale. To this end, it interfaces an atomic force micro-
scope (AFM) with a vector network analyser (VNA). On the
electrical measurement side, several sensing techniques have
been proposed in literature [1]-[4]. In order to detect the ex-
tremely small electrical quantities exhibited by materials at the
nanoscale, the high penetration rate of microwave radiation is
used. Since typical dimensions of samples under test (SUT) are
in pm to nm range, which are several orders of magnitude below
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the wavelengths of microwave radiation (~cm), SMM probes
the perturbations of the quasi-static near-field in the SUT. This
makes it possible to break the resolution limit of the wavelength
of the probing microwaves and to resolve sample features with
a lateral resolution down to nm range [2], theoretically limited
only by the tip size.

However, in practice, SMM resolution and sensitivity are lim-
ited by the electrical detection system. There are several ways
to excite and detect the electrical changes in the system. The
near-field regime can be achieved using aperture-based or aper-
tureless probes, including but not restricted to resonant cavities,
open-ended waveguides, or half-wavelength resonators [2], [5],
[6]. The changes in the formed evanescent waves can be detected
at a single frequency, multi-frequency, or broadband. The vari-
ations of the resonator’s Q-factor, the phase shift in frequency
domain or the variation of the scattering S-parameters, all indi-
cate a change in the electric properties under the probe, which
are then calibrated to extract physical quantities [7]-[9].

Currently, the most versatile SMM studies in terms of fre-
quency range can be performed using a VNA as excitation and
detection tool. The high accuracy and high dynamic range of
the VNA are used to measure S-parameters, which correlate to
the sample’s impedance as:

S11=(Zsur — Zret) | (Zsur + Zref) (1)

with Z sy the sample impedance, and Z . ¢ the intrinsic 50 2
VNA impedance, designed for 50 € network analyses. Conse-
quently, it yields the best results when SUTs exhibit impedances
close to 50 2. However, impedance values at the nanoscale are
in the range of M2 [10], thus negatively affecting the sensitivity
of the measurements. An impedance matching network consist-
ing of a 50 2 shunt resistance and a half-wavelength resonator is
used to create a standing wave pattern, whereby the impedance
of the probe-sample system matches the 50 €2 of the VNA.
Nonetheless, the available frequencies where the impedance
matching is achieved are limited by the design of the res-
onator. Additionally, the 50 € shunt limits the power trans-
mitted to (and eventually reflected from) the SUT, thus lim-
iting the achieved sensitivity to 1 aF at 100 Hz intermediate
frequency bandwidth (IFBW). Thin-film semiconductors, sin-
gle layer graphene, viruses of sub-micrometre sizes, and single
molecules are some of the samples that have relative capac-
itances <1 aF, hence a detection scheme able to resolve ca-
pacitance values with higher accuracy is needed. Furthermore,
the need of analysing biological samples in vitro or in vivo
has pushed the implementation of a detection scheme with a
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dynamic range and accuracy suitable for the dielectric relax-
ation of liquids [11], [12]. The interferometer-based sensing
technique aims to solve these shortcomings by actively sub-
tracting the reference impedance and thus can yield excellent
matching for any desired frequency and sample, as has been first
shown by Tanbakuchi et al. in [13], where the similarity with
a Mach-Zehnder interferometer is pointed out. We performed
a systematic and quantitative comparison of signal-to-noise ra-
tios (SNR) obtained with the standard 50 2 shunt solution and
different interferometer hardware approaches. We discuss the
various noise sources and compare the theoretically-estimated
with experimental measurements. This study can be seen as a
noise performance benchmark of different detection schemes,
using the same microscope, probe tip, and sample. Finally, the
best hardware configuration, employed at the optimal power
level, was used for an imaging application that had previously
pushed the limits of standard SMM sensitivity.

II. THEORY: NOISE CONTRIBUTIONS

The idea of implementing an interferometer-based signal de-
tection scheme stemmed from studies made by several research
groups working on various RF applications related [14]-[18]
or unrelated to SMM [19], [20]. It is featured in [21] in a
setup for ultrahigh sensitivity Ferromagnetic Resonance Mea-
surement (FMR), where the authors explain in terms of noise
and sensitivity benefits the reasoning behind adopting the Mach-
Zehnder interferometer.

They identify three main noise sources in FMR measure-
ments:

1) Trace noise

2) VNA receiver noise

3) Intermodulation distortion (IMD) induced by the VNA

stimulus generator.

Trace noise represents the uncertainty associated with the re-
ceiver readouts, and it is minimised by minimising the IFBW
and thus the scan speed. However, being a fixed specification of
the VNA it has a minimum, which, in some applications, limits
the sensitivity of the measurements. By subtracting the reference
signal from the SMM readout signal, the Mach-Zehnder inter-
ferometer SMM (mziSMM) approach provides a trace noise
free signal input to the receiving port of the VNA.

From the well-known RF and propagation theory Friis for-
mula shown below, it can be inferred that the first stage in an
RF signal detection scheme has the largest contribution on noise
levels introduced in the system. Hence, by adding a low noise
amplifier (LNA) as the first stage of the receiver, the benefit is
two-fold: reducing the noise at this step, and downscaling the
overall noise factor of the following stages in the detector G-
fold, where G is the gain of the LNA, and Fj v 4 and F,. are
noise factors of LNA and the VNA receiver, respectively:
1)/G

Ftot = FLNA + (Frec - (2)

Once these two noise sources are mitigated, a downgrading of
the SNR has been noticed in correlation with increasing input
power values. This is due to the IMD present at 2nd and 3rd
harmonics, due to the local oscillator of the VNA.

IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 16, NO. 6, NOVEMBER 2017

Similar RF arrangement has been used in [19], [20] emphasiz-
ing the benefits of this setup in impedance measurements. The
sensitivity of this method is proved in [22] by analysing phase-
resolved spin-resonance spectroscopy on magnetic materials.
[16], [17] demonstrate the implementation of interferometer
with SMM, for extreme impedance measurements.

III. EXPERIMENTAL SETUP

The commercially available Keysight SMM uses a 50 2
shunt along with a half-wavelength (A/2) resonator to match the
impedance of the SUT to the impedance of the VNA. Impedance
calibration has been achieved by means of a calibration work-
flow [9]. The models proposed in [9], [23]-[26] for extraction
of relative capacitance and conductance are applied on high-
K dielectrics, semiconductors and biological materials, with an
obtained capacitance and conductance resolution of 1 aF, and
1 microSiemens (uS), respectively. The VNA has been used for
the generation and detection of the high frequency electrical
signal. In the direct connection setup, the SMM probe is con-
nected to port 1 of the VNA via transmission line and adapters,
as shown in Fig. 1(a). In this setup, the VNA measures the
S11 signal. A frequency sweep over the full range of the VNA,
1-20 GHz, can be observed in Fig. 2(a), plotted in black. Since
no impedance matching network is used and the ensemble made
of SMM probe and nosecone has impedance much higher than
50 €, the poor impedance matching leads to a lack of standing
waves, and therefore of notches in the frequency domain, along
with a ripple pattern and a tendency of increasing attenuation
with increasing frequency, due to the long transmission line
used.

The performance of the electrical sensing technique can be
thus improved to harvest the full potential of the VNA accu-
racy. To this end, an impedance matching network has been de-
signed, including a broadband 50 €2 shunt, and a half-wavelength
(A/2) resonator, as seen in Fig. 1(b). This network matches the
impedance downstream from it, i.e., the nosecone holding the
SMM probe, in contact with the SUT, to 50 €2, hence generating
in the frequency domain a pattern of deep notches every 1 GHz
(Fig. 2(a), plotted in red), whereby the SMM measurements are
performed with best accuracy.

The physical length of the A/2 resonator is 9 cm by design.
This is directly related to the 900 MHz frequency span between
the notches, by the relation A = v,/f with v, the speed of
propagation in the transmission line, and f the frequency. For
the investigated implementation v, is roughly Cj/2 with Cj
being the speed of light.

This approach yields the optimal impedance matching and
thus good SNR for SMM measurements deep down the notches.
However, outside those created notches, the performance de-
grades rapidly. Additionally, the fixed design of the resonator is
a limitation for broadband measurements.

In order to circumvent some of these limitations, an alterna-
tive sensing technique proposed in [14] and implemented in [16]
allows for active notch seeking. It employs both VNA ports, one
for signal generation, the other for SMM signal detection. The
advantage of using two ports lies in the correction of directivity
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SMM setup overview. (a) Schematic diagram showing the setup of AFM interfaced with VNA using direct connection by means of a coaxial cable from

VNA port 1 to the nosecone holding the conductive AFM/SMM probe. (b) Diagram of standard Keysight SMM setup featuring A/2 resonator and 50 2 shunt as
impedance matching network, between VNA and conductive SMM probe. (c) Diagram of interferometer detection scheme, involving 2-port VNA measurements,
with signal output from VNA port 1, travelling to hybrid coupler, whereby it splits between ports C and D. The signal travelling the path via port C collects
information about the sample, whereas the signal via port D is attenuated by VVA in a similar fashion to the nosecone path. The 2 reflected signals travel back to
the hybrid coupler via ports C and D, and their sum is found at port B, whereas their difference at port A. Provided that the VVA tuning performed with the tip
out-of-contact replicates the nosecone path best, the differences of the 2 reflected signals, output from port A, will stem only from the tip-sample interaction. This
difference signal is then amplified using a broadband LNA, and sent to VNA port 2, where Sz is measured.

error, which is much smaller than in one-port measurements
[27]. The sensing technique includes, in its most compact im-
plementation, a 90-deg hybrid coupler (similar implementations
with 180-deg hybrid couplers or 2 separate directional couplers
[16] are also possible). As seen in Fig. 1(c), the signal output
from VNA port 1 travels to sum (X) port of the hybrid cou-
pler. Here, the signal splits between ports C and D. One of the
branches is connected to nosecone and the SMM probe in con-
tact with the SUT. The other branch is input to a voltage variable
attenuator (VVA), used to replicate a transmission line with the
same properties as the nosecone path. The signals reflected from
both branches, input in their respective ports, are summed at the
(2) port and subtracted at the difference (A) port. The signal at
(A) port is then input to the broadband LNA with 30 dB gain,
which amplifies the difference signal. The amplified output sig-
nal travels via transmission line to VNA port 2, where Sy is
measured.

With the probe out of contact of the SUT, the VVA is tuned
such that the frequency response replicates the nosecone’s
response for the desired measurement frequency. As the 2
reflected signals interfere destructively at (A) port, their differ-
ence is nought at frequencies where impedances match. When
the SMM probe is in contact with the SUT, the SUT impedance
will influence the signal reflected on the nosecone branch. As
the signal reflected on the VVA branch matches the signal re-
flected from the nosecone alone, the resulting difference sig-
nal will only contain the effect of SUT impedance. Since the
impedance differences at the SUT level are minute, the dif-
ference signal is close to the noise floor of the VNA, so it
requires reconditioning by amplification, provided by the ex-
ternal LNA. As seen in the frequency sweep in Fig. 2(c), plot-
ted in blue, the LNA shifts the S5, response above 0 dB, but
the impedance-matching notches are relatively deeper than the
ones obtained with standard shunt technique, hence theoretically

providing better SNR for SMM measurements. The sec-
ond major advantage is that notches can be tuned more
freely by VVA manipulation, thus enabling quasi-broadband
measurements.

IV. INTERFEROMETER-SMM: IMAGING TEST SAMPLES

To precisely quantify the performance of the interferometer-
based sensing technique we tested a set of samples. The control
sample is made of Si* T substrate, onto which a SiO, staircase
pattern is deposited. The pattern has well-defined height, in-
creasing from 50 nm to 200 nm in steps of 50 nm each, and
length and width of 50 pm.

In Fig. 3, the shunt and interferometer setups compare in
terms of imaging SNR. Images of the same Si/SiO; staircase
sample were acquired using the same SMM probe, using both
setups. The typical AFM topography image is unaltered, but the
performance of the detected electrical signal differs between
the two sensing solutions. Both scans have been performed at
a randomly chosen frequency notch, 6.3 GHz. The S; or Sy
amplitude and phase images presented have been flattened for
both techniques. The cross-section of the images has been condi-
tioned by assembling the complex .S;; or S, signal, calculating
its magnitude, and normalising it. The normalised magnitude
profile shown in Fig. 3(d) proves that imaging follows the re-
sults predicted from theory that the interferometer setup yields
better SNR compared to standard shunt setup.

V. QUANTITATIVE COMPARISON OF SNR PERFORMANCE

Since the imaging mode of SMM validates the overall as-
sumption that the SNR obtained using interferometer approach
is better than using the shunt, we systematically confirmed for
SMM the theoretical predictions presented in [21], by investi-
gating the effect of different interferometer hardware configura-
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Fig.2. Frequency sweep comparison. (a) Shows a comparison of the S11 (S21

in the interferometer case) vs. frequency for the setups in Fig. 1, recorded over the
frequency range 1-20 GHz, with 500 Hz IFBW. (b) Comparison of the S1; and
S21 values over the range 1-6 GHz, using similar settings. (c) Zoom-in of a deep
notch at 18.9 GHz, emphasising the behaviour of the tuneable interferometer,
which generates deeper notches compared to the other 2 techniques.

tions on the observed SNR in a quantitative way. Therefore, the
interferometer has been tested in several versions, changing the
components included in the setup. Fig. 4 shows a comparison
of the signal acquired in spectroscopy mode over bare Sit+ on
Si/Si0, pattern sample, using the standard 50 €2 shunt technique
and 3 different versions of the interferometer technique, at a ran-
domly chosen frequency, i.e., 5 GHz. The signal was acquired

IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 16, NO. 6, NOVEMBER 2017

P~
0

=
ed)

==

-::

o 200

g =

e 100

8 0%
- 0

(©)

mziSMM

ke

BN BN bEE D
Bapg'96 @pS0c Bepzz'0 EGPYO0

—

Nom. |S,,| (au.) &

40 60

0 20
Distance (um)

Fig.3. Si/SiO; sample imaging comparison between the shunt technique and
the proposed interferometer solution. (a) Upper panel: typical AFM topogra-
phy image of SiOs staircase structure with heights from 50 nm to 200 nm
deposited on Si substrate. Scale bar has 1 gm. Lower panel: cross-section over
topography image of SiOs structured sample. (b) Upper panel: S1; amplitude
signal obtained over the staircase structure using 50 € shunt setup. Lower
panel: S7; phase signal obtained over the staircase structure with 50 € setup.
(c) Upper panel: So; amplitude signal of the staircase structure acquired with
interferometer setup. Lower panel: S21 phase signal of staircase structure with
interferometer setup. (d) Plotted comparison of the normalized magnitude of
S11 and So; profiles extracted from the 2 sensing techniques. It can be noticed
that SNR of the profile taken from the interferometer scan is better compared to
the SNR of the shunt technique.

point-wise, by varying the tip-sample distance while recording
the variation of Si; or So; amplitude and phase signals. The
spectroscopy curves were subjected to a conditioning similar to
data presented in Fig. 3. In panel (a), the magnitude of normal-
ized S (or Ss1), is plotted against the tip-sample distance. In
panel (b), the scatter plot in complex plane of the techniques
is plotted. Again, the least spreading of the points suggests
the best noise performance. Table I shows the corresponding
SNR values calculated from spectroscopy curves presented in
Fig. 4(a). In the Ist configuration, the 90-deg hybrid coupler is
used as open-ended transmission line stub instead of VVA to
balance the nosecone impedance. The stub length was chosen
to be 9 cm, identical to the length of transmission line connect-
ing the hybrid coupler to nosecone. As can be seen from Fig. 4
and Table I, the combination of hybrid coupler with the LNA
(mziSMM + LNA) shows, with a calculated SNR of only 20, the
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Fig. 4. Single-frequency SNR performance comparison. (a) Comparison of

normalized and corrected S11 (or S21 ) vs. distance curves, performed on bare Si.
The approach curves have been performed using 4 different sensing techniques
for the electrical measurements, as follows: the standard 50 €2 shunt SMM model
and 1) hybrid coupler, with VVA on the balancing branch; 2) hybrid coupler
with broadband LNA, and 3) hybrid coupler with VVA on the balancing branch
and broadband LNA on the difference output. It can be observed that the setup
with hybrid coupler, VVA, and LNA yields the best SNR results. (b) Scatter
plot in the complex plane of S1; (or Sg1) data shown in (a), which confirms
the least spreading of data points acquired using the hybrid coupler-VVA-LNA
scheme.

TABLE I
SNR AT A SINGLE FREQUENCY

Frequency (GHz) Setup SNR

5 Shunt 31
mziSMM + LNA 20
mziSMM + VVA 49

mziSMM + VVA + LNA 63

Table I: SNR obtained from spectroscopy curves presented in
Fig. 4. In agreement with the S, or So; magnitude vs. distance,
and scatter plots, the interferometer setup including the VVA and
the external LNA provides the best SNR of all the proposed
interferometer-based setups, yielding twice the SNR obtained in
the shunt measurement.

worst performance, since the interferometer is not well tuned
and the LNA inputs additional noise to the receiver.

The 2nd setup represented the hybrid coupler used as signal
divider and combiner, along with VVA on one of the branches;
this setup lacks the LNA for the difference signal and is ex-
pected to yield a pattern of deep notches, but a very low
signal at the VNA receiver. In the spectroscopy results from
Fig. 4, the configuration mziSMM + VVA shows a considerably
smoother curve and yields an SNR of 49, almost 2 times better,

TABLE II
SNR AT DIFFERENT POWER LEVELS

mziSMM + VVA + LNA

Frequency (GHz)  Input power (dBm)  SNR

5 3 7
0 21
-3 59
—6 63
-9 57

Table II: SNR obtained from spectroscopy curves pre-
sented in Fig. 8. Higher power levels introduce a higher
amount of noise in the system, whereas lower values of
power provide an improvement of the SNR. The best
performance observed using our setup is achieved at
—6 dBm.

compared to the shunt (SNRgpuny = 31). The improvement is
due to the improved tunability of the notch using the VVA,
which enhances the impedance matching. However, in this con-
figuration, the signal resulting from the destructive interference
has power levels close to the noise floor of the VNA (—114 dB)
[28].

The 3rd tested version had the hybrid coupler as signal divider
and combiner, with VVA balancing the nosecone impedance and
external LNA, placed immediately at the output of the coupler.
This configuration is meant for reducing noise sources 1 and 2
and should have the best performance. As expected, the resulted
SNR with a value of 63 and 2x improvement over the shunt
configuration is exhibited by the interferometer setup including
the VVA and the external LNA. The LNA additionally lifts the
signal 30 dB out of the VNA noise floor.

As stated in the Theory section, in contrast to the passive shunt
implementation, in the interferometer setup we expect 2nd and
3rd order intermodulation products at high input power levels;
these lead to additional noise when using active components like
the LNA. In order to determine empirically the power threshold
that allows for noise minimisation, we repeated the spectroscopy
experiment that lead to the results presented in Fig. 4, using the
best-observed detection setup, i.e., interferometer with LNA
and VVA. The power level input from the VNA’s transmission
port varied from +3 dBm to —9 dBm. The results, shown in
Fig. 8, in Appendix, have been analysed in the same way as
the data shown in Fig. 4. The calculated SNR values obtained
at the mentioned power levels are in Table II. We observed a
maximum SNR at —6 dBm, with slightly weaker performance
at —3 and —9 dBm. IMD introduces a high amount of noise in
the system at higher input power, influencing the SNR, which
drops to a figure of almost 10x less than the best result. IMD of
2nd and 3rd order comes from the local oscillator of the VNA in
combination with the non-linearity of the LNA. Even though the
interferometer cancels out the contribution at the measurement
frequency, when the VNA stimulus is close to its saturation
regime, i.e., at 3 dBm, the 2nd and 3rd order products cannot
be filtered out. With the contribution of a non-linear LNA, the
effect of these components is noticeable on the SNR of SMM
measurements.
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Fig. 5. Multi-frequency SNR performance comparison. (a) Normalised and
corrected S7; (or Sg1) vs. distance curves acquired using the 50 € shunt
technique vs. interferometer detector, at 3 frequencies: 4 GHz, 10 GHz, and
14 GHz. (b) Scatter plots in complex plane of Sy (or S21) of direct vs. shunt
vs. interferometer schemes, at the same 3 frequencies.

TABLE III
MULTIFREQUENCY SNR

Frequency (GHz) SNR Direct SNR Shunt SNR mziSMM
4 4.3 11.6 87.8
10 15.7 22.3 52.1
14 49 15.6 80.2

Table III: Calculated SNR values at 3 frequencies over SMM range: 4 GHz, 10 GHz, and
14 GHz, using direct connection, shunt, and interferometer setups. The values indicate
that direct connection has the poorest SNR performance, while interferometer SNR is on
average 2 times better than shunt SNR.

In order to test the broadband quality of SNR over the SMM
frequency range, we performed a head-to-head comparison of
the standard shunt setup vs. the best performing interferometer-
based setup, at 3 different frequencies, i.e., 4 GHz, 10 GHz, and
14 GHz. The results are shown in Fig. 5. The left panel (a) shows
the plotted S7; and S»; magnitudes, normalized as previously
mentioned, vs. tip-sample distance. Panel (b) shows the complex
plane scatter plots of data acquired using the direct connection
setup, additional to the shunt and interferometer setups, at the
mentioned 3 frequencies. At all 3 frequencies, the spreading
of the points in complex plane is an indicator of noise, with
the most spreading, and hence, the most noise, in the direct
connection approach, followed by the shunt and interferometer
setups, respectively.

Table III documents the calculated SNR values for the 3 sens-
ing techniques, at 3 frequencies: 4 GHz, 10 GHz, and 14 GHz.
Standard shunt setup represents a 2—5x improvement over the
direct connection performance, whereas the interferometer im-
proves still by a factor of 2-10x, depending on frequency, the
shunt setup SNR. The strong variability of SNR with frequency
points to the fact that the transmission line to the SMM probe
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Fig. 6. Imaging mode SNR performance comparison. (a) and (b) Typical
AFM topography of several TM viruses on Au substrate. Scale bar in both scans
is 0.6 pum. (c) Calibrated capacitance signal obtained using shunt setup (noise
distribution is shown below). (d) Calibrated capacitance signal detected using
the optimal interferometer setup (noise distribution is shown below). Imaging
frequency f = 19.29 GHz, IFBW = 500 Hz.
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To VWA To VNA
Fig. 7. Picture of the interferometer-SMM setup, including SMM nosecone

and scanner (upper panel), and hybrid coupler in the lower panel with the input
connection from VNA port 1 (right), the output connection to the LNA (bottom
right), the branch feeding the nosecone (left) and the balancing branch with the
VVA (bottom left).

has a frequency dependent performance therefore plays a con-
siderable role in SNR.

VI. APPLICATION: IMAGING SMALL BI0-SAMPLES

Having empirically confirmed the expected superior SNR
performance of the interferometer approach, we employed it
for testing a sample that previously pushed the limits of shunt
setup’s sensitivity: Tobacco mosaic virus (TMV), with <300 nm
length and <18 nm height, deposited on a gold substrate. Note
that the viruses tend to form linearly assembled lines of viruses
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with length of up to a few micrometres. The 2 scans on a
similar region shown in Fig. 6, both acquired at 19.29 GHz
with shunt and interferometer setups respectively, provide in-
formation about the topography and the relative capacitance of
the viruses, related to their intrinsic dielectric properties. Cali-
brated capacitance data has been obtained using the mentioned
calibration workflow [9] for both techniques. Both scans were
performed successively with the same SMM probe, and under
the same conditions, such that we can assume that the sensing
probe has not been altered. The improved performance of the
interferometer setup, which has provided better contrast of the
viruses’ shapes over the Si substrate, minimising the noise, is
as expected, and can be seen in Fig. 6(c) and (d). The noise
distribution extracted from a flat part of the image yields a
scan speed dependent noise figure of §Cpune = 0.12 aF/ Hz!/?
and 0C,isvm = 0.067 aF/ Hz!/? corresponding to a value
Of(scshunt,l()o H, = 1.25 aFand 5cmziSMM,IOO n, = 0.67 aFat
still reasonable scan speed of 0.4 lines/s (256 x 256 pixels).

VII. CONCLUSION

SMM can characterize electrical properties of nanoscale ma-
terials over wide frequency range 1-20 GHz. High SNR is
required to resolve nanoscale objects with ever-shrinking di-
mensions, below 20 nm, which present extreme impedances or
capacitances <1 aF. The drawbacks of the current shunt setup,
whose sensitivity spectrum is not continuous, with peaks occur-
ring at discrete frequencies, can be overcome using the interfer-
ometer approach, which allows for more versatility in frequency
tuning, along with 2—-8x improvement of the SNR depending on
the chosen frequency.

The theoretically predicted SNR improvement is demon-
strated using a test Si/SiO» sample, in both imaging and spec-
troscopy modes. SMM images of TMV deposited on gold have
been acquired using both shunt and interferometer techniques.
The capacitance image acquired using the interferometer detec-
tor has a factor of two better SNR, resolving the virus shape
over the Si substrate much clearer.

A detailed SNR comparison of different interferometer setups
has been performed, in order to identify the noise sources and
with the aim of choosing the optimal configuration, both in
terms of signal stability and noise levels. We observed that the
best performance is produced using an interferometer system
containing hybrid coupler, VVS, and LNA. In this configuration
the SNR is limited only by the noise figure of the LNA and the
power and quality of the VNA source signal. However, higher
source power leads to IMD and generates noise in the LNA. For
our VNA an input power of —6 dBm led to the best SMM SNR
and we expect that more advanced VNAs will improve the noise
figure considerably. Additionally, the need of expanding over
biological samples has revealed problems related to dielectric
relaxation of water. Consequently, the microwave detection tool
needs to be tuneable to work in lossy environments with high
water content.

VIII. MATERIALS AND METHODS

The study has been performed using a commercially available
5600LS AFM interfaced with an E§362B Performance Network
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Fig. 8. SNR performance vs. input power comparison. (a) Normalized and

corrected Sy vs distance curves, performed on bare Si, using hybrid coupler-
VVA-LNA setup, at power levels: 3 dBm, 0 dBm, —3 dBm, —6 dBm, —9 dBm.
It can be noticed that at 3 dBm and 0 dBm input power, there is a high noise
level in the system. Calculated SNR values demonstrate that the least amount
of noise in the system occurs at —6 dBm. (b) Complex plane Sy scatter plot,
for the 5 corresponding power levels.

Analyser (PNA), both from Keysight Technologies (Santa Clara,
CA, US). Conductive solid Pt AFM/SMM probes from Rocky
Mountains Nanotechnologies (Salt Lake City, UT, US) were
employed for all measurements. Tip radii of the used probes
were 40—100 nm with spring constants of 18 N/m and 0.3 N/m
for virus measurements.

Upon engaging the probe in contact with the sample, a fre-
quency sweep of VNA signal is performed and the desired scan-
ning frequency is chosen. Electrical measurements are done
simultaneously with mechanical ones, by scanning the sample
surface line by line and acquiring AFM signals, along with VNA
signals, typically in 256 or 512 points, each line.

The interferometer was built using a 90-degree hybrid cou-
pler (model 87310B: 1-18 GHz — Keysight Technologies, Santa
Clara, CA, US), passive RF component, along with a VVA
(voltage controlled, linearized absorptive microwave attenuator
model D1958, 60 dB attenuation range, 8—18 GHz — General
Microwave, Syosset, NY, US), and a broadband LNA (model
N4985A-S30: 100 kHz-30 GHz, 30 dB gain — Keysight Tech-
nologies, Santa Clara, CA, US), both active components.

Dialyzed TMV solutions in water (40 L, concentration:
0.05 mg/mL, strain vulgare) have been prepared according to
Method B in [29]. TMV solution was incubated for 10 min
on template stripped ultraflat gold surfaces [30] and carefully
blown dry with nitrogen.

APPENDIX

In Fig. 8, a study on the effect of input power level over the
observed SNR of the best performing interferometer setup is
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presented. The magnitude and complex data of S2; normalized
vs. tip-sample distance is compared for 5 power levels, from
3 dBm to —9 dBm. Both visualization methods suggest that at
positive power levels, there is a high level of noise injected in
the system, which decreases with decreasing input power.

Additionally, at the lower end of the tested power levels,
the signal level drops, suggesting that the best performance is
achieved at —6 dBm. This is supported by the calculated values
of SNR for each tested power level, shown in Table II.
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