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ABSTRACT A home-built scattering-type scanning near-field millimeter-wave microscope based on a
110-GHz continuous-wave solid-state source is demonstrated with a spatial resolution of 1 µm, approxi-
mately 1/3000 of the incident wavelength, and a signal-to-noise ratio of 23.8 dB. The relationship between
the length of the tip (antenna) and the wavelength for resonant enhancement, and the near-field distribution
around the tip apex at different tip-sample separations were explored using finite-difference time-domain
electromagnetic simulations to facilitate the design of the microscope. The dependence of the spatial
resolution on the tip-sample separation and the harmonic order of the modulation frequency at which the
near-field signal was extracted has been investigated experimentally and discussed in terms of the signal-to-
noise ratio and the standard deviation of the demodulated signal.

INDEX TERMS Millimeter wave, near-field, FDTD, high resolution, background noise.

I. INTRODUCTION
Limited by the classical Abbe-Rayleigh diffraction criterion,
spatial resolution of a far-field instrument cannot be better
than about a half of the wavelength of the incident light.
Thus conventional spectral imaging techniques based on,
e.g., Fourier transform infrared (FTIR), Raman, and the
emerging THz time-domain spectroscopies, are not directly
applicable to characterize samples with an ultra-high spa-
tial resolution. This has greatly impeded progress toward
in-depth understanding of materials’ and devices’ electro-
magnetic properties at the nano-/micro- scale. Therefore,
there has been a continuous and pressing need for instruments
with a high spatial resolution to circumvent the diffraction
limitation. This has driven the substantial effort in the inno-
vation and development of many types of near-field spec-
troscopic imaging instruments to reach spatial resolutions
well beyond the diffraction limit. Amongst these near-field
techniques, the scattering-type scanning near-field optical
microscopy (s-SNOM) is an outstanding representative, due
to its unprecedented super spatial resolution. S-SNOM has
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attracted tremendous attention as a useful tool for examining
the chemical and/or physical properties of biological, organic
and inorganic samples at the micro/nano scale, such as the
fingerprint spectra of proteins and viruses [1], [2], carrier
distribution of micro/nano semiconductor devices [3]–[5],
and localized electromagnetic responses of metamaterials
and devices [6], [7].

In a typical s-SNOM, a nano- or micro-sharp tip, serving
as the antenna for the near-field optical microscope, is crucial
for achieving an ultra-high spatial resolution because it can
help produce the so-called tip-enhanced electric field around
its apex to circumvent the diffraction limit of optical waves,
and the resolution of s-SNOM is defined by the tip’s sharp-
ness and independent of the incident wavelength. In addition,
in order to effectively extract the near-field signal buried
in the background noise, the scattered signal of the tip is
usually modulated by an imposed tip oscillation at a certain
frequency; and a lock-in detection technique is employed to
extract the near-field signal by suppressing the background
noise [8], [9].

In recent years, s-SNOM has been applied successfully in
the visible, infrared, and terahertz (0.6 - 8.5 THz) regions of
the electromagnetic spectrum [7], [10]–[13], while not yet
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available in the millimeter wave (mmW) region because of
the serious mismatch between the wavelength and tip length.
Attempts at coupling commercial s-SNOM with an mmW
source have invariably failed, because the standard tip is too
short (generally between 4-20 µm) to be used to enhance
the localized electric field according to standard antenna
theory [14], [15], whereas long tips suitable for enhancing
mmW field cannot be used with currently available scanning
probe microscopy (SPM) for imaging due to inherent config-
uration limits. To overcome this technical barrier, a variety
of aperture based or apertureless near-filed tips/probes were
developed, such as low-loss dielectric material sharpened
pyramidal tip with a micron-sized plane facet [16], poly-
methylmethacrylate rectangular tapered probe with metal
coating [17], quartz (dielectric) probes excited with a horn
antenna [18], Teflon probe azimuthally patterned with sev-
eral copper strips [19], and microfabricated resonant micro
stripline probe [20]. However, none of them was capable of
achieving a resolution better than 1 µm in the mmW region.
On the other hand, in the microwave regime there has been
available for some time a type of commercial instrument
named scanning microwave microscopy (SCM) that can map
samples with resolution of tens of nanometers, albeit at a
fixed frequency of a few GHz. Here the tip is a part of the
assembly of a high-Q microwave resonator, which supplies
the locally enhanced field required for near-field imaging at
the resonance. In conjunction with a vector network analyzer,
a SCM can readily map the S-parameters to obtain the various
sample properties, such as impedance/capacitance, dielectric
constants, and dopant density distribution [21]–[23]. How-
ever, the microwave resonator based near-field enhancement
strategy can hardly be replicated in the mmW band, as such
a resonator is either unavailable or impractical. There have
been reports of using a long metal wire as the tip antenna
in an s-SNOM, and achieving a sub-micrometer resolution
in the THz band [24], [25]. However, since the tip was kept
at a constant height above the sample surface during scan,
the signal to noise ratio was marginal, and high-resolution
near-field signal could only be detected by a liquid helium
cooled bolometer, which is quite complicated and expensive
to operate.

To circumvent the intrinsic technical difficulties described
above, we designed and homebuilt a W-band microscope
based on a continuous wave W-band source operating at
110 GHz. In this system, the tip’s length and curvature radius
are 6 mm and 0.89 µm respectively, both being 2 orders of
magnitude larger than those of standard AFM tips, in order to
further enhance the localized electric-field in the near-field
region. The tip is dithered vertically, and the near-field signal
is demodulated at a harmonic of the dithering frequency to
suppress the background noise effectively. A spatial resolu-
tion of ∼ 1µm has been achieved which is about 1/3000 of
the incident wavelength, at a workable signal to noise ratio
(23.8 dB). Thus apart from demonstrating a simple, easy to
operate, yet robust W-band near-field scanning microscope,
the essential technical improvements the new microscope

embodies should be useful in solving the bottleneck problems
in further development of microwave and mmW s-SNOM
technology.

II. EXPERIMENTAL CONFIGURATION AND
FDTD SIMULATION
A. SYSTEM SET-UP
Our experimental system was built on a 110 GHz radia-
tion source, using frequency multiplication. The schematic
configuration of the experimental set-up is shown in Fig. 1.
Briefly, a seed signal source at 27.5 GHz delivers the
signal to two tandem frequency doublers, D1 and D2
(Virginia Diodes, Inc) after the signal amplification with a
power amplifier, with the resulting 110 GHz radiation wave
(with power of 30 mW) transmitted to free space by a horn
antenna, and focused to a stainless steel tip by an oversized
parabolic mirror. The tip is driven by a piezo actuator (Physik
Instrumente, Germany) through a servo-control module to
oscillate together with the piezo at a frequency of � (chosen
to be 400 Hz here), with an amplitude of 2 µm, reminiscent
of the tapping mode of an atomic force microscopy (AFM).
The scattered radiation is detected with a quasi-optical Schot-
tky diode (ACST, Germany). A conventional coaxial optical
microscope is placed at the side of the tip to monitor the tip-
sample distance [26].

FIGURE 1. Configuration of the millimeter wave near-field microscope.
A 110 GHz beam is emitted from the horn antenna, and focused on the tip
apex by a parabolic mirror (PM1). The scattered light containing the
sample information is collected by PM2 and directed to the far-field
detector. The signals used to drive the tip and to provide the input
reference for the lock-in amplifier are introduced from the same signal
generator through channels CH1 and CH2, respectively. Optical
microscopic images on the left show the tip and the sample, respectively.

In the experiment, an Au-Si periodic grating was used
as the standard sample, with the Au region having 50 nm
thick Au film evaporated on a Si substrate. The sample was
placed on a high-precision three-dimensional stage which
can move with a minimum step of 4 nm in scanning. The
signal generator (Tektronix, USA) provided two output signal
channels, i.e., the signal from channel 1 (CH1) was employed
as the source to drive the piezo resonator, and that from
channel 2 (CH2) was used as the reference input of the lock-
in amplifier (Zurich Instruments, Switzerland), respectively.
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This configuration ensures that all the signals needed for the
analysis are well synchronized, which is necessary for the
accurate extraction of near-field information.

B. TIP-SAMPLE SEPARATION CONTROL
Tip-sample separation means the smallest distance between
the tip apex and sample surface during the scanning. Accord-
ing to commonly accepted understanding, the separation
between the tip and the sample under test should be kept
as small as possible to obtain a stronger enhanced electric-
field [24]. Therefore, it is crucial to keep the tip-sample sep-
aration within the scale of micrometer during the scanning to
collect the high-resolution near-field signal. Since the tip can
be easily damaged if it inadvertently crashes onto the sample
surface, an effective means for precise control of the tip-
sample separation is essential in the near-field measurement
of samples. Without a closed-loop feedback mechanism for
such distance control, in contract to AFM based systems
where force feedback can be relied upon, or STM’s where
tunnel current plays the role of feedback, we used a high-
resolution coaxial microscope which is coupled with a CCD
camera and sideway-aligned with the tip-sample system to
obtain the microscopic image of the tip apex and sample
surface, as shown in Fig. 2. During scanning, with the assis-
tance of a cold light source lighting up the near-filed region,
the microscopic image of the tip and sample surface could
be easily obtained by the CCD camera to calculate the tip-
sample separation and avoid collision. It should be pointed
out that the piezo-actuator employed in our system possesses
the properties of high stiffness and high linearity, and its
nonlinearity can be kept well below 0.01% within the travel
range of 10µm. Such excellent mechanical precision of the
piezo-actuator, plus the adequate rigidity of the stainless steel
needle, helps insure that the mmW microscopic image of the
tip provides the positional information and the tip-sample
separation accurately.

FIGURE 2. Configuration of the near-field microscope. Top right
corner: partially enlarged detail of the coaxial microscope. Lower right
corner: the tip and its mirror image obtained by the CCD camera.

The method described above has proved to be quite effec-
tive in controlling and measuring the tip-sample separation
and has achieved a reasonable success rate during our series
of experiments. However, this method is somewhat tricky to
execute because of the complicated procedures and severe
damage penalties. The smallest tip-sample separation we
could control accurately was 0.5µm during scanning, limited
mainly by the magnification factor of the microscope used.
More fundamentally, due to the lack of a closed-loop feed-
back mechanism in the present system, the technical errors,
such as the oscillation amplitude error, the xyz-stage posi-
tion drift, and the calibration error may introduce substantial
deviations into the results, and may lead to tip-sample’s inad-
vertent crashes if too small a tip-sample separation was set.
For the system under consideration, a tip-sample separation
of 0.5 µm seemed to be a good compromise between caution
and accuracy.

C. SIMULATION AND ANALYSIS OF ANTENNA LENGTH
According to the standard antenna theory, the incident field
can be strongly enhanced by the antenna when its length
is around an integral multiple of half wavelength (λ/2) of
the incident wave [14], [15]. In order to obtain an opti-
mized antenna length, we carried out finite-difference time-
domain (FDTD) electromagnetic simulations to ascertain and
quantify the resonant effects by choosing 1.5 mm (λ/2),
3 mm (λ) and 6 mm (2λ) as the shaft length of the tip. The
simulation results are shown in Fig. 3.

FIGURE 3. FDTD simulation of the electric-field distribution in the vicinity
of a perfect electrical conductor along the X direction for various antenna
lengths (black line, 1.5 mm; red line, 3.0 mm; and blue line, 6.0 mm). The
inset shows the alignment of the tip in the simulation. The elevation
angle of the incident wave is 60 degrees relative to the tip axis.The
tip-substrate separation is 500 nm. Ein and E stands for the incident
electric field and simulated electric-field, respectively.

From Fig. 3, it is evident that the antenna with a length
of 6 mm has the strongest field enhancement effect; therefore
the tip with a shaft length of 6 mmwas used in our subsequent
experiments. Based on the lightning-rod-effect theory and
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related experimental evidences, the enhanced field is mainly
confined to the region around the tip apex, on the scale of
the radius of curvature of the tip apex. This enhanced field is
normally termed the ‘‘near-field’’ that decays exponentially
with the tip-sample separation [27], [28]. In our experiment
the radius of curvature of the tip apex is 0.89 µm, so the
enhanced electric field is only significant within a distance
of ∼ 1µm around the tip apex.

D. SIMULATION OF TIP-ENHANCED FIELD
To obtain detailed information on the distribution of the
near field and provide a practical guidance for experiments,
we established an FDTD model mimicking the experimental
condition to perform simulations for the situation of a tip
above an Au film (tip-Au) and above a Si substrate (tip-Si),
respectively. The near-field distributions of the tip-Au case
for three different tip-sample separations (0.5µm, 1.0µm
and 1.5µm) are shown in Fig. 4. We note that the results
for the corresponding tip-Si cases with different tip-sample
separations are very similar to the tip-Au cases, except that
the near-field strengths are lowered by an overall factor of
about 35%. Thus in the interest of brevity the tip-Si results
are not displayed here.

FIGURE 4. FDTD simulation of the electric field distribution of a tip above
a gold film with different tip-sample separations (TS). (a) 0.5 µm,
(b) 1.0 µm and (c) 1.5 µm. The radius of tip is 0.9 µm. The elevation angle
of the incident wave is 60 degrees relative to the tip axis.

From the simulation result shown in Fig. 4, it can be
obtained that the incident electric field is magnified by up
to 300 times in the near-field region. Such an enhancement
is due to the combination of several mechanisms. The most
important mechanism is the so-called lightning-rod effect,
originated from the concentration of charge on the tip of a
rod and the concentrated electric field lines in the immedi-
ate vicinity of the tip; another mechanism is the polariza-
tion or image charge induced in the sample or substrate by
the tip charge, which acts to intensify the electric field; and
last but not least, the resonant excitation between the tip
and the incident field can enhance the electric field near the
tip apex when the length of the tip satisfies the well-known
wavelength-antenna length resonant relation [29]. The first
two effects are strongly dependent on the tip-sample separa-
tion, i.e., the closer the separation the stronger the enhance-
ment. This is clearly borne out in Fig. 4(a)-(c), where it is

readily seen that the enhanced electric field is concentrated
around the tip apex more effectively when the tip-sample
separation is smaller. The enhanced field around the tip apex
decays quickly with the increase of the tip-sample separation
on the scale of the curvature radius of the tip apex, but the
decay is tempered somewhat beyond this specified region.
Thus apart from a judicious selection of the tip length and
a sharp tip apex, it is paramount to have the tip operating as
close as possible to the sample surface to ensure the strongest
interaction between the tip and the sample.

E. DIFFERENCES AND SIMILARITIES BETWEEN THE
PRESENT SYSTEM AND CONVENTIONAL S-SNOM
There are many differences and similarities between our
home-built system and the conventional s-SNOM. Both of
them are based on the premises of lightning-rod effect
around the tip apex and detecting the near-field signal arising
from the localized enhanced sample-relevant electric-field
in the far-field region. However, the conventional s-SNOM
is mostly based on AFM, in which standard commercial
cantilevered tips were used, with a typical tip shaft length of
4-20 µm and vertical oscillation amplitude of several tens or
hundreds of nanometers. According to our simulations above
and the standard antenna theory, in order to obtain a strong
field enhancement, the length of the antenna, i.e., the tip shaft
length, should be an integral multiple of the half wavelength
of incident waves. Thus standard commercial tips can be
employed to achieve a good field enhancement in visible,
infrared, and even high THz frequency spectral regions, but
not in the low THz frequency region and millimeter wave
band.

In our W-band microscope, the radiation source works at
110 GHz (∼3 mm wavelength), which determines that the
tip’s length should be at least 1.5 mm. We designed and
made tips with various lengths according to the need of our
experiments, to receive, localize and enhance the incident
electric-field of the 110 GHz wave. Based on the simulation
results shown in Fig. 3, we chose the tip with a length of 6mm
for our experiments, a length of 2 orders of magnitude longer
than the tips used in the conventional s-SNOM and SCM. The
curvature radius of the tip is 0.89 µm that is also 2 orders of
magnitude larger than that of conventional s-SNOM tips.

Compared with the conventional SPM based near-filed
systems, the tip in ourW-bandmicroscope does not rise or fall
following the surface topography due to the lack of a feed-
back function in the vertical direction, thence no topographic
image can be obtained in our experiments.

III. EXPERIMENTAL RESULTS AND ANALYSIS
A. RESOLUTION TESTED IN THE CASE OF DIFFERENT
HARMONICS AND TIP-SAMPLE SEPARATIONS
To test the performance of our near-field system built based
on a self-homodyne detection technique (Fig. 1), we con-
ducted experiments by scanning theAu-Si boundary of a grat-
ing. Since near-field signals extracted at a higher harmonic
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of the tip oscillation frequency (�) is very helpful to obtain
pure near-field signals and suppress background noises [30],
[31], we applied a lock-in detection technique to extract the
near-field signal at the second (2�) and third harmonic fre-
quency (3�), respectively. A scanning step increment of 4 nm
was used in the scanning process to collect the data of near-
field signals, with about 20k points recorded along a single
scanning line. Only the data recorded in a distance of 30 µm
across the Au-Si boundary are displayed in Fig. 5 for the
analysis and demonstration of the spatial resolution of the
system.

FIGURE 5. Transition of 110 GHz near-field signal at the Au-Si boundary.
Tip-sample separations are 0.5 µm for (a) and (b), 1.0 µm for (c) and (d),
and 1.5 µ m for (e) and (f). The signal demodulated at 2�
for (a), (c) and (e), and 3� for (b), (d) and (f). � represents the
fundamental oscillation frequency of the tip. The vertical solid lines
correspond to 90% and 10% of the averaged signal difference between
the signals collected on Au and Si substrates. The distance between the
two solid lines indicates the spatial resolution of the microscope. The
tip-sample separation is the distance between the lowest point of the
tip apex during oscillation and the sample surface. The elevation angle
of the incident wave is 60 degrees relative to the tip axis.

It can be observed from Fig. 5 that both the tip-
sample separation and the harmonics demodulated are impor-
tant factors for achieving high spatial resolution. At 2�
(Fig. 5(a), (c) and (e)), the resolution of the system decreased
from 1.25 µm to 2.10 µmwhen the separation was increased
from 0.5 µm to 1.5 µm. At 3 � (Fig. 5(b), (d) and (f)),
the resolution of the system decreased from 1.0µm to 1.7µm
when the separation was increased from 0.5 µm to 1.5 µm.
The results suggest that smaller tip-sample separation and
higher harmonics are beneficial to a better near-filed spatial
resolution. The influence of the tip-sample separation on
the spatial resolution can be interpreted by considering that
the larger the tip-sample separation is, the weaker the tip-
induced sample polarization that can strengthen the local
near-field will be [28]. The spatial resolution of the near-field
signal demodulated at 3� is better than that demodulated
at 2� can be ascribed to that the extraction of the near-
field signal at 3� is more effective than 2� to suppress the

background noises for a self-homodyne detection technique
used in our experiments [8], [30], [32]. A spatial resolution
of 1 µm (∼ λ/3000) has been achieved when the tip-sample
separation was adjusted down to 0.5 µm and the near-field
signal was extracted at 3�. In this case, an acceptable signal-
to-noise ratio (SNR) of 23.8 dB and signal error within 10%
of the near-field signal can be realized. The signal error is very
likely caused by the remaining background noise as well as
the stability of the piezo resonator.

B. SIGNAL QUALITY AND STABILITY
In terms of signal strength alone, demodulation at the funda-
mental frequency would have resulted in the strongest signal.
However, due to scattering from the substrate surface and
the tip shaft, which overwhelms the true near field scattering
off the tip apex and its immediate neighborhood, demodu-
lations at higher order harmonics which carry mostly near-
field information are obviously better choices. In Table 1,
we list the SNR for the three tip-sample separations for both
the gold substrate and the silicon substrate, with the 2nd and
3rd harmonic demodulation based signal detection scheme.

TABLE 1. SNR of near-field signal for Tip-Au/ Tip-Si cases and different
tip-substrate (TS) separations.

The observation of using higher harmonic frequency
demodulation does not result in the best SNR in our
experiment is consistent with earlier observations [8], [33].
This phenomenon can be attributed to an excessive higher-
frequency attenuation suffered by the demodulated signal
during the lock-in process [32], which affects the phase of the
near-field signal and background noise differently. A more
in-depth understanding can be obtained through the relation
I = A cos(φs)+B cos(φs-φb), (I stands for the intensity of the
detected signal, A and φs are the amplitude and phase related
to near-field-signal’s Fourier series respectively, B and φb are
the amplitude and phase of the background noise respec-
tively), and φs can differ with different harmonic frequencies.
Therefore, the phase value can influence the signal intensity
directly, and may further induce the observed effect men-
tioned above. We have discussed this mechanism in detail
elsewhere [30].

Based on our analysis, the near-field signal jitters at the
Au and Si area shown in Fig. 5 can also be partly attributed to
the oscillation precision of the piezo actuator, in addition to
the deviations introduced by the background signal scattered
from the sample surface and the tip shaft. To investigate
the stability of the near-field signals recorded under various
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experimental conditions, we calculated the standard devia-
tions (SD) of the signal, as listed in Table 2. There are no big
differences between the SDs of the signals measured above
the Au Area and the Si area, which is expected because the
near-field signal jitters (variations) at harmonic frequencies
(2� and 3�) are mainly related to the precision of the piezo
actuator. Certainly, the jitters could also be related to topolog-
ical features on the substrate surface if the sample surface is
not smooth enough, which is not the case for our experiments.

TABLE 2. SD of near-field signals for Tip-Au/ Tip-Si AT different TS
separations.

From Table 2, we can see that the SD values of the 3� sig-
nals are smaller than those of the 2� signals, indicating that
demodulation at 3� is more effective than 2� in improving
the signal stability. The results well demonstrate that extract-
ing the near-field signal at a higher harmonic frequency can
commendably suppress the unstable background noise and
thus improve the signal’s stability.

To provide further support for this conclusion, we exam-
ined the demodulated signals at Au surface as a function
of tip-sample separation and made a comparison with the
corresponding simulated results, as shown in Fig. 6.

FIGURE 6. Demodulated signals at 2nd(2F) and 3rd(3F) harmonics as
functions of tip-sample separation. Inset: Scattered electric-field
strength as a function of the tip-sample separation obtained from
simulation.

From Fig. 6, we observe that the general trends of the
2� and 3� signals evolving with tip-sample separation are
similar, and both are essentially in agreement with that of
theoretical calculation, which provides convincing evidence
that background noises mixed in the demodulated signals are

suppressed effectively. Also, not surprisingly, we observe that
the error bars on the 2� data are much bigger than those
of the 3� counterparts, even though the former has much
higher overall signal strength, consistent with our earlier
discussion.

An experimental phenomenon beyond our original expec-
tation is that the SD values basically decrease with the
increase of tip-sample separation (TS) at both 2� and 3�,
i.e., larger TS gives rise to smoother signal. After careful
consideration, we conclude that it also resulted from the effect
of oscillation precision of the piezo actuator, as we described
above. TS directly determines the strength of the enhanced
near-field signal, and when TS is on the scale of the curvature
radius of the tip apex, there is an intense interaction between
the tip apex and the sample; and naturally, the deviation
of oscillation will induce relatively large jitters to the field
strength and lead to signal jitters. However, when TS is
beyond the tip apex scale, the enhanced field effect becomes
insignificant, so the influence of oscillation-precision on the
signal intensity diminishes. In the case of high harmonic
frequency demodulation, the influence of the background
noise has been restricted severely by the lock-in amplifier,
the effect of oscillation deviation becomes relatively large,
and thus small TS entails a more noticeable SD than the case
of large TS.

C. DEVIATION ANALYSIS
It is worthwhile to emphasize that although the Au surface is
50 nm higher than the Si surface in the grating, this height dif-
ference has no obvious influence on our experimental results.
When performing the experiments shown in Fig. 5, we have
deliberately deviated the tip-sample position from the target
position (0.5µm, 1µmand 1.5µm) by± 50 nm, the obtained
near-field signal shows nearly no change, either above the
Au surface or the Si surface. This result is understandable by
considering that the radius of curvature of the tip (0.89 µm)
and the wavelength of the incident light (∼ 3 mm) are much
larger than 50 nm. To further confirm this conclusion, we sim-
ulated the electric-field distribution above the Au/Si surface
along the tip shaft axis direction, with an increment of 50 nm
and 100nm for the maximum TS of 0.5 µm and 1.0 µm,
respectively, and plotted the simulation results as bar graphs,
as shown in Fig.7.

From Fig. 7, it can be seen that the enhanced electric
field/near-filed signal changes very slowly along the tip shaft
axis direction for any of the two tip-sample separations
(0.5µmand 1µm), nomatter the tip was positioned above the
Au surface or the Si surface. When the tip-sample separation
was set to 0.5 µm or 1 µm, a distance change of 50 nm along
the tip shaft axis direction can only lead to a very small change
in the near-field signal, which is calculated to be less than 3%
of themaximum signal (the left-most bar in Fig. 7 (a) and (b)).
The simulation is highly consistent with our experimental
results, further confirming that the influence of the height
difference (50 nm) between the Au surface and Si surface on
the near-field signal is negligible in our case.
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FIGURE 7. FDTD simulated enhanced electric field strength along the tip
shaft axis direction as a function of distance from the tip apex towards
the substrate (Au/Si), with the origin set at the tip apex, for tip-sample
separations of (a) 0.5 µm and (b) 1.0 µm, respectively. The parameters
of the simulation are same as that of Figure 4.

IV. CONCLUSION
In summary, we have presented a home-built scattering type
scanning millimeter wave microscope based on a 110 GHz
CW radiation source and demonstrated a resolution of 1.0µm
(∼ λ/3000), with a SNR of 23.8 dB, under standard ambient
conditions. The system is demonstrated as a promising tool
for imaging near-field microscopic features in W-band, and it
may pave the way for further development of practical mmW
and microwave near-field spectral imaging instruments.
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