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ABSTRACT

Microwave impedance microscopy (MIM) is a near-field imaging technique that has been used to visualize the local conductivity of materials
with nanoscale resolution across the GHz regime. In recent years, MIM has shown great promise for the investigation of topological states
of matter, correlated electronic states, and emergent phenomena in quantum materials. To explore these low-energy phenomena, many of
which are only detectable in the milliKelvin regime, we have developed a novel low-temperature MIM incorporated into a dilution refrigerator.
This setup, which consists of a tuning-fork-based atomic force microscope with microwave reflectometry capabilities, is capable of reaching
temperatures down to 70 mK during imaging and magnetic fields up to 9 T. To test the performance of this microscope, we demonstrate
microwave imaging of the conductivity contrast between graphite and silicon dioxide at cryogenic temperatures and discuss the resolution
and noise observed in these results. We extend this methodology to visualize edge conduction in Dirac semi-metal cadmium arsenide in the

quantum Hall regime.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0159548

I. INTRODUCTION

Microwave imaging techniques have been developing rapidly
over the past several decades and involve transmitting MHz to GHz
microwave signals to sample surfaces through sharp-ended probes
and collecting the microwave response. To date, there are several
implementations of the scanning microwave microscope, such as
sharp tips in coaxial resonators, microwave resonators on quartz
tuning forks, and probes with impedance matching networks.' ° In
this article, we focus on the specific implementation of microwave
impedance microscopy (MIM), which has the capacity to probe
the local conductivity and permittivity of quantum materials with
nanoscale spatial resolution.’ '’ This enables direct visualization of
the microscopic nature of electronic states, including the real-space
disorder landscape, multi-domain behavior, or the presence of topo-
logical modes that propagate along the sample boundaries."**>"*"’
By coupling microwaves with a wavelength of 1-100 cm to a sharp
metallic probe and collecting the reflected signal, MIM charac-
terizes the complex admittance between the tip and the sample
without the requirement for the sample to be conductive, which
is less restrictive than other electronic imaging techniques.”’ ** As

demonstrated in recent experiments, MIM can provide insight into
the real-space nature of correlated states and topological states in
two-dimensional heterostructures.'”'"*" >’ However, many of these
states are characterized by low energy scales and are, therefore, most
robust at milliKelvin temperatures, motivating the development of
cryogenic MIM instrumentation. Thus far, most state-of-the-art
near-field microwave imaging has been performed in 1.5-2 K*
or He-3 cryostats, which can reach a minimum temperature of
300-450 mK.""’

Here, we report on the construction of a novel milliKelvin
MIM, which will support spatially resolved detection of quantum
electronic states at ultra-low temperatures. This setup consists of a
scanning probe microscope with tuning-fork-based height feedback
integrated into a dry dilution refrigerator. A sharp metallic probe
driven by an AC signal at microwave frequency is coupled to the
tuning fork and scanned over the sample. Using reflectometry, MIM
detects the sample’s response to high frequency electromagnetic
fields emanating from the probe.

To demonstrate the measurement capabilities of this setup,
we present MIM images of the conductivity contrast between
graphite and SiO, down to temperatures of 70 mK. Finally, we also
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demonstrate microwave imaging of topological edge states in
CdsAs; thin films in the quantum Hall regime at the base
temperature.

Il. EXPERIMENTAL SETUP

This setup consists of a custom-designed tuning fork based
atomic force microscope (AFM) integrated into a Leiden Cryo-
genics CF-CS110 dilution refrigerator. The microscope housing
is in thermal equilibrium with the mixing chamber plate on the
cold-insertable probe, which is loaded into a dilution refrigera-
tor, as shown schematically in Fig. 1(a). Figure 1(b) shows the
design of the microscope head, which houses an etched tung-
sten wire mounted onto the end of one prong of a tuning fork
(TF) mechanical resonator (blue box).”! The oscillation ampli-
tude of the TF is monitored for continuous height feedback,
which enables tapping-mode topographic imaging.”> Below the
tip holder, the sample stage is mounted on a stack of CuBe
piezoelectric scanners (Attocube AN-Sxyz100) and positioners
[ANPx(z)100], which control fine xyz scanning (up to 40 x 40 ymz
below 4 K) and coarse positioning (5x5 mm® below 4 K),
respectively.
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On the MIM circuitry side, GHz signals are generated by an
analog signal generator, and one split branch of the signal is coupled
to the tip via an impedance matching network (IMN),** which is
responsible for minimizing the reflected signal [inset in Fig. 1(c)].**
Unless otherwise mentioned, measurements in the article are per-
formed with 0 dBm source power, and the power reaching the tip
is =33 dBm. A plot of the reflected microwave power Si; of an
example IMN is shown in Fig. 1(c), showing the first resonance at
1.8 GHz. The reflected signal from the tip passes through two direc-
tional couplers mounted on the probe-still plate (1 K) to cancel out
the residual reflected power.

The signal from the sample is then amplified by a cryo-
genic amplifier (Cosmic Microwave Technology CITCRYO1-12)
mounted on the 3 K stage, after which the signal propagates out
of the probe and gets further amplified and demodulated at room
temperature, as shown in Fig. 1(a).

During the tip approach procedure, active height feedback can
be performed by monitoring either the TF oscillation amplitude or
the MIM signal. Here, we use a Nanonis SC5 controller to excite
and track the TF oscillation and control the fine scanners during
imaging.”* Figure 1(d) displays a measurement of the oscillation
amplitude of the tuning fork as a function of excitation frequency,
showing the resonance peak near 32.768 kHz. The Q-factor of the
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FIG. 1. Scanning probe microscopy system with combined AFM and MIM readout integrated into a dilution refrigerator. (a) Schematic of the scanning MIM readout electronics
and hardware integrated into a dilution refrigerator. The shaded regions refer to the different thermal stages inside the fridge. (b) Left panel: Photograph of the microscope
head, scanners, and sample stage (corresponding to the red box in the schematic). Right panels: Zoomed-in side view of the gold-coated tungsten tip glued onto one prong
of the tuning fork and soldered to the end of the IMN on the other end. The back of the TF is electrically connected for oscillation readout (blue box); scanning electron
microscope image of the etched tungsten tip used for combined AFM and MIM imaging. (c) Plot of the reflect microwave power Sy of the impedance matching network (IMN)
shows the fundamental resonance at 1.8 GHz. Inset: Circuit diagram of the IMN with a 0.2 pF capacitor and 5 cm of coax connected in series. (d) Plots of the oscillation
amplitude of the tuning fork as a function of frequency, showing the mechanical resonance used for height feedback. The upper and lower panels show the resonance peak

at room temperature and 70 mK, respectively.
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resonance is around 500-2000 at room temperature (upper panel),
while at base temperature, it can easily reach 10 000-100 000 (lower
panel).

The main technical challenge of microwave imaging in a
dry dilution fridge is the emergence of new noise sources, which
impact both spatial resolution and the signal-to-noise ratio of
the microwave reflectometry measurements. There are two main
sources of increased noise: (1) mechanical pulse tube vibrations,
which are associated with the cooling mechanism of the dilution
fridge, place limits on the lateral spatial resolution and add noise to
the measured MIM signal; and (2) the high Q factor of the tuning
fork at mK temperatures leads to fluctuations in the tip—sample dis-
tance, which also couples with the pulse tube vibration. Our fridge
is equipped with a pulse tube cryocooler operating at ~ 1.4 Hz,”°
generating vibrations that amplitude modulate the tuning fork oscil-
lation and consequently also modulate the GHz MIM signal. To
mitigate these vibrations, we physically decoupled the pulse tube
motion from the microscope by unscrewing the rotary valve from
the fridge and putting isolation foam in between,’” while the high-
pressure helium lines connected to the compressor are wrapped with
acoustic pipe lagging. On the other hand, the high Q factor can be
reduced by further breaking the symmetry of the two prongs, and
two methods we have been using include adding extra glue during
the tip-gluing process and balancing the strain from the tip to the
TF.

We found that performing AC-mode MIM imaging, as
described below, largely eliminates background oscillations in the
images that arise from pulse tube vibrations. In AC height-
modulated imaging mode, a low frequency lock-in amplifier (SR830)
is added to the output of the GHz frequency mixer to demodulate
the reflected MIM signal at the tuning fork resonance frequency
(32 kHz), after which low-pass filters can be used to attenuate
noise.”* We note that because the GHz MIM signal (from the tip) is
amplitude-modulated by both the tuning fork oscillation at 32 kHz
and the pulse tube vibration, there are multiple side-bands around
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the measurement frequency. Therefore, voltage preamplifiers with
band-pass filters between 10 and 30 kHz (SR560, 6 dB/oct) are added
to the output of the GHz mixer to both filter out the DC-MIM sig-
nal, which would overload the lock-in amplifier, amplify the signal
amplitude, and reduce the out-of-band noise, after which the MIM
signal is fed into the SR830 lock-in amplifier for demodulation. Dur-
ing this step, the lock-in amplifier multiplies the MIM input signal
with a TF reference signal (provided by the measured piezo current
from the tuning fork, after amplification by a commercial low-noise
charge amplifier) to extract the in-phase components. Both the fil-
ters inside SR830 and the additional low-pass filters (SR560, 1 Hz
low-pass) added to the output of the lock-in are chosen to eliminate
noise at the pulse tube vibration frequency.

lll. RESULTS AND DISCUSSION

We characterized the low temperature performance of the AFM
on a sample consisting of an array of etched SiO; holes patterned on
a Si wafer, as depicted in the optical image in Fig. 2(a). Cryogenic
AFM measurements are used to visualize the topographic profile of a
5 x 5 um” scan region at 70 mK, as depicted in Fig. 2(b). Figure 2(c)
shows a cross-sectional cut of this AFM image, whose position is
marked by the black line, revealing a noise level of roughly 3 nm. To
more carefully assess the magnitude of the z-noise during AFM scan-
ning, we performed 96 x 96-pixel noise scans overa 1 x 1 nm? area,
such that the spatial profile is irrelevant. Root mean square (rms)
roughness was calculated using Gwyddion after line fitting, which
gives z-noise levels in the range of 1.8-2.2 nm. Furthermore, upon
careful inspection of Fig. 2(b), we noticed that a tilted stripe pattern
appears as a background modulation in the AFM image. By taking
a Fourier transform of these data, we found that the stripe pattern
has a frequency of 1.4 Hz, which coincides with the frequency of the
pulse tube.

Next, to demonstrate our combined AFM and MIM imaging
capabilities at low temperatures, we measured the spatial contrast of

AFM[nm]

2
X[um]

FIG. 2. Topographic imaging of a micropatterned dielectric film at mK temperatures using tuning-fork-based atomic force microscopy. (a) Optical image of an etched array of
holes in SiO,. The diameter and spacing of the holes are 1 um. The hole depth is 20 nm. (b) AFM spatial scan at 70 mK. The scan covers 4x 4 yum?, and the scan speed is

400 nm s~". (c) Cross-sectional line cut corresponding to the black line in (b).
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FIG. 3. Microwave impedance microscopy of graphite at milliKelvin temperatures. (a) Optical image of a graphite flake exfoliated onto a SiO,/Si substrate. The dark purple

region has a thickness of 3-5 nm, and the light yellow region has a thickness of

~ 20 nm. The blue box marks the imaging window for (c) and (d). (b) Theoretical MIM

response curves simulated at 1.8 GHz, illustrating the evolution of the MIM contrast with the sample conductivity. Inset: vertical cut of the potential distribution for the
tip—sample interaction, calculated using finite-element analysis. (c) AFM and MIM imaging of the graphite flake at 4 K, with the scan window covering the 20 nm region (lower
left), 3-5 nm region (middle), and the SiO, region (upper right). The scan speed is 0.5 um/s. (d) AFM and MIM images of the same location at 70 mK. The scan speed is 0.2

um/s.

the MIM response across the boundary between graphite and SiO,
at 70 mK. Figure 3(a) shows an optical image of the graphite sample,
which has terraces of varying thicknesses: the purple region is ~ 3 nm
and the bright yellow region is 15-20 nm.

In Fig. 3, panels (c) and (d) display AFM and MIM images of
the graphite/SiO; interface measured at 4 K and 70 mK, respec-
tively. In both sets of AFM images, the 3/20 nm step height in
graphite is clearly visible, while the graphite/SiO, boundary only
shows a faint contour as the z-movement of the scanner to com-
pensate for fluctuations in the tip—sample distance dominates over
the 3 nm boundary. Meanwhile, we observe a sharp contrast in the
MIM signal across the graphite/SiO, boundary due to the differ-
ent conductivities of the two materials, as predicted by the response
curves in Fig. 3(b). To explain the experimental observations, one
can model the tip-sample interaction for this system using finite
element analysis.28 In the numerical simulation, the tip is defined
to be 1 V, and the bottom of the SiO, is set at 0 V, the ground.
The side of the sample is electrically floating. For a sample with
scalar conductivity, the simulation can be used to calculate the MIM
response curves as a function of sample resistivity, which should
be expected to have a response curve similar to the lump-circuit
model defined for MIM imaging.'** For a better discussion of the
lump-circuit model, readers can refer to the supplementary material.
At a measurement frequency of 1.8 GHz, the imaginary part of

the MIM response should monotonically decrease with the sample
resistivity, saturating when the resistivity is higher than 1072 Q - m
(insulating limit) or lower than 10™° Q - m (conductive limit), as
shown in Fig. 3(b). A cross-sectional profile of the penetration of
the tip potential into the sample is provided in the inset. Based
on our observations in the imaging, we estimate the MIM spatial
resolution to be below 200 nm, constrained by the apex geometry
of the etched tungsten tip and mechanical noise from pulse tube
vibrations.

We also apply this methodology to visualize edge states at the
boundaries of thin film cadmium arsenide (Cd;As;), a novel three-
dimensional Dirac semi-metal, in the quantum Hall regime.”“m
A cross-sectional schematic of the epitaxially grown heterostruc-
ture is shown in Fig. 4(a), where the film thickness is 20 nm.'"*
The CdsAs, device is lithographically patterned and etched into
strips of width 10-15 pm, which are electrically grounded. Trans-
port measurements were performed to characterize the magnetic
field behavior of the sample, which revealed dips in the longitu-
dinal resistance at around 4.7 and 6.5 T, as shown in Fig. 4(b).
These minima should correspond to the emergence of quantum Hall
plateaus.*

To shed light on the real-space conductivity profile of CdsAs;
in the quantum Hall regime and monitor its evolution across the
topological phase transition between plateaus, MIM measurements
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FIG. 4. Microwave imaging of edge modes in a cadmium arsenide film in the quantum Hall regime. (a) Cross-sectional schematic of an epitaxially grown CdsAs; heterostruc-
ture. (b) Transport measurement of the longitudinal resistance Ryx as a function of the magnetic field at 90 mK. The minima correspond to the emergence of quantum Hall
plateaus. (c) MIM image at 6.5 T, revealing a sharp enhancement of the reflected signal at the boundaries of a quantum Hall insulator state. (d) MIM image at 5.4 T, showing
spatially uniform conductivity at the transition between quantum Hall plateaus (e)-(f) Cross-sectional line cuts of the MIM response across the sample extracted from (c) and

(d), respectively.

were performed at a series of magnetic fields at a base temperature
of 90 mK. Microwave imaging reveals a sharp enhancement of the
reflected MIM signal at the boundaries of the sample in the quantum
Hall insulator state, which rapidly decays into the bulk of the sample,
as shown in Fig. 4(c). Meanwhile, we observed a spatially uniform
conductivity at the transition between quantum Hall plateaus when
the longitudinal resistance deviates from zero at B = 5.4 T [Fig. 4(d)].
The variation of the MIM signal between different lines comes both
from the noise in the MIM signal and from spatial inhomogeneities
in the sample.

To more clearly compare the spatial dependence of the MIM
signal in these two regimes, in Figs. 4(e) and 4(f), we plot the
cross-sectional profiles of the MIM response across the sample
extracted from panels (c) and (d), respectively. These low temper-
ature microwave images reveal sharply enhanced edge conduction
that encloses an insulating interior in the quantum Hall regime,
which is consistent with the results of transport measurements
performed on this system in prior experimental studies.

We note that one way to improve signal quality is to use
“floating” AC-mode MIM, where imaging is performed with the tip
retracted a fixed distance (60-100 nm) above the sample surface. At
this distance, the AFM channel will not be modulated due to the
topography feedback, but the MIM tip can still interact with the
sample via the electromagnetic fields in the vicinity of the tip (when
operated in the near-field regime). Because periodic oscillations in
the tip—sample distance at the tuning fork resonance are decoupled
from the surface roughness of the sample, noise in the MIM response
can be dramatically reduced in floating mode. Figure 5 shows the
results of a floating mode MIM scan performed at 3 GHz and
T = 70 mK, with the tip lifted 100 nm above an hBN-covered
graphite layer. The tip apex is around 0.8 ym, which is reflected
in the spatial profile of the MIM signal change across the boundary
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FIG. 5. Demonstration of low-noise height-modulated MIM in a dry dilution fridge.
(a) Optical image of a van der Waals heterostructure with a graphite flake (around
5 nm thick) covered by hBN (around 50 nm thick). From the bottom up, the whole
stack is graphite (5 nm, connected from the leftmost gold contact), bottom hBN
(30 nm, dark green), graphite contact (5-10 nm, middle), and top hBN (50 nm,
bright green). The imaging window has 30 nm hBN, 5-10 nm graphite, and 50 nm
hBN from the bottom up. (b) A floating mode MIM image of the region enclosed
by the red square in panel (a), acquired at 70 mK. The measurement frequency
is 3 GHz, and the tip is retracted 100 nm from the highest feature inside the scan
window.

between the graphite flake and hBN. In this case, the signal-to-noise
ratio is even better than that observed in tapping mode MIM images
[Figs. 3(c) and 3(d)], which is especially useful for fixed-location
MIM measurements. However, this advantage comes at the expense
of signal size, as the tip is further away from the sample than in tap-
ping mode. The varying MIM signal in the graphite region is due to
the fact that during a floating scan, the tip is hovering at a fixed abso-
lute z-position while the sample has a surface tilt, which means the
tip-sample distance is varying in the whole frame. We estimate the
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distance to be around 70 nm in the upper-left corner and 100 nm in
the lower-right corner.

The choice of tip-sample distance for floating-mode measure-
ments is a compromise between maximizing signal sensitivity and
minimizing the risk of a tip crash due to vertical fluctuations in the
tip-sample distance, which arise from pulse tube vibrations and are
aggravated by the large Q factor of the tuning fork at mK temper-
atures. For larger scan windows or rougher sample surfaces, the tip
may need to be retracted further. We expect the sensitivity of float-
ing mode to be around 0.01 — 0.1aF/ VHz at 0.1 uW input power,
and in our case, the noise is mostly due to vertical modulations of
the tip—sample distance.”

IV. CONCLUSION AND OUTLOOK

In summary, we report on the development of a microwave
impedance microscope that operates at temperatures down to 70
mK. This is achieved by incorporating a TF-based AFM with
near-field GHz imaging capabilities into a dry dilution refrigerator.

Pushing the limits of MIM into new low temperature regimes
should enable local sensing of quantum phenomena that only
exist at low energy scales, including certain topological states of
matter, domain wall physics at phase transitions, quantum states
arising from geometric confinement in mesoscopic devices, and
correlated states in two-dimensional materials and van der Waals
heterostructures. Because this instrumentation is equipped with
combined transport and imaging capabilities, it can also illumi-
nate the correspondence between macroscopic transport behavior
and the underlying microscopic nature of electronic states, includ-
ing the real-space disorder landscape or the presence of edge
modes.

During the preparation of this article, we became aware of an
article on a related topic.** We are using the same tuning-fork based
MIM circuitry, and in this article, we focus our efforts on mitigat-
ing the relevant AFM and MIM noise caused by the fluctuation in
the tip-sample distance. The z-resolution of AFM in the reference
is in the order of 0.1-0.3 nm, while in our case, it is 3-20 nm. The
MIM sensitivity in the reference is mainly limited by the MIM setup,
while our MIM sensitivity is constrained by the vertical tip—sample
variation.

SUPPLEMENTARY MATERIAL

The supplementary material includes more information on the
analysis of the pulse tube vibration frequency, a description of the
lumped element model of MIM, and the determination of the MIM
spatial resolution.
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