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Abstract

Understanding the nanoscale electrodynamic properties of a material at mi-
crowave frequencies is of great interest for materials science, condensed
matter physics, device engineering, and biology. With specialized probes,
sensitive detection electronics, and improved scanning platforms, microwave
microscopy has become an important tool for cutting-edge materials re-
search in the past decade. In this article, we review the basic components and
data interpretation of microwave imaging and its broad range of applications.
In addition to the general-purpose mapping of permittivity and conductivity,
microwave microscopy is now exploited to perform quantitative measure-
ments on semiconductor devices, photosensitive materials, ferroelectric do-
mains and domain walls, and acoustic-wave systems. Implementation of the
technique in low-temperature and high-magnetic-field chambers has also
led to major discoveries in quantum materials with strong correlation and
topological order. We conclude the review with an outlook of the ultimate
resolution, operation frequency, and future industrial and academic applica-
tions of near-field microwave microscopy.
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1. INTRODUCTION

The nanoscale electrodynamic response of solid-state materials is of fundamental importance for
research on novel electronic devices with nanometer-sized features, ferroic crystals with meso-
scopic domains and domain walls (DWs), strongly correlated materials with spatially inhomo-
geneous phases, and topological systems with distinct edge and bulk properties. In the far-field
regime, however, the result of a measurement is always averaged over a length scale defined by
the electromagnetic (EM) wavelength (1). Going beyond this diffraction limit would demand the
use of a sharp near-field probe in close proximity with the specimen, usually implemented on a
scanning probe microscopy (SPM) platform. In the infrared and visible range of the EM spectrum,
such near-field scanning optical microscopy (NSOM) has greatly expanded our knowledge on the
mesoscale optical properties of functional materials (2—4). In recent years, the analog of NSOM
in the microwave regime, or near-field scanning microwave microscopy (NSMM), has also gained
tremendous momentum (4-7). In most cases, the interaction between microwave radiation and
materials is much more classical than the optical counterpart. The relative simplicity in the de-
sign of NSMM and straightforward data interpretation have led to new types of spatially resolved
experiments that are otherwise not feasible.

NSMM was first envisioned in 1928 (8), followed by a few early prototypes (9-12). With the
invention of modern SPM, most notably scanning tunneling microscopy (STM) (13) and atomic
force microscopy (AFM) (14), various designs of NSMM were demonstrated in the 1990s (15-20).
and the focus was mainly on the understanding of the contrast mechanism, the modeling of tip-
sample interaction, and the system calibration using standard dielectrics and semiconductors. Ex-
cellent reviews of these efforts can be found in References 4-6. In the past decade, much progress
was made to integrate microwave probes with state-of-the-art scanning platforms (21-26) and
low-temperature/high-magnetic-field chambers (27). Propelled by the rise of quantum materials
that are inherently heterogeneous, NSMM has evolved into an important SPM mode for cutting-
edge scientific research. While the technique continues to develop and new applications continue
to emerge, it is now appropriate to provide a work-in-progress review on the general principle of
microwave microscopy, its deployment in materials research, and future prospects for the years
to come. We would like to point out that this article is by no means a comprehensive summary
of the vast literature in this field, for which the readers are referred to other reviews (4-6). It is
rather a survey of the key works and a call for collective efforts to advance this burgeoning area
of research.

The rest of this review is organized as follows. In Section 2, we begin by reviewing the basics
of microwave microscopy, followed by a description of the system design and data analysis. We
then elaborate its applications, categorized by the different material properties probed by the
technique, in Section 3. For each subsection, we also discuss the specific targets in the near term.
We conclude the review in Section 4 with a summary of the current status and an outlook of this
area for the next few decades.

2. NEAR-FIELD MICROWAVE MICROSCOPY
2.1. Basic Principles

Microwaves are commonly defined as the EM radiation with free-space wavelength A ranging
from 1 m (frequency f= 300 MHz) to 1 mm (f = 300 GHz), although we focus on a narrower
band from 300 MHz to 20 GHz here. The interaction between matter and the EM wave in this
regime is well understood and widely exploited in day-to-day technology—to name a few, food
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Figure 1

Schematics of microwave impedance microscopy and its contrast mechanism. () Conceptual sketch of the
microwave microscope, showing the excitation and reflection waves in the transmission line, the quasi-static
voltage at the nanoscale tip, and the material properties to be probed. The lumped elements representing the
tip-sample interaction are shown in the inset. ()—e) Illustrations of (%) the dielectric response of an insulator
to an E-field, (¢) dipolar oscillation in the microwave field, (d) diffusive conduction of an electron, and

(e) excitation of acoustic waves in a piezoelectric crystal by an alternating E-field.

is heated in a microwave oven while a microwaveable plate remains lukewarm; an airplane made
of metal, on the other hand, reflects microwaves and appears on the radar screen. While sharing
the same characteristics, NSMM differs from these phenomena in various aspects. First, while
the electric and magnetic parts of the EM energy density are comparable in propagating waves,
only one is dominant in each NSMM design (6). In Figure 14, it is the gigahertz electric field
(E-field) that is maximized at the electrically open tip. Furthermore, as the typical tip size is ap-
proximately six orders of magnitude smaller than the wavelength, the tip-sample interaction can
be accurately described by the lumped elements in Figure 1a. Such electrical-impedance-type
NSMM is referred to hereafter as microwave impedance microscopy (MIM) (7, 28). Finally, the
quasi-static fields only extend into the sample with a dimension determined by the tip apex. To
form a near-field image, therefore, one must raster scan the tip on the sample surface.

Illustrations of various MIM contrast mechanisms are shown in Figure 1b—e. The electrical
response of a material can be expressed as ¢’ 4 i(¢” + o/w), where ¢’ and ¢” are real and imaginary
parts of the permittivity, o is the conductivity, and w = 25 f is the angular frequency. As depicted in
Figure 15, the response of a perfect insulator to gigahertz E-fields is purely capacitive since the dis-
placement current is 90° out of phase with respect to the tip voltage. For materials with permanent
dipoles or gigahertz collective modes, the interaction with an oscillating E-field leads to dielectric
loss (Figure 1c). For electrical conductors, the motion of conduction electrons (Figure 1d) will
also result in energy dissipation. Finally, in piezoelectric samples, the electromechanical transduc-
tion into gigahertz acoustic waves leads to another channel of energy loss (Figure 1e). Other less
common configurations of microwave microscopy are briefly discussed in Section 3.5.
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2.2. System Components

The schematic in Figure 14 is, of course, oversimplified for MIM. The actual system would at
least consist of the probe, detection electronics, and the scanning platform. Although metalized
tips with a nanoscale apex are readily available for conductive atomic force microscopy (C-AFM),
they are unsuitable for MIM due to the strong stray-field contribution from the cantilever body.
One design to mitigate this problem, as shown in Figure 24, is to increase the sample-cantilever
distance by a tall (~80 wm) shank of the metal tip (24, 25), which is commercially available from
Rocky Mountain Nanotechnology, LLC. Here, the nanometer-sized apex is achieved by the chem-
ical etching of Pt wires. A more elegant solution is the batch fabrication of shielded cantilever
probes (29), which are commercially available from PrimeNano Inc. As indicated in Figure 25,
the Au/Ti/W center conductor is sandwiched between SiNj layers and shielded by metal layers.
The sub-100-nm tip apex is obtained by oxidation sharpening of the sacrificial Si pit and the sub-
sequent metal refill. A drawback here is the inevitable wear during the contact-mode scans, which
strongly affects the MIM signal level. In this regard, quartz tuning-fork (TF) probes with etched
metal tips (Figure 2¢) are desirable not only for the preservation of the tip apex but also for their
self-sensing capability in a cryogenic environment (30, 31). The lack of shielding is again circum-
vented by the high-aspect-ratio probe. The distance modulation in a TF-MIM also rejects the
background drift and provides absolute sample information (31). The disadvantages of TF probes
are the much harder operation compared with cantilevers and the difficulty tracking rough sur-
faces due to the small oscillation amplitude (usually <10 nm). Both types of probes will continue
to be used in MIM research.

Figure 2d shows a schematic of a complete MIM system. Since the impedance of an electrically
open tip is very different from 50 Q in typical transmission lines, an impedance-match (Z-match)
section is required to ensure efficient power transfer to the probe. Examples of Z-match include
cavity resonators for needle probes (6) and A/2 or A/4 transmission-line resonators for cantilever
(28) and TF (30) probes. In Figure 2d, the excitation signal is sent to the tip through a direc-
tional coupler and the reflected signal is amplified and demodulated by an in-phase-quadrature
mixer, similar to the S;; measurement in a vector network analyzer (24, 25). The input microwave
power is typically 1 ~ 10°W, and the measurement is mostly noninvasive (7, 28). As long as the
load impedance is a small perturbation to the tip impedance, the imaginary microwave impedance
microscopy (MIM-Im) and real microwave impedance microscopy (MIM-Re) parts of the output
signals are proportional to the effective tip-sample capacitance and conductance (Figure 1a), re-
spectively. A rigorous derivation of the MIM signals can be found in Reference 32. Finally, it is
sometimes necessary to modulate the MIM output by a low-f (usually kilohertz) signal, such as
voltage modulation for semiconductor samples (33) and distance modulation in the TF operation
(30, 31). In this case, lock-in amplifiers are needed to produce the MIM_AC outputs, as depicted
in Figure 2d.

A brief introduction to MIM data interpretation is provided at the end of this section. While
analytical solutions of certain sample geometries can be obtained (34-37), it is now practical to
directly compute the quasi-static admittance (inverse impedance) of an arbitrary tip-sample con-
figuration using the finite-element analysis (FEA) method (7, 28). Figure 2e plots the simulated
MIM signals as a function of the sheet conductance o1y of a two-dimensional (2D) layer buried
30 nm below the surface of a dielectric sample with &, = 12. As a generic feature, the MIM-Im
signal increases monotonically with respect to o,p, whereas the MIM-Re signal peaks at an inter-
mediate o;p that coincides with the inflection point in MIM-Im. It is obvious that there is an opti-
mal window of o;p determined by the operation frequency and sample parameters. For materials
with large conductivity contrast, MIM-Im is advantageous because of the monotonic response.
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Figure 2

Components of MIM and data interpretation. (4, top) Schematic of the solid metal probe with a contact pad. (4, bottomz) The cantilever
probe with a tall shank of the metal tip. The inset shows the apex of the etched Pt tip. (4, top) Layer structure of the shielded cantilever
probe. (Botton) SEM of the cantilever and pyramidal tip. The red dashed line indicates the buried center conductor. The inset shows
the apex of the Au/Ti/W tip. (¢, rop) A tuning-fork-based probe. (Bottonz) An etched W wire (SEM in the inset) glued to a tuning fork.
(d) Schematics of the MIM setup. (¢) Simulated MIM signals as a function of the sheet conductance of a subsurface 2D layer o,p. The
insets on the left and right show the quasi-static potential distribution maps for o3p = 1077 S-sq and 10~* S-sq, respectively.
Abbreviations: MIM, microwave impedance microscopy; MIM-Im, microwave impedance microscopy—imaginary part; MIM-Re,
microwave impedance microscopy—real part; MIM_AC, microwave impedance microscopy—alternating current; SEM, scanning
electron micrograph. Panel  adapted with permission from Reference 29; copyright 2012 IOP Publishing. Panel ¢ adapted with
permission from Reference 30; copyright 2016 AIP Publishing.
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Near the insulating or conductive limits, however, MIM-Re is usually chosen due to the larger
d(MIM-Re)/do here and the small topographic cross-talk. This simple exercise also demonstrates
that one cannot directly associate the real and imaginary parts of the dielectric function with the
MIM-Re and MIM-Im signals, respectively. Finally, the quasi-static potential at the two limits of
o1p is shown in the inset of Figure 2d. The spatial extent of the E-field (gradient of potential),
which defines the spatial resolution of MIM, is comparable to the tip diameter.

3. APPLICATIONS OF MICROWAVE MICROSCOPY

NSMM has many applications in condensed matter physics, materials science and engineering,
electrical engineering, and biology, as well as other interdisciplinary research. In the following
sections, we group the applications in terms of the contrast mechanism enumerated in Figure 1,
followed by brief discussions under each category.

3.1. Imaging Dielectric Constant

In an electrical insulator, the ratio between the external E-field and the net field in the medium
is defined as its dielectric constant or relative permittivity ¢,. For advanced nanomaterials, the
conventional measurement of &, involves complicated device fabrication into the parallel-plate
geometry. On the other hand, MIM provides a noninvasive method to characterize this funda-
mental property in the nanoscale.

Figure 34 shows the AFM and MIM (f = 1 GHz) images of the layered semiconducting
chalcogenide In,Se; (38), an important system for phase-change memory, thermoelectric, and
photoelectric applications (39). The MIM-Im image exhibits distinct contrast over the mica sub-
strate as a function of the flake thickness, i.e., the signal is lower than mica for a layer number (1)
of 3 and higher for #» > 4. FEA simulation of the MIM data in Figure 35 shows that the effective
&, increases monotonically from two to six layers and saturates to the bulk value after » = 8, con-
sistent with first-principles calculations (38). The n-dependent ¢, is ubiquitous for van der Waals
materials (40), and the methodology is valuable for this vibrant research field.

The gigahertz permittivity of biological systems is also of interest for medical applications as
it determines the transmission, reflection, and absorption of microwaves in tissues (41). Figure 3¢
shows a schematic of microwave imaging on a single bacterial cell at 19 GHz (42). For the irregular
cell structure, the morphologic contribution to the MIM-Im data cannot be ignored. As a result,
itis crucial to perform careful calibration to remove the topographic cross-talk from the raw data
(Figure 3d). The intrinsic capacitance after subtracting the background is plotted in Figure 34,
showing &, ~ 4 with no significant dielectric loss (42). The findings open an important avenue in
label-free imaging of single cells with nanoscale spatial resolution.

The two examples reviewed here highlight the potential of MIM as a versatile permittivity
imaging tool. Using standard dielectrics as calibration samples (24, 31, 43, 44), this method can be
further applied to quantify ¢, of nanoparticles, free-standing films, and granular ceramics, whose
nanoscale dielectric response is otherwise difficult to probe.

3.2. Imaging Electrical Conductivity

The imaging of local conductivity is arguably the most successful application of microwave mi-
croscopy. In particular, the ability to visualize subsurface conduction is of great interest across
many research disciplines. In this section, we first introduce several examples of general-purpose
conductivity imaging and then proceed with studies in more specialized areas.
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Figure 3

MIM imaging of a dielectric constant. (z) AFM (top), MIM-Im (bottom left), and MIM-Re (bottom right)
images of few-layer In, Se3 nanoflakes. The number of layers 7 is indicated in the AFM image.

(b) Permittivity deduced from the MIM-Im data as a function of z. The blue circles and red squares
represent two different batches of samples. () Schematic of microwave microscopy on a single bacterial cell.
(d, rop left) Capacitance image extracted from MIM-Im data. (7op right) 3D rendering of the topographic
image. (Bottorz) Comparison of numerically calculated intrinsic capacitance profiles for different dielectric
constants (dashed lines) of the cell with the experimental intrinsic capacitance profile (so/id line) after removing
topographic cross-talk. The best agreement is found for e, ~3-5. Abbreviations: AFM, atomic force
microscopy; MIM, microwave impedance microscopy; MIM-Im, microwave impedance microscopy—
imaginary part; MIM-Re, microwave impedance microscopy-real part. Panels # and 4 adapted with
permission from Reference 38; copyright 2015 American Chemical Society (ACS). Panels ¢ and 4 adapted
with permission from Reference 42; copyright 2016 ACS.

3.2.1. General-purpose studies. With STM-assisted hydrogen resist lithography (45), it is
now possible to pattern atomically thin P dopant nanostructures buried in Si wafers, as illustrated
in Figure 4a. Characterization of these buried features is important for next-generation infor-
mation processing, while at the same time presenting a major challenge to SPM tools that do not
see through the surface. Using the MIM at f = 20 GHz, Gramse et al. (46) were able to image
a 8-doped P layer encapsulated with 15-nm Si. In Figure 4b, the nanostructure incorporating
P atoms is clearly seen in the capacitance image, whereas the control pattern with the hydrogen
desorbed triangle on the right shows no measurable contrast. Note that the conductance channel
displays little contrast for both the conductive P-region and the insulating H-region, consistent
with the modeling in Figure 2e. The authors reported a lateral resolution of ~40 nm and vertical
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Figure 4

Examples of general-purpose conductivity imaging. (#) Schematic of the phosphorus 3-doped layer buried in
the Si substrate. (4, rop to bottom) AFM image of a patterned phosphorus and depassivated hydrogen layer and
corresponding capacitance (from MIM-Im) and conductance (from MIM-Re) images. (¢) Schematic layout of
the experimental setup. The objects under study are enclosed in a capsule filled with a fluid (or gas) and
separated from the probe by an ultrathin dielectric membrane transparent for MW radiation. Abbreviations:
AFM, atomic force microscopy; MIM-Im, microwave impedance microscopy—imaginary part; MIM-Re,
microwave impedance microscopy-real part; MW, microwave; NP, nanoparticle. Panels # and 4 adapted from
Reference 46 (CC BY 4.0). Panels ¢ and d adapted with permission from Reference 47; copyright 2016
American Chemical Society.

resolution of ~4 nm, suggesting that the technique could aid the development of fabrication
processes for surface-code quantum computers (46).

Figure 4c demonstrates the MIM imaging of objects in environmental cells (47). Here, the cells
and metallic and insulating nanoparticles are enclosed in a capsule filled with a fluid and separated
from the probe by an ultrathin dielectric membrane. The same configuration was also utilized to
visualize the growth and stripping of Ag dendrites in liquid electrolytes, as well as live yeast cells
immersed in glycerol beneath the SiO, membrane (47). Since microwave imaging is free from
radiolysis and radiation-induced damage, the approach can serve as an ideal framework for in situ
studies of fragile organisms and research in reactive, toxic, or radioactive media. The technique
can also be coupled with microfluidic platforms for electrophoretic and osmotic controls. The ease
of operation and the compatibility with AFM platforms will continue to increase the popularity
of MIM in various branches of materials research.
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3.2.2. Semiconductors. Semiconductor devices, in which the electrical conductivity is con-
trolled by doping, gating, temperature, or illumination, are the backbone of modern information
technology. For the same reason, doped Si and GaAs devices have been the preferred samples for
NSMM calibration (25, 28, 33,48-50). Rather than dwelling on the traditional materials, however,
we direct our attention to novel 2D and 1D semiconductors in this review.

Semiconducting transition metal dichalcogenides, such as MoS, and WSe,, are in the lime-
light of current materials research (51). These layered materials can be exfoliated into atomically
thin 2D sheets with unique electrical and optical properties, which are attractive for nanoelec-
tronics and optoelectronics. Figure 54 shows the transfer curve of a few-layer MoS, flake in the
field-effect transistor (FET) configuration (52). The device was covered by 15-nm-thick AL, O; to
avoid direct contact between the metallic tip and the 2D sheet. Figure 5 displays selected MIM
images within the channel region as a function of the back-gate voltage (V5G). As Vg increased,
the conductance signal emerged initially at the edges and then in the interior, with appreciable
spatial nonuniformity (52). For quantitative analysis, average MIM-Im/Re signals on the four-
and three-monolayer segments in Figure 5b are plotted in Figure Sc, which are consistent with
the simulated response curves (Figure 2e). The results suggest that the contribution of defect-
induced edge states to the total conductance is significant in the subthreshold regime but neg-
ligible once the bulk becomes conductive. The observation of conductance inhomogeneity also
provides a guideline for future improvement of the device performance. Similar MIM works have
been carried out on other 2D materials (53-62).

It is a common practice of MIM to modulate the local carrier concentration by applying a
low-f (kilohertz) voltage (Vac) on the tip (Figure 5d). The demodulated signal is recorded to form
MIM_AC or microwave impedance modulation microscopy (MIM?) images during the scan (63).
The configuration is similar to that in scanning capacitance microscopy, where the n- and p-doped
regions exhibit opposite 4C/dV signals (64). The combined MIM and MIM? allows more detailed
analysis of the sample. Figure Se shows the MIM, MIM?, and AFM data on an array of carbon
nanotubes (CNI5) (63). For metallic CN'T5, the large amount of carriers led to strong MIM and
negligible dC/dV signals. At low V¢, semiconducting CN'Ts displayed appreciable MIM? signals,
with p-doped tubes showing unipolar +AC and intrinsic tubes showing bipolar £AC on the two
polarities of Vyc. Finally, for semimetallic CN'T3, strong MIM? signals appeared at high Vac. The
MIM tip modulation was also applied to other nanowire systems (65-67).

Using the FET configuration, either tip bias or sample bias, the Fermi level of the semicon-
ducting materials can be locally modulated. The MIM/MIM? is thus similar to the STM/scanning
tunneling spectroscopy measurement, with lower resolution but much relaxed requirements for
sample preparation and environment control. MIM also would be useful for novel semiconduc-
tor devices, such as ferroelectric FETs (68) and electric double-layer transistors (69), which was
demonstrated recently (70, 71).

3.2.3. Photoconductors. Photoconductivity, the drastically altered electrical conductivity in
a material under optical illumination, is widely exploited in optoelectronics. With some excep-
tions for semimetals and correlated materials, most photoconductors are also semiconductors.
Considering the addition of a light source and optical components in the setup, however, light-
illuminated microwave impedance microscopy (iIMIM) deserves a separate section here. Note that
iMIM, which measures the intrinsic photoconductivity without the need of electrodes, is funda-
mentally different from scanning photocurrent microscopy, which maps out the photo-generated
current across the source and drain electrodes when a focused laser beam scans over the device

72).
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The worldwide surge of research interest in organic-inorganic trihalide perovskites, e.g.,

CH;NH;Pbl; or MAPDI;, has led to a phenomenal increase in the power conversion efficiency
from 3.8 to 24.2% in the past few years (73). Figure 64 shows a schematic of a recent iMIM study;,
in which the tip was aligned with a focused laser beam illuminated through a transparent glass
substrate (74). When the perovskite solar cell film was in the dark, the MIM signals indicated the
absence of mobile carriers. When illuminated by an above-gap laser with A = 532 nm, however,
clear photoconductivity was seen in the MIM images (Figure 6b). Interestingly, while the MIM-
Im image shows appreciable topographic cross-talk, the MIM-Re image is rather uniform across
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Figure 5 (Figure appears on preceding page)

MIM imaging on semiconductors. (#) Transfer characteristics of the back-gated MoS; transistor. The inset shows a picture of the
device. (b) Selected MIM images of the sample in the dashed box in panel 4. (c) Averaged MIM signals as a function of the source-drain
conductance for the 4ML and 3ML regions in the dashed boxes in panel . (d) Schematic of MIM and MIM? experiments on
encapsulated carbon nanotubes. (e, top to bottors) MIM, MIM?, and AFM topography scans of the same nanotube array, illustrating the
complementary nanoscale data obtainable with each technique. The signatures have been categorized for the four electronic nanotube
types indicated by the colored arrows: strong MIM signal only (black, metallic), strong MIM? signal only (blue, lightly doped
semiconducting), both strong MIM and MIM? signals (red, semimetallic), and no signal with either technique (purple, intrinsic
semiconducting). Abbreviations: 3ML, three monolayer; 4ML, four monolayer; AFM, atomic force microscopy; MIM, microwave
impedance microscopy; MIM?, microwave impedance modulation microscopy; MIM-Im, imaginary microwave impedance microscopy;
MIM-Re, real microwave impedance microscopy. Panels 4— adapted with permission from Reference 52; copyright 2016 Proceedings
of the National Academy of Sciences. Panels 4 and ¢ adapted with permission from Reference 63; copyright 2016 American Chemical
Society.
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Figure 6

Photoconductivity imaging by iMIM. (#) Schematic of the hybrid perovskite sample and the iMIM setup with bottom illumination
through the transparent glass substrate. Scanning is accomplished by moving the sample stage while fixing the laser beam and the probe
tip, which are aligned before the experiment. (5) AFM (top) and MIM-Im/Re images (inside the black dashed rectangles in the AFM data)
when the 532-nm laser is turned off (mziddle) and on (bottom). (c) AFM and MIM-Re images of an ML-BL WSe; flake when illuminated
by diode lasers with different energies, showing the sequential emergence of photoconductivity in different regions of the sample.
Abbreviations: AFM, atomic force microscopy; BL, bilayer; iMIM, light-illuminated microwave impedance microscopy; MIM-Im,
microwave impedance microscopy-imaginary part; MIM-Re, microwave impedance microscopy-real part; ML, monolayer; PMMA,
polymethyl methacrylate. Panels # and b adapted from Reference 74 (CC BY 4.0). Panel ¢ adapted with permission from Reference 77;
copyright 2018 American Chemical Society.
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grains and grain boundaries, suggesting that microstructures do not lead to strong spatial varia-
tions of the intrinsic photo-response. The same work also showed that the degradation process
began with the disintegration of grains rather than nucleation and propagation from visible grain
boundaries (74). Such understanding of the defect structures, grain boundaries, and air stability is
important to improve the device performance towards commercialization.

Vertical and lateral heterostructures of 2D materials provide tremendous flexibility to engi-
neer local band structures (75, 76). Figure 6c shows the MIM images of photoconductivity in a
monolayer-bilayer WSe, lateral heterostructure under multiple excitation lasers (77). As the pho-
ton energy increased from 1.16 to 2.40 eV, the light-induced conductivity first appeared along
the hetero-interface and bilayer edge, then along the monolayer edge, inside the bilayer area, and
finally in the interior of the monolayer region. The sequential emergence of mobile carriers in
different sections of the sample can be used to construct a qualitative configuration of local energy
gaps, which is consistent with the density functional theory calculations (77). The results suggest
the exciting possibility of band-gap engineering on the length scale of nanometers.

Photoconductivity imaging is still in its infancy (74, 77, 78-80) and will likely see rapid growth
in the next few years. First, it is straightforward to use a broadband light source to determine
the onset of free-carrier generation. The electronic gap measured by iMIM is different from the
optical gap determined from absorption experiments, as the latter is reduced by the exciton bind-
ing energy (51). Second, by moving the tip with respect to the laser spot, a diffusion map of the
photo-generated carriers can be obtained. Third, by using a pulsed laser and fast electronics, the
microwave response can be temporally resolved down to 1-10 ns, which will be a powerful method
to study the dynamics of photo-excited electrons. Finally, the measurements can be incorporated
in a cryogenic environment to suppress the thermal excitation.

3.2.4. Strongly correlated systems. Strongly correlated materials are a wide class of com-
pounds whose behaviors cannot be described by noninteracting or weakly interacting physics
(81). A defining feature of these systems is the emergence of unusual electronic and magnetic
properties (82). In particular, the electron correlation may lead to the coexistence of competing
states with drastically different electronic structures, whose spatial configurations closely reflect
the underlying physics. MIM would be an ideal tool to probe such coexisting domains or domain
boundaries.

Figure 7a shows the low-T magneto-transport data of the colossal magnetoresistive mate-
rial Ndo5SrosMnOs with coexisting charge/orbital-ordered insulating phase and ferromagnetic
metallic (FM-M) phase (83). As the magnetic field increased from 2.4 to 9.0 T, the macroscopic
transport resistivity dropped by four orders of magnitude, accompanied by substantial expansion
of the FM-M phase in the MIM-Im image (Figure 7b). The FM-M phase at high field formed
an interconnected network, with a volume fraction consistent with the 2D percolation transi-
tion (inset of Figure 74). Strikingly, the prominent FM-M filaments aligned preferentially along
the [001] and [110] directions of the substrate, suggesting the anisotropic elastic strain as the
key interaction here (83). Metal-insulator transitions in complex oxides such as VO, (84, 85) and
Pr;(Ca,Sr);MnO; (86) were also imaged by MIM.

In a magnetic insulator, whether metallic behavior occurs at the DWs is a long-standing ques-
tion that remains elusive experimentally (87). Figure 7¢ shows a schematic of the low-T insulator
Nd;Ir,0; with unusual all-in-all-out (AIAO) magnetic orders (88). The zero-field MIM-Im im-
age of a polished polycrystalline sample is displayed in Figure 7d, showing highly conductive
curvilinear features with respect to the insulating bulk (89). In contrast, most conductive curves
disappeared under 9 T, which aligned the magnetic domains and eliminated the ATAO DWs. As
supporting evidence, the transport conductance across two electrodes fabricated on the sample
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Figure 7 (Figure appears on preceding page)

MIM application on strongly correlated materials. (#) Resistivity of an Ndo 5Srg sMnOj3 thin film during the
field sweep at 10 K. The three fields at which MIM images were taken are marked by red stars. The inset
shows a comparison between the 2D square-lattice simulation (red curve) and the experimental data (black
squares). (b)) MIM-Im images taken at 2.4, 6.6, and 9.0 T. The ferromagnetic metallic phase (ye/low) exhibits
higher signals than the charge/orbital-ordered insulating phase (red). The black particles are MnOy defects.
(¢) Nustration of the MIM scanning setup on polished polycrystal Nd,Ir, O7, showing the spin configuration
of the ATAO order and its variations. Domain walls can exist between the two variations. (4, leff) MIM-Im
image taken after zero-field cooling from 40 to 4.7 K. The dotted lines are grain boundaries, and the dark
spots are voids between grains. Curvilinear features much more conductive than the bulk are ATAO magnetic
domain walls. (Right) MIM-Im image in the same region after a thermal cycle to 40 K and cooling back to
4.7 Kin 9 T. Most grains become single domain. (¢) Typical conductance versus magnetic field of a
microelectrode device (inset) at 2 K, showing staircase-like drops. Abbreviations: AIAQ, all-in-all-out; AOAI,
all-out-all-in; exp., experiment; FM-M, ferromagnetic metallic; MIM, microwave impedance microscopy;
MIM-Im, microwave impedance microscopy-imaginary part; sim. simulation. Panels # and & adapted with
permission from Reference 83; copyright 2010 American Association for the Advancement of Science
(AAAS). Panels c—e adapted with permission from Reference 89; copyright 2015 AAAS.

showed abrupt drops as the field ramped up (Figure 7e), consistent with the sequential removal of
DWs between the electrodes. The results unambiguously establish the metallic nature of DWs in
this ATAO magnetic insulator. Enhanced conductivity was also observed in charge-ordered DWs
in the layered manganite Pr(Sro;Cag ), Mn,O5 (90).

Local imaging on strongly correlated materials has been very fruitful to date, as exemplified
by the study of nanoscale inhomogeneity in unconventional superconductors by STM (91). The
highly resistive phases in many complex oxides, however, are difficult to study by a tunneling ex-
periment. Similarly, while NSOM has become increasingly important in the imaging of correlated
systems (92), it is mostly sensitive to the optical contrast between metals and insulators. As already
demonstrated above, MIM is in a unique position to continue the investigation on these intriguing
quantum materials.

3.2.5. Topological quantum systems. The research on the topologically ordered phase of mat-
ter (93, 94) has been in the central stage of quantum science and engineering. In particular, the dis-
sipationless edge or surface states may enable novel memory and logic technologies with minimal
energy consumption. While these conductive channels have been demonstrated by macroscopic
measurements, much remains to be explored on their microscopic details.

The integer quantum Hall effect {QHE) is characterized by the exact quantization of the Hall
resistance and vanishing longitudinal resistance (95). As illustrated in Figure 84, the topological
boundary states are formed by the intersection between Landau levels (LLs) and the Fermi level
(Er) of a high-mobility 2D electron system (2DES) under high magnetic (B) fields. Figure 85
shows the MIM images at 7= 2.3 K and B = 5.4 T of a GaAs/AlGaAs 2DES etched into iso-
lated disks (96). Immediately inside the physical boundary, the strong MIM-Im and zero MIM-Re
signals are indicative of a metallic strip around the perimeter. The MIM imaging also enabled
quantitative measurement of the width of edge states, and the result is in good agreement with
the electrostatic model (97). A follow-up experiment was performed in a graphene flake, and the
IQHE edges were again imaged (98).

Different from the IQHE at high B-fields, the quantum spin Hall effect (QSHE) shows a
quantized spin Hall conductance and a vanishing charge Hall conductance at B = 0 (99, 100). As
illustrated in Figure 8¢, the QSHE features a bulk energy gap and a pair of gapless helical edge
states carrying opposite spins. Figure 84 shows MIM line scans across two HgTe/(Hg,3Cdo7)Te
quantum well (QW) devices as Er was tuned by the back gate (101). For the topologically trivial
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Figure 8

Microwave imaging of topological edge states. (#) Schematic of the IQHE under high magnetic fields.

(b)) MIM images at B= 5.4 T and T = 2.3 K of a high-mobility GaAs 2D electron system. Conductive edge
channels are clearly seen around the physical boundary of the etched disk. (¢) Schematic of the QSHE under
zero magnetic field. (d) Zero-field MIM single-line scan versus gate voltage across an Hg'Te/(Hgp 3Cdo.7)Te
device with a quantum-well thickness of 5.5 nm (lef?) and 7.5 nm (right). Within the bulk gap region,
conductive edges are absent in the topologically trivial sample on the left and present in the QSHE sample
on the right. (¢) Schematic of the QAHE with an out-of-plane magnetization. () MIM-Im line scan across a
Cr-doped (Bi,Sb); Tes sample versus the magnetic field, showing the evolution of edge states across the two
QAHE states and the axion insulator state. Abbreviations: axion ins., axion insulator; IQHE, integer quantum
Hall effect; MIM, microwave impedance microscopy; MIM-Im, microwave impedance microscopy—
imaginary part; MIM-Re, microwave impedance microscopy-real part; QAHE, quantum anomalous Hall
effect; QSHE, quantum spin Hall effect. Panel 4 adapted with permission from Reference 96; copyright 2011
American Physical Society. Panel 4 adapted from Reference 101 (CC BY 4.0). Panel fadapted with
permission from Reference 107; copyright 2019 Proceedings of the National Academy of Sciences.
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sample with a QW thickness 4 of 5.5 nm (below the critical value of 6.5 nm), the entire sample
became insulating inside the bulk gap. For the nontrivial sample with 4 = 7.5 nm, however, the
bulk turned insulating but the two edges remained conductive as Ey passed through the bulk gap,
consistent with the QSHE physics in Hg'Te (102, 103). The QSHE edge states in monolayer Wk,
flakes were also visualized by MIM in a recent work (104).

In analogy to the N = 1 (N being the LL index or the first Chern number) IQHE state, the
quantum anomalous Hall effect (QAHE) is characterized by a chiral 1D edge current that encloses
an insulating bulk (105, 106). The time-reversal symmetry, however, is broken by a spontaneous
out-of-plane magnetization (Figure 8e) rather than an external B-field. Figure 8f shows the MIM
line scans across a Cr-(Bi,Sb), Te; sample with two magnetically doped layers (107), whose magne-
tization was controlled by a small B-field (<0.5 T). For the N = %1 states, the hallmark of QAHE,
i.e., dissipationless edges and insulating bulk, was vividly imaged by the MIM. In between the two
QAHE states, however, the system entered a topologically distinct axion insulator (N = 0) state
(108-110) with spatially uniform conductivity, where the magnetization direction was opposite
in the two magnetic layers. The visualization of both QAHE and axion insulator states further
testifies to the ability of MIM to probe exotic quantum states.

In the past decade, many topologically nontrivial states have been theoretically proposed and
experimentally realized. Given its nanoscale resolution, strong electrical contrast, noninvasive na-
ture, and compatibility with a high-B/low-T environment, MIM may become indispensable for
probing topological materials. In the meantime, the interpretation of MIM data in the quan-
tum regime needs to be improved to include ballistic transport (rather than diffusive transport in
Figure 1d) for high-mobility samples and topological channels, as well as the full resistivity tensor
with a nontrivial Hall contribution. It is likely that what we have seen here is merely the tip of the
iceberg, leaving open space for future explorations.

3.3. Imaging Dielectric Loss

The dielectric loss in a material quantifies the dissipation of EM energy due to dipolar relaxation or
the excitation of collective modes (111). At a fixed frequency, the dipolar loss &”w is indistinguish-
able from the electronic conduction o at the circuit level. To separate the contributions between
mobile carriers and bound charges, therefore, one must perform simultaneously DC (usually by
C-AFM) and AC (usually by f~dependent MIM) microscopy for the mapping of local dielectric
loss in complex systems.

When a multidomain ferroelectric is placed in microwave fields, the coupling between the
spontaneous polarization and the alternating E-field may lead to periodic oscillation of the DWs
and, thus, dielectric loss (112-114). On the other hand, it is now widely accepted that many fer-
roelectric DWs can host electrical conduction due to the presence of free carriers (115, 116).
For weakly charged walls in KNbOjs crystals (117) and transiently formed charged walls in lead
zirconate titanate thin films (118), the gigahertz DW conductivity measured by MIM is indeed
dominated by charge carriers. The situation, however, is different for the neutral walls on hexago-
nal manganites (h-RMnO3). Figure 94 shows piezo-force microscopy (PFM), C-AFM, and MIM
images on the [001] surface of YMnOj; (119). The C-AFM data showed that the DWs are more
resistive than the adjacent domains (120) with a DC conductivity ~10~* S/m. On the other hand,
the MIM images in the same area indicate very strong gigahertz response at the DWs. For com-
parison, the DW signals were quantified by an effective gigahertz conductivity, which is as high
as ~400 S/m from the FEA. The f~dependent DW conductivity (Figure 95) was measured by a
series of MIM electronics, showing a peak-like feature around 3 GHz. The result established that
the DW vibration (inset of Figure 9b), rather than electronic conduction, is responsible for the
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Figure 9

Imaging of dielectric loss by MIM. (#) PFM, C-AFM, and MIM images acquired on the [001] surface of
YMnOs. The cloverleaf-like domain patterns are seen in the PFM and C-AFM images, whereas the DWs
are highlighted in the MIM data. (b) Frequency-dependent effective DW conductivity. The blue line is a
visual guide. The inset shows an atomistic view of YMnOj3 in the [001] plane across the interlocked
antiphase boundary and ferroelectric DW. The black and white double-headed arrow illustrates the
amplitudes and directions of the periodic DW sliding. Abbreviations: C-AFM, conductive atomic force
microscopy; DW, domain wall; MIM, microwave impedance microscopy; MIM-Im, microwave
impedance microscopy—imaginary part; MIM-Re, microwave impedance microscopy—real part; PEM,
piezo-force microscopy. Figure adapted from Reference 119 (CC BY 4.0).

pronounced dielectric loss (119). Similar behavior was also seen in hexagonal ferrite (h-RFeOj)
(121). It should be emphasized that the DW physics in ferroelectric YMnOs is different from that
in the magnetic insulator Nd,Ir,O; (Figure 7d) (89), where the walls are equally conductive at
DC and microwave frequencies.

The measurement of an f~dependent dielectric response will undoubtedly lead to follow-up in-
vestigations on other ferroelectric DWs. More importantly, broadband MIM will open up enor-
mous opportunities to locally probe materials with gigahertz collective modes, such as charge
density waves (122) and pinned Wigner crystals in 2DES (123). Since the dielectric loss in these
samples is specific to the microwave frequency, MIM would be the only technique to map out
their gigahertz dynamics in the nanoscale.

3.4. Imaging Electroacoustic Transduction

In a piezoelectric material, the mechanical stress is coupled to the electric potential by the lin-
ear electromechanical interaction. An oscillating gigahertz E-field, therefore, will launch acoustic
waves in the sample. Such electroacoustic transduction has found many applications in electronic
components such as surface acoustic wave (SAW) devices (124). For MIM on piezoelectrics, this
new channel of energy dissipation, in addition to the usual dielectric response, should be taken
into account for image analysis (125, 126).

Figure 10z shows the results on a z-cut LiNbO; sample with one long DW (126). The two
oppositely polarized domains are seen in the PFM image. The MIM-Re image, on the other
hand, exhibits clear interference fringes around the wall. As the electrical conductance of LINbO;
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Figure 10

MIM imaging on piezoelectric power transduction. (a, top to bottorm) Schematic, PFM, and MIM-Re images
of the z-cut LINbOj3 crystal with a single domain wall in the middle. The MIM image exhibits clear
interference fringes, with a period of A labeled in the plot, around the DW. (§) Linear relation between 1/
and the MIM frequency. The slope corresponds to a wave velocity of 4.4 & 0.2 km/s. (¢) PFM and MIM-Re
images of four LiNbO3 coral domains. Clear interference patterns due to the superposition of ripples
around each DW are seen in the MIM-Re data. Abbreviations: DW, domain wall; MIM, microwave
impedance microscopy; MIM-Re, microwave impedance microscopy-real part; PEM, piezo-force
microscopy. Figure adapted with permission from Reference 126; copyright 2018 Proceedings of the
National Academy of Sciences.

is negligible, the MIM-Re contrast indicates that the microwave energy is dissipated through
piezoelectric transduction rather than Ohmic loss. In Figure 105, the measured 1/A (A being the
period of the MIM-Re fringes) is plotted as a function of the MIM frequency. The slope of 4.4 +
0.2 km/s closely matches that of the x-propagating pseudo-SAW on z-cut LiNbOj3 (127). Using
electrometrical FEA, one can simulate the one-A oscillation in energy loss as the tip moves away
from the DW, which stems from the nonlocal interaction between electric fields and elastic waves
(126). The interference of piezoelectric transduction can be further appreciated in LiNbOj; coral
domains (126), as seen from Figure 10c.

MIM of ferroelectric domains reveals certain internal degrees of freedom in piezoelectric
and elastic tensors, which are not accessible by measurements of the acoustic displacement

Chu o Zheng o Lai



MR50CHO1_Lai ARjats.cls March 16, 2020 9:44

fields. Continued work along this line may open a new research frontier to explore nanoscale
electroacoustic phenomena in complex structures.

3.5. Beyond Electrical Impedance Imaging

While the majority of NSMM applications to date are the electrical impedance type, exceptions
exist for imaging other material properties, which are briefly discussed here.

3.5.1. Imaging magnetic impedance. To probe the microwave magnetic response, one needs
to modify the lumped-element model in Figure 14 to include the tip-sample mutual inductance.
The coupling to the electrically open tip described above is relatively weak (128). On the other
hand, an electrically short or loop tip that maximizes microwave magnetic fields around the probe
head would enable study of the local permeability and magnetic resonance (6). Given the difficulty
of forming a nanoscale loop probe and the competing technology in magnetic imaging, the success
of this research area is still pending future developments.

3.5.2. Imaging gigahertz nonlinearity. The local higher-order dielectric or magnetic prop-
erties can be measured by probing the nanoscale nonlinear response. In practice, one can either
apply kilohertz modulation to the gigahertz excitation and demodulate the higher-order signals or
directly detect the higher harmonics of the gigahertz signals. By using the former scheme, scan-
ning nonlinear dielectric microscopy has achieved appreciable success in ferroelectrics (129) and
semiconductors (130). Similarly, by using a loop probe and the latter scheme, investigators have
also detected the nonlinear Meissner response at edges and defects in superconducting samples
131).

3.5.3. Imaging microwave fields. Near-field microwave probes have been used to map out the
gigahertz fields in microwave resonators (132) and metamaterials (133), where the characteristic
length scale is determined by the EM wavelength and mesoscopic resolution is not necessary.
The spatial mapping of a time-varying E-field that accompanies SAWs in piezoelectrics, however,
does require a nanoscale probe due to the micrometer-sized gigahertz acoustic wavelength. The
configuration is different from the imaging of transduction loss (Section 3.4) in that the tip is acting
as a receiver to detect the microwave fields launched from a nearby transducer. Such acoustic field
imaging has been recently demonstrated on SAW components (134) and resonators (135), which
may find applications in electroacoustic devices, quantum acoustics, and phononic crystals.

4. SUMMARY AND OUTLOOK

In summary, the past decade has witnessed the upturn of near-field microwave microscopy, espe-
cially in the form of MIM, in various branches of materials research. By quantitatively imaging
on the nanoscale, the dielectric constant and conductivity can be obtained on novel semiconduc-
tors, photoconductors, and biological materials. Implementation of the technique in cryogenic
and magnetic-field environments has led to important discoveries in materials with strong cor-
relation and topological order. The understanding of MIM contrast in ferroelectric DWs and
piezoelectrics also expands its territory into dipolar materials and electromechanical systems.
Having surveyed the major progress of MIM in recent years, we conclude that the technique has
arrived at a critical juncture for future prosperity. The success of a particular SPM mode depends
on multiple conditions: (#) commercial companies supplying the specialized probes, electronics,
and platforms compatible with the module; (4) a broad user community, ideally including both
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industrial teams and academic groups; and (¢) widespread applications, ideally including general-
purpose imaging and killer applications in frontier research. As detailed in this review, the rapid
progress of MIM in the past decade has addressed these key points with positive answers, which
certainly bodes well for the future.

It is also interesting to ponder the ultimate limits of microwave microscopy in the next few
decades. A number of desired functionalities and applications are discussed below.

4.1. Spatial Resolution

Except for the configurations based on tunneling (136) and nonlinearity (137), the spatial resolu-
tion of NSMM with linear dielectric contrast has been limited to ~50 nm for most reports to date.
Further improvement would require a concerted effort to construct durable and sharp tips, sen-
sitive electronics, and reliable feedback control from the scanner. We anticipate that sub-10-nm
resolution can be achieved within the next decade.

4.2. Operation Frequency

Beyond the current MIM frequency band (from low MHz to ~20 GHz), the probe and elec-
tronics become progressively harder to construct. On the other hand, material properties in the
millimeter-wave (30-300 GHz) regime are of great interest for civil and military applications.
Microscopy around 10'! Hz will also bridge the gap between the current frequencies of NSMM
(up to ~10'° Hz) and NSOM (down to ~10'? Hz). With efforts along this direction (138-140),
near-field imaging throughout the EM spectrum may happen in one or two decades.

4.3. Industrial Applications

As discussed above, microwave microscopy could be appealing for multi-billion-dollar industries
such as semiconductor technology, photovoltaics, and SAW devices. Industrial applications usu-
ally require high-throughput, large-scale (e.g., wafer-scale) inspection and fast (e.g., video-speed)
operation, which necessitate building suitable probes, electronics, and scanning platforms. The
ability to zoom out for coarse imaging and zoom in for fine scanning would be desirable as well.
It is hopeful that MIM will become the standard tool for multiple industries in the future.

4.4. Academic Applications

The broad range of MIM applications reviewed here is a good start for cutting-edge scientific
studies. For complex systems with various degrees of freedom, it is usually advantageous to per-
form multimodality microscopy. One may further envision the integration of MIM with NSOM,
electrostatic force microscopy, Kelvin probe force microscopy, and magnetic force microscopy,
among others, in one experiment. In addition, the research of quantum materials may require ex-
treme conditions, such as milli-Kelvin temperature in a dilution refrigerator (141) or ultrahigh
vacuum in a molecular-beam epitaxy chamber. Efforts are underway to incorporate MIM into
these instruments, which will continue to bring us exciting discoveries in materials research.
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