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Abstract — Scanning microwave microscopy (SMM) allows
nanoscale characterization of two-dimensional (2D) tin selenide
(SnSe) polarization domain structure and resistance. This study
examines SnSe flakes up to 15-nm thick, synthesized by low-pressure
physical vapor deposition and transferred onto a silicon substrate.
The SMM uncovers lateral polarization domains not detected by
optical microscopy or atomic force microscopy. The SMM
determines the resistivity of the domain interior is approximately
0.02 Q-m, which is much higher than the resistivity of the domain
boundaries. This observation agrees with current-voltage
measurement of devices fabricated on 2D SnSe. This work
demonstrates SMM''s efficacy for non-destructive, in situ monitoring
of 2D materials and devices.

Index Terms — Atomic force microscopy, two-dimensional
material, polarization domain, scanning microwave microscopy

I. INTRODUCTION

Two-dimensional (2D) atomic-layered tin selenide (SnSe)
has garnered significant attention in nanoelectronics and
optoelectronics due to its exceptional properties, including in-
plane ferroelectricity, high thermoelectric coefficients, and
nonlinear optical characteristics [1]. Recent advancements in
low-pressure physical vapor deposition have enabled the
synthesis of high-quality 2D SnSe crystals with controllable
thicknesses ~ [1].  However,  conventional  material
characterization methods such as optical microscopy and
atomic force microscopy (AFM) often fail to provide detailed
information about the electric properties of 2D SnSe at the
nanoscale.

In comparison, SMM has emerged as a versatile tool for both
structural and electrical characterization of semiconductors,
dielectrics, and biological cells [2]-[9]. This study aims to
examine the feasibility of 2D SnSe characterization by SMM,
especially in identifying lateral polarization domains and
mapping their resistivity at the nanoscale. Once the feasibility
is established, SMM can be used to advance the development
of SnSe for various nanoelectronics and optoelectronic
applications.

II. METHOD
A.  SnSe Synthesis

2D SnSe flakes are synthesized using low-pressure physical
vapor deposition [1]. The synthesis begins with placing SnSe
powder precursor in a crucible at the center of a single-zone
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tube furnace. A freshly exfoliated mica substrate, annealed at
400 °C in air for 10 min, is positioned 10 cm downstream from
the precursor. The furnace is then evacuated to 10 mTorr and
heated to 420 °C for a deposition of approximately 40 min.
After deposition, the furnace is quickly cooled to room
temperature [1]. Finally, thin SnSe flakes are transferred using
polymethyl methacrylate from mica to a Si substrate precoated
with a 300-nm-thick SiO: layer. The synthesized SnSe flakes
are up to 23-um wide with a thickness from 2 to 15 nm (Fig. 1).

B.  SMM Setup and Analysis

Fig. 2. illustrates the SMM setup. It is based on a Keysight
Technologies 7500 AFM equipped with an N9545C SMM nose
cone [2]. A Rocky Mountain 25Pt300A platinum probe,
featuring a spring constant of 18 N/m and a tip radius of 25 nm,
serves as the dual-function AFM/SMM probe. This probe is
affixed to a platinum cantilever 300-um long, 60-um wide, and
2-um thick. The cantilever is connected to a Keysight
Technologies E8062B vector network analyzer (VNA) via
coaxial cables. For impedance matching around 3 GHz and its
harmonics, the cables are shunted with a 50 Q resistor [2]. The
VNA generates a 0-dBm signal at 15.7 GHz, which incidents
from the probe to the sample. This power level is selected to
provide an adequate signal-to-noise ratio (SNR) while
minimizing sample destruction. The 15.7-GHz frequency is
chosen to maximize image contrast, because the higher the
frequency, the higher the sensitivity to small capacitances [6].
Frequencies higher than 15.7 GHz cannot be used because the
setup has a bandwidth of only 18 GHz. The VNA detects the
signal reflected from the sample following its near-field
interaction with the probe and records the reflection coefficient
S11. The intermediate frequency bandwidth of the VNA is set to
500 Hz, balancing SNR and scan rate. Under these conditions,
a 15 ym x 15 ym area can be scanned at a resolution of 256 x
256 pixels in approximately 4 min, corresponding to a scan rate
of 200 pixel/s. During the same scan, SMM and AFM signals
are simultaneously detected and recorded.

C. SMM Data Analysis

The measured Si; is converted to the probe-sample
interaction impedance Z by one-port calibration [10]. The
calibration is based on measuring Si; as the probe approaches
the conducting substrate between the SnSe flakes, while
measuring the probe-sample capacitance C using the AFM in
the mode of electrostatic force microscopy [2]. By acquiring
both S11(z) and C(z) as functions of the probe-sample distance
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Fig. 1. (a) Si chip with SnSe flakes mounted on top of the sample
holder. (b) Optical micrograph of AFM/SMM probe and SnSe flakes.
Green flakes are thinner than 10 nm; yellows flakes are thicker than
10) nm. (c) Sample chamber with the sample holder magnetically
secured on the ceiling under the AFM/SMM nose cone. (d) Sample in
contact with the AFM/SMM probe.

Vector Network Analyzer

Detector Array

Coaxial
Cables

VPROBE

Fig. 2. Schematics of the AFM-based SMM.

z, the error-correction coefficients eg, €01, and e are extracted
for converting S to Z. Additionally, the probe geometry, such
as the tip radius, the cone angle, and the cone height are
extracted by fitting the C(z) curves. This in situ calibration
enables quantitative and non-destructive mapping of the local
conductance and capacitance of the 2D SnSe flakes with
nanoscale resolution.

After Sy is converted to Z, it is used to extract the resistivity
of SnSe flakes using a simple equivalent circuit model validated
by numerical simulations [2]. To this end, three-dimensional
finite-element electromagnetic simulations are performed using
the COMSOL AC/DC module. The equivalent circuit model,
tailored to the present sample structure, consists of three
elements: Cj, representing all dielectric layers above the
conductive doped Si substrate with their respective dielectric
constants and thicknesses; C,, accounting for the fringing
capacitance between the probe body and the sample; and Gy =

1/Rsueer, where Rsuper is the sheet resistance of the SnSe
flakes.
Therefore, the probe-sample interaction admittance Y can be
expressed as
Y =2=6+jwC =222 1 ju, (1)

Got+jwCq

where o is the angular frequency of the incident signal. Note
that Y = jwC, when the SMM is scanning over a bare area of
the substrate not covered by any SnSe.
Therefore, the admittance contrast between a SnSe flake and
a bare area of the substrate is
jwGoCq
- Go+jwCy

()

Thus, the conductance contrast AG and capacitance contrast
AC are

Gow?C?

AG = GE+jwcy’ 3)
and
__ Gécy
AC= s “)

Using this model, we solve the inverse problem by first
simulating AG and AC for various Rsueer values. Then, by
fitting the simulated AG and AC to their measured values, we
identify the Rsueer value that best matches. With the extracted
Rsueer and the known thickness ¢ of a SnSe flake, we calculate
the resistivity p = Rsueerf.

III. RESULTS AND DISCUSSION

The 2D SnSe flakes are characterized by optical microscopy,
AFM, and SMM. Fig. 3 shows that the optical microscopy sorts
the flake thickness by its color, with green for flakes thinner
than 10 nm and yellow for flakes thicker than 10 nm. AFM
provides detailed flake topography. However, it fails to resolve
the polarization domains. Similarly, optical microscopy can
barely resolve the domains, not to mention their electrical
properties.

Fig. 3(d) presents in the SMM resistivity image dark
striations corresponding to polarization domain boundaries.
The darker the striation, the lower the resistivity. These
boundaries exhibit lower resistivity compared to the domain
interiors, as evident from the line scan along the dotted line in
Fig. 3(e), crossing five striations. By analyzing SnSe flakes of
various thicknesses (2 nm to 6 nm), Fig. 4 shows p ~0.02 Q-m
in the domain interior whereas p = 0.007 Q-m at the domain
boundary. These values are in general agreement with current-
voltage (I-V) characteristics measured on devices fabricated on
thin (< 6 nm) SnSe flakes with Ti/Pt electrodes, resulting in
average resistivity of approximately 0.004 Q-m. Note although
the /-V characteristics are measured across both domains and
domain boundaries, they tend to be dominated by conduction
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Fig. 3.

(a) Optical micrograph. (b) AFM topography image. (¢c) AFM line profile. (d) SMM sheet-resistance image. (¢) SMM line profile of 2D

SnSe flakes. The lateral striations in (d) are polarization domain boundaries which are barely visible in (a) and invisible in (b). Red arrows point
to domain boundaries where the sheet resistance is lower than that of domain interior.

0.025
Interior

0.020 -
E
& 0.0151
£
=
£ 0.010
Z
&

0.005 -

0.000 T T T T T

2 3 4 5 6 7
SnSe Thickness (nm)
Fig. 4.  Thickness dependence of domain boundary resistivity vs.

domain resistivity or /- characteristics

along domain boundaries due to its lower resistivity. Additional
measurements on flakes of different thicknesses are required to
conclusively determine whether p significantly increases with
the thickness.

The above observation is consistent with the observation of
2D MoS; field-effect transistors, which exhibits pronounced
electrical inhomogeneity and conductive edge states at the grain
boundaries [11]. However, 2D SnSe differs from 2D MoS.
mainly because the former exhibits lateral polarization whereas
the latter exhibits vertical polarization [1]. Therefore, the
incident transverse electromagnetic wave can interact equally
with domains of different lateral polarizations and strong
contrast exists at the domain boundaries instead of between
domains of opposite polarizations.

IV. CONCLUSION

In this study, we use SMM to characterize the resistivity of
2D SnSe flakes. We demonstrate the unique capability of SMM
in non-destructive resistivity mapping at the nanoscale. This is
a distinctive advantage over conventional contactless resistivity
mapping methods such as four-point probe [12], Van der Pauw
[13], Eddy current [14], and Hall effect [15], which are capable

of only millimeter-scale resolution and are only applicable to
raw materials instead of device structures. This work paves the
way for correlation of polarization domains with device
performance. Future research aims to automate the SMM data
analysis with artificial intelligence, making it possible to map
the sample resistivity in real time.
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