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In this work, ultrasonic severe surface rolling (USSR), a new surface nanocrystallization technique, is used to prepare gradient
nanostructure (GNS) on the commercial Q345 structural steel. The microstructure of the GNS surface layer is characterized by
employing EBSD and TEM, and the result indicates that a nanoscale substructure is formed at the topmost surface layer. The
substructures are composed of subgrains and dislocation cells and have an average size of 309.4 nm. The GNS surface layer
after USSR processing for one pass has a thickness of approximately 300μm. The uniaxial tensile measurement indicates that
the yield strength of the USSR sample improves by 25.1% compared to the as-received sample with slightly decreased ductility.
The nanoscale substructure, refined grains, high density of dislocations, and hetero-deformation-induced strengthening are
identified as responsible for the enhanced strength. This study provides a feasible approach to improving the mechanical
properties of structural steel for wide applications.

1. Introduction

As common low-alloy steel, Chinese standard Q345 steel
exhibits medium strength, good plasticity, and good weld-
ability and is thus widely used in engineering machinery,
ships, bridges, steel buildings, pressure vessels, offshore plat-
forms, and other applications. Q345 steel is similar to ASTM
A572 grade 50 steel in the U.S. and European standard S355
steel in Europe in terms of its mechanical properties. How-
ever, improved strength without visibly sacrificed plasticity
is needed for Q345 steel to meet the high-strength require-
ment of key components or local regions of key components.

Constructing gradient nanostructures (GNSs) have been
proven to be a good strategy for enhancing the mechanical
properties of metals and alloys inspired by nature [1, 2].
Over the past two decades, this strategy has been successfully
applied in almost all types of structural metallic materials

[3–7], such as Cu and Cu alloys [8, 9], Mg alloys [10, 11],
and Ti alloys [12, 13]. Several methods have been developed
to prepare the gradient nanostructure, such as surface
mechanical grinding treatment (SMGT) [3], surface
mechanical attrition treatment (SMAT) [14], surface
mechanical rolling treatment (SMRT) [15], laser shock
peening (LSP) [16], ultrasonic surface rolling (USR), or
ultrasonic nanocrystalline surface modification (UNSM)
[17–20]. Among these, USR is an effective and easy-to-
operate method that has been applied in several steels. Ye
et al. [21] applied USR on a 40 Cr (a medium carbon alloy
steel) and generated a GNS with a grain size of 3-7 nm in
the topmost surface layer, leading to a 52.6% improvement
in surface microhardness. However, the strength and plastic-
ity of the GNS 40 Cr were not involved. Liu et al. [22] found
that UNSM induced a GNS in AISI 304 stainless steel as well
as gradient martensite content, and the average grain size in
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the topmost surface layer was 4.1 nm. After UNSM, the
strength of AISI 304 stainless steel improved from
340MPa to 630MPa while still preserving high ductility.
Recently, a modified USR method, called ultrasonic severe
surface rolling (USSR), was proposed by Han et al. to obtain
a superior gradient surface layer [10]. USSR produces a high
strain rate of approximately 105/s, which is much higher
than many other techniques of preparing GNSs, such as
SMAT (102~103/s), SMGT (103~104/s), and SMRT
(103~104/s) [2, 10]. USSR applies a large static force on the
treated surface for forming a large gradient plastic strain.
The large strain and high strain rate enable a thick gradient
nanostructure and superior mechanical properties for vari-

ous metals and alloys. Also, USSR synchronously prepares
a high-quality surface with low roughness and few process-
ing defects. Our previous work found that USSR forms a
gradient structured surface layer with a thickness of ~1mm
in the selective laser melted (SLM) 316L stainless steel,
endowing the steel with improved strength without a signif-
icant loss in ductility as well as enhanced corrosion resis-
tance in NaCl solution [22, 23].

In the present study, USSR is applied to commercial
Q345 structural steel to improve its mechanical properties
by forming a GNS. The detailed microstructure of the USSR
sample was characterized by electron backscatter diffraction
(EBSD) and transmission electron microscopy (TEM), and
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Figure 1: The OM (a, b) and SEM (c, d) images of the as-received sample.
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Figure 2: The EBSD result of the as-received sample: (a) IPF map, (b) grain size statistics, (c) BC map, and (d) KAM map. The black and
white lines in (a, c) profile the HAGBs and LAGBs, respectively.
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an attempt was made to link the microstructure to the
improved mechanical properties.

2. Methods

A commercial hot-rolled Q345 steel plate was used as the
initial material. The as-received plate was machined into
sheets 50mm × 25mm × 4mm in size and then processed
by one pass of USSR on two parallel surfaces at room tem-
perature. The process parameters can be found in our previ-
ous work [22], but a relatively small static force of 600N was

applied in this study. During USSR processing, the cutting
fluid was used to cool and reduce friction.

The microstructure of the as-received sample was charac-
terized by an optical microscope (OM), scanning electron
microscopy (SEM, Hitachi Regulus8100), and EBSD (Oxford
Instrument C-Nano). The depth-dependent microstructure
of the USSR sample was observed by cross-section EBSD
observation. The microstructure of the topmost surface layer
was further characterized by TEM (FEI Talos F200X).

The microhardness profile along the depth of the as-
received and USSR samples was measured by a Vickers
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Figure 3: Cross-sectional EBSD result of the USSR sample: (a) IPF map and (b) KAM map. The black lines in (a) profile the HAGBs.
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Figure 4: High-magnification EBSD result of the USSR sample in the topmost surface: (a) BC image, (b) misorientation change along the
arrow in (a), (c) IPF map, and (d) KAM map. Black and white lines in (a, c) profile the HAGBs and LAGBs, respectively.
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hardness tester. The applied load and duration time were
0.49N and 10 s, respectively. The mechanical properties were
examined through the uniaxial tensile test at room tempera-
ture at a speed of 0.5mm/min. The tensile specimens had a
gauge length of 7.5mm and original width of 2mm.

3. Results

The OM and SEM images indicate that the as-received sam-
ple is composed of ferrite and a small amount of pearlite, as
indicated in Figure 1. The EBSD inverse pole figure (IPF)
and bond contrast (BC) maps show that the ferrite has an
average grain size of 5.6μm and contains a few low angle
grain boundaries (LAGBs), as shown in Figure 2. The high
kernel average misorientation (KAM) values in some grains
imply that the as-received sample involves some lattice
defects (Figure 2(d)), most of which are dislocations in this
material.

Figure 3 presents the cross-sectional EBSD result of the
USSR sample and shows a gradient structure. The grains in
the surface layer are refined. The KAM values in the surface
layer are significantly higher than those in the matrix and
gradually decrease with increasing depth, manifesting
decreased defect density, as shown in Figure 3(b). According
to the KAM map, the gradient layer has a depth of approx-
imately 300μm. To further characterize the microstructure
of the USSR sample, high-magnification EBSD observation
is conducted on the 10μm thick surface layer, as shown in
Figure 4. The BC and IPF maps demonstrate that the ferrite
grains separated by high angle grain boundaries (HAGBs)
are refined to approximately 1.5μm and contain many
nanoscale substructures. Most substructure boundaries
exhibit a misorientation range of 2-15°, indicating that they
are LAGBs, as shown in Figures 4(b) and 4(c), while the mis-
orientations of some substructure boundaries are less than

2°, indicating that these boundaries belong to dense disloca-
tion walls (DDWs). Therefore, the observed nanoscale sub-
structures are composed of subgrains and dislocation cells.

TEM observation was further performed to reveal the
detailed microstructure of the topmost surface layer, as
depicted in Figure 5. The TEM images and the selected area
electron diffraction (SAED) pattern confirm that the large
ferrite grains are separated by many substructures composed
of subgrains and a small number of dislocation cells. Many
dislocations are still visible within these substructures. A
small number of nanograins are visible. The average size of
the substructures is 309.4 nm. Based on the EBSD and
TEM observation, a GNS surface layer is formed in the
USSR sample.

Figure 6 presents the variation of microhardness along
an increasing depth of the investigated samples. The as-
received sample has an almost invariable hardness along its
depth. A gradually decreased microhardness is observed
from the one USSR-treated surface to the matrix in the
USSR sample, which results in a U-shaped hardness profile.
The gradient hardness profile must be, in our view, a result
of the gradient nanostructure. The thickness of the gradient
layer is estimated to be 300μm from the hardness profile,
which is consistent with EBSD observations.

Figure 7 presents the typical engineering stress-strain
curves of the as-received and USSR samples. The as-
received sample has a yield strength of 379:7 ± 15:0MPa,
an ultimate tensile strength of 527:3 ± 14:7MPa, and an
elongation of 0:36 ± 0:02. The USSR sample exhibits a yield
strength of 474:9 ± 7:1MPa, an ultimate tensile strength of
551:4 ± 10:1MPa, and an elongation of 0:32 ± 0:001. This
means that the yield strength of the USSR sample improves
by 25.1% and is accompanied by a slightly reduced ductility.

4. Discussions

4.1. Strengthening Mechanism. Through our microstructure
characterization, substructure boundary strengthening,
grain boundary strengthening, dislocation strengthening,
and hetero-deformation-induced (HDI) strengthening are
identified as responsible for the high strength of the GNS
surface layer. The GNS surface layer is mainly composed
of the nanoscale substructures, which are very different from
the nanograined structure in previous GNS which involves a
large fraction of HAGBs [24–26]. The substructures are
mainly separated by LAGBs and DDWs. These substructure
boundaries can hinder dislocation motion like HAGBs,
while their barrier effect is weaker than the latter due to their
small misorientation (<2°). Therefore, the substructure
boundaries have a relatively weaker strengthening effect,
but less sacrificed ductility, which explains the origin of the
high strength and good ductility of the USSR sample to a
certain extent. The strengthening contribution of LAGBs
σLAGB can be estimated using Taylor strengthening effect
related to the average misorientation [27, 28]:

σLAGB =MαGb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ρ0 +
3f θLAGB

bd

s

, ð1Þ

(a) (b)

(d)(c)

Figure 5: TEM images of the USSR sample in the topmost surface
layer: (a, b) high-magnificent images and (c, d) low-magnificent
images under (a, c) bright-field and (b, d) dark-field models.
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where M is the Taylor factor (3.06) and α is a constant
(0.25). G represents the shear modulus and 80GPa for steel
[29], and b is the modulus of the Burgers vector of the glid-
ing dislocation (0.25 nm for steel [29]). ρ0 is the dislocation
density between the boundaries and less than 1012 [28].
θLAGB, f , and d present the average misorientation, fraction,
and boundary space of LAGBs, respectively, which can be
extracted from the EBSD data. Based on our EBSD result
of the 10μm thick surface layer (Figure 4), σLAGB is as high
as 490.58MPa in this topmost surface layer. The grains sep-
arated by HAGBs in the GNS surface layer are slightly
refined, thus contributing to enhanced strength through
the grain boundary strengthening effect. However, this con-
tributor is relatively small because the grain refinement is
not obvious. The GNS surface layer also involves a high den-

sity of dislocations (Figures 3–5), which also contributes to
strength improvement by obstructing dislocation motion.
As a type of heterostructured material [30, 31], GNSs can
induce an HDI-strengthening effect through mechanical
incompatibility. The GNS also provides extra work harden-
ing capacity, i.e., HDI hardening, which is regarded as the
primary source origin of high ductility [32].

4.2. Formation of the GNS Surface Layer. Our microstructure
characterization shows that the microstructure of the GNS
layer is featured by refined grains, subgrains, dislocation
cells, and dense dislocations, and no deformation twins are
observed. Hence, the plastic deformation of the Q345 steel
is mediated by dislocation activation. Based on previous lit-
erature [33, 34], it is suggested that the microstructure
refinement of the Q345 steel induced by the USSR is oper-
ated through dislocation subdivision, which facilitates the
formation of the GNS surface layer. During USSR process-
ing, massive dislocations are activated to accommodate plas-
tic strain and gradually develop DDWs. Prevailing DDWs
subdivide the original ferrite grains into individual disloca-
tion cells. Increasing plastic strain, DDWs gradually evolve
into LAGBs through dislocation annihilation and rearrange-
ment, leading to the formation of subgrains. Further increas-
ing plastic strain, LAGBs transform into HAGBs, giving rise
to grain refinement. This grain refinement process is similar
to pure Fe and ferrite in other steels [33, 34]. Here, one pass
of the USSR is performed with a relatively small static force,
leading to small plastic deformation. Therefore, the sub-
structures but not nanograins are prevailing in the GNS sur-
face layer. More systematic experiments are needed to reveal
the relationship between the process parameters of the USSR
and the microstructure.

5. Conclusions

In the present work, a GNS surface layer is prepared on a
commercial Q345 structural steel through one pass of the
USSR. Nanoscale substructures composed of subgrains and
dislocation cells are formed at the topmost surface layer.
The GNS surface layer has a thickness of approximately
300μm. The uniaxial tensile measurement indicates that
the yield strength of the USSR sample improves by 25.1%
compared to the as-received sample, with a slightly
decreased ductility. The nanoscale substructure, refined
grains, high density of dislocations, and HDI strengthening
are identified to be responsible for the enhanced strength
of the USSR sample.

Data Availability

Data is available on request.
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In the field of materials research, scanning microwave microscopy imaging has already become a vital research tool due to its high
sensitivity and nondestructive testing of samples. In this article, we review the main theoretical and fundamental components of
microwave imaging, in addition to the wide range of applications of microwave imaging. Rather than the indirect determination of
material properties by measuring dielectric constants and conductivity, microwave microscopy now permits the direct
investigation of semiconductor devices, electromagnetic fields, and ferroelectric domains. This paper reviews recent advances in
scanning microwave microscopy in the areas of resolution and operating frequency and presents a discussion of possible future
industrial and academic applications.

1. Introduction

Over the past decade, one of the most significant advances in
the field of microwave testing has been the emergence of
scanning microwave microscopy [1–9]. There are two main
types of scanning microwave microscope, categorized
according to the source of the microwave signals at the scan-
ning tip, with one type using a microwave resonator coupled
to the tip of the probe using a small aperture and the other
using a coaxial transmission line directly attached the tip
of the atomic force microscopy (AFM) cantilever. Regardless
of whether the small aperture of the probe is contained in a
sharp tip or a cavity, the formation of the microwave image
is accomplished through the capture of the microwave
reflectance either in magnitude or in phase, as well as by
the simultaneous probe scanning across the specimen sur-
face [10–13]. In this review, we focus on the resonant
cavity-type scanning microwave microscope.

The scanning microwave microscope can be used to study
the electromagnetic properties of a sample via an interaction
with a nanoscale scanning probe. Scanning microwave micros-
copy allows quantitative measurements of dielectric constants
and losses in materials. The use of this approach enables simul-
taneous high-speed, noncontact, and nondestructive measure-
ments to be made [14–16]. In some cases, the microwaves
can penetrate into the sample, providing opportunities for
tomographic analysis [17]. Due to these advantages, scanning
microwave microscopy can achieve nanoscale near-field mea-
surements, something of great use in future applications of
high-resolution microwave image generation.

In this review, we present recent advances in the research
of scanning microwave microscopy. The current progress in
applications and development of the technique are reviewed
here, including its limitations and advantages, as well as the
scope for further developments. The paper begins with a dis-
cussion of the basic design and subsequent improvements in
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instrumentation for scanning microwave microscopy. Then
current applications of the technique are discussed. Finally,
conclusions and a discussion of possible future develop-
ments are made.

2. Basic Design and Improvements in
Instrumentation for Scanning
Microwave Microscopy

The use of microwaves permits the generation of decaying or
evanescent electromagnetic fields at discontinuities in wave-
guides and the use of these highly-confined fields for micros-
copy [18]. This type of microscopy is sometimes referred to
as “scanning microwave impedance microscopy” (SMIM),
“near-field scanning microwave microscopy” (NSMM), or
“near-field microwave microscopy” (NFMM), but here, we
will uniformly refer to the technique as “scanning microwave
microscopy” (SMM). There are many kinds of signal analysis
used to construct the images, such as the change in the Quality
(Q) factor of the resonant cavity, the change in capacitance
between the probe and the sample, the frequency drift, and
the S11 and S21 values of the microwave signal. In recent years,
most experimental systems have used vector network ana-
lyzers to acquire the required signals, although some
researchers continue to build their own signal acquisition sys-
tems. Materials with different properties cause different obsta-
cles to microwave conduction related to the composition,
structure, purity, defect, and impurity content of the samples.
This allows microwave microscopy to use changes in the con-

duction of the microwaves in the near-field as a diagnostic test.
Using microwaves as a test signal has the advantages that opti-
cal and acoustic signals lack, such as strong penetration, no
damage to the sample, and short relaxation time.

Current approaches to scanning microwave microscopy
follow similar lines. The signal resonates through the resona-
tor, and the field is concentrated by the use of a tip much
smaller than the wavelength of the microwaves, resulting
in a strong local measurement of the sample [19]. Local stor-
age of part of the signal is noted in the near-zone and eva-
nescent waves. The rest of the signal is partially absorbed
by the specimen, partially reflected to the transmission line,
and partially dispersed in the form of far-field illumination.
The specimen response can be captured by monitoring the
height- and position-dependent variations of the reflected
or dispersed signals [20]. The reflected microwave signal
decays quickly and can be solved analytically using transmis-
sion line theory [21–25]. Figure 1 shows the key components
of a typical near-field microwave microscope [23].

The microscope consists of a microwave source, a coax-
ial resonator coupled to the microwave generator (through a
decoupling capacitor or inductor), a detector to measure the
reflected signal from the resonator, and a frequency-
following circuit (FFC) [26]. The instrument shown in
Figure 1 uses a half-wavelength resonant cavity, but many
scanning microwave microscopes use a four-wavelength res-
onant cavity, as shown in Figure 2 [20].

This approach uses a significantly faster technology called
phase-sensitive detection. By adjusting the phase shifter, the
difference in phase between the resonator and a reference
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Figure 1: Schematic diagram of the key components of a half-wavelength cavity-type near-field scanning microwave microscope.
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signal is made 90° in the absence of the sample under the tip.
The amplification, fusion, and subsequent feedback of this sig-
nal to the VCO (voltage-controlled oscillator) are made possi-
ble by the proportionality of the phase detector output to the
magnitude of the phase shift, thereby achieving the oscillator
phase locking at f r. For quantification of the f r shift and Q
under this approach, a diode detector is utilized to separately
determine the amplitude of the resonator output signal and
the error signal of the phase lock loop. Bymoving the specimen
under the resonator-tip assembly, the acquisition of images is
possible while documenting the variations in f r and Q.

A series lumped equivalent resonant circuit in series
(Figure 3) can be used to model the SMM system. The angu-
lar resonant frequency can be calculated from ωr = 2πf r =
1/

ffiffiffiffiffiffi

LC
p

, where L and C are the effective inductance and
capacitance, respectively, and f r is the resonant frequency
[20, 25]. The impedance of the lumped elements can be used
to quantify the sample-tip interaction Zt = Rt + iXt , with Zt
being a function of the geometry of tip, the distance of the
tip from the sample, and the electrodynamic properties of
the sample. A detailed theoretical analysis between the tip
of the needle and the sample is given in reference [23].

3. Early Developments in Scanning
Microwave Microscopy

Scanning microwave microscopy is a useful tool for studying
the surface and internal structure of materials. It is used to
test a variety of physical quantities, including dielectric and
ferroelectric dielectrics and the properties of materials such
as semiconductors, metals, superconductors, and biological

specimens. However, there are still challenges remaining to
its wide-scale adoption, the most significant of which is the
existence of a large common-mode signal arising in part
from noise. Reducing the noise signal is an area of intense
current study to permit the broadening of applications for
the technique through higher resolution and clearer images.

Thanawalla et al. [25] proposed a tip-structured probe
employing a high-quality resonator and a novel shielding
structure to shield the probe tip from far-field components.
This permitted the imaging of the dielectric constant and
loss tangent of dielectric materials at the spatial resolution
of 100nm and sensitivity of δε/ε ≈ 1 × 10−5. The quantitative
complex electrical impedance microscopy is also possible
using model analysis. As microwave wavelengths in metals
are four orders of magnitude smaller than those in free
space, they did not study metals with their system.

Williams et al. [26] achieved a resolution of 25nm with
their system. They utilized a resonant circuit to provide a
method for detecting capacitance changes between the tip
and a surface below 100μm with a sensitivity of 1 × 10–19 F
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at a bandwidth of 1 kHz. The feedback control circuit was
used, and the tip was scanned at a fixed distance from the
sample to provide a noncontact method of surface profiling.
They presented images of both conducting and nonconduct-
ing structures, demonstrating a sensitivity limit for capaci-
tance imaging of below 10nm, and showing capacitance
imaging at the 25 nm scale (Figure 4).

Manassen et al. [27] demonstrated atomic-resolution
imaging using a hybrid scanning tunneling/near-field micro-
wave microscope. The microwave channels of the micro-
scope conform to the resonant frequency and quality factor
of a coaxial microwave resonator, which is built into the
STM scan head and coupled to the probe tip. Figure 5 shows
some of the images that they obtained. They found that they
could obtain atomic-resolution images by adopting the
microwave channel of the μ-wave STM provided that the
tip sampling distance was within the tunneling state [19].
They conjectured that the atomic contrast in the microwave
channels was caused by a GHz frequency current flowing
through the tip-sample tunnel junction. They imaged both
HOPG and Au(111) surfaces. GHz atomic-resolution images
allow material properties such as those arising from elemen-
tal selectivity/sensitivity phenomena to be observed, includ-
ing dielectric relaxation and electron spin resonance [27].
In addition, the MHz bandwidth of the resonators used in
this research proved suitable for use in high-speed spectro-
scopic measurements at the atomic scale.

Biani et al. [28] described the imaging of graphene sheets
using a homebuilt double-channel scanning probe micro-
scope that performed both near-field broadband scanning
microwave microscopy and STM. They incorporated con-
version in the time-domain to generate microwave images
of superior quality with nanometric resolution. For the
time-domain elucidation of the desired signal, an inverse
Fourier transform was implemented. They deposited the
graphene specimens on a SiO2 substrate and overlaid them
with gold. The results appeared to demonstrate a drastic var-
iation in impedance in the vicinity of the flake edges, which
probably suggests a build-up of charge.

Jooyoung et al. [29] conceived an SMM system that com-
prised a coaxial λ/4 resonator with a tunable cavity that was
coupled to a sharp probe tip. When the operational frequency
f ranged between 1 and 1.5GHz, they were able to achieve bet-
ter spatial resolution and sensitivity compared to that of the
near-field image (4μm) of a YBa2Cu3Oy film that was depos-
ited on a MgO substrate [29]. By appropriately tuning the
length of the resonance cavity, the probe could be made even
more sensitive. The spatial resolution and sensitivity varia-
tions with the length of the cavity were adjusted using the res-
onance cavity tuning. This system has the potential to extend
the measurement range by extending the frequency range
and lowering the operating temperature.

Bertness et al. [30] demonstrated that SMM is suitable for
use in determining the photoresponse of photovoltaic materials

Figure 4: Grayscale and line scan capacitance images of an array of 50 nm diameter holes, 50 nm apart. The structure is an l00 nm-thick
PMMA film that is overcoated with 20 nm of gold. The field of view of a 370 nm square [26].

0.5 nm

ƒr (MHz)

2505.66 2505.71

(a)

Q

454 502

(b)

ƒr (MHz)

2510.410 2510.415

(c)

Figure 5: A 300 × 300 nm2 area of Au(111), showing the atomic-resolution microwave signal images of f r using a hybrid STM/SMM
system. The STM bias line and the current preamplifier are disconnected from the setup during SMM imaging [27].
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whose lateral resolution may be of submicrometer scale. In this
approach, an RF-STM (radiofrequency scanning tunneling
microscopy) tip is coupled to a microwave cavity, whose reso-
nance frequency is around 4.5GHz. The load on the cavity is
altered by the additionalmobile carriers near the tip of the probe.
Quantification of these alterations is accomplished bymeasuring
the shifts in theQ factor and resonance frequency. In the case of
the GaAs and Cu (ln, Ga) Sez solar cell material, the conductivity
variation determination under blue light irradiation was easily
achievable. As modeling of this behavior improves, this
approach should become sensitive enough to quantify the sam-
ple conductivity fluctuations on both the absolute and relative
scales. The use of SMM for the testing of photovoltaic materials
is a very fruitful area of future application, as photovoltaic mate-
rials are of increasing importance in the modern world.

Talanov et al. [31] designed a microwave probe for near-
field scanning with a sampling diameter of around 10μm. This
is the smallest sample volume yet attained in near-field micro-
wave microscopy and constrains > 99% of the gross sampling
reactive energy for the probe so that the response is almost
irrelevant to the properties of samples outside this zone. The
probe comprises a balanced stripline micrometer-sized reso-
nator (4GHz) that can carry out noncontact, nondestructive
testing. Its applicability to the spatially localized metrology of
electrical quantities is especially high.

Tabib-Azar et al. [32] investigated several issues concern-
ing the development of evanescent microwave probes (EMP)
and discussed the applicability of such probes in materials
research. They determined that these probes were superior
in terms of spatial resolution to those with lower dielectric
constants and superior in terms of spatial resolution to those
with lower permittivity. In the case of magnetic dipole probes,
they found that their resolution was not identically reliant on
the dielectric constant of the substrate. They attributed this
lack of appreciable dependence to the prevailing reliance of
the magnetic field curves on the radius of the probe wire loops
and the irrelevance of the loop dimension to the permittivity
of the substrate. In semiconductors, the use of EMP enabled
imaging of the conductivity fluctuation, as well as the recom-
bination lifetime. Their use also allowed the acquisition of
the nonuniform behavior of composites, metals, insulators,
balsa wood, and a plant leaf. The EMP promises broad appli-
cability in investigating botanical and biological materials, as it
achieves the nondestructive and noncontact imaging of these
materials via appropriate media like air.

In summary, since the earliest days following its incep-
tion, scanning microwave microscopy has found a very wide
range of applications in testing material dielectric constants,
morphology, optoelectronic materials, biological samples,
and so on. Moreover, its increase in resolution, coupled with
its nondestructive nature, provided a good research basis for
the subsequent development of SMM.

4. Recent Developments in Scanning
Microwave Microscopy

In this section, we summarize the recent advances in the use
of scanning microwave microscopy to study material prop-

erties, morphology, chip imaging, and biological testing,
respectively.

4.1. Recent Advances in the Use of SMM to Determine
Material Properties. Bakli et al. [11] reported the use of an
interferometric procedure in place of classic resonant
approaches, which utilized repeated passive devices with
superior stability and accuracy. Their fading probe, which
has high impedance, is compatible with current metrological
measurement systems, and the method has the advantages of
being broadband and having high measurement precision
and convenience of operation. Using this integration of
interferometry and near-field microscopy, they could obtain
high measurement sensitivity without using large and
expensive resonators. They also developed a new calibration
model for relating the near-field reflectance measurement to
the local properties of the test sample.

Fecioru-Morariu et al. [33] reported a method for
acquiring the distribution diagram of high-frequency con-
ductivity for an oxide-coated ferromagnetic membrane as
thin as 200 nm based on the SMM-derived Q. Circuit analog
estimation was used to assess the electrical properties for the
resonator. The interaction between the sample and tip was
modeled using FEA so that the resonant frequency and Q
values corresponding to the sample were retrievable [34].
The simulation was verified using a specimen of thin Cu
membrane to quantify the simulated Q variation with the
conductivity plot. They then explored how the nonmagnetic
application of Al2O3 on AF (antiferromagnetic) IrMn films
affected the high-frequency conductivity of the films by cal-
culations that provide high-frequency conductivity values
for these thin-film samples.

Imtiaz et al. [35] tested the widely used quasistatic deem
bedding procedure for characterizing bulk materials with
SMM tips. To properly characterize conducting materials,
the extra loss mechanism resulting from the antenna imped-
ance fluctuation into the near-field that was above the plane
of the conducting ground must be considered [36–38]. This
loss is determined by the material conductivity, and the loss
is considerable in the case of materials considerably exceeding
103 S/m [35]. Quasistatic models were found to be acceptable
for fused silica and silicon, as the variation of impedance
attributable to the plane boundary proximity with materials
was ignorable when the conductivities were below 103 S/m.
They also introduced an SMM-based strategy for material dif-
ferentiation via complex permittivity magnitude by plotting
the variation of the product ðΔf /f0ÞðQ/Q0Þwith the tip height.

4.2. Testing the Topography of the Material. Zhang et al. [8]
reported a method that could correct the skewing and
denoising of SMM images, significantly enhancing the spa-
tial resolution of the images, as can be seen in Figure 6.
Through electromagnetic simulation, they obtained the opti-
mal approach to increasing the electric field strength at the
tip of the needle. This includes reducing the length of the
tip protruding from the coaxial cavity, the distance between
the tip and the sample, and the diameter of the tip. They
scanned a Cu film grid and compared the half-height widths
of the test curves with and without tip optimization to obtain
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a method for enhancing the sensitivity of the SMM system.
The detection sensitivity was greatest when the tip protruded
3mm from the cavity, the distance between the tip and the
sample was 1.44μm, and the diameter of the tip was
1.6μm. In addition to the Cu thin-film grid, they also tested
f r , S11, and Q images of coin textures, lithographic masks,
and leaf veins, and the test images became sharper than
the originally obtained blurred images using their tilt correc-
tion method.

Bagdad et al. [39] designed and fabricated a scanning
microwave microscope for characterizing semiconductor
structures, as shown in Figure 7. Their SMM system utilizes
a homemade coaxial cavity resonator that uses a network
analyzer as the signal source. The inner resonator conductor
is linked to a sharpened tungsten tip made, which was elec-
trochemically prepared. Semiconductor structural metrics,
including the resonance frequency f r , the quality factor Q,
the reflection coefficient S11, and the transmission S21 for
the resonant cavity, were scanned with the sharpened tip
of the probe while maintaining the tip-sample distance
within the near-field zone. Due to the interaction of the
probe tip with the test sample, the metric parameters
undergo fluctuations, showing correlations with the dielec-
tric properties and topography of the tiny material zone
beneath the probe tip. This makes it possible to generate a
2D image of the f r , Q, S11, and S21 parametric progression
on the surface of the test sample.

Gao and Xiang [40] used an SMM instrument for mea-
suring the interconnect and interline capacitance in a non-
contact mode at the femtofarad level with the aid of a
miniature tester device [40]. Their procedure is applicable
to the investigation of the variation in electrical parameters
in integrated circuit interconnects while generating parame-
ters for subsequent statistical design. They also explored its

applicability to the determination of low-dielectric losses
and interconnect line resistance. The geometry of their tester
device may be suitable for the microwave elucidation of
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diverse functional nanomaterials, including carbon nano-
tubes, nanofibers, nanowires, and nanoribbons through the
connection of the test object between the 2 interconnect
lines.

Gregory et al. [41] utilized a wire probe with a globular
tip of a diameter of approximately 0.1mm as a modification
of the cavity perturbation type. Given the enrichment of the
field at the zone closest to the specimen, the measurement
resolution using this probe is on the order of microns, which
is considerably less than the diameter of the tip, particularly
at a high dielectric constant. They presented both an innova-
tive SMM design and a novel calibration algorithm, as well
as a novel calibration reference (polar liquids). They used
Laplace “complex frequencies” for the first time in the com-
putational and calibration outcomes, which permitted the
accurate measurement of losses in highly lossy materials.
In addition, for a microwave microscope having a line probe,
a beam deflector was designed.

4.3. Imaging of the Subsurface of the Sample. The microwave
signal can penetrate certain media to a depth sufficient to
obtain subsurface information of the sample. Pearanda-
Foix [42] described the use of scanning microwave micros-
copy techniques to identify security markings on banknotes.
Their system included a stand-alone vector network analyzer
to allow the reflection response of a near-field coaxial probe
to be measured. They combined displacement laser and cav-
ity perturbation techniques to investigate the correlation
between the dielectric properties of the sample and the reso-
nant response of the probe. The system was able to measure
subsurface subfabricated images, as shown in Figure 8.

4.4. Imaging of the Local Electric Field Properties of
Nanomaterials. Measurements of the local density of states
and local surface resistance can reveal how changes in the
local density of states because of impurities, defects, grains,
carrier bias, etc., affect local resistance on the nanometer
scale [43, 44].

Tadashi et al. [45] measured the local density of states
and the local surface resistance in low local surface
resistancematerials through the local measurements of
tunneling spectra and sheet resistance within the boundary
region of the gold deposition and nondeposition zones on
the HOPG by SMM. Their results showed significant differ-

ences in the local resistance around the boundary as well as
differences in the tunneling spectra. They combined their
system with STM to measure the local density of states as
well as local surface resistance on the nanoscale. Their work
demonstrated that this approach is a useful tool to study the
effect of local disorder on electrodynamics and measure the
local properties of nanomaterials.

4.5. Imaging of the Local Magnetic Properties of Metal
Samples. Magnetic materials are essential materials in mod-
ern science and technology [46, 47]. The sensitivity of SMM
to magnetic properties makes it suitable for use in testing
magnetic materials. Lee et al. [48] demonstrated the sensitiv-
ity of their homemade SMM system to magnetism. They
used a loop probe that differed from the usual probe and
were able to observe an obvious contrast between ferromag-
netic and paramagnetic materials that was both qualitative
and quantitative. Their results are shown in Figure 9, where
the maximum change in the FMR field is about 230Oe in
both images. As can be seen, a large amount of image smear-
ing occurs near the edges of the sample.

4.6. Imaging the Radiated Power of Microwave Chips. In
recent years, diagnosing problems within highly integrated
microwave chips has received a lot of attention. The use of
SMM to test chips offers opportunities for noncontact test-
ing and a small scanning zone.

Lin et al. [49] have reported a resolution enhancement
method for subsurface noninvasive application of imaging
based on an SMM system that comprises an EMP (evanes-
cent microwave probe), a VNA (vector network analyzer),
a data capture system, and a motorized XYZ stage with high
resolution. Thanks to the interferometric-based broadband
matching architecture, adjustment of the sample–probe elec-
tromagnetic coupling is achievable so that the measurement
can be highly sensitive at arbitrary frequencies between 2
and 18GHz. The image processing approach uses the PSD
(position/signal difference) and ARS (adaptive robust statis-
tical) methods. Valid error rectification is possible with the
proposed solution because of the measurement noise and
specimen tilt so that the quality of imaging can be upgraded
for the noninvasive assessment.

Kleismit et al. [50] tested a homemade λ/4 evanescent
microwave sensor. The sensor can be used for elucidating
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Figure 9: Images of an LSMO single-crystal taken at 6.037GHz at a sample–probe separation of 10μm. (a) Δf image of the LSMO sample at
an external field Hext = 1317Oe, chosen to give a minimum unloaded Q factor at the center of the sample, and (b) unloaded Q factor image
at an external field Hext = 1411Oe, chosen to give a minimum Δf at the center of the sample. A background frequency shift has been
subtracted from (a). The dashed line presents the approximate location of the sample [48].
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the local electromagnetic properties of materials, as illus-
trated in Figure 10. The resonator intrinsic inherent spatial
resolution of the resonator has been corroborated through
experimental demonstration. The first-order approximation
estimation of the sensitivity related to the sample–probe
tip-sample interaction was presented for conductors, dielec-
trics, and superconductors. An estimation of the intrinsic
sensitivity inherent to the resonant probe was also presented.

The sensitivity of the probe is in the range of micrometers.
The system is also capable of generating the local complex
permittivity values for dielectric, conductor, and supercon-
ductor sample specimens, which is achieved through the
determination of the resonant frequency shift of the reso-
nant coaxial probe toward the surface of the sample as the
tip moves toward the sample surface. The resonant fre-
quency shift is measured relative to the reference resonant
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Figure 11: Spatial plots of the section of the bare copper wire and coplanar waveguide. (a) MW field distribution of the bare copper wire
section and (b) MW field distribution of the CPW section [51].
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frequency, which is the resonance frequency when the tip is
1μm from the surface.

4.7. Imaging of Dynamic Microwave Fields. The use of SMM
offers a means of imaging the microwave field distribution
when the chip is working in real-time. Guo et al. [51, 52]
used a scanning microwave microscope with a microwave
resonant cavity with a Q of 209 to identify nano defects on
the waveguide surface in chips. They obtained microwave
waveguide microwave field signals with a resolution of up
to 1 pW and plotted the microwave field distribution in
microwave core operation with a resolution that can reach
15 nm, as shown in Figures 11 and 12. This method offers
high resolution and the capability for online monitoring
for microwave chip evaluation and screening and, as such,
could have far-reaching applications in chip fabrication, chip
inspection, and nanostructure detection.

Chen et al. [52] proposed a simple method for testing
very weak microwaves using a homemade scanning micro-
wave microscope detection system consisting of a λ/4 tun-

able resonant cavity and a tungsten tip. They solved the
technical problem of impedance matching and inhibited
the background noise by enhancing the number of cycles
of the coupling loop. Using this approach, the efficiency of
electromagnetic wave loading into the tip sampling system
is improved, and the measured values of thermal parameters
of the chip are obtained using a noncontact scanning mode.

4.8. Imaging of Samples in Extreme Environments. The
demand for nondestructive testing in high-temperature
environments has been increasing. Online or in-service
high-temperature NDT systems will save time and energy,
lower costs, and enhance efficiency [53].

Reznik and Yurasova [53] demonstrated the use of a
homemade quartz lamp radiation module as a heater coupled
to a homemade microwave microscope probe. They tested the
amplitude and phase of a hexagonal honeycomb lattice at
room temperature and 50°C at a resonant frequency of
1GHz. Their work confirmed that multibands could be used
for subsurface detection and superresolution imaging at high
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temperatures. Their system could clearly distinguish metal
gratings with line and gap widths of 0.5mm at 1GHz, and
the resolution reached λ/600 (Figure 13).

4.9. Imaging of Biological Samples. The attractiveness of
microwave technology for biological applications stems from
a combination of its sensitivity to water and dielectric con-
trasts and its noncontact and nondestructive nature [54].

Wu et al. [55] used a homemade scanning microwave
microscope that allowed contact/tapping mode imaging of
both nonconductive and conductive specimens [55]. Their
system used a flexible CNT (carbon nanotube tip) carbon
nanotube tip, which facilitated the upgrade in image quality
and also protected the specimen surface from scratches. By
manipulating the SMM and CNT tip in tapping mode, they

depicted the f r and S11 amplitudes in a designated scan
region and acquired photoresist stripes, gold-patterned
numbers, and clear B4G12 (corneal endothelial) cell images
(Figure 14). In the acquired images, the cytoplasm and
nucleus are distinguishable from the remaining part of the
cell and peripheral medium, suggesting the possible SMM
application in cellular imaging. This work lays the founda-
tion for the further development and application of SMM
techniques for soft matter imaging in biosciences. In
Figures 14(c) and 14(d), the red area represents the nucleus,
the yellow and green areas represent the outline of the cell,
and the dark blue area corresponds to the cytoplasm, show-
ing the quality of the image.

Farina et al. [56] presented a primitive interferometric
procedure-based NFMM instrument for dielectric elucidation
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in liquid media, where a vector network analyzer was inte-
grated with an interferometric-based matching architecture
and a novel fast microstrip probe that was prepared via a silicon
deposition technique. This approach allowed a more-sensitive
determination of microwave signals at the desired frequencies
from 1 to 26GHz. The system also had the virtue of simplicity.

Haddadi et al. [16] used SMM and scanning capacitance
microscopy (SCM) to assess the presence of fullerene (C60)

in dry cancer cell membranes after appropriate exposure.
They analyzed the SMM data in the time and frequency
domains. This preliminary study suggests that both SMM
and SCM can be adopted to indicate the presence of C60 in
cells, as shown in Figure 15. Fullerene is a nanoparticle being
actively explored for possible uses in biology and medicine
because of its lipophilic nature and ability to dope or perme-
ate cell membranes.
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Figure 14: (a) The optical image of corneal endothelial cells (B4G12) on a glass coverslip, (b) the phase contrast image of a pair of adjacent
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Zhang et al. [8] reported a method that can correct the
skewing and denoising of SMM images, significantly
improving the spatial resolution of the images. They
detected and obtained parametric images of f r , S11, and Q
of the veins of leaves, as illustrated in Figure 16. After the
application of the tilt correction, the images were much
clearer than the original blurred images.

5. Conclusions and Future Prospects

Scanning microwave microscopy has developed into a very
broad research topic since its introduction and is favored
by many researchers due to the nondestructive advantages
of microwave testing [57–59]. It has now been successfully
applied to characterize surface and subsurface samples at
the nanoscale spatial resolution, exploring properties such
as dielectric constant, doping concentration, and resistivity.
In terms of the investigation of the electrical properties of
materials, scanning microwave microscopy shows advan-
tages over other conventional microscopies, being unaffected
by temperature changes, the presence or absence of a vac-
uum, and can even work in strong magnetic field environ-
ments. It also has good prospects for the online detection
of chip electromagnetic fields in real-time. However, there
is still room for research in terms of microwave signal reso-
lution and image optimization methods, and this is likely to
prove a target for future exploration. At the same time,
methods for transmitting microwaves more conducive to
the tip radiation method are also being explored, such as
the use of special AFM probes made of platinum [60] and
micro- and nanoprocessing on silicon nitride cantilevers
[61–63]. To improve the accuracy and sensitivity of micro-
wave signal detection, we still need to both reduce the size
of the probe under limited process conditions and reduce
the influence of the noise signal on the test signal. We antic-
ipate that the application scope of scanning microwave
microscopy will continue to expand.
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In this paper, we report the simple preparation and investigation of electrical transport properties of nanoform MoS2 thin film
transistor (TFT) devices. MoS2 nanoparticles were synthesized by using the hydrothermal method. The physiochemical
characterizations such as UV-vis, Fourier transform infrared, X-ray diffraction, and Raman spectroscopy studies were
performed. Spin-coating was used to make the thin film on which silver electrodes were made. We observed nonlinear current-
voltage (I-V) characteristics; however, the symmetricity was found in the I-V curve which confirms the no formation of the
Schottky barrier between thin film and electrodes. Transistor transfer characteristics reveal that the TFT device is n-doped as
more drain current modulation is observed when the positive gate voltage is applied. The relationship between gate-current
and gate voltage studies concludes that there is no leakage gate current in the TFT device which further confirms the good
reliability of transfer characteristics of a device. The device mobility was calculated as ~10.2 cm2/Vs, and the same was
explained with plausible reason supported with Raman spectra analysis.

1. Introduction

Presently, two-dimensional materials (graphene, graphene-
oxide, MoS2, and Bi2Se3) have been known for their unique
characteristics and having potential prospects in various
fields such as electronics, photovoltaic, sensors, flexible dis-
plays, supercapacitors, and water purification [1, 2]. Transi-
tion metal dichalcogenide semiconductors (TMDC) have
significantly attracted the scientific community because of
their unique electrical and optical characteristics. Molybde-
num disulfide (MoS2) is a layered structure transition metal
dichalcogenide material with weak van der Waals interlayer
force, which is considered as a best candidate material for
numerous applications such as supercapacitor, hydrogen
generation/storage, photocatalyst, and rechargeable batteries
[3–8]. MoS2 has a hexagonal atomic arrangement similar to
graphene. Mo and S atoms are stacked together in a single
lattice and the weak van der Waals forces exist between the

interlayers. Monolayer or bulk MoS2 may have different
functions due to bandgap. It has been reported that the bulk
MoS2 having an indirect bandgap of 1.29 eV and monolayer
MoS2 having a direct bandgap of 1.9 eV [9] exist in a few
forms of crystal structures such as 1T-MoS2 (tetragonal),
2H-MoS2 (hexagonal), and 3R-MoS2 (rhombohedral) [10].
As per the report by Radisavljevic et al., the pristine single
crystal-based MoS2 field effect transistors have shown mobil-
ity of 200 cm2/Vs with a current on/off ratio of 108 [11]. Par-
ticularly, MoS2 received special attention among the TMDCs
and believed as an alternative material for graphene (which
has zero bandgap) in electronics [12].

By having salient features such as nominal bandgap,
good carrier mobility, and interesting geometry, MoS2 rises
as an important candidate material in electronics and transis-
tor development [13]. MoS2 thin films have shown tremen-
dous potentiality in the applications such as nanogenerators,
electrochemical supercapacitors, photovoltaic cells, sensors,
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and detectors [14–16]. The thermal instability of nanomateri-
als is the unavoidable parameter for these devices, because the
materials may be heated due to photon absorption, charge car-
rier flow, and surrounding environment which may affect the
device performance. Substrate used for material deposition
also plays a key role in thermal stability. Previously, it was
reported that monolayer thin film on SiO2 substrate is ther-
mally stable compared to bulk MoS2. However, the prepara-
tion of large area thin film with a uniform surface is still a
quite difficult process and suitable appropriate methods have
to be followed. Some reports were published recently on the
large area thin films which were made using physical vapor
deposition (PVD), chemical vapor deposition (CVD), vapor
epitaxy, pulsed-laser depositor (PLD) and sputtering methods
[14, 17]. These methods involve high costs and large man-
power with complicated process procedures. Hence, a simple
and cost-effective method is required as an alternative. In this
work, we used a hydrothermal method to produce MoS2
nanoparticles and used spin-coating to make large area thin
film. The hydrothermal method is a simple and cost-effective
method through which good quality samples can be prepared
and large area thin films can be formed by spin-coating with
thickness control by standardizing the film-making proce-
dures [18, 19].

In the recent past, only a few studies have been reported
on the electrical transport properties of MoS2 thin film tran-
sistors (TFT) [20, 21], and their electronic transport proper-
ties and their mechanism are not explored well and required
to be investigated more. Hence in this paper, we report the
simple preparation procedure of MoS2 nanoparticles, thin
film making, and the electrical transport characteristics of
MoS2 TFT in detail.

2. Materials and Methods

2.1. Materials. All the research grade materials such as
molybdenum oxide (MoO3), potassium thiocyanate, HCl
(35wt%), ethanol, and NaOH were purchased from Sigma-
Aldrich and used without further purification. Deionized
water is used in all experiments.

2.2. Preparation of MoS2 Samples. MoS2 nanoparticles were
prepared by using the hydrothermal method [18, 22] using
molybdenum oxide (MoO3) and potassium thiocyanate as
precursor starting materials. Initially, 0.3 g of MoO3
(1.5mmol) and 0.5 g of potassium thiocyanate (4mmol)
were dissolved in 50mL of deionized water and the same
was sonicated for 1 hr. Then, HCl solution (1mol/L) was
added in order to keep the solution pH value to 2.0, and
the solution has been stirred for another 45min. Thereafter,
the solution has been transferred into a stainless-steel auto-
clave (Teflon-lined, 100mL capacity) for the hydrothermal
treatment at 250°C for 40hrs. After the treatment, the sys-
tem is allowed to be cooled to room temperature. Then,
the centrifugation is done with 5000 rpm for 20min result-
ing black colored MoS2 particles which were washed several
times using ethanol and DI water. Then, the sample has been
put inside a vacuum oven at 70°C (10hrs) for drying. Spin-

coating is used to prepare MoS2 thin film and silver paste
was used to make contact electrodes.

2.3. Instrumentation. The absorption spectra of MoS2 nano-
particles were taken using the UV-vis spectrophotometer
(model: Jasco V-670). Fourier transform infrared spectros-
copy (FT-IR) was performed via FT spectrometer (model:
Nicolet-6700, USA). Further, MoS2 thin film was analyzed
with X-ray diffractometer (model: Shimadzu, XRD 6000)
with Cu-Kα radiation from the range of 10-70. Raman stud-
ies were done in Raman spectrometer (model: Horiba Scien-
tific, LAbRAM). All the electrical transport analyses have
been performed using the semiconductor parameter ana-
lyzer (model: Agilent, B1500A).

3. Results and Discussion

Surface morphology of MoS2 thin film has been studied by
using scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and atomic force microscopy
(AFM) techniques.

In Figure 1(a), the SEM image of MoS2 thin film is
shown which clearly shows an irregular surface morphology
of MoS2 thin film with wrinkled-like morphology. In
Figure 1(b), the TEM image of MoS2 is shown which clearly
depicts the sheet-like morphology with transparent nature.
The 2D topography of MoS2 thin film was studied by using
AFM ((which is shown in Figure 1(c)) which shows an aver-
age surface roughness of MoS2 thin film with value of 64 nm.
This roughness is due to the overlapping of many MoS2
platelets so that the measured region might consist of over-
lapped MoS2 layers.

The optical image of MoS2 thin film is shown in
Figure 2(a). The UV-vis spectroscopy graph as shown in
Figure 2(b) reveals the absorption spectra at 208nm. The
peak observed in the near UV region is mainly caused by
the excitonic characteristics of MoS2 nanoparticles [23]. In
order to study the chemical compositions and vibration
bonds in the sample, FT-IR measurement has been done
which is shown in Figure 2(c). There is a feeble absorption
peak at near 470 cm-1 which is ascribed to the characteristics
Mo-S vibration mode and well-matched with the previous
report [24].

The XRD pattern of the MoS2 thin film is shown in
Figure 2(d). The main characteristic diffraction peak
observed at 14.5° represents the (002) plane of the hexagonal
structure of MoS2 and matched with the previous report
[25]. Moreover, the other diffraction peaks were observed
at 33°, 40°, 44°, 50°, and 61° representing the (100), (103),
(005), (105), and (008) crystal planes of MoS2, respectively.
This XRD data shows a good agreement with JCPDS card
no. 37-1492.

3.1. Electrical Transport Studies

3.1.1. Current-Voltage (I-V) Characterization of MoS2 Thin
Film. The current-voltage characteristics of MoS2 thin film
is shown in Figure 3(a).

It shows a slight nonlinear behavior. However, a clear
symmetricity has been seen in I-V curve shown in
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Figure 1: (a) SEM image of MoS2 thin film. (b) TEM image of MoS2 nanofilm. (c) AFM image of MoS2 thin film, showing the thickness
profile of 64 nm.
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Figure 2: (a) Optical photograph of MoS2 thin film. (b) UV-vis spectra of MoS2 nanoparticles. (c) FT-IR spectra of MoS2 nanoparticles. (d)
XRD spectra of MoS2 thin film.
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Figure 3(b) which further confirms the no formation of the
Schottky barrier between the contacts and thin film.

3.1.2. Characterization of MoS2 Thin Film Transistor (TFT).
The schematic of the fabricated MoS2 TFT device is shown
in Figure 4(a).

The transistor characteristics are studied for MoS2 thin
film and their output characteristics (ID-VDS) for the differ-
ent back-gate voltages (VG) varying from -25 to 25V with a
step of 10V are shown in Figure 4(b). We observed a linear
ID versus VDS curve, confirming an ohmic contact between
thin film and electrodes. The transfer characteristics (ID-
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Figure 3: (a) Current-voltage characteristics of MoS2 thin film. (b) Semilog I-V plot reveals a clear symmetricity.
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Figure 4: (a) The schematic of the MoS2 TFT device. (b) Output characteristics (ID versus VDS) of MoS2 TFT device at different back gate
voltages. An apparent linear ohmic behavior is observed. (c) Transfer characteristics (ID-VG) of the same device.
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VG) of MoS2 TFT are shown in Figure 4(c), where the
applied bias voltage is 100mV.

When the gate voltage is increased, the drain current is
also increased, which reveals the n-type behavior of TFT.
Positive gate voltage produces more drain-current modula-
tion than negative gate voltage (VG). The appearance of
the charge neutrality point (VCNP) at the negative bias region
(VG~-20V) further concludes that the TFT device is n-
doped. Figure 5 shows the relationship between gate current
(IG) and gate voltage (VG).

This shows the negligible gate current through the SiO2
oxide layer and confirms the excellent reliability of transfer
characteristics presented in Figure 4(b). In addition, we
extracted the mobility of our fabricated TFT device. The
mobility (μ) of MoS2 TFT was calculated using the follow-
ing.

μ = L × gm
W × Cox ×Vd

, ð1Þ

where channel length (L) is equal to 30μm, the channel
width (W) is equal to 25μm, and the capacitance between
the channel and back gate per unit area is Cox where Cox=
ξ0 ξr/d = 3:83 × 10−8 F/m2, where ξ0 is the permittivity of
free space, ξr is 3.9 for SiO2, and d is gate oxide thickness

(90 nm). We determined the mobility of MoS2 TFT as
~10.2 cm2/Vs from these data. This is comparable to the
mobility of multilayer MoS2 transistor reported by Sharma
et al. [26] where the mobility was reported as μ~15.3 cm2/
V.s. The reduction in mobility is due to the defects that exist
in the thin film which acts as scattering centers which resist
the charge conduction. The reason for the low-mobility was
further supported with Raman spectra analysis which is
shown in Figure 6. The Raman spectra show two active
modes at 381 cm−1 and 406 cm−1 which represent the E12g
and A1g vibration modes, respectively. Out of these two
vibration modes, A1g corresponds with the thickness of the
layer and A1g mode at 406 cm−1 reveals that the thin film
may consist of several MoS2 sheets interlinked each other.
As per the previous reports, the spin-coated thin films consist
of several layers of MoS2 and its bulk counterpart [27, 28].

In general, the surface defects and structural disorders
form traps in the form of wrinkles or folds on the surface,
creating a small bulk counterpart in MoS2 thin film [29].
These traps are answerable for the observation of lower
mobility in TFT devices. Breakage of S-Mo-S bonds during
the synthesis process may lead to these kinds of traps/
vacancy defects.

From the obtained results, we noticed that some sophis-
ticated sample preparation techniques such as atomic layer
deposition and chemical vapour deposition could be utilized
to develop the high purity thin film for ultrafast response
electronics devices.

4. Conclusion

The electrical transport characteristics of nanoform MoS2
thin film transistor device were investigated. MoS2 nanopar-
ticles were prepared using the hydrothermal method. The
as-prepared MoS2 samples were characterized with UV-vis,
FT-IR, and X-ray diffraction techniques. Back-gated MoS2
transistor device was made with silver electrodes as a source
and drain. The current-voltage characteristics show a non-
linear behaviour. But the observation of symmetricity in
the I-V curves confirms the nonexistence of the Schottky
contact between the thin film and contacts. Transistor char-
acteristic studies further reveal that the TFT device is n-
doped while registering the charge neutrality point at the
negative bias region. The relationship between gate current
and gate voltage with zero gate current shows the good sol-
idarity of transfer characteristic results. The device mobility
is calculated as ~10.2 cm2/Vs, which has a well agreement
with the data reported for the MoS2 transistor. The observa-
tion of lower mobility in our MoS2 TFT device is further
plausibly explained with Raman spectra analysis.
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