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The historical scaling down of electronics devices is no longer the main goal of the
International Roadmap for Devices and Systems [1], but the integration of electronic compo-
nents at the nanoscale is an emerging focus, coupled with the need for novel nanomaterials,
emerging characterization methods and device fabrication techniques at the nanoscale. The
growing interest in nanomaterials [2] can be associated with their unique properties, which
are not present in bulk or thick films, and they are currently finding rapid application
in many technological areas (such as high-frequency electronics [3], power devices [4],
displays, energy conversion systems, energy storage [5], photovoltaics and sensors). At the
same time, fabrication methods based on novel processes and/or approaches must be devel-
oped for the synthesis of the nanostructured materials, as well as accurate characterization
techniques at the nanoscale for the materials and their interfaces.

In this context, the aim of this Special Issue, entitled “Nanotechnology for Electronic

Materials and Devices”, is to collect dedicated papers in several nanotechnological fields.
The issue consists of eleven selected regular papers focusing on the latest developments
in nanomaterials and nanotechnologies for electronic devices and sensors. Thus, topics
such as approaches to synthesis, advanced characterization methods and device fabrication
techniques have been covered in the present issue.

We editors are aware that, due to the many topics related to the use of nanotechnology
for electronics, the present issue cannot provide a comprehensive presentation of the
arguments; however, we are confident that the main general areas have been discussed and
can be summarized in the following research topics:

(i) Nanoscaled materials and their properties: several papers in this issue focus on
nanolaminated oxide combinations (such as hafnium oxide/iron oxide [6] or tungsten
oxide/molybdenum oxides [7]) as well as on 2D materials (molybdenum disulphides
and its rare-earth-doped-thin layers [8]).

(ii) Moreover, innovative synthesis approaches have been described in some papers for
nanomaterials and thin films, such as aluminium nitrides [9], silicon whiskers [10] or
vanadium-oxide-rich layers [11].

(iii) Other paper focus on advanced nanoscale characterization, mainly based on scanning-
probe methods (scanning non linear dielectric microscopy [12] and high-resolution
scanning capacitance spectroscopy [13]), as well as on surface optical techniques
(photoluminescence and spectroscopic ellipsometry) [14].

(iv) Finally, some papers are dedicated to device performances [15] and circuit analy-
sis [16], providing evidence that it is crucial to move from research to technological
development to control the quality of innovative products and functionalities.

We editors are grateful to all the authors for submitting their scientific results to the
present Special Issue and we hope that Nanomaterials readership will find interesting imputs
in the wider scenario of electronical applications of nanotechnology.

Nanomaterials 2022, 12, 3319. https://doi.org/10.3390/nano12193319 https://www.mdpi.com/journal/nanomaterials1
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Films Structured by Atomic Layer Deposition
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Abstract: HfO2 and Fe2O3 thin films and laminated stacks were grown by atomic layer deposition
at 350 ◦C from hafnium tetrachloride, ferrocene, and ozone. Nonlinear, saturating, and hysteretic
magnetization was recorded in the films. Magnetization was expectedly dominated by increasing
the content of Fe2O3. However, coercive force could also be enhanced by the choice of appropriate
ratios of HfO2 and Fe2O3 in nanolaminated structures. Saturation magnetization was observed in the
measurement temperature range of 5–350 K, decreasing towards higher temperatures and increasing
with the films’ thicknesses and crystal growth. Coercive force tended to increase with a decrease in
the thickness of crystallized layers. The films containing insulating HfO2 layers grown alternately
with magnetic Fe2O3 exhibited abilities to both switch resistively and magnetize at room temperature.
Resistive switching was unipolar in all the oxides mounted between Ti and TiN electrodes.

Keywords: multilayers; atomic layer deposition; hafnium oxide; iron oxide; ferromagnetism; resistive
switching; nanolaminates

1. Introduction

Prospective applications to magnetoresistive [1] and resistive [2] memory effects,
which were notified few decades ago, have extended the search for potentially multiferroic
materials, whereby the list of such materials has continuously been updated. Studies on
layered compound materials, concurrently exhibiting resistive switching (RS) and ferro-
magnetic (FM) characteristics, have been conducted. Both RS and FM properties could have
simultaneously been registered in devices built on thin films of few different compounds,
e.g., ZnO:Co [3], ZnO:Co/SiO2:Co [4], copper oxides [5], or HfO2 [6]. Aside from nonlinear,
saturative, and hysteretic magnetization behavior, bipolar resistive switching behavior
was recorded in devices built on these compounds, expressed by two distinct conduction
current (resistivity) states stabilized during consecutive programming pulses upon changes
in voltage polarity.

The films referred to above were formed by physical vapor deposition (PVD) tech-
niques. The exploitation of PVD allows the formation of solid films with maximum chemical
purity, as the purity of a deposited material is determined by that of the precursor sublimed.
At the same time, PVD techniques may face challenges before the uniform deposition of
thin films over substrates of arbitrary area and shape. Chemical vapor deposition routes
to the multifunctional ferroic films are thus additionally sought in order to open com-
plementary perspectives to tailor materials possessing useful, and differently manifested,

Nanomaterials 2022, 12, 2593. https://doi.org/10.3390/nano12152593 https://www.mdpi.com/journal/nanomaterials3
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physical properties. Amongst several materials that exhibit magnetoresistive performance,
HfO2 can be regarded as a material feasibly grown over large area substrates if appropriate
routes, such as atomic layer deposition (ALD), were used. HfO2 might further stand out as
a compound exhibiting resistive switching behavior together with magnetic susceptibility,
especially when supported by an additive or dopant-enhancing internal magnetization,
particularly Fe2O3.

HfO2, together with Ta2O5, has been considered one of the most intensely investi-
gated thin film materials for application in nonvolatile, resistively switching (memristive)
memories, which are based on the migration of either cations or oxygen vacancies into
the lattice of a switching medium [7]. The resistive switching (RS) effect is a reversible
and non-volatile change in the resistance of a material. By applying a certain electric
field, a conductive filament (CF) is formed through the oxide, connecting the metals that
surround it. Once the filament is formed for the first time (electroforming process), different
electric field values will allow for repetitively disrupting (RESET process) and forming
(SET process) the CF reversibly [2,8,9]. If the SET and RESET processes occur at different
voltage polarities, the effect is known as bipolar resistive switching (BRS), which is usually
due to oxygen anion migration and electron hopping through oxygen vacancies in the
oxide media (valence change mechanism or VCM) whereby the metal electrodes are inert
metals [2,8,10–13]. BRS can also be produced by the formation of a metallic filament (elec-
trochemical metallization mechanism or ECM, also known as conductive bridge RAM or
CBRAM). In the latter case, an electrochemically active metal electrode is needed as a source
of the metal cations that will diffuse through the oxide, creating the CF [2,8,10–13]. On the
other hand, unipolar resistive switching (URS) is attributed to thermochemical processes
dominating over electrochemical ones (thermochemical memory or TCM) [14,15]. Thus,
temperature gradients produced by Joule heating lead to redox reactions and local changes
in the material (oxide) stoichiometry, which results in a change of the conductivity [10–13].
The switching mechanism in oxide film media, including HfO2, has largely been described
as that based on filamentary conduction [16]. Nonetheless, switching in HfO2 has also been
found to be dependent on electrode metals, whereby both bipolar and unipolar switching
could be initiated [17]. Resistively switching HfO2 films can be synthesized using differ-
ent techniques, including metalorganic chemical vapor deposition [17] and atomic layer
deposition (ALD) [18].

The application of external magnetic fields can influence the resistive switching per-
formance of ALD-processed HfO2 based cells [18]. Further, internal magnetization in
HfO2 films alone has been possible due to the presence of significant amounts of oxygen
vacancies [19,20], which may also be related to the formation of metastable HfO2 poly-
morphs. In general, the achievement and appearance of ferromagnetic-like behavior has
been regarded as an inherent, although sometimes unexpected, property of nanocrystalline
materials [21]. Nonlinear hysteretic magnetization is in such cases caused by defective
crystallite boundaries involving vacancies and unsaturated coordination of metal atoms,
i.e., the factors generally causing leakage and increasing conductivity. Thereby, the magne-
tization should take place in a medium that, at the same time, should also switch resistively.
The prerequisite for the resistive switching process is insulation in the virgin, although
defective, state of the medium. Thus, the demands for materials demonstrating both
magnetization and resistive switching may appear controversial. Such materials should
in principle simultaneously perform as wide-band-gap dielectrics and electrically rather
conductive magnetic materials, which may be regarded as contradicting properties. There-
fore, a tradeoff between insulating dielectric properties and the ability to hysteretically
magnetize upon choosing the constituent materials is necessary. Engineering combinations
of reliably resistively switching material layers, such as HfO2, with complementary com-
pounds reliably magnetizing and also growing, such as Fe2O3 [22–24], is justified and is to
be purposefully examined in terms of both memory effects. Quite naturally, before the ex-
amination of coupling between hysteretic magnetization and electrical switching, it would
be reasonable to examine the appearance of both effects separately, in order to attempt
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optimization of the deposition process and the forming structures. This is essentially the
aim of the present study.

Studies on composites or solid solutions based on iron and hafnium oxides are scarce.
Crystallization has been investigated in the HfO2-Fe2O3 system [25] at temperatures more
than two times higher than those applied in the present study. The enhancement of
magnetization has been observed in Fe-doped HfO2 [26] due to the phase segregation and
formation of Fe2O3. Composite materials, especially in the form of functional thin films
consisting of iron and hafnium oxides, are thus not quite explored yet.

Regarding layered materials containing either HfO2 or Fe2O3, we have earlier observed
both saturative hysteretic magnetization and bipolar resistive switching behavior in HfO2-
Al2O3 [27], HfO2-ZrO2 [28,29], and SiO2-Fe2O3 [30] multilayers grown by atomic layer
deposition. In the present study, nonlinear saturative and hysteretic magnetization in
HfO2-based thin solid films grown by ALD, enhanced by the contribution from Fe2O3 to
HfO2-based multistoried films, was examined. Here, HfO2 and Fe2O3 layers were grown
sequentially into stacks to tailor magnetic and insulating materials. The goal was to ensure
nonlinear hysteretic magnetization as well as resistive switching in the same materials, yet
without a detailed investigation of the coupling effects that remain beyond the scope of
the present study. The objective was to examine whether it is possible to observe reliable
switching behavior and hysteretic magnetization at room temperature in HfO2-Fe2O3
nanolaminates grown using the same deposition cycle sequences.

2. Materials and Methods

The films studied in this work were grown in a low-pressure flow-type ALD reac-
tor [31]. Hafnium tetrachloride (HfCl4, 99.9%, Sigma Aldrich, Burlington, MA, USA), used
as the hafnium precursor, and ferrocene (Fe(C5H5)2, 99.5%, Alfa Aesar, Word Hill, MA,
USA), used as an iron precursor, were evaporated at 160 and 83 ◦C, respectively, from
a half-open glass boat inside the reactor. Nitrogen (N2, 99.999%, AS Linde Gas, Tallinn,
Estonia) was applied as the carrier and purging gas. Ozone produced from O2 (99.999%
purity, AS Linde Gas) was used as an oxidizer. The ALD reactions were carried out at
350 ◦C. Cycle times for Fe2O3 deposition were 5-5-5-5 s for the sequence: metal precursor
pulse—N2 purge—O3 pulse—N2 purge, respectively. Cycle times for HfO2 were 5-2-5-5 s
for an analogous sequence. Single HfO2 and Fe2O3 films were grown to thicknesses ranging
from 20 to 60 nm in order to acquire the reference data from composition analysis as well
as resistive switching or magnetizing media. Further, a double-layered Fe2O3-HfO2 stack
as well as nanolaminates of HfO2 and Fe2O3 were deposited, aiming at the formation of
a series of stacks consisting of both iron-rich and hafnium-rich solid media, as presented
in Table 1.

 
Figure 1. Contents of elements (a) and residual impurities (b) measured by XRF, constituting the
HfO2-Fe2O3 films, expressed in atomic% against relative amount of HfO2 deposition cycles. The
elements are indicated in the legends. Polynomial lines are guides for the eye.
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Table 1. List of HfO2, Fe2O3, and HfO2-Fe2O3 samples revealing the deposition cycle sequences,
relative HfO2/(HfO2 + Fe2O3) deposition cycle ratio, total film thickness in accord with XRR, and rel-
ative Hf/(Hf + Fe) cation ratio measured by XRF and EDS. The samples are presented in the order of
decreasing relative cycle ratio for HfO2 and, concurrently, descending cation ratio for Hf, measured
by XRF. For the contents of residual chlorine, also measured by XRF, see Figure 1.

Cycle Sequence
Cycle
Ratio

ttotal,
nm

Hf/(Hf + Fe)
by XRF

Hf/(Hf + Fe)
by EDS

500 × HfO2 1 54 1 1

2 × (150 × HfO2 +50 × Fe2O3) 0.75 23 0.96 (0.03) 0.98

100 × HfO2 + 100 × Fe2O3 + 100 × HfO2 0.67 27 0.91 (0.04) 0.95

2 × (100 × HfO2 +100 × Fe2O3) 0.5 26 0.88 (0.02) 0.91

2 × (50 × HfO2 +150 × Fe2O3) 0.25 29 0.51 (0.01) 0.49

400 × Fe2O3 +100 × HfO2 0.2 63 0.21 (0.01) 0.24

500 × Fe2O3 0 37 0 0

The films were grown on undoped Si(100) and, for the electrical evaluation, also
on highly doped conductive Si substrates covered by a 10 nm TiN film. The conductive
Si wafers were boron-doped to concentrations of 5 × 1018 − 1 × 1019 cm–3 and coated
with crystalline TiN layer by pulsed chemical vapor deposition using a batch TiCl4/NH3
process [32,33] at temperatures of 450–500 ◦C in an ASM A412 Large Batch 300 mm reactor
at Fraunhofer IPMS-CNT. The films, which were deposited on TiN substrates for electrical
measurements, were also supplied with Ti/Au electron-beam evaporated electrodes on
top of the films, with the Ti layer directly contacting the switching oxide medium and Au
deposited in order to provide non-oxidizing electrical contact to the measurement circuit.

The crystal structure of the films was evaluated by grazing incidence X-ray diffraction
(GIXRD) method using a SmartLab (Rigaku, Tokyo, Japan) X-ray diffractometer and the
CuKα radiation with a wavelength of 0.15406 nm. The same apparatus was exploited to
determine the thickness, density, and roughness of the films by X-ray reflectometry (XRR).
Energy dispersive X-ray spectrometry (EDS) measurements were carried out at an accelerat-
ing voltage of 15 kV with a current of 0.69 nA using an INCA Energy 350 EDS spectrometer
(Oxford Instruments, Abingdon, Oxfordshire, UK) connected to a Helios Nanolab 600
(FEI) scanning electron microscope. Scanning transmission electron microscopy (STEM)
and elemental mapping of the films in cross-sectional orientation were performed in a
Cs-corrected Titan Themis 200 microscope (FEI, Hillsboro, OR, USA). EDS maps were ac-
quired using Esprit software version 1.9 (Bruker, Billerica, MA, USA). Thin cross-sectional
samples for STEM observations were prepared using the in situ lift-out technique using a
Helios Nanolab 600 scanning electron microscope/focused ion beam system (FEI, Hillsboro,
OR, USA), equipped with a super-X EDX system (FEI/Bruker). In order to protect the
surface from ion milling during the preparation of STEM samples, the area of interest was
covered with a platinum protection layer. An X-ray fluorescence (XRF) analyzer ZSX400
(Rigaku) was complementarily used for the elemental composition analysis. Considering
the feasibility of the measurements, the composition analysis was conducted on Fe2O3 and
HfO2 reference films grown to somewhat higher thicknesses using 500 ALD cycles, whereas
thinner films grown using 200 cycles to thicknesses similar to those of nanolaminates were
further subjected to electrical and magnetic measurements.

Electrical measurements were carried out in a probe station using a Keithley 4200-
SCS semiconductor analyzer (Keysight Technologies, Cleveland, OH, USA). In the DC
measurements, the bias voltage was applied to the top electrode, and the bottom electrode
remained grounded. To initiate RS, every sample required an electroforming procedure
that was carried out as a voltage sweep with positive bias and a current compliance
of 10 μA to avoid irreversibly breaking the device. Capacitance measurements were
performed by applying an AC signal of 30 mV along with a DC bias of 0.1 V in the

6



Nanomaterials 2022, 12, 2593

frequency range 1–1000 kHz. Magnetic measurements were performed using the Vibrating
Sample Magnetometer (VSM) option of the Physical Property Measurement System 14T
(Quantum Design, San Diego, CA, USA) by scanning the magnetic field from −1.5 to 1.5 T
parallel to the film surface in the temperature range of 5–350 K.

3. Results and Discussion

3.1. Growth and Structure

The metal oxide films constituting the nanolaminates were grown in processes under
the same reactor conditions and exploiting the same precursor chemistry as those earlier
suited to the growth of HfO2 [34] and Fe2O3 [35] films. In the present study, the thickness
of multilayered HfO2-Fe2O3 films could be appreciably well controlled by adjusting the
amounts of the growth cycles for constituent oxide layers (Table 1). In addition, the
presence of iron and hafnium in the films was proven by both XRF and EDS analysis,
whereby the relative contents of both metals were correlated to the relative amounts of
their growth cycles applied (Table 1, Figure 1a). Further, chlorine and carbon were detected
as impurities present in the films (Figure 1b). Both impurities can be regarded as natural
residues arising from the ligands to the metal precursors. Within the accuracy limits of the
analysis method, the content of Cl and C was not systematically dependent on the relative
deposition cycle ratio.

The HfO2-Fe2O3 multilayers were truly formed as nanolaminates, as proven by XRR
results depicted in Figure 2. The X-ray reflection intensity curves allowed one to fit the
measured data, in a good approximation, with the predicted thicknesses of the constituent
layers of both metal oxides, roughly correlated to the amounts of deposition cycles applied
in the case of both HfO2 and Fe2O3. It is well known that in the case of ALD, the growth
rates of materials on substrates of foreign composition may markedly differ at different
growth stages, generally being essentially lower at the early stages of growth, i.e., at low
thicknesses. The influence of the nucleation rate and the length of the so-called incubation
period depends on temperature, substrate, and growing material, and should be explored
separately, if required. In the present study, the growth rate of HfO2 on Fe2O3 noticeably ex-
ceeded the growth rate of Fe2O3 on HfO2. In the case of the growth of HfO2 on crystallized
Fe2O3 (Figure 2c), the growth rate of HfO2 could reach as high as 0.18 nm/cycle, possibly
supported by a larger specific surface area of underlying polycrystalline iron oxide layer.

STEM studies revealed sequential deposition of the hafnium and iron oxide layers,
distinct in terms of structure (Figure 3) and elemental distribution (Figure 4), thus sup-
porting the XRR results. One can see that the layers were crystallized throughout the
film thickness (Figure 3a,b) without structurally sharp interfaces between the HfO2 and
Fe2O3 constituent layers, still enabling the distinction between metal oxides due to the
differences in atomic numbers. At the same time, the interface between HfO2 and the
amorphous SiO2 top layer on the Si substrate was sharply formed and distinct (Figure 3c).
It is, however, to be noted that the growth rates and resulting thicknesses of component
layers in nanolaminate structures are not to be compared to those of reference films. It is
well-known that the films grown by ALD require an incubation time before achieving
stable growth and structural formation. The length of the incubation period may vary
considerably, depending on the material to be grown as well as the substrate material
and structure. Nucleation at early stages, i.e., growth of HfO2 on Fe2O3 and vice versa
would require a separate study. Compositionally, the constituent layers became clearly
distinguishable (Figure 4), allowing one to rely on the formation of nanomaterial composed
of physically and chemically different oxides, further enabling the appearance of both
magnetic and insulating materials’ properties.
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Figure 2. X-ray reflectivity results for selected stacks of Fe2O3 and HfO2 layers grown on Si, denoted
by the labels revealing the amounts of ALD cycles used for the deposition of constituent layers. The
thicknesses of constituent layers as the results of the curve fittings are also given by labels. The curves
with fitting results are presented for the four-layer laminate grown using equal amounts of cycles
for both constituent oxides (a), the three-layer laminate grown using equal amounts of cycles for
both constituent oxides (b), the double-layer consisting of relatively thicker Fe2O3 and thinner HfO2

films (c), and the four-layer laminate containing Fe2O3 layers relatively thicker compared to the HfO2

component (d).

 
Figure 3. Bright field STEM images of HfO2-Fe2O3-HfO2 nanolaminate grown using 100 ALD cycles
for each constituent layer, taken under different magnifications (a,b), and an image of the interface
between silicon substrate and the first HfO2 layer in the same laminate (c).
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Figure 4. Elemental mapping for iron (a), hafnium (b), and oxygen (c) in the HfO2-Fe2O3-HfO2

nanolaminate grown using 100 ALD cycles for each constituent layer.

The Fe2O3 films grown alone without alternate layering with HfO2 were moderately
crystallized in their as-deposited states (Figure 5, the bottom pattern). Two weak but still
distinct reflection peaks at 33.6 and 56.5◦ could be attributed to the 104 and 116 reflections
of rhombohedral Fe2O3, that is, the hematite phase. At the same time, the HfO2 films
grown alone without alternate layering with Fe2O3 were relatively more crystallized in
their as-deposited states (Figure 5, the 2nd pattern from bottom). The HfO2 film grown
using 200 deposition cycles could be described as a multiphase solid medium consisting of
a stable monoclinic phase of HfO2 and a metastable, quite likely tetragonal, polymorph
of HfO2. Whereas most of the reflection peaks remained very weak, the most distinct
reflections unambiguously belonging to the −111 and 111 of monoclinic HfO2 peaked
at 28.3 and 31.5◦, respectively. Between the latter reflections, a peak assigned as 101 of
tetragonal HfO2 was clearly detected at 30.3◦. These three neighboring reflections can be
regarded as proof of multiphase composition. Further and notably, after 500 ALD cycles,
the metastable phases, if initially formed and present in HfO2 films, were already almost
insignificant in the diffraction patterns. The diffractogram from the HfO2 film grown using
500 cycles comprised reflections attributed exclusively to monoclinic HfO2 (Figure 5, the
3rd pattern from bottom).

θ

Figure 5. Grazing incidence X-ray diffraction patterns of Fe2O3-, HfO2-, and HfO2-Fe2O3-laminated
films. The growth cycle sequences are denoted by labels. The reflections supplied with Miller indexes
are assigned as those belonging to either monoclinic (M, ICDD PDF-2 card no 43-1017) or tetragonal
(T, card 01-078-5756) HfO2, whereby reflections from rhombohedral hematite Fe2O3 are denoted by R
(card 01-1053).
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Somewhat surprisingly, in the diffractograms taken from most of the films consisting
of stacked HfO2 and Fe2O3 layers, no reflections attributable to any of the known iron oxide
phases could be recognized. At the same time, crystallization in the films was obvious and
due to the crystal growth in the HfO2 corresponding to the stacks or multilayers. With
regard to the reflections characteristic of HfO2, the significance of the ones attributable to
−111 and 111 of monoclinic HfO2, peaking at 28.3 and 31.5◦, respectively, tended to increase
with the relative amounts of HfO2 deposition cycles (Figure 5). The relative significance
of the reflection assigned as 101 of tetragonal HfO2, at 30.3◦, quite expectedly increased
with the decrease in the relative amount of the HfO2 deposition cycles (Figure 5). Notably,
reflections characteristic of Fe2O3 did not appear in the stacked HfO2 and Fe2O3 layers, with
an exception of the sample grown using the cycle sequence of 400 × Fe2O3 + 100 × HfO2,
where a weak 104 peak of rhombohedral hematite phase could be recognized at 33.5◦.

3.2. Magnetization Behavior

The reference Fe2O3 film grown on diamagnetic Si substrates expectedly demonstrated
ferromagnetic-like magnetization behavior (Figure 6a) with the coercive force measured
as strong as 2272 Oe at 5 K. The thinnest 24 nm-thick HfO2 films grown in the present
study using 200 ALD cycles were magnetized nonlinearly and saturatively in external
fields (Figure 6a). Both the saturation magnetization and the coercive field remained low,
although clearly measurable, in the 24 nm-thick HfO2 film compared to those of the Fe2O3
films. At the same time, the saturation magnetization and coercivity in the 54 nm-thick
HfO2, grown using 500 cycles, became suppressed almost entirely. This is plausibly due
to the obvious difference between phase compositions of 24 and 54 nm-thick HfO2 films
(Figure 5). The thinner HfO2 film contained, besides stoichiometric monoclinic HfO2,
probably also oxygen-deficient metastable either tetragonal or cubic HfO2, which would
give rise to the magnetization. Upon an increase in the film thickness and crystal growth,
the formation of dominant monoclinic dioxide caused a suppression of the magnetization
in the solid material. At room temperature, the saturation magnetization values were not
significantly decreased, differently from coercitivities. Upon increasing the measurement
temperatures from 5 to 300 K, the coercivities were decreased nearly 10, 4, and 2 times in
the Fe2O3 film grown using 200 and 500 cycles, and in HfO2 film grown using 200 cycles,
respectively (Figure 6b)

With regard to the HfO2 films, undoped and crystallized hafnium dioxide is not sup-
posed to magnetize in its bulk and stoichiometric form, and contamination by handling with
stainless-steel tweezers may sometimes have led to measurable magnetic signals [36]. How-
ever, magnetization earlier unexpectedly detected in HfO2 films [37] can intentionally be
induced, as supported by the presence of defects, in the first place oxygen vacancies [19,20].
Oxygen vacancies are inevitable constituents in the metal oxide lattices, also considered as
a cause of the filamentary switching mechanism [38–40] in the device cells.

In the samples in which Fe2O3 and HfO2 films were grown into double, triple, or four-
layered stacks, the saturation magnetization values obtained at both 5 and 300 K tended,
somewhat expectedly, to be the highest in the samples where the amount of sequential
Fe2O3 growth cycles exceeded those applied for the HfO2 by 3–5 times (Figure 6c). However,
in the case of laminated films, one should take into account that the microstructure of the
individual Fe2O3 layers, most strongly affecting the magnetic properties, also varies due to
the thickness variation (Figure 2). For instance, in the double-layered (400 × Fe2O3 + 100
× HfO2) sample, the Fe2O3 was moderately crystallized, whereas in all other laminated
samples, Fe2O3 was X-ray-amorphous (Figure 5). Notably, the thickness of Fe2O3 in the
double layer was nearly 10 times higher compared to that in the three- and four-layer
samples when 100 cycles of Fe2O3 was applied (see Figure 2a,b). Apparently, in the latter
samples, smaller Fe2O3 nanocrystals could form and possibly agglomerate. The coercivity
value measured at 5 K for the film consisting of two double layers of HfO2 and Fe2O3 grown
using 50 and 150 cycles, respectively, exceeded 1100 Oe. Coercivity in the double layer
consisting of a Fe2O3 film grown at first using 400 cycles, followed by HfO2 grown using
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100 cycles, reached nearly 1500 Oe. At room temperature, these values were decreased
down to 65 and 271 Oe, respectively.

 

Figure 6. Magnetization-field curves from reference HfO2 and Fe2O3 films measured at 5 K (a) and at
300 K (b), as compared to the curves from HfO-Fe2O3-laminated structures measured at 5 K (c) and
300 K (d). The films were grown on SiO2/Si substrates using cycle sequences represented by labels.

Despite the ability of nanocrystalline HfO2 to moderately magnetize, also revealing
hysteretic performance, the magnetization in terms of both saturation and coercive force
was quite naturally dominated by Fe2O3 constituting the nanolaminates. Higher amounts
of iron in the iron-hafnium oxide multilayers certainly caused increments in both saturation
magnetization (Figure 7a) and coercivity (Figure 7b). Interestingly, relatively strong coer-
civities among nanolaminate samples, reaching nearly 1850 Oe at 5 K and remaining below
50 Oe at 300 K, were obtained in the triple HfO2-Fe2O3-HfO2 layer and in four-layer film
consisting of two HfO2-Fe2O3 double layers (Figure 6c). These samples were characterized
by Hf/(Hf + Fe) ratios of 0.91 and 0.88, respectively (Figure 7b, Table 1). In the latter two
samples, all the constituent metal oxide layers were grown using 100 ALD cycles. At the
same time, the saturation magnetization in the same samples was decreased about five
times below the values characterizing the films containing Fe2O3 layers grown using 150
and 400 cycles, described above. It is thus possible that despite the relatively low Fe2O3
amount in such laminates and accompanying weak saturation magnetization, the growth
of constituent oxides in such nanolaminates after application of sufficient amounts of
deposition cycles has enabled the ordering and growth of nanocrystals enhancing struc-
ture or shape anisotropy and a simultaneous increment in coercivity. Further and more
detailed studies including parametrization and scaling up the process would be required in
order to clarify the interdependencies between deposition cycle numbers, crystallographic
orientation, and magnetic performance.
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Figure 7. Magnetic moment (a) and coercivity (b) against relative content of hafnium, expressed by
Hf/(Hf + Fe) cation ratio, in HfO2-Fe2O3 nanolaminates. For the cycle ratios and sequences applied
for the growth of the samples with the corresponding atomic ratios, see Table 1.

The samples based on triple HfO2-Fe2O3-HfO2-layer and four-layer film consisting
of two HfO2-Fe2O3 double layers are those worth further attention, because the same
samples further exhibited defined resistive switching behavior, as will be described below.
Superparamagnetic behavior was expected at first, and the same samples were additionally
subjected to the temperature-dependent magnetization measurements. As was already
implied by the magnetization-field curves recorded at 5 and 300 K (Figure 6c,d), the
triple-layered film grown using the cycle sequence of 100 × HfO2 + 100 × Fe2O3 + 100
× HfO2 exhibited slightly higher saturation magnetization values compared to the four-
layered film grown using the cycle sequence of 2 × (100 × HfO2 + 100 × Fe2O3). This
can plausibly be explained by the distribution of Fe2O3 differing in the latter two samples.
In the four-layered sample, the thickness of the two Fe2O3 layers summarized was similar
to that in the three-layer sample containing a single Fe2O3 layer in between two HfO2
layers (Figure 2). Therefore, in the three-layer sample, the short-range order in Fe2O3,
although not detectable by GIXRD, could possibly be better defined compared to that in
the four-layer film, providing higher saturation magnetization. Further, field-cooling (FC)
measurements were carried out in the temperature range of 355–5 K (Figure 8), recording
the magnetization values at each temperature after the application of the external field of
1000 Oe. For both samples, the zero-field-cooling (ZFC) measurements were also carried
out in order to estimate the blocking temperatures related to thermal energy, below which
the magnetization in a material consisting of single-domain nanocrystallites would lose
its preferred direction in a near-zero external field and relax. In the four-layer structure
(Figure 8a), the blocking temperature, TB, remained lower compared to that estimated for
the three-layer structure (135 vs. 215 K, Figure 8b). This may be indicative of the effect of
the lower amount of easily magnetized, and for this reason, also more easily reoriented,
amount of iron-rich nanoparticles present in the three-layer film.

 

Figure 8. Magnetization-temperature curves measured in zero-field-cooling (ZFC) and field-cooling
(FC) mode from representative structures consisting of two HfO2-Fe2O3 double layers (a) and one
HfO2-Fe2O3-HfO2 triple layer (b). The films were grown on diamagnetic SiO2/Si substrates using
cycle sequences represented by labels.
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3.3. Electrical Behavior

The reference HfO2 films behaved electrically as dielectric materials with defined insu-
lating properties. Figure 9 represents the results of capacitance dispersion measurements,
expressed as permittivity-frequency curves, after calculating the permittivity considering
the simple parallel-plate capacitor configuration, containing dielectric film with thickness
determined by XRR measurements. One can see that the permittivity-frequency depen-
dencies represent appreciably flat plateaus, being indicative of the minor role for parasitic
space charge and interfacial polarization in the frequency range of 10 kHz–1 MHz. The
average permittivity value for the 24 nm-thick HfO2 film grown using 200 deposition cycles
remained at 18, whereas the permittivity of the 54 nm-thick film grown using 500 cycles
exceeded 20. This difference was plausibly due to the more developed crystallinity in the
thicker film. Since the HfO2 films in the present study were characterized with multiphase
composition (Figure 5), i.e., contained both metastable and stable polymorphs of HfO2, the
permittivity value remained even, quite expectedly, between those earlier calculated as
those characteristic of corresponding phases [41]. One could also note that the permittivity
values measured in the present study corresponded appreciably well to those measured
earlier in a study reporting insulating properties of HfO2-based nanolaminates and single
HfO2 films grown by ALD using HfCl4 and H2O as precursors [42].

Figure 9. Permittivity versus measurement frequency dispersion test results for reference HfO2 films
as well as nanolaminate stacks grown using amounts of ALD cycles and to the thicknesses indicated
by the labels. The capacitor electrode areas were 0.002 mm2.

The HfO2-Fe2O3-HfO2 triple layer and the periodically deposited sample consisting
of two HfO2-Fe2O3 double layers grown using 100 deposition cycles for each component
oxide behaved electrically reliable enough to enable stable capacitance measurements. The
capacitance, and consequently the estimated permittivity values, appeared higher than
those in the reference HfO2 film grown to the comparable thickness (Figure 9), possibly
due to the influence of interfacial polarization enabled by the relatively leaky intermediate
Fe2O3 layers. Furthermore, even the iron-rich sample consisting of periodical nanolaminate
deposited using the cycle sequence of 2 × (50 × HfO2 + 150 × Fe2O3) film grown to the
total thickness of 29 nm occurred electrically stable enough, exhibiting permittivity values
up to 50–60 (not shown) in the frequency range examined. Iron oxide films, deposited
without complementary HfO2 layers, could not be capacitively evaluated due to their high
conductivity. One could clearly see that alternate layering of HfO2 and Fe2O3 usefully
assisted the trade-off between conductivity and capacitance increments, being indicative of
the possibility to usefully tune the electrical resistivity in magnetic materials. The reliability
of capacitance measurements, revealing the permittivity of the artificially structured HfO2-
Fe2O3 laminates, evidently governed by the properties of HfO2, allows one to further
expect stability of the resistive switching phenomena.
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The HfO2 reference films grown to the thicknesses of 24 and 54 nm after application
of 200 and 500 deposition cycles, respectively, exhibited well-defined unipolar resistive
switching behavior (Figure 10). The main RS parameters, such as low to high resistive
state ratios and switching voltages, did not differ markedly for the films grown to different
thicknesses, being indicative of the insensitivity of the polymorphic phase composition
differing in these HfO2 films (Figure 5). Switching parameters did not depend on the
device area in those samples in which both 0.002 mm2 and 0.052 mm2 electrode surface
areas delivered RS behavior. In the case of the HfO2 films grown to the thickness of 54 nm,
reliable switching behavior could be observed only upon measurements conducted on
the electrodes of the smallest size, 0.002 mm2 (Figure 10b), whereas in the case of the
HfO2 films grown to the thickness of 24 nm, electrodes with an area of 0.052 mm2 also
allowed one to acquire reliable switching characteristics (Figure 10a). Plausibly, growing
film thickness enables the growth of larger crystallites accompanied by higher surface
roughness, structural inhomogeneities, and voids, necessitating measurements on smaller
sized electrodes in order to acquire reliable results. One has to note that an apparent
dependence of switching reliability on electrode area is not necessarily to be related to the
domination of the interfacial conduction mechanism over the filamentary one. Indeed, the
unipolar switching produced by the thermochemical mechanism (TCM) is known to be
filamentary [14,43], and the switching parameters, i.e., resistance in both the LRS and HRS
as well as current values, are expected to be independent from the electrode area [14,44–46].
Under this thermochemical mechanism, thermochemical redox processes dominate the
electrochemical ones. Local redox reactions occur due to a local temperature increase that
energetically favors lower oxidation states. Thus, oxygen drifts out of this high-temperature
region, producing a variation of the local conductivity due to stoichiometry variations,
which are usually attributed to the formation of a lower oxidation state sub-oxide, or the
metal itself if such sub-oxide does not exist [15,47]. The filaments can then be induced under
the chosen voltage polarity and disrupted afterwards by the currents causing Joule heating,
healing the defective channel under an applied voltage of the same polarity, but inducing
much higher currents in the low resistivity state. As it is common in cells presenting
unipolar resistive switching, the low to high resistivity state ratios could exceed three
orders of magnitude, with a high cycle-to-cycle variability of the switching voltages and
the resistance value of the HRS.

 

Figure 10. Current-voltage characteristics demonstrating unipolar switching in TiN/HfO2/Ti de-
vices containing HfO2 films grown to thicknesses of 24 (a) and 54 nm (b) using 200 and 500 ALD
cycles, respectively.

Figure 11 demonstrates defined switching behavior recorded in periodical HfO2-Fe2O3
laminates (Figure 11a,b) as well as in the HfO2-Fe2O3-HfO2 triple-layer stack (Figure 11c).
It is worth noting that in the periodically stacked HfO2-Fe2O3 laminate grown using the
cycle sequence of 2 × (150 × HfO2 + 50 × Fe2O3), the low to high resistivity state ratios
could reach even five orders of magnitude (Figure 11a). However, the repeatability of
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switching cycles in such films remained rather low, not allowing one to reliably record
more than 8–10 switching cycles. To additionally recall, this sample was relatively weakly
magnetized (Figures 6c,d and 7), demonstrating almost insignificant saturation magneti-
zation and rather weak coercitivity (below 200 Oe) already at 5 K compared to the rest of
the samples grown using higher relative amounts of Fe2O3 deposition cycles. Thus, the
deposition program applied to this particular sample could result in a material representing
trade-off between magnetic and resistively switching performance, implying a possibility
for optimization.

 

 

Figure 11. Current-voltage characteristics demonstrating unipolar switching in TiN/HfO2-Fe2O3/Ti
devices containing (a) periodically laminated media grown using relatively large amounts of HfO2

deposition cycles, (b) periodically laminated media grown using the same cycle numbers for HfO2

and Fe2O3, and (c) three-layer stack with Fe2O3 layer grown in between HfO2 films. The deposition
cycle sequences are indicated by labels.
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The repeatability of current-voltage behavior upon resistive switching cycles after
endurance tests was obvious in the reference HfO2 films (Figure 12a,b). However, noticeable
scattering in the current values in high-resistance states upon sequential switching cycles
was recorded. One could suppose that the stability of switching the current level in the
HRS after the RESET events is markedly dependent of the structural quality of the material
restored after breaking filaments or quenching the conduction channels. At the same
time, the resistivity levels in LRS after SET events might more significantly be determined
by the current compliance limits. In this regard, the stability of HRS could serve as a
structure-related descriptor of the crystalline switching medium and be worth depicting as
an implication of the device functionality.

 

 

Figure 12. Current values measured after each RESET (HRS points) and SET (LRS points) processes
at 0.1 V in TiN/HfO2-Fe2O3/Ti devices containing (a) 500 and (b) 200 ALD cycles of HfO2, (c) three-
layer stack with Fe2O3 layer grown in between HfO2 films, and (d) periodically laminated media
grown using the same cycle numbers for HfO2 and Fe2O3. The deposition cycle sequences are
indicated by labels.

The decrement in the low to high resistivity ratio was detected simultaneously with
increased variability in low resistivity states. The LRS:HRS ratios during endurance
tests remained slightly higher and also somewhat more stable in the reference HfO2
films (Figure 12a,b) compared to the results recorded in a device built on triple-layered
HfO2-Fe2O3-HfO2 film (Figure 12c) as well as on four-layered HfO2-Fe2O3-HfO2-Fe2O3
(Figure 12d), all grown to comparable thicknesses. The increased variability in the LRS
is most plausibly due to the iron oxide constituents in the films, increasing the material
conductivity already in its virgin state before the SET event. This property may ease the
formation of conductive channel but worsen the control over breaking it. The main outcome
of the RS measurements was, thus, the recognition of a certain balance between growth
cycles of constituent dielectric and magnetic materials while engineering the deposition
process, before the achievement of both resistive switching and magnetic polarization at
room temperature.

It should be emphasized that the unipolar resistive switching behavior of these samples
has been of high interest when studying the physics behind RS. Although previous studies
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on HfO2-based RRAM devices have also shown unipolar resistive switching, it was in some
way always due to the metals chosen for the bottom and top electrodes [48]. It is known
that RRAM cells that use the same metal for both electrodes will most likely show URS [13],
as observed in the case of Pt/HfO2/Pt [49,50] and TiN/HfO2/TiN [51] MIM stacks. At the
same time, Pt/HfO2/TiN cells can demonstrate both URS and BRS [52,53]. Pt/HfO2/Ti
stacks have also shown bipolar switching [49], indicating better properties of Ti as an
oxygen reservoir when compared to TiN, enabling and supporting the VCM. Thus, the use
of a thin Ti cap in TiN/HfO2/Ti/TiN devices allows one to observe BRS [54], with unipolar
switching appearing only under extreme programming conditions [55]. When looking at
RRAM cells similar to the ones presented in this work, i.e., HfO2-based RRAM with TiN
and Ti as bottom and top electrodes (BE an TE), respectively, the literature strongly suggests
that bipolar switching is expected [48–50], contrary to the results presented here. This could
be attributed to the use of Au as the top electrode over to Ti. Bertaud et al. [56] showed
that the use of a metal with low a enthalpy of formation of oxides, such as gold, for the TE,
should lead to unipolar switching, and Walzcyk et al. [57] reported URS in Au/HfO2/TiN
MIM stacks. Here, it is worth noting that a previous work on resistively switching media
based on Fe2O3 has also reported URS [58], although their stack made use of somewhat
symmetric Pt metal electrodes (Pt/Fe2O3/Pt/Ti). Nevertheless, a study conducted as early
as 1969 [59] reports unipolar switching in thin iron oxide, associating increased conductivity
(forming or SET processes) either with the formation of sub-oxides mentioned above [47]
or with the expected decrease in transition metals’ resistance with increasing temperature,
known as metal-insulator transitions [60], which has been specifically proven for both
thick [61] and thin Fe2O3 films [62].

4. Summary and Conclusions

Insulating HfO2 and magnetic Fe2O3 were successfully tailored as nanolaminates of
alternately layered films of hafnium and iron oxides. The relative contents of hafnium
and iron were modified by changing the relative amounts of the deposition cycles for both
constituent oxides. The films contained some amounts of chlorine and carbon as residual
impurities. The structure of the films could be regarded as nanocrystalline, whereby a
multiphase nature of nanolaminates, based on the simultaneous appearance of both stable
and metastable polymorphs of HfO2, was established.

Stable dielectric polarization and resistive switching properties expectedly character-
istic of HfO2 were achieved and recorded in the laminated stacks containing measurable
amounts of relatively highly conducting Fe2O3. At the same time, the presence of Fe2O3 as
well as formation of nanocrystalline phases of HfO2 enabled the appearance and recording
of nonlinear, saturative, and hysteretic magnetization in the laminates, somewhat cor-
related with the relative content of Fe2O3. The coercivity appeared the strongest in the
films consisting of two sequentially grown HfO2-Fe2O3 double layers as well as a triple
HfO2-Fe2O3-HfO2 layer, measured at 5 K. The coercivity diminished drastically at room
temperature, remaining, however, measurable below 100 Oe. Notably, the same structures,
clearly also exhibited an ability to switch resistively, whereas samples containing relatively
larger amounts of iron could not switch resistively due to increasing conductivity.

All samples deposited using 100 or less Fe2O3 cycles between HfO2 layers demon-
strated unipolar resistive switching. Higher amounts of Fe2O3 ALD cycles resulted in a
decrease of the low to high resistance state ratio. Fe2O3 layers constituting the laminates
probably did not allow for the formation of conductive filaments as efficiently as HfO2,
hindering the variability of the low resistance state. The appearance of the unipolar resistive
switching of these samples may be regarded as notable in light of common knowledge
suggesting that Ti and TiN used for the top and bottom electrodes, mounting HfO2, should
lead to bipolar resistive switching. This could be due to the dominance of a thermochemical
process over an electrochemical one. Further studies could be devoted to the investigation
of the effect of electrodes with variable enthalpy as well as coupling between conductivity
and electromagnetic polarization.
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Abstract: Reactive (Ar-O2 plasma) magnetron sputtered WO3-MoO3 (nanometer scaled) mixed
layers were investigated and mapped by Spectroscopic Ellipsometry (SE). The W- and Mo-targets
were placed separately, and 30 × 30 cm glass substrates were slowly moved under the two (W and
Mo) separated targets. We used different (oscillator- and Effective Medium Approximation, EMA-
based) optical models to obtain the thickness and composition maps of the sample layer relatively
quickly and in a cost-effective and contactless way. In addition, we used Rutherford Backscattering
Spectrometry to check the SE results. Herein, we compare the “goodness” of different optical models
depending upon the sample preparation conditions, for instance, the speed and cycle number of
the substrate motion. Finally, we can choose between appropriate optical models (2-Tauc-Lorentz
oscillator model vs. the Bruggeman Effective Medium Approximation, BEMA) depending on the
process parameters. If one has more than one “molecular layer” in the “sublayers”, BEMA can be
used. If one has an atomic mixture, the multiple oscillator model is better (more precise) for this type
of layer structure.

Keywords: spectroscopic ellipsometry; combinatorial approach; metal oxides

1. Introduction

For protection against extra heat through glass windows, electrochromic film as a
smart window [1] can be the most useful tool to reduce heat in buildings. A smart glass
window consists of a layer of electrochromic material bounded by metal oxide layers. The
special feature is the ability to modify the optical properties by supplying electric charge
to the film system, which can be transformed from translucent glass into darker or more
opaque glass and can be returned to the translucent state with low electric current. It also
controls the transmitted amount of light. Electrochromic materials capable of heat radiation
protection through glass consist of semiconductor metal oxide film coatings on glass,
such as TiO2, CrO, Nb2O5, SnO2, NiO, IrO2 [2], WO3, and MoO3 [3,4]. Researchers have
different methods of deposition as sputtering [5], Atmospheric Pressure Chemical Vapor
Deposition (APCVD) [6], dipping [7], sol-gel method [1,4], and sintering [8]. Authors of
Ref. [8] investigated mixed materials, but only a limited number of compositions: (MoO3)x-
(WO3)1−x for x = 0, 0.2, 0.4, 0.6, 0.8. Pure WO3 layers were also investigated [9–11] by
spectroscopic ellipsometry.

During the present work, we used reactive magnetron sputtering (in Ar-O2 plasma)
to create all combinations of WO3-MoO3 mixed layers along a line/band. To prepare
one sample in the vacuum chamber, we needed 4 h including the vacuum preparation.
If we wanted to prepare 21 separate samples with compositions from 0 to 100% with
5% “resolution”, we would need 21 × 4 h, minimum of 10 working days. Using the
combinatorial approach, we achieved all of the compositions after one sputtering process
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in the same sputtering chamber. Furthermore, our aim was to investigate the goodness of
WO3-MoO3 mixed layers as electrochromic materials for “smart” windows (transparency
ratio, switching speed, coloration efficiency).

After sputtering, we investigated and mapped the samples by Spectroscopic Ellip-
sometry (SE), which is a relatively quick, cost-effective, and contactless method. We used
different (oscillator- and Effective Medium Approximation, EMA-based) optical models to
obtain the thickness and composition map of the sample layer. We checked the SE results
using Rutherford Backscattering Spectrometry. In a set of experiments, we changed the
position of the sputtering targets, as well as the speed and cycle number of the substrate
motion. Our aim was to compare the “goodness” of the different optical models depending
upon the sample preparation conditions.

2. Materials and Methods

Layer depositions were performed in a reactive (Ar + O2) gas mixture in high vacuum
(~2 × 10−6 and ~10−3 mbar process pressure). Additionally, 30 sccm/s Ar and 30 sccm/s
O2 volumetric flow rate were applied in the magnetron sputtering chamber. The substrates
were 300 × 300 mm soda lime glasses. The starting process was the preparation of a
W-mirror (W sputtered only in Ar-plasma) to avoid the back-reflection of the measuring
light-beam during Spectroscopic Ellipsometry (SE) measurements. The plasma powers
of the two targets were selected in the 0.75–1.5 kW range independently. We used 1, 5 or
25 cm/s of walking speed (back and forth), which was the speed of the 30 × 30 cm glass
sample between the end positions (the edges of the targets). See the sample fabrication
parameters in Table 1.

Table 1. Summary of the sample fabrication conditions.

Sample Name Target (s) Target Position Plasma Powers [kW] Walking Cycles Walking Speed

W-target-only W center 0.75 500 5 cm/s

W-target-only W center 1 500 5 cm/s

W-target-only W center 1.5 500 5 cm/s

Mo-target-only Mo center 0.75 500 5 cm/s

Mo-target-only Mo center 1 500 5 cm/s

Mo-target-only Mo center 1.5 500 5 cm/s

Double-target in
closer position W-Mo Left-center 0.75–1.5 300 5 cm/s

Double-target in distant
position “Slow” W-Mo Left-right 0.75–1.5 75 1 cm/s

Double-target in distant
position “Fast” W-Mo Left-right 0.75–1.5 1500 25 cm/s

Electron Dispersive Spectra (EDS) analysis of the layers showed that the Metal/Oxygen
atomic ratio was 1:3 at the applied oxygen partial pressure. Significantly lower oxygen
partial pressure is needed to prepare oxygen-deficient (non-transparent, “black”) layer.

The sputtering targets were placed in two arrangements as it can be seen in Figure 1.
In the first arrangement, the two targets were placed at 35 cm, in the second arrangement
they were placed at 70 cm distance from each other. According to the measurements, in the
first arrangement the two “material streams” overlapped around the center position, while
in the second arrangement the two “material streams” were separated.
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Figure 1. Two arrangements of the targets: (a) The two targets in closer position (35 cm from each
other); (b) the two targets in distant position (70 cm from each other).

We have two possible optical mapping methods: Our Woollam M2000 SE device [12]
or our “expanded beam” ellipsometer [13–15]. As a single-spot ellipsometer is more
precise when both the thickness and the composition change “rapidly” (in our case
~50 nm and ~10% per cm), we used mainly the M2000 device. In addition, we used
CompleteEASE program (from Woollam Co., https://www.jawoollam.com/ellipsometry-
software/completeease, accessed 12 July 2022) to evaluate the mapping measurements
using the built-in optical models and oscillator functions. Finding the best match between
the model and the experiment is typically achieved through regression. An estimator, such
as the Mean Squared Error (MSE), is used to quantify the difference between curves. The
lower MSE indicates a better fit and better optical model. Notably, the maps from the
M2000 measurements are compiled from four 15 × 15 cm parts. Our M2000 device can
measure only one 15 × 15 cm part at once. The mapping measurements were performed
using mm-sized beam-spot on a 15 × 15 grid with one spectra-pair per cm.

We used 5 × 50 mm Si-probes (6 pieces were placed at the center line of the substrate
glass) for Rutherford Backscattering Spectrometry (RBS) and X-ray Diffractometry (XRD)
measurements (see later in the “3.3. Double-Target Samples”).

Moreover, 2.8 MeV 4He+ Rutherford Backscattering Spectrometry (RBS) have been
performed in a scattering chamber with a two-axis goniometer at 7◦ tilt and 165◦ detector
angles connected to the 5 MV EG-2R Van de Graaff accelerator of the Wigner FK RMI
of the HAS. The 4He+ analyzing ion beam was collimated with two sets of four-sector
slits to the spot size of 0.5 × 0.5 mm (width × height), while the beam divergence was
maintained below 0.06◦. The beam current was measured by a transmission Faraday cup.
In the scattering chamber, the vacuum was about 10−4 Pa. Liquid N2 cooled traps were
used along the beam path and around the wall of the chamber to reduce the hydrocarbon
deposition.

RBS spectra were detected using ORTEC silicon surface barrier detectors mounted
at scattering angle of Θ = 165. The detector resolution was 20 keV for RBS. Spectra were
recorded for sample tilt angles of both 7 and 60◦ to make a difference between the heavier
and lighter atoms at the surface and in deeper regions. In this manner, the reliability of
spectrum evaluation has been improved. The measured spectra were simulated with the
RBX code [16].

XRD measurements were performed on a Bruker AXS D8 Discover device to determine
the amount of amorphous fraction of the layers. We examined 4 Si-probes: One from the
“W-side”, two from the “mixed-part”, and one from the “Mo-side” and found that our
layers are highly amorphous. One example (from the mixed part) XRD measurement is
shown in Figure 2. Only one significant broad peak in the 20–30◦ region can be seen as the
sign of amorphous film. Crystalline peaks at higher angles can be identified as peaks of
pure cubic (beta) tungsten, which was sputtered under the WO3 and MoO3 layers. The
broad peak near 70◦ is from the silicon substrate. The vertical red lines show the calculated
positions of beta tungsten, which is a thin (app. 100 nm) layer. We calculated the positions of
monoclinic, triclinic, and orthorhombic WO3 and hexagonal and orthorhombic MoO3 peaks.

23



Nanomaterials 2022, 12, 2421

In addition, we cannot see any trace of crystalline WO3 or MoO3 material in the layers.
Moreover, other authors found that independent of the deposition technique, the WO3
thin films prepared at room temperature exhibited an amorphous structure (i.e., featureless
XRD pattern) [10].

Figure 2. One example (from the mixed part) XRD measurement (note the logarithmic vertical scale)
showing one significant broad peak in the 20-30◦ region as the sign of amorphous film. Crystalline
peaks at higher angles can be identified as peaks of pure cubic (beta) tungsten, which was sputtered
under the WO3 and MoO3 layers. In addition, the broad peak near 70◦ is from the silicon substrate.
The vertical red lines show the calculated positions of beta tungsten. We calculated the positions
of monoclinic, triclinic, and orthorhombic WO3 and hexagonal and orthorhombic MoO3 peaks.
Moreover, we cannot see any trace of crystalline WO3 or MoO3 material in the layers.

Dispersion Relations

Magnetron sputtering results in amorphous materials (which is needed for good elec-
trochromic performance) as the XRD measurements prove this (see Figure 2). We considered
two different dispersion relations for the clean materials: Cauchy formula (Figure 3a) and
Tauc-Lorentz oscillator model (Figure 3b). Both dispersion relations are built-in modules
(CompleteEASE program) and can be used as a pre-determined component in Bruggeman
Effective Medium Approximation (EMA or BEMA [17]).

Other authors used similar optical models for pure WO3 [9–11]. In [9], the optical
indexes, n and k, were determined by ellipsometric measurements, using various models,
including Tauc-Lorentz [18], ensuring a good fit of tan(ψ) and cos(Δ) vs. the wavelength.
In [11], the optical constants were measured with the film in the unintercalated and fully
intercalated states using ellipsometry, transmission, and reflection data. Two Lorentz
oscillators were used to model the dispersion in the 300 and 1700 nm wavelength region.
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One oscillator in the UV was used to model the dispersion that takes place in dielectric
materials for wavelengths larger than the band gap, and a second near 14 μm was used to
represent structure in the optical constants due to the tungsten-oxygen network [11]. In
the present paper, we do not use the infrared region over 1000 nm, thus we used only one
Tauc-Lorentz per material.

In the EMA calculation, the mixed-layer is considered as a physical combination of
two distinct phases formed by WO3 and MoO3 with an appropriate volume fraction. The
constituents are considered equivalent; neither of the components is considered as a host
material. In this case, it holds that

0 = ∑fi(εi − ε)/(εi + 2ε), (1)

where ε is the effective complex dielectric function of the composite layer; fi and εi denote
volume fraction and the complex dielectric function of the ith component. In the case of
two components, WO3 and MoO3, the formula is a complex quadratic equation, where ε

(the effective dielectric function) is the unknown and we can choose easily between the
two solutions (the wrong one is physically meaningless). The used Bruggeman Effective
Medium Approximation (EMA or BEMA) is relatively easy to calculate and can be extended
simply to describe a material consisting of more than two phases. However, the generalized
formula for a two-phase material is

ε = (εaεb + κεh(faεa + fbεb))/(κεh+(faεb + fbεa)) (2)

Here, κ is defined by κ = (1 − q)/q using the screening factor q. In models that assume
spherical dielectrics (i.e., the BEMA model), the screening factor is given by q = 1/3. We
tried to use q = 1 (maximal screening) value, as well. However, it provides almost the same
results for the compositions and the thickness within the fitting errors, with almost the
same, but sometimes a little bit worse fitting quality (higher MSE).

Cauchy formula is good to describe the complex refractive index of low absorption
materials: N = n + ik, where N is the complex refractive index, n is the real part of N, k is
the imaginary part (extinction), i is the imaginary unit: n(λ) = A + B/λ2 + C/λ4; k(λ) = U1e
U

2
( 1239.84/λ − Eb), where A, B, C, U1, and U2 are fitting parameters. The complex refractive

index (N) and complex dielectric function (ε = ε1 + iε2) are equivalents: ε = N2; ε1 = n2

− k2, ε2 = 2nk. The main drawback of the Cauchy formula is that it is good only below
the bandgap.

The Tauc-Lorentz (T-L) oscillator model is a combination of the Tauc and Lorentz
models [18]. T-L model contains four parameters: Transition Amplitude, Broadening
coefficient of the Lorentz oscillator, peak position for the Lorentz oscillator, and Bandgap
Energy (Eg), which is taken to be the photon energy, where ε2 (E) reaches zero. When the
E photon energy is less than the bandgap energy, Eg, ε2 (E) is zero. The real part of the
dielectric function ε1 (E) can be obtained from ε2 (E) through the Kramers-Kronig relation.

We determined the dispersions for pure (100%) WO3 and MoO3 using both the Cauchy
formula and the Tauc-Lorenz model. Considering the fitted SE spectra (for example, 100%
WO3 in Figure 4) using the Cauchy and Tauc-Lorentz (T-L) formulas, we can see, especially
in the UV part, that the Tauc-Lorentz oscillator model is better (lower MSE) for these
materials, even below 300 nm. Notably, the T-L formula has only 4 parameters. During the
following optical models, we used the determined complex refractive indices (and complex
dielectric functions) of the pure WO3 and MoO3 using the Tauc-Lorentz oscillator model,
see Figure 3b. Finding the best match (see Figure 4) between the model and the experiment
is typically achieved through regression. An estimator, such as the Mean Squared Error
(MSE), is used to quantify the difference between curves.
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Figure 3. Determined complex refractive indices: (a) Using the Cauchy formula for the pure WO3

and MoO3; (b) using the Tauc-Lorentz oscillator model for pure WO3 (upper) and MoO3 (lower).

Figure 4. Measured (continuous lines) and fitted (dotted lines) SE spectra for the 100% WO3 layer
composition using Cauchy (a) and Tauc-Lorentz (T-L) (b) formulas. Red ellipses show the region
where the quality of the fit is different, and is better using the Tauc-Lorentz formula.

3. Results and Discussion

3.1. Single-Target Samples

First, we performed single target depositions to assess the lateral distribution of
sputtered material flux in the case of single W- and single Mo-targets at different electrical
powers. When the composition is not changing, the expanded beam mapping is not bad,
see Figure 5. Herein, we compare the results of expanded beam mapping (Figure 5a) and
the Woollam M2000 map (Figure 5b). Notably, the M2000 map is compiled from four
independently measured 15 × 15 cm parts and we tried to compose the whole map along
the “iso-thickness” or “iso-color lines”.
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One can find a good summary regarding the “Mapping and imaging of thin films on
large surfaces” in [19].

Figure 5. Thickness-maps (in nm) of a 30 × 30 cm sample. Maximum thickness value is 270 nm. One
can compare (a) the results of expanded beam mapping and (b) the Woollam M2000 map. Notably,
the M2000 map is compiled from four independently measured 15 × 15 cm parts. The photograph
(inserted) shows the direct view of the sample.

3.2. Thickness vs. Power

We performed single-target experiments to assess the deposition rate dependence
on the power and on the distance from the target. In this way, we determined the angle
dependence of “the material stream”. We used 1.5, 1, and 0.75 kW powers. The layer
deposition rate is non-linear: Double power results in 7 times higher rate in the case of
WO3. Figures 6–8 are not fully relevant for the “double-target” experiments due to the
different “walking” speeds and distances. “W-target only” and “Mo-target only” indicate
that only the target was under electrical power during the deposition process. “Walking”
speed indicates the speed of the 30 × 30 cm glass sample between the end positions (the
edges of the targets). All these maps were measured by our Woollam M2000 SE device.

Figure 6. Thickness-maps (in nm) of “W-target only” sample at 1.5 kW power. Maximum thickness
value is around 1500 nm. The left map (a) shows the middle 15 × 30 cm part, the right map (b) shows
the thin part with magnified scale (maximum thickness value is around 45 nm).
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Figure 7. Thickness-maps (in nm) of “W-target only” samples at 1 (a) and 0.75 (b) kW power.
Maximum thickness value is around 700 and 200 nm, respectively.

Figure 8. Thickness-map (in nm) of “Mo-target only” sample at 1 kW power. Maximum thickness
value is around 700 nm, which corresponds to the W maximum thickness.

Similar measurements were performed for the Mo-target, as well. We show here only
the 1 kW case, since it provides similar results to the “W-target only” case. Additionally, we
used the small Si-probes (at the center lines of the 30 × 30 cm glass sheets, see later in the
“3.3. Double-Target Samples”) to determine the thickness by RBS as an independent method.

3.3. Double-Target Samples
3.3.1. Targets in Closer Position

The first (combinatorial) experiment was performed in the “targets in closer position”
(Figure 1a); the power of the W-target was 0.75 kW and the power of the Mo-target was
1.5 kW. The choice of the W/Mo power ratio was based on the individual thickness profiles
and was created to ensure that the 50% composition falls in the middle of the sample.
Additionally, 300 walking cycles were applied with 5 cm/s walking speed. (We can
calculate ~1 nm of sublayer thickness around the center part, where the 50% mixture is
expected).

We used a 2-Tauc-Lorentz (2-T-L) oscillator optical model: W-substrate/interface-
layer/T-L(WO3)+T-L(MoO3)-mixed-layer/surface-roughness-layer. (This model layer is
better for atomic mixture). Additionally, five fitted parameters were used: Layer thickness
and the two Amplitudes (oscillator strengths). The basic parameters (the Broadenings, the
Peak positions, and the Bandgap Energies) of the clean materials were determined from
the measurements near the edges of the samples. The typical values of surface roughness
and interface thickness are not more than 10 and 20 nm, see, for example, Figure 9b.
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Figure 9. (a) Thickness-map and the schematic optical model; (b) two versions of the optical model:
The Bruggeman Effective Medium Model (left), the 2-Tauc-Lorentz (2-T-L) oscillator model (right),
“(fit)” show the fitted parameters; (c) Amp1: Amplitude-of-T-L(WO3)–map; (d) Amp2: Amplitude-
of-T-L(MoO3)–map (the wrinkles at the center lines are artefacts caused by the manual “rotation”
during the SE measurement).
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Figure 9 shows the resulted maps (with the schematic optical model): Thickness-map
and two Amplitude-maps (T-L(WO3)–map and T-L(MoO3)–map). One can see that the
composition (Amplitudes) changes from 0 to 100% in the middle of 10–15 cm wide range.

The AmpWO3/AmpWO3-100% and AmpMoO3/Amp MoO3-100% ratios “move” to the
opposite direction (AmpWO3 = Amp1 and AmpMoO3 = Amp2 the fitted parameters, see
Figure 9b–d) and these Amplitude ratios are good estimators (within the fitted errors) for
the W/Mo atomic ratio. We validated the results with the RBS results shown in Figure 10.

The composition at the different lateral positions were checked by RBS measurements,
as well (see Figures 10 and 11), which shows a good agreement between the results of the
two methods. Notably, the yield counts of the background free oxygen signal (channels
#200–320) in the RBS spectra provides an uncertainty less than 8% for the stoichiometric
ratio of oxygen in the (WxMoy)O3 layer, while for Mo and W, the error of x and y is less
than 2% due to their significantly higher RBS yields. Nevertheless, the three components
are fitted together, thus their atomic ratios are coupled in the simulation when looking
for the best fit of measured data (red line). This provides a lower limit for the error of the
oxygen content, as well. Therefore, the highest error 2% (±0.06) can be considered for the
stoichiometric index of O.

Figure 10. Photograph of one sample (left). Photograph of the Si-probes, which were placed at the
center line of some samples for RBS and XRD (center). One Rutherford Backscattering Spectrometry
example near the center position.

Figure 11. Composition-map along a central line by Rutherford Backscattering Spectrometry.
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3.3.2. Atomic (or “Molecular”) Mixture vs. “Superlattice”

We prepared two different samples in the “targets at distant position” mode (Figure 1b).
The difference was the walking speed (and the number of the walking cycles): One “Fast”
(walking speed: 25 cm/s) and one “Slow” (walking speed: 1 cm/s) sample. The different
speeds resulted in different “sublayer thickness” of ~0.5 nm for the “Fast” sample and
3–5 nm for the “Slow” sample, calculated from the final thickness and the number of the
walking cycles around the center part, where the 50–50% mixture is expected. We used
two types of optical models: 2-T-L oscillator model and Effective Medium Approximation
(EMA [17]) model (see Figure 9, upper right). Finding the best match between the model
and the experiment is typically achieved through regression. An estimator, such as the
Mean Squared Error (MSE), is used to quantify the difference between curves. We can
choose between the optical models with the MSE-maps: The model is better if the MSE
values are significantly lower at the relevant (around 50–50% composition) positions (see
for example Figure 12). These figures show only the interesting quarters of the maps where
the composition is changing faster.

“Fast” Sample, 25 cm/s Walking: ~0.5 nm “Sublayer Thickness”

The thickness of the layer around the center part is app. 1000 nm. We can calculate
a “sublayer thickness” of ~0.5 nm for this “Fast” sample from the number of the walking
cycles (1500) and we can consider it an atomic mixture. Thickness-maps (Figure 13) show
nearly the same results for both optical models. The Amplitude-of-T-L (only WO3)–map
and the EMA (volume percent of WO3)–map (Figure 14) and MSE-maps (Figure 12) show
similar tendencies. However, the 2-T-L oscillator model shows significantly lower MSE
values against the Effective Medium Approximation model, see the red ellipses in Figure 12.
The significantly lower MSE values (around the 50–50% ratio) show that the 2-T-L oscillator
model is better for this type (atomic mixture) of layer structure.

Figure 12. Mean Squared Error (MSE)-maps (a) using the 2-Tauc-Lorentz (2-T-L) oscillator model (b)
and the Effective Medium Approximation model. Red ellipses show the interesting area, where the
composition changes the most. We show only one 15 × 15 cm part, all other parts show the same
tendencies.
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Figure 13. Thickness-maps (a) using the 2-Tauc-Lorentz (2-T-L) oscillator model (b) and the Effective
Medium Approximation model. Red ellipses show the interesting area, where the composition
changes the most. We show only one 15 × 15 cm part, all other parts show the same tendencies.

Figure 14. Amplitude-of-T-L (only WO3)–map (a) and EMA% (MoO3)–map (b). Red ellipses show
the interesting area, where the composition changes the most. We show only one 15 × 15 cm part, all
other parts show the same tendencies.

The measured and fitted example spectra in Figure 15 show that the 2-T-L model is
better, especially under the 450 nm wavelength region (see red ellipses) where the light
absorption is significant.
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Figure 15. Measured and fitted spectra at one sample point: 2-Tauc-Lorentz (2-T-L) oscillator model.
(a) Fit error (MSE) = 30.4, Thickness = 1159.6 ± 2.9 nm, Amp1 = 39.2 ± 1.1, Amp2 = 26.7 ± 0.4), and
Effective Medium Approximation model; (b) fit error (MSE) = 40.1, Thickness = 1081.7 ± 2.8 nm,
EMA% (Mat2) = 41.8 ± 0.8).

“Slow” Sample, 1 cm/s Walking: 3–5 nm Sublayer Thickness

The thickness of the layer around the center part is app. 280 nm. We can calculate
a “sublayer thickness” of ~4 nm for this “Slow” sample from the number of the walking
cycles (70) and we can consider it as a “superlattice”. (We can call it is superlattice only at
50–50%, otherwise we could call it a type of superlattice).

The Amplitude-of-T-L (only WO3)–map, MSE-maps (Figure 16), thickness-maps
(Figure 17) and the EMA (volume percent of MoO3)–map (Figure 18) show similar tenden-
cies. However, the Effective Medium Approximation model shows significantly lower MSE
values against the 2-T-L-oscillator-model, see the red ellipses in Figure 16. The significantly
lower values around the center part, especially around the 50–50% ratio, show that the
Effective Medium Approximation oscillator model is better for this “superlattice” type
of layer structure. The measured and fitted example spectra in Figure 18 show that the
Effective Medium Approximation model is better with a 1.3% precision of the composition
(volume fraction) parameter.

The measured and fitted example spectra in Figure 19 show that the EMA model is
better for the “superlattice” type of layer structure.

Figure 16. Mean Squared Error (MSE)-maps (a) using the2-Tauc-Lorentz (2-T-L) oscillator model (b)
and the Effective Medium Approximation model. Red ellipses show the interesting area, where the
composition changes the most. We show only one 15 × 15 cm part, all other parts show the same
tendencies.
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Figure 17. Thickness-maps (a) using the 2-Tauc-Lorentz (2-T-L) oscillator model (b) and the Effective
Medium Approximation model. Red ellipses show the interesting area, where the composition
changes the most. We show only one 15 × 15 cm part, all other parts show the same tendencies.

Figure 18. Amplitude-of-T-L (only WO3)–map (a) and EMA% (MoO3)–map (b). Red ellipses show
the interesting area, where the composition changes the most. We show only one 15 × 15 cm part, all
other parts show the same tendencies.

Figure 19. Measured and fitted spectra at one sample point: 2-Tauc-Lorentz (2-T-L) oscillator model.
(a) Fit error (MSE) = 29.2, Thickness = 230.4 ± 0.8 nm, Amp1 = 58.0 ± 1.5, Amp2 = 11.4 ± 0.7, and
Effective Medium Approximation model; (b) fit error (MSE) = 24.8, Thickness = 218.0 ± 0.1 nm,
EMA% (Mat2) = 28.5 ± 1.3.
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4. Conclusions

In summary, we can produce combinatorial samples on large scale in a magnetron
sputtering system. These samples can be mapped (thickness and composition maps, as
well) in a fast and non-destructive manner by Spectroscopic Ellipsometry. Moreover,
we can choose between appropriate optical models (2-Tauc-Lorentz oscillator model vs.
the Bruggeman Effective Medium Approximation, BEMA) depending on the process
parameters. In conclusion, if one has more than one “molecular layer” in the “sublayers”,
BEMA can be used. If one has an atomic mixture, the multiple oscillator model is better
(more precise) for this type of layer structure.Moreover, our conclusion is that in the case of
“atomic mixing”, the two Amplitudes of the 2-Tauc-Lorentz oscillator (one T-L oscillator for
the WO3 component and one T-L oscillator for the MoO3 component) is a better estimator
for the atomic ratio of the W/Mo ratio.

In this way, we have a fast and non-destructive (contactless) method to determine
the position dependent composition of our combinatorial samples when we measure the
optimal electrochromic behavior of these samples [20].
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Abstract: In this work, WS2 was adopted as a channel material among transition metal dichalco-
genides (TMD) materials that have recently been in the spotlight, and the circuit power performance
(power consumption, operating frequency) of the monolayer WS2 field-effect transistor with a double
gate structure (DG WS2-FET) was analyzed. It was confirmed that the effective capacitance, which is
circuit power performance, was greatly changed by the extrinsic capacitance components of DG WS2-
FET, and the spacer region length (LSPC) and dielectric constant (KSPC) values of the spacer that could
affect the extrinsic capacitance components were analyzed to identify the circuit power performance.
As a result, when LSPC is increased by 1.5 nm with the typical spacer material (KSPC = 7.5), increased
operating speed (+4.9%) and reduced active power (–6.8%) are expected. In addition, it is expected
that the spacer material improvement by developing the low-k spacer from KSPC = 7.5 to KSPC = 2
at typical LSPC = 8 nm can increase the operating speed by 36.8% while maintaining similar active
power consumption. Considering back-end-of-line (BEOL), the change in circuit power performance
according to wire length was also analyzed. From these results, it can be seen that reducing the
capacitance components of the extrinsic region is very important for improving the circuit power
performance of the DG WS2-FET.

Keywords: WS2; TMD; Sub-2 nm technology; double gate

1. Introduction

Over the past few decades, semiconductor technology has made progress through scal-
ing down and performance improvements of semiconductors according to Moore’s Law [1]
and the Dennard scaling rule [2]. The planar MOSFET process was successfully replaced
and commercialized because the so-called FinFET had better electrostatic control. This
success of FinFET has led to the 5 nm technology node and is expected to reach beyond the
technology node with the introduction of EUV [3,4]. Thanks to these structural changes and
the success of FinFET through process optimization, the introduction of a gate-all-around
(GAA) structure has recently been actively attempted in academia and industry. Among
them, the nanosheet structure is in the spotlight as a strong candidate because it has gate
controllability for channels superior to FinFET and more immunity for short channels [5–7].
It is expected that scaling due to such a structural change will have a limitation of less
than or equal to 3 nm technology node, and a new channel material is attracting attention.
Germanium and various III-V material-based channels have better carrier mobility than
silicon channels and thus have better electrical properties [8,9]. Additionally, the channel
application of two-dimensional materials is actively being studied [10]. Among them,
it is noted that a TMD material is thin and thus may effectively reduce a short channel
effect and replace silicon due to its excellent interface characteristics and excellent mobility
characteristics due to an absence of dangling bond due to Van der Waals bonding [11,12]. In
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addition, the results of device characteristic analysis through process developments such as
contact resistance and doping technology and atomic level analysis have recently been an-
nounced [13]. In addition, recently, research on TMD materials has been actively conducted,
and research on a FinFET device in which a single-layer TMD material is vertically aligned
has been conducted [14–18]. Recently, Z.Ahmed presented DG FET with mono-layer WS2
channels and device and circuit power performance that multi-stacked them, showing the
possibility of using TMD in sub-2 nm technology node [19]. In this work, the quantitatively
analyzed effect of extrinsic components of DG WS2-FET on circuit power performance to
optimize circuit power performance based on these research results was performed, and
a device design guideline for scaling down to improve circuit performance based on DG
WS2-FET is presented. In addition, the changes in circuit power performance according to
various circuit layout types were analyzed.

In this work, based on the DG WS2-FET proposed by Z.Ahmed [19], a circuit model
library was developed, and device and circuit co-analysis was performed. Through this,
the effect of front-end-of-line (FEOL), middle-of-line (MOL), and BEOL on the circuit in DG
WS2-FET technology is analyzed, and optimization through changes in the performance of
the circuit by various KSPC and contacted gate pitch (CGP) by spacer length is analyzed
(CGP = LCH + LCNT + 2 LSPC). Through this, we present a circuit process development
guide for TMD materials that are spotlighted as next-generation materials beyond silicon.

2. Device and Circuit Co-Analysis of DG WS2-FET

The scaling-down technology based on the CGP and metal pitch (MP) becomes the
core of the semiconductor scaling technology, enabling low power and high operating
speed. However, silicon technology is facing limitations, and TMD continues to scale
down beyond its limitations due to its material characteristics. Figure 1 shows the DG
WS2-FET used in this work. Based on the CGP for the 2 nm technology node [19], CGP by
various spacer lengths is presented and summarized as a physical parameter in Table 1.
The source/drain extension region below the spacer was considered a heavily doped region
with a carrier density (NSD) of 1.6 × 1013 cm−2, and the resistance of the extension region
is 16 Ω·μm.

Figure 1. Structure of DG WS2-FET used in this work.

Table 1. Key device geometric parameters of DG WS2-FET.

Geometric Parameter

CGP (nm) 42 43 44 45
LSPC (nm) 8 8.5 9 9.5
LG (nm) 14 14 14 14
MP (nm) 16 16 16 16

LCNT (nm) 12 12 12 12
EOT (nm) 0.5 0.5 0.5 0.5
WCH (nm) 52 52 52 52
HG (nm) 20 20 20 20

WCH: width of the channel of DG WS2-FET.

38



Nanomaterials 2022, 12, 2299

The electrical properties of DG WS2-FET were obtained using atomistic analysis and
the calibrated commercial TCAD simulator. The calibration process of DG WS2-FET in
Figure 1 was performed using the I-V transfer curve based on the atomistic level simulation
of Ref. [19], and through this process, the C-V characteristic curve was obtained to secure
the electrical characteristics of DG WS2-FET. Note that an effective mobility (= 200 cm2/V·s)
of the monolayer WS2 channel was estimated in previous work [19] through atomistic
calculation, and we take this value in I-V characteristics. Based on the obtained I-V and C-V
data, circuit model library generation was performed by using BSIM-IMG [20]. Figure 2
shows the overall BSIM-IMG model parameter extraction flow used in this work. Figure 3a
is I-V transfer curve that can confirm the consistency of reference device simulation and
performed circuit simulation. The off current (IOFF) was the current flowing through the
channel when VGS = 0 V and VDS = 0.6 V (supply voltage), and it was targeted at 2 nA.
Figure 3b,c are the drain current change and gate capacitance change according to the
change of LSPC, respectively. As shown in Figure 3b, when the LSPC increases, the current
of the DG WS2-FET decreases because of the resistance component in the extension.

Figure 2. BSIM-IMG model parameter extraction flow used in this work.

Region (REXT) increases. This phenomenon is the same as the general phenomenon that
appears in devices such as silicon FinFET [21]. However, although the ION/IOFF ratio and
subthreshold swing (SS) are noticeably changed in silicon FinFET, there is little ION/IOFF
ratio and SS change because the LSPC change is very small in this work (in all cases of
LSPC = 8 nm ~ 9.5 nm of DG WS2-FET, the ION/IOFF ratio is about 1.33 × 105, and SS is
about 69 mV/dec). As LSPC increases in Figure 3c, the gate capacitance decreases because
the capacitance component by the gate fringe field (CEXT) and the capacitance component
between the gate and MOL contact (CMOL) are affected by the LSPC. That is, it can be seen
that LSPC is a key parameter that scales REXT and CMOL, which are parasitic components
excluding the intrinsic components of the device. In addition, it can be expected that there
will be a change in the extrinsic component not only in the LSPC but also in the change in
the spacer material. Therefore, the influence of the lower dielectric constant of the spacer
(KSPC) was also investigated. As shown in Figure 3d, the gate capacitance is significantly
reduced by reducing KSPC as CEXT and CMOL are reduced by the influence of KSPC.
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(a) (b) 

 
(c) (d) 

Figure 3. (a) I−V transfer curve of DG WS2-FET. The black line is when high voltage (VDS = 0.6 V) is
applied, and the red line is when the low voltage (VDS = 0.01 V) is applied; (b) I−V transfer curve
according to LSPC when high voltage applied; (c) gate capacitance according to LSPC; and (d) gate
capacitance according to KSPC.

The circuit simulator and circuit scheme used in this work are Synopsys’ HSPICE and
inverter ring-oscillator with fan-out = 3 (FO3 INV RO), respectively, which are widely used
in the industry. The FO3 INV RO circuit is depicted in Figure 4a and consists of 15 stages.
The R/C component of the BEOL load was attached between the output of one inverter
and the input of the next stage. From the INV RO circuit simulation results as shown in
Figure 4b, the average signal delay can be extracted to obtain a frequency representing
the speed of the operation, and the active dynamic power at the same static power can
be extracted.

Figure 5a illustrates the change in circuit power performance when considering contact
resistance (RCNT) and MOL R/C components (RMOL,CMOL) with intrinsic channel. A
contact resistance of 80 Ω·μm, the target value of Ref. [19], was adopted. In the developed
circuit model, RCNT, RMOL, and CMOL were considered by attaching these components
to both ends of the source and drain of BSIM-IMG model for the DG WS2-FET. Based on
VDD (supply voltage) = 0.7 V, when RCNT was considered under the same power condition,
the operation frequency was decreased by 35.6%, and in addition, considering RMOL, it
was confirmed that there was a decrease of 2.6%, and when CMOL is added, it is decreased
by 35.1%.
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(a) (b) 

Figure 4. (a) Schematic of inverter ring oscillator with fan−out 3, which includes distributed inter-
connect RC components; (b) the transient simulation results of designed inverter ring oscillator.

 
(a) (b) 

 

(c) (d) 

Figure 5. (a) Circuit power performance (power consumption, operating frequency) when contact
resistance and MOL components are added to the intrinsic channel; (b) analysis of results of the effect
of various components on circuit using REFF; (c) analysis of results of the effect of various components
on circuit according to LSPC using CEFF; (d) analysis of results of the effect of various components on
circuit according to KSPC using CEFF. The figure inserted in (d) shows resistances for channel (RCH),
extension (REXT), contact (RCNT), and MOL (RMOL) and capacitances for channel (CCH), extension
(CEXT), and MOL (CMOL), respectively.

The elements that determine the circuit operation characteristics were analyzed using
the segmentation technique. This is possible by extracting the operating frequency, the IDDA
(active current), and the IDDQ (leakage current) from the inverter ring oscillator circuit.
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The operating behavior, and the calculating effective resistance (REFF) and capacitance
(CEFF), represent the circuit operating speed and power consumption [22]. The circuit
characteristics were analyzed by adjusting the WS2 channel, contact resistance, and MOL
of the circuit model during circuit simulation, and the effects of each component were
observed in REFF and CEFF.

The RCH characteristics that vary with the gate voltage of the device are all reflected
in the REFF obtained from the simulation, including the dynamic behavior characteristics of
the circuit, which are shown in Figure 5b. The ratio in which the channel and the extension
region form the resistance was extracted from VDS = 0.6 V and VGS = 0.6 V under the
condition that only FEOL is considered. In Figure 5b, it can be seen that as the LSPC
becomes larger, the REFF also increases. In particular, the effect of the channel, the contact
resistance, and the MOL resistance on circuits is almost constant, even if LSPC changes, and
it can be seen that REXT increases. REXT increased by about 24% as LSPC increased from
8 nm to 9.5 nm. This fact can be explained in Figure 3b as the LSPC increases and the current
decreases. In Figure 5c, it can be observed that as LSPC increases, CMOL mainly decreases
and the total CEFF decreases. It can be seen from Figure 5d that the CEFF decreases as the
KSPC decreases. CEXT and CMOL can be called the parasitic capacitance components, and as
the KSPC decreases, it can be seen that the CEXT and CMOL gradually decrease. Through
Figure 5b–d, the REFF can be improved through LSPC scaling, and the importance of the
CEFF can be understood through the change of the spacer material.

Figures 6 and 7 show the results of inverter ring oscillator circuit simulation according
to the changes in KSPC and LSPC. Figure 6 shows that the operating frequency is improved
by 13% to 37% at VDD = 0.7 V based on the default KSPC (=7.5). As confirmed in Figure 5c,
the operating speed of the circuit was improved through the reduction of the capacitance
by the KSPC.

Figure 6. Power versus frequency for DG WS2-FET according to KSPC.

Figure 7. Power versus frequency for DG WS2-FET according to LSPC.

As a result of Figure 7, which shows that the performance increases as the LSPC
increases, it can be seen that even if the REXT increases and the overall resistance increases,
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the performance is improved due to the capacitance component reduced by the LSPC. At
VDD = 0.7 V, the frequency increases by 2% to 5% and the power decreases by 3% to 7%
based on the default LSPC (=8 nm). Since the increased LSPC from the point of view of area
scaling is not positive, the improvement of the KSPC is more effective.

Through Figure 8, the effect of the wiring length and BEOL load on the circuit can be
analyzed. The wire resistance of the BEOL load was applied as RW = 1447 Ω/μm, and the
wire capacitance was applied as CW = 208 aF/μm [23]. As the LSPC changes from 8 nm to
9.5 nm, the CGP changes from 42 nm to 45 nm. Figure 8a shows a power-frequency curve
by a BEOL interconnect according to two wiring lengths of 25 CGP and 10 CGP. In each
CGP case, it can be seen that the speed change according to the wiring length is 32% to 34%,
and the effect of the BEOL component on the circuit is significant. In Figure 8b, the effect of
the BEOL load on delay was analyzed by dividing the wiring length into 5 CGP, 25 CGP,
and 100 CGP, into short, medium, and long cases, respectively. Based on 25 CGP, the delay
decreased by 32% at 5 CGP, and at 100 CGP, the delay increased by 2.5 times. Figure 8c is an
analysis of the delay of the circuit according to fan-out dependency when considering the
BEOL load. As the fan-out number increases and the total number of inverters in the circuit
increases, the delay increases. In addition, it can be seen that not only the delay by the
fan-out number increases but also the delay by each component (FEOL, MOL, and BEOL)
increases. Figure 8 shows that while the FEOL and MOL processes are of course important,
the performance improvements through the BEOL process optimization are essential.

   
(a) (b) (c) 

Figure 8. (a) Power versus frequency for DG WS2-FET according to CGP due to changes in LSPC with
BEOL load (KSPC = 7.5). The wire length is 25 CGP, 10 CGP. (b) Analysis of delay of designed inverter
ring oscillator with BEOL load. The wire length was considered in three cases (5 CGP, 25 CGP, and
100 CGP) in the BEOL load. (c) Analysis of delay of designed inverter ring oscillator with BEOL
considering fan-out dependency.

3. Conclusions

This work analyzes the effect of performance change through LSPC scaling and KSPC
change and the FEOL, MOL, and BEOL components of TMDC FET technology on the
circuit based on the previous work using the WS2 channel transistor of the double gate
structure. In particular, it was confirmed that increasing LSPC is more beneficial to circuit
power performance, but there is a trade-off from the viewpoint of area, and it was also seen
that the change in KSPC has a great influence on speed improvement. This work confirmed
that BEOL optimization is very important, as well as FEOL and MOL, through the effect
of the BEOL load by various CGP cases and wiring lengths and the fan-out number on
the circuit.
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Abstract: Scanning nonlinear dielectric microscopy (SNDM) is a near-field microwave-based scanning
probe microscopy method with a wide variety of applications, especially in the fields of dielectrics
and semiconductors. This microscopy method has often been combined with contact-mode atomic
force microscopy (AFM) for simultaneous topography imaging and contact force regulation. The
combination SNDM with intermittent contact AFM is also beneficial for imaging a sample prone
to damage and using a sharp microscopy tip for improving spatial resolution. However, SNDM
with intermittent contact AFM can suffer from a lower signal-to-noise (S/N) ratio than that with
contact-mode AFM because of the shorter contact time for a given measurement time. In order
to improve the S/N ratio, we apply boxcar averaging based signal acquisition suitable for SNDM
with intermittent contact AFM. We develop a theory for the S/N ratio of SNDM and experimen-
tally demonstrate the enhancement of the S/N ratio in SNDM combined with peak-force tapping
(a trademark of Bruker) AFM. In addition, we apply the proposed method to the carrier concentration
distribution imaging of atomically thin van der Waals semiconductors. The proposed method clearly
visualizes an anomalous electron doping effect on few-layer Nb-doped MoS2. The proposed method
is also applicable to other scanning near-field microwave microscopes combined with peak-force
tapping AFM such as scanning microwave impedance microscopy. Our results indicate the possibility
of simultaneous nanoscale topographic, electrical, and mechanical imaging even on delicate samples.

Keywords: scanning nonlinear dielectric microscopy; boxcar averaging; scanning probe microscopy;
scanning near-field microwave microscopy; scanning microwave impedance microscopy

1. Introduction

Scanning nonlinear dielectric microscopy (SNDM) is a scanning probe microscopy
(SPM) method using near-field microwaves and frequency modulation (FM) [1]. Owing to
an exceptionally high sensitivity to local capacitance variation below the tip, this microscopy
has versatile applications in science and engineering of dielectrics and semiconductors [2,3].
SNDM was originally devised for imaging electric anisotropy of dielectrics such as ferro-
electric domains [4] and has the potential to become a key technology for ferroelectric probe
data storage enabling Tbit/inch2 recording density [5,6]. The scope of applications has
also extended to the nanoscale evaluation of semiconductor materials and devices, includ-
ing dopant profiling in miniaturized transistors [7,8], imaging the stored charges in flash
memories [9], carrier distribution imaging on SiC power transistors [10], amorphous and
monocrystalline Si solar cells [11,12], and atomically-thin layered semiconductors [13,14].
SNDM and its potentiometric extension can show true atomic resolution in surface dipole
imaging on a Si (111)-(7 × 7) surface [15,16] and single-layer graphene on SiC [17]. Fur-
thermore, new classes of SNDM called super-higher-order SNDM [10] and time-resolved
SNDM [18] have recently emerged, enabling local deep level transient spectroscopy [18,19]
and local capacitance-voltage profiling for semiconductors [20,21].

Among the members of the SNDM family, SNDM combined with atomic force mi-
croscopy (AFM) has been of importance for various applications. So far, SNDM has been
mainly combined with contact-mode AFM (C-AFM), which permits topographic imaging
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by maintaining the contact force between a microscopy tip and the sample surface during
the lateral scan of the surface [22]. However, C-AFM has a well-known drawback of higher
probability for damaging the tip and the sample because of strong lateral forces [23]. For
instance, atomically-thin van der Waals materials such as graphene and few-layer MoS2 can
be peeled off during imaging, in our experience [13]. The tip is likely to deform, especially
when using an expensive ultra-sharp tip for attempting the improvement of spatial resolu-
tion. In such a case, we need to make significant effort to carefully optimize measurement
conditions to suppress the probability of the tip deformation as much as possible.

One possible way to overcome these problems is to combine SNDM with intermittent-
contact AFM (IC-AFM), following the development history of AFM [24]. There were
several IC-AFM methods such as so-called tapping mode AFM [23], peak-force tapping (a
trademark of Bruker) AFM [25], and force volume (a trademark of Bruker) imaging [26]
differing by typical contact frequency. However, intermittent contact operation can cause
a significant reduction of the signal-to-noise (S/N) ratio or an increase of measurement
time in SNDM imaging [13,27]. This is because the signal from the SNDM channel is
normally generated only when the tip is in contact with or in very close proximity to the
sample surface [28]. Signal intensity is highest on the surface but rapidly decreases below
the noise level as the tip moves slightly away from the surface. This indicates that the
achievable S/N ratio of SNDM is basically limited by the total contact time for a given
measurement time and, therefore, SNDM combined with IC-AFM (IC-SNDM) essentially
has a lower achievable S/N ratio than that combined with C-AFM because of the shorter
total contact time. In addition, as previously pointed out, an actual S/N ratio can be further
reduced from the achievable level, unless the detection bandwidth of the SNDM signal is
appropriately chosen for the given contact time [27]. In particular, SNDM combined with
peak-force tapping AFM (PFT-SNDM) is beneficial but suffers from a much lower signal
intensity than that combined with C-AFM (C-SNDM), because the bandwidth of the signal
acquisition is hardly optimized for intermittent contact operations [13].

In order to improve the S/N ratio of PFT-SNDM, here, we apply the idea of boxcar
averaging to PFT-SNDM. By significantly extending the consideration and results given
in the previous brief report [29], we develop a more sophisticated theory of PFT-SNDM
to quantitatively explain the S/N ratio of SNDM including C-SNDM and PFT-SNDM.
We show that, by utilizing gated signal acquisition followed by averaging, the optimal
S/N ratio can be achieved even for PFT-SNDM. The measurement parameters required
to maximize the S/N ratio can be quantitatively determined by the developed theory. In
addition, along with the practical aspects on the implementation of the proposed method,
we experimentally demonstrate and discuss actual improvement in the S/N ratio by
measuring a test semiconductor sample. Furthermore, we address a recent application of
the proposed method to the imaging of the dominant carrier concentration distribution
in atomically thin van der Waals semiconductors. As reported in greater detail in our
recent paper [14], we were able to observe an anomalous doping effect on few-layer MoS2
by utilizing the proposed method. Because of the similar imaging mechanism, the idea
presented here can also be applied to the optimization of S/N ratios in other scanning
near-field microwave microscopy such as scanning microwave impedance microscopy
(SMIM) [30] combined with peak-force tapping AFM [25].

2. Principle of SNDM and Combination with IC-AFM

SNDM is an FM based SPM method using an electric self-oscillator for sensing the
variations in the capacitance between the conductive sharp tip and the sample [1]. A
fingertip-sized LC oscillator oscillating in a gigahertz range is often employed as a self-
oscillating capacitance sensor called a SNDM probe. Figure 1 shows a schematic diagram
of SNDM [13]. Here, the diagram illustrates PFT-SNDM with vertical periodic cantilever
motion for the later description but the explanation below also applies to C-SNDM except
that the tip keeps in contact with the sample surface in C-SNDM. If the duty ratio in PFT-
SNDM is defined as the rate of the contact time to the repeating period, C-SNDM can be
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regarded as PFT-SNDM with a 100% duty ratio in terms of S/N ratio. In SNDM combined
with AFM, a conductive cantilever with a sharp tip is attached to the LC oscillator, which
makes the tip-sample capacitance Cts electrically connected in parallel with a built-in LC
tank circuit. Because the variations in the tip-sample capacitance ΔCts change the resonance
frequency of the circuit, we can detect ΔCts from the shift of oscillation frequency Δ f
from the center frequency f0. In a typical condition, Δ f is approximately proportional to
ΔCts with the proportionality constant of − f0/{2(C + Cts0)}, as ΔCts is several orders of
magnitude smaller than the built-in capacitance C. Cts0 denotes the static component of
Cts. As a result of the relationship between Δ f and ΔCts, the FM signal can be obtained by
applying a sinusoidal modulation voltage across the tip and the sample. The modulation
frequency is typically 10 kHz for C-SNDM and 100 kHz~1 MHz for PFT-SNDM. FM in
SNDM can be normally regarded as narrow band FM because of the very low modulation
index. We use a frequency demodulator in a microwave range for the demodulation of
ΔCts and a lock-in amplifier to obtain the first order capacitance variations, or a voltage
derivative of capacitance, here called a dC/dV signal. The dC/dV signal is also called a
ε333 signal in the measurement of dielectrics, because the dC/dV signal is proportional to a
nonlinear third-order dielectric constant described by a third-rank tensor [1]. The minimum
detectable ΔCts is typically as low as 2 × 10−22 F for a unity measurement bandwidth [16].

Figure 1. Schematic diagram of PFT-SNDM. The periodic contact of the tip with the sample surface
generates a pulse train of frequency shift at the output of a frequency demodulator. The period and
duty cycle of the pulse train are the same as those of the periodic contact. Because of the averaging
effect on the pulse train in the signal acquisition, the signal intensity can significantly decrease.
C-SNDM can be regarded as PFT-SNDM with a 100% duty cycle in terms of the S/N ratio.

dC/dV signals arise from different mechanisms on different materials. One of the
main mechanisms is an electric anisotropic property of a material such as ferroelectric
polarization below the tip [1]. The polarity of a dC/dV, or ε333, signal is inverted depending
on the polarity of a ferroelectric domain. The second is the change in the depletion layer
capacitance in a semiconductor material. As is often done using scanning capacitance
microscopy [31], we can determine the polarity of dominant carriers, p- or n-type, on a local
area of a semiconductor from the polarity of the dC/dV signal, and the signal intensity
gives local information of carrier concentration with superior sensitivity. If reference
samples for calibration can be prepared, the dC/dV imaging can be used for the nanoscale
quantitative measurement of non-linear permittivity on dielectrics [32] and dopant profiling
on semiconductors [8,12].
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SNDM is combined with AFM for controlling the force between the tip and the sample
and obtaining a simultaneous topographic image. Odagawa and Cho first demonstrated
SNDM combined with C-AFM [22]. Recently, Yamasue and Cho integrated SNDM with PFT-
AFM in a commercial SPM system (Bruker Dimension Icon, Billerica, MA, USA) to image
atomically thin van der Waals semiconductors [13]. PFT-SNDM was able to visualize the
distributions of dominant carrier concentration on atomically thin MoS2 including single-
layer structures. In addition to the capability of avoiding damaging the tip and the sample,
the imaging stability of the SNDM channel is improved by suppressing the probability of
charge injection from the tip to the sample, which can accidentally cause abrupt changes to
the signal intensity [14]. Another benefit is that PFT-AFM had much better reproducibility in
the measurement of topographic height differences in different stacking layers, which helps
the identification of the layer number. PFT-AFM also allows us to investigate the mechanical
properties of sample [25], even on fragile biological samples [33,34]. Since SNDM is useful
for imaging the local electric properties, its combination with PFT-AFM will permit the
nanoscale investigation on the correlation between local electric and mechanical properties.

The problem is that PFT-SNDM has one order of magnitude higher contact frequency
(typically at 2 kHz) than the typical frequency bandwidth of signal acquisition (~100 Hz).
This results in much shorter contact time (~50 μs) than the typical time constants of
signal acquisition (~1 ms). As shown in Figure 1, because the signal in the conventional
PFT-SNDM is averaged through the signal acquisition regardless of whether the tip is in
contact with the surface or not, that is, whether the signal is present or absent, an averaging
effect drastically reduces signal intensity. The signal intensity decreased by a factor of the
duty cycle (~0.1). The averaging effect can be avoided by gated signal acquisition and
averaging with a tuned bandwidth, which enables a much higher S/N ratio for a given
contact time and measurement time, as shown in the next section.

It is noted that, historically, the first IC-SNDM was developed by Hiranaga and
Cho [24]. They proposed a measurement method that repeats a cycle of approaching,
maintaining the contact, acquiring the dC/dV signal, and withdrawing for every measure-
ment point. They reported that, compared to C-SNDM, their lab-made IC-SNDM achieved
higher stability and better reproducibility in SNDM imaging on a ferroelectric material.
The difference from PFT-SNDM treated in this paper is that the contact frequency and
contact time in their method were about 25 Hz and 10 ms, respectively, which are two
orders of magnitude lower and longer than those in PFT-SNDM. The contact time is taken
long enough to wait for the signal to reach an intensity as high as that in C-SNDM, which
results in a longer measurement time. In this case, no averaging effect occurred in the signal
acquisition. Detailed discussion on S/N ratio has not been given in the literature. A similar
IC-SNDM method has recently been implemented by Yamasue and Cho to a commercial
SPM system utilizing force volume imaging rather than PFT imaging [27]. In their paper,
they discussed the S/N ratio of IC-SNDM, which gave us a clue to the improvement of
the S/N ratio by the boxcar averaging based scheme presented here. They pointed out
that the balance between the bandwidth, or time constant of the signal acquisition, and the
contact time of IC-SNDM needs to be optimized to obtain the highest S/N ratio in a given
measurement time.

3. S/N Ratio of SNDM

In IC-SNDM, the intensity of a dC/dV signal typically becomes highest only when
the tip is in contact with the sample but rapidly decreases below the noise level as the
tip-sample separation increases. Therefore, the dC/dV signal is regarded as a pulse train
with a duty cycle D = Tc/T, where Tc and T denote the contact time and the contact period,
respectively. A typical duty cycle in PFT-SNDM is as low as D = 0.1, which has a significant
impact on the conventional signal acquisition. Figure 2a,b compare the difference between
a 100% duty ratio equivalent to C-SNDM and a low duty ratio corresponding to PFT-SNDM.
For a 100% duty ratio, the signal continuously takes the highest level with no averaging
effect, while the noise level decreases by a factor depending the detection bandwidth of the
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signal acquisition. On the other hand, in the case of the low duty ratio, the signal intensity
decreases by a factor of D, as illustrated in Figure 2b. This is because the signal with a pulse
train is averaged though continuous signal acquisition with a much narrower bandwidth
than contact frequency. The noise level is the same as that in C-SNDM as long as the noise
densities are the same regardless of whether the tip is in contact with the surface or not.
Thus, PFT-SNDM has a significantly lower S/N ratio than C-SNDM.

Figure 2. Schematic illustration of signal acquisition and the achievable S/N ratio in (a) C-SNDM,
(b) PFT-SNDM, and (c) BA-PFT-SNDM. Green parts indicate the intensity of dC/dV signals, or the
amplitude of frequency shift, in the capacitance sensor. Red parts depict noise levels.

The idea is to eliminate the periods that contain no signal but only the noise from the
signal averaging stage. As shown in Figure 2c, we can utilize gated signal acquisition to
extract the signal only when the tip is in contact with the surface. The extracted signal can
be then regarded as a continuous signal like that in C-SNDM. The signal becomes suitable
for averaging because the intensity remains highest. The idea here has been called boxcar
averaging [35,36] and the proposed method here is called boxcar averaging PFT-SNDM
(BA-PFT-SNDM). It is noted that the noise level becomes higher than that in C-SNDM
because of the shorter total contact time for a given measurement time. In fact, we need to
increase the bandwidth of a lock-in amplifier to acquire the signal at the highest intensity. If
the bandwidth is tuned, the signal is expected to rise from the noise level to the highest level
during contact time without causing the averaging affect. The increase of the bandwidth
results in the increase of noise included in the output of the lock-in amplifier, while the
noise level is further reduced through the subsequent averaging stage without reducing
the signal intensity.

Here, we develop a theory to predict the optimal detection bandwidth and S/N ratio
in BA-PFT-SNDM by extending the discussion given in the previous brief report [29]. To
increase the level of the dC/dV signal acquired during contact, the output of a low-pass
filter (LPF) in the lock-in amplifier needs to follow a pulse train of Δ f signal fast enough
and reach the vicinity of the highest value S, before the tip is away from the surface. Settling
time and its methodology treated in a classical control theory help to describe this situation.
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Settling time TS is the time required for the output of a system to reach and stay within
a given range in the vicinity of the final value after a step input. To maximize the signal
level, TS needs to be smaller than Tc. In addition, TS should be smaller than Tp, which
denotes the average time elapsed for constructing one pixel of a dC/dV image. If TS is
determined for a given Tc (or D) and Tp, we can calculate the minimum bandwidth of the
signal acquisition required to obtain the highest signal intensity, which also minimizes the
noise level. It is noted that the time constant of the LPF is related to TS but deviates from it
in a high-order system like the LPF stage of a lock-in amplifier.

We discuss the S/N ratio in IC-SNDM based on the settling time. However, to exactly
obtain the settling time for a given specific system, it is necessary to derive the step response
of the system, or the transient output response to a step input. Thus, we employ the
traditional simple methodology proposed by Elmore to treat the transient output response
of a linear system [37]. In this methodology, the impulse response of a given system,
or the time-derivative of the step response, is approximated by the impulse response
of a Gaussian transfer function system that can be mathematically more tractable. The
approximation is justified because the impulse response of a linear time-invariant system
becomes closer to that of a Gaussian transfer function system, as the order of the system
increases, under reasonable assumptions. The impulse response of the Gaussian transfer
function system becomes a Gaussian function of time again. This implies that we can
approximate the step response of interest by the time-integration of the impulse response
from the Gaussian transfer function. As shown in Figure 3, the step input to a signal
acquisition system (Figure 3a) causes the step response with a settling time depending
on the bandwidth (Figure 3b). The step response is given by the integration of impulse
response approximated by the cumulative distribution function of the Gaussian function
(Figure 3c). Thus, we can define the rise time TR by the cumulative frequency of the
Gaussian function. Note that Gaussian transfer function systems are not causal. Unlike the
original system of interest, the output of the corresponding Gaussian system arises before
the input is applied. The impulse response already reaches the maximum at t = 0. To adjust
the time of the maximum output from the Gaussian system to that from the original system,
a delay time TD is further introduced in this methodology. This methodology works well
for the filters without significant overshoot in the step response, as realized in a typical LPF
stage of a lock-in amplifier.

 
Figure 3. Step response of a system and the definition of settling time (TS) based on the delay time
(TD ) and the rise time (TR ). (a) step input (b) step response (c) impulse response. The step response
[(b)] is given by integrating the impulse response [(c)] approximated by a Gaussian function.

According to the work by Elmore, TD and TR are approximated using the impulse
response of interest e′(t), respectively.

TD =
∫ ∞

0
te′(t)dt, (1)

TR =
√

2π

√(∫ ∞

0
t2e′(t)dt

)
− T2

D (2)

Equations (1) and (2) give the first order and second order moments of e′(t) when e′(t)
is approximated by a Gaussian function in the time domain. The first and second order
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moments correspond to the average and variation of the Gaussian function, respectively.
Then, we define the settling time as follows:

TS = TD + α(γ)
TR

2
, (3)

where α denotes a constant depending on the parameter γ, which indicates how close to
the maximum intensity the signal level is required to be at the settling time. γ is typically
chosen to be γ =90% or 95% relative to the maximum intensity, or the final value of the
output at the steady state. If the signal acquisition system is decomposed into m lower
order cascaded systems connected in the series, it can be shown that TD and TR are given
by the sum of the delay time and the root of the square sum of the rise time in each system.

TD =
m

∑
i=1

TDi , (4)

TR =

√
m

∑
i=1

T2
Ri

. (5)

To obtain the signal with the γ% level to the maximum intensity at the settling time,
the following condition should be satisfied.

TS ≤ Tc = DT. (6)

In addition, we require TS to be smaller than Tp, denoting the time allowed for the tip
to stay for one pixel of a dC/dV image.

TS ≤ Tp. (7)

In PFT-SNDM, we acquire a dC/dV signal from Δ f by using a lock-in amplifier with a
high order LPF. Let us assume that the filter consists of m-cascaded first-order filters with
a time constant of τ1 shared for each stage, as is the case in typical commercial lock-in
amplifiers. Then, the delay time TDi and rise time TRi for the i-th stage is equivalent to τ1

and τ1
√

2π, respectively. As shown in Figure 3, the settling time can be defined as the sum
of the delay time and half rise time. From Equations (4) and (5), the settling time for the
m-th order LPF stage is calculated as follows:

TS = TD + α(γ) TR
2 = mTD1 +

α(γ)
2

(
m
∑

i=1
T2

Ri

) 1
2

=
(

m + α(γ)
√

mπ
2

)
τ1.

= τ1/β(m, γ),

(8)

where β(m, γ) is defined by

β (m, γ) =

(
m + α(γ)

√
mπ

2

)−1

. (9)

For 90% and 95% settling time, α ≈ 1.3 and α ≈ 1.6 are respectively determined from
α(γ) =

√
2erf−1(2γ − 1). From Equation (6), τ1 needs to be limited to obtain the signal

level at γ% before the tip starts to be off the surface:

τ1 ≤ β(m, γ)DT. (10)
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In addition, τ1 should satisfy the next condition equivalent to Equation (7), because
the signal also needs to increase up to the required level before the tip moves to the location
corresponding to the next pixel of the image, as follows:

τ1 ≤ β(m, γ)Tp. (11)

Since we can assume T ≤ Tp in a normal operation, if τ1 satisfies the first condition, it
also satisfies the second one. The second condition is utilized for obtaining the S/N ratio in
the conventional PFT-SNDM.

In order to calculate the S/N ratio, we consider the noise level at the output of the
lock-in amplifier. Here, we assume that noise density is constant within the measurement
bandwidth and does not change regardless of whether the tip is in contact with the surface
or not. The −3 dB cut-off frequency or the measurement bandwidth is connected to the rise
time by the following relationship:

B−3dB ≈ ζ(γ)

TR
. (12)

Here, ζ denotes a constant depending on γ. For γ = 90% and 95%, ζ ≈ 0.34 and 0.43,
respectively. In addition, the equivalent noise bandwidth BN is determined by B−3dB.

BN ≈ ξ(m)B−3dB, (13)

where ξ is a constant determined by the order of the LPF stage. For the m-th order detector,
we obtain more specific representation, as follows:

BN ≈ ζ(γ)

τ1
√

2mπ
ξ(m). (14)

Then, we give the S/N ratio at the output of the lock-in amplifier by

(
S
N

)
=

γS
n
√

BN
≈ γS

n

√ √
2mπ

ζ(γ)ξ(m)

√
τ1 (15)

Here, S denotes the maximum intensity of the dC/dV signal at a given location or pixel.
For the m-th order LPF stage, we obtain the following representation from Equation (10):(

S
N

)
≤ γκ(m, γ)S

n

√
DT, (16)

where κ denotes a constant determined by a given m and γ as follows:

κ(m, γ) =

√√
2mπβ(m, γ)

ζ(γ)ξ(m)
(17)

The right-hand side of Equation (16) is obtained for τ1 = βDT and gives the achievable
S/N ratio at the output of the lock-in amplifier. In BA-PFT-SNDM, the output of the lock-in
amplifier is further averaged over the number of the contact cycles per one pixel to give the
dC/dV signal at the pixel. Since the average number of the samples per one pixel can be
given by Tp/T, the averaging reduces the noise by a factor of

√
Tp/T. This implies that the

equivalent noise bandwidth for BA-PFT-SNDM is given by BN,BA = BN/
(
Tp/T

)
. Then,

the S/N ratio of BA-PF-SNDM is described as follows:(
S
N

)
BA

≤ γκ(m, γ)S
n

√
DTp. (18)
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For the conventional PFT-SNDM, because of signal reduction by a factor of D, the S/N
ratio is given by (

S
N

)
PFT

=
γDS

n
√

BN,PFT
. (19)

BN,PFT denotes the equivalent noise bandwidth of PFT-SNDM. For obtaining the S/N
ratio improvement rate (SNIR), the filter order is assumed to be the same both in BA-
PFT-SNDM and PFT-SNDM. Since BN,PFT is determined by τ1 satisfying Equation (11) in
PFT-SNDM, the S/N ratio is described as follows:(

S
N

)
PFT

≤ γκ(m, γ)DS
n

√
Tp. (20)

The achievable S/N ratio is given by the right-hand side in Equation (20) derived from
τ1 = βTp. It is noted that Equations (19) and (20) are derived under the assumption that τ1
is comparable or higher than T, which implies that the output of the lock-in amplifier to
the input pulse train can be well approximated by the step response with the input height
equivalent to D (See, Appendix A). This assumption is normally satisfied for PFT-SNDM,
because τ1 is set to be higher or equivalent to T. Equations (18) and (20) yield the achievable
SNIR as follows:

(SNIR)BA/PFT =
1√
D

(21)

Therefore, BA-PFT-SNDM can improve the S/N ratio by a factor of 1/
√

D, as men-
tioned in the previous brief report [29]. Equation (20) for D = 1 yields the S/N ratio for
C-SNDM: (

S
N

)
C
≤ γκ(m, γ)S

n

√
Tp (22)

By comparing Equation (22) to Equation (16), the S/N ratio in BA-PFT-SNDM is
equivalent to that in C-SNDM, staying DTp for one pixel rather than Tp, which results from
the fact that the achievable S/N ratio is essentially determined by the total contact time for
a given measurement time under the assumptions here. In conclusion, the achievable S/N
ratio is highest in C-SNDM, followed by BA-PFT-SNDM and the conventional PFT-SNDM
in order, with a ratio of 1 :

√
D : D for a given measurement time.

Figure 4 shows SNIR by BA-PFT-SNDM and the comparison of S/N ratios as a
function of duty cycle under a typical condition. Here, we assume T = 0.5 ms, Tp = 4.0 ms,
S = 0.3 aF, and n = 0.3 zF/

√
Hz. In addition, we take the signal at the settling level as

γ = 95% and m = 4, which yields α(95%) ≈ 1.6, ξ(4) ≈ 1.1 and ζ(95%) = 0.43. The
achievable SNIR is shown by a blue thick solid curve, which is inversely proportional
to the square root of the duty cycle. As given by Equation (21), the achievable SNIR
is independent of specific parameters except duty cycle and rapidly increases with the
decrease of the duty cycle. Figure 5 shows the dependence of τ1, BN, and B−3dB on the
duty cycle to obtain the highest signal level at γ = 95% settling time. For D = 0.1 and
m = 4, τ1 needs to be less than 6.3 μs, which results in the wider detection bandwidth of
B−3dB =14 kHz corresponding to BN = 15 kHz at the LPF stage of the lock-in amplifier.
At the final stage of signal acquisition, we can average eight samples per one pixel of the
image, because the average number of contacts for one pixel is obtained from T = 0.5 ms
and Tp = 4.0 ms. Then, the total equivalent noise bandwidth is to be BN,BA ≈ 1.9 kHz.
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Figure 4. SNIR and comparison of S/N ratios in BA-PFT-SNDM and PFT-SNDM under typical
measurement parameters. (b) magnifies (a) in the range of duty cycle from 0 to 0.2.

 
Figure 5. Time constant and bandwidth of the LPF stage at the lock-in amplifier to obtain the highest
signal level in BA-PFT-SNDM. (a) Time constant of the LPF per one-order (b) −3 dB cut-off (green
curve) and equivalent noise bandwidth (red curve).

4. Experimental Demonstration

We experimentally demonstrate that BA-PFT-SNDM achieves a higher S/N ratio than
PFT-SNDM. Figure 6a shows a schematic diagram of BA-PFT-SNDM. We realized the
proposed scheme by combining a commercial scanning probe microscopy system (Bruker
Dimension Icon, Billerica, MA, USA) operating in PFT-AFM, a frequency demodulator
(Anritsu MS616B, Atsugi, Japan), a lock-in amplifier (Zurich Instruments HF2-LI, Zurich,
Switzerland) with a triggered (gated) sampling mode, a function generator (NF Corp.
WF1948, Yokohama, Japan) generating the triggers, and a lab-made software offline signal
averager. A trigger pulse train was generated by utilizing the function generator syn-
chronized with the cantilever excitation signal available from the SPM system. For signal
conditioning, we additionally inserted a band-pass filter (NF Corp. MF3611, Yokohama,
Japan) between the function generator and the SPM system. The pulse train was then
appropriately delayed for triggering the data sampling by the lock-in amplifier at the
timing of the highest signal from the frequency demodulator. The data were stored in a
personal computer and processed by the lab-made software created by Python language.

For demonstration, we measured a test Si sample, which had patterned p- and n-, n+

doped areas [38]. We mounted a micro-cantilever coated with Pt-Ir (Nanosensors PPP-EFM,
Neuchâtel, Switzerland) with a nominal force constant of 2.8 N/m and resonance frequency
of 75 kHz on a SNDM probe oscillating at about 1 GHz. The SNDM probe was specially
designed in our laboratory and can be attached to the scanner head of the Icon SPM system,
as shown in Figure 6b,c. The SNDM probe is made of a custom-made LC oscillator working
as a capacitance sensor mounted on a hand-made fixture board. The cantilever was glued
on a particular electrode of the LC oscillator with a conductive paste. The cantilever on the
SNDM probe can be located at a position compatible with the laser and optical microscopy
in the head. The measurement was done in air at room temperature. For comparison, we
acquired images with three different modes: C-SNDM, PFT-SNDM, and BA-PFT-SNDM.
The PFT- and BA-PFT-SNDM images were obtained simultaneously. Then, a C-SNDM
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image was taken separately under the same experimental conditions, except the imaging
mode. In PFT- and BA-PFT-SNDM, the contact frequency was set at 2 kHz, which is typical
for PFT-AFM. We applied a sinusoidal voltage of 0.2 Vpk at a frequency of 200 kHz to the
test sample. All images were processed by Gwyddion software [39], because the software
can handle BA-PFT-SNDM image files saved in a file format different from the Bruker’s
standard SPM format. The raw data from BA-PFT-SNDM included time sequences of peak
dC/dV values and corresponding lateral tip positions, or X and Y scan voltages. The peak
dC/dV values were sampled by the HF2LI lock-in amplifier in the triggered sampling
mode. Simultaneously, the X and Y monitor voltages were acquired using two auxiliary
analog inputs of the lock-in amplifier, which were wired to a signal access module of
the Nanoscope V controller. By using the lab-made Python software, the raw-data were
converted to the image data in a so-called XYZ text format (‘Z’ is assigned to dC/dV).
Gwyddion can read both XYZ and SPM files and apply a large number of processing
functions to the image data in a unified manner.

 

Figure 6. (a) Schematic diagram of BA-PFT-SNDM. Gated signal acquisition is realized by triggered
signal sampling at the lock-in amplifier. The generated trigger pulse train is synchronized with
periodic cantilever motion and appropriately delayed to obtain the highest signal intensity. The
signal is further averaged by offline software averaging. (b) Overview photograph of the SPM system
(Bruker Dimension Icon) with a SNDM probe. (c) Close-up picture of the SNDM probe attached to
the SPM head.

Prior to the imaging, we observed the time-series of the signals in PFT-SNDM, keeping
the tip lateral position fixed on a specific point of the sample surface to adjust the delay of
the trigger and the time constant of the lock-in amplifier. Figure 7 shows the typical time-
series data of the cantilever excitation (denoted by a red solid curve), cantilever deflection
(green), trigger (blue), and dC/dV signal (pink) observed for different time constants of the
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lock-in amplifier by an oscilloscope. As the tip vertically approached and retracted in a
periodic manner, it was in intermittent contact with the surface. The cantilever deflection
peaked during each contact time and subsequently showed a free oscillation at the natural
frequency away from the surface until the contact started again. The trigger signal was
synchronized with 2 kHz excitation and deflection signals. The dC/dV signal showed a
negative peak during the contact, which indicates that the tip was located on an n-doping
area of the sample. For the time constant much longer than the contact time, the dC/dV
signal had a low constant level because of the averaging effect, as shown in Figure 7a for
τ1 = 435 μs. With lower time constants, the dC/dV signal exhibited more pronounced
negative peaks during the contact, as indicated by Figure 7b for τ1 = 43.5 μs, Figure 7c
for τ1 = 21.7 μs, and Figure 7d for τ1 = 4.35 μs. Based on the observation, we could
adjust the filter setting of the lock-in amplifier. In addition, we estimated a duty cycle and
determined the trigger delay. It is noted that the actual dC/dV signal had much noise
rejected here by an averaging acquisition mode of the oscilloscope to make the preliminary
adjustment easier.

 
Figure 7. Time series data of the cantilever excitation (solid red curve), cantilever deflection
(green), trigger (blue), and dC/dV signal (pink) for different time constants of the lock-in amplifier
(a) τ1 = 435 μs (b) τ1 = 43.5 μs (c) τ1 = 21.7 μs (d) τ1 = 4.35 μs.

Figure 8 shows a topographic image (Figure 8a) and dC/dV images of the Si test
sample by C-SNDM (Figure 8b), PFT-SNDM (Figure 8c,d), and BA-PFT-SNDM (Figure 8e).
All images were taken with a resolution of 512 × 128 pixels, a scan rate of 0.238 Hz, and
measurement time of about 9 min. In these dC/dV images, n- and p-type areas had
negative and positive signals, respectively. Figure 8d is obtained from the same data
as Figure 8c but has an enhanced contrast by changing the full range of the color scale.
For PFT-SNDM and BA-PFT-SNDM, we determined the contact time and duty ratio to
be Tc = 62 μs and D = 0.12, respectively, based on the preliminary observation of time-
series data similar to those in Figure 7. We used the fourth order LPF built in the lock-in
amplifier for all imaging modes. The time constant per one order, denoted by τ1 in the
previous section, was adjusted to τ1 = 435 μs (BN = 180 Hz) for C-SNDM and PFT-
SNDM and τ1 = 6.5 μs (BN = 12 kHz) for BA-PFT-SNDM. τ1 and BN for BA-PFT-SNDM
determined experimentally is in good agreement with the calculated values of τ1 = 7.7 μs
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and BN = 13 kHz for D = 0.12, γ = 95%, m = 4, and T = 512 μs, according to the theory
in Section 3. For C-SNDM and PFT-SNDM, the output of the LPF at the lock-in amplifier
was input to an external signal acquisition of the SPM controller. As for BA-PFT-SNDM,
every peak value of the dC/dV signal was sampled using the lock-in amplifier under a
gated triggered mode and stored as digital data in the personal computer. The stored
data of the peak values were further treated by the lab-made software. We obtained an
averaged dC/dV image with 512 × 128 pixels from eight different images, each of which
was reconstructed from every eight peak values. This is because the number of peak values
per one pixel was eight for the scan rate of 0.238 Hz and the resolution of 512 × 128 pixels.
This reduces the bandwidth for BA-PFT-SNDM from 12 to 1.5 kHz, which results in the
reduction of noise by a factor of 2

√
2. As a result, the predicted increase of the S/N ratio was

by a factor of about 2.9. The difference from PFT-SNDM [Figure 8c] shows a much lower
signal intensity than C-SNDM (Figure 8b). One can see that the noise is much pronounced
when the contrast is enhanced, as shown in Figure 8d. In stark contrast, we found that
BA-PFT-SNDM (Figure 8e) exhibits higher signal intensity and improved image quality,
as expected.

 

Figure 8. Topographic (a), C-SNDM (b), PFT-SNDM (c,d), and BA-PFT-SNDM (e) images for the Si
test sample with p-, n-, and n+ doped areas. (d) is a contrast-enhanced image of (c). Profiles across
the lines from X to X’ in the images are shown in Figure 9.
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Figure 9. Comparison of the line profiles extracted from the C-SNDM [Figure 8b], PFT-SNDM
[Figure 8c], and BA-PFT-SNDM (Figure 8e) images. The profiles are taken along the line from X to X’
in Figure 8.

To discuss the effect of the proposed method quantitatively, we extracted profiles of
these dC/dV images along the lines from X to X’ in Figure 8b–e, as shown in Figure 9. In
addition, we compared the signal intensity, noise levels, and S/N ratios among different
imaging modes in Table 1 with SNIR. Signal and noise in Table 1 indicate the average of
signal intensity and root-mean-squares of signal variations in different areas under the
assumption that the fluctuations of dopant concentrations give negligible contribution to
the variations of the signal in each area. In comparison to PFT-SNDM, BA-PFT-SNDM
showed significantly higher signal intensity on n- and p-type areas, by a factor of 8.3 and 7.9,
respectively. These improvement rates of the signal intensity on the n- and p-type areas
were in good agreement with the predicted rate of 1/D ≈ 8.3. In addition, we achieved
the experimental SNIRs of 4.5 and 4.0 for n and p-type areas, respectively, which are
also comparable with the predicted SNIR 1/

√
D ≈ 2.9. C-SNDM had the best S/N ratios

because of the longest contact time per the given measurement time. SNIRs were 8.3 and 6.5
for p- and n-type areas, respectively, which is also consistent with the predicted value of
1/D = 8.3. The SNIRs tended to be smaller than the predicted rates, probably because
C-SNDM is more affected by the noise than PFT-SNDM. Although we assumed that the
noise level is equivalent regardless of contact, it actually becomes higher when the tip is
in contact with the surface. In fact, C-SNDM had higher fluctuation than PFT-SNDM, as
observed in Figure 9. As PFT-SNDM had lower contact time, the noise also becomes lower
along with the signal intensity. Regarding n+-area, there is a discrepancy that cannot be
explained by our theory, while BA-PFT-SNDM gives much better results than PFT-SNDM.
The signal intensity was improved only by a factor of 5.0, but the noise level was lower
than expected. One of the possible reasons is that the dC/dV signal can include a slight
offset on the areas of high dopant concentration, where the signal intensity can become
very small, causing errors in the comparison. It is also noted that BA-PFT-SNDM basically
had lower signal intensity than C-SNDM, while we assume that BA-PFT-SNDM achieves
the same signal intensity as C-SNDM in our theory. We have not identified the cause of
the different signal levels, but similar phenomenon is observed in other IC-SNDM using
force volume imaging [27]. We speculate that the contact state of the tip on the surface in
IC-SNDM is different from that in C-SNDM with much higher lateral forces. Nevertheless,
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our results demonstrate that BA-PFT-SNDM actually has much higher S/N ratios than the
conventional PFT-SNDM in an almost predicted way.

Table 1. Signal intensity in Hzpk/Vpk, noise levels in Hzrms/Vpk, and S/N ratios in different imaging
modes. SNIRs indicates S/N ratio normalized by those in PFT-SNDM.

PFT-SNDM BA-PFT-SNDM C-SNDM

Region Signal Noise
S/N

Ratio
Signal Noise

S/N
Ratio

SNIR Signal Noise
S/N

Ratio
SNIR

p 52 17 3.1 431 31 14 4.5 662 26 25 8.3
n −70 17 4.1 −554 34 16 4.0 −748 28 27 6.5

n+ −7.4 23 0.32 −37 24 1.5 4.8 −112 14 8.0 25

5. Application to Imaging Atomically Thin van der Waals Semiconductors

BA-PFT-SNDM is particularly useful for samples prone to the damage. Atomically
thin van der Waals materials [40], also called two-dimensional materials, are such materials
that can be damaged by C-SNDM [13]. One of the materials is few-layer MoS2, which
has recently been under intensive research because of the material properties suitable for
electronic device applications such as miniaturized transistors [41] and optoelectronics
devices [42,43]. However, the electrical characteristics of these ultimately thin materials,
consisting almost exclusively of surfaces, are often difficult to control because of the high
susceptibility to external influences. One of the important characteristics to be precisely
controlled is doping levels on the materials for semiconductor device applications [44–46].
However, it is not obvious whether the doping level in an ultra-thin material is the same as
that in the bulk counterpart [45].

As already shown by the authors, SNDM is useful for the investigation of the anomalies
in the doping levels on atomically thin van der Waals semiconductors [13,14]. Here, we
introduce the application of the proposed BA-PFT-SNDM to the measurement of atomically
thin natural and Nb-doped MoS2. Bulk natural MoS2 is typically n-doped. MoS2 can also
be p-doped by Nb acceptors [47]. We measured ultra-thin natural (SPI Supplies) and Nb-
doped MoS2 (HQ Graphene) mechanically exfoliated on thermally oxidized Si substrates.
The samples were prepared by the so-called Scotch-tape method [48]. We used highly
doped Si substrates with a resistivity of 0.001~0.005 Ωcm and a 300 nm-thick thermal oxide
layer. We simultaneously obtained PFT-SNDM images as well as BA-PFT-SNDM images.
The amplitudes of the applied voltages were 0.5 Vpk and 1.0 Vpk for natural and Nb-doped
MoS2, respectively, and the frequency was 200 kHz for both samples.

Figure 10 shows topographic (Figure 10a), PFT-SNDM (Figure 10b), and BA-PFT-
SNDM images (Figure 10c) for few-layer natural MoS2. We determined the number of
stacking layers from the topographic heights of the observed MoS2 layers. The sample had
single- and three-layer MoS2 with negative dC/dV signals, which indicates that these layers
were n-doped. In comparison to the PFT-SNDM image (Figure 10b), the BA-PFT-SNDM
image (Figure 10c) clearly resolved n-doping on the single-layer area. The results here
showed that natural MoS2 layers remained n-type semiconductors even in single-layer
structures. On the other hand, Nb-doped MoS2 showed different characteristics when
the number of layers decreased. Figure 11 shows topographic (Figure 11a), PFT-SNDM
(Figure 11b), and BA-PFT-SNDM (Figure 11c) images for atomically thin Nb-doped MoS2.
The Arabic numbers on the images denote the number of stacking layers on the indicated
area. One can see that the sample included 1- to 6-layer MoS2 layers in the field of view.
We could confirm that the 4- to 6-layer MoS2 showed positive dC/dV signals, indicating
p-doping on these layers, as expected from Nb-doping. However, as the layer number
decreased from 4 to 1, the signal intensity decreased and the polarity changed from positive
to negative. We find that this unexpected p- to n-type transition became clearly visible by
BA-PFT-SNDM rather than PFT-SNDM, as shown in Figure 11b,c.

61



Nanomaterials 2022, 12, 794

 

Figure 10. Topographic (a), PFT-SNDM (b), and BA-PFT-SNDM (c) images of few-layer natural MoS2

mechanically exfoliated on a thermally oxidized Si substrate.

 

Figure 11. Topographic (a), PFT-SNDM (b), and BA-PFT-SNDM (c) images of atomically thin
Nb-doped MoS2 mechanically exfoliated on a thermally oxidized Si substrate. Each Arabic number
in the figures denotes the number of stacking layers on the corresponding area.

It is noted that the unintentional n-doping on MoS2 layers has also been reported by
different groups recently [45,46]. Siao et al. suggested that sulfur vacancies on the surface
layer of MoS2 causes n-doping, which is high enough for overcompensating the artificial
p-doping on few-layer MoS2 [45]. In addition, Fang et al. have reported a p- to n-type
transition in few-layer Nb-doped MoS2 field effect transistors, with reference to the work
by Siao et al. [46]. We think that the enhanced sensitivity of BA-PFT-SNDM established in
this paper permitted real-space and nanoscale imaging of the anomalous doping effect on
the atomically thin van der Waals semiconductor. The experimental results presented here
demonstrate that BA-PFT-SNDM has superior imaging performance to PFT-SNDM. The
detailed analysis and discussion on the measurement results are shown in greater detail in
Ref. [14]. It is noted that PFT-AFM combined with SNDM has been known for its capability
of quantitative nanomechanical mapping such as adhesion, modulus, and dissipation as
well as topographic imaging [25]. Our results indicate that BA-PFT-SNDM allows for
the possibility of simultaneous nanoelectrical and nanomechanical mapping along with
topographic imaging, which will give a clue as to the comprehensive understanding of the
material properties.

6. Conclusions

In this paper, we proposed BA-PFT-SNDM based on the theory extended here for
giving quantitative insights into the S/N ratio of SNDM. In comparison to PFT-SNDM,
BA-PFT-SNDM, which is based on gated signal acquisition and averaging, can increase the
S/N ratio by a factor of the inverse square root of the duty cycle, or the rate of the contact
time to the contact period in PFT-SNDM. Our theory gives the time constant to be chosen
for the gated signal acquisition and allows us to predict SNIR in actual BA-PFT-SNDM
measurement in a quantitative way. In addition, we experimentally showed that BA-PFT-
SNDM improves the S/N ratios at the rate consistent with the predicted SNIR. The SNIR
achievable by BA-PFT-SNDM is two to several times in a typical measurement condition.
Furthermore, as an application of BA-PFT-SNDM, we presented the imaging of dominant
carrier concentration distribution on atomically thin van der Waals semiconductors. We
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found that, in comparison to PFT-SNDM, BF-PFT-SNDM has significantly higher imaging
capability, enabling clear visualization of the p- to n-type transition on few-layer Nb-doped
MoS2. We believe that the field of SNDM will further extend by the emergence of BA-PFT-
SNDM, because it enables damage-less, higher sensitivity, and simultaneous nanoelectrical
and nanomechanical imaging even on soft and fragile samples. The idea here can also
be applied to the optimization of the S/N ratios in other scanning near-field microwave
microscopy such as SMIM [30] operating in peak-force tapping mode [25].
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Appendix A

In BA-PFT-SNDM, where the individual peaks of the dC/dV signal are acquired with
a lower time constant of the LPF stage, only the response to the step input needs to be
considered to obtain the S/N ratio given to one pixel of the dC/dV image. On the other
hand, in PFT-SNDM, strictly speaking, we need to consider the response to an input pulse
train rather than the single step input. This is because the time constant of the LPF in
the lock-in amplifier, denoted by τ1 in Section 3, is normally set to be comparable with or
higher than the contact time. As a result, the response of the LPF becomes much slower
than the contact time (even if τ1 ∼ T, due to the high order of the LPF in typical conditions).
However, the response to the pulse train can still be approximated by a step response with
a height of D as follows.

In general, the output Y(s) to the input U(s) is connected by the transfer function G(s)
of the LPF stage:

Y(s) = G(s)U(s). (A1)

For the pulse train of the dC/dV signal starting at t = 0, U(s) is described by

U(s) =
1 − e−DTs

1 − e−Ts · 1
s

. (A2)

Thus, from Equations (A1) and (A2), the output can be given by

Y(s) = G(s)
1 − e−DTs

1 − e−Ts · 1
s

. (A3)

Here, let us assume τ1 ∼ T or τ1 > T. This implies that |G(s)| ≈ 1 for |s| � 1/T and
|G(s)| � 1 for |s| ∼ 1/T or |s| > 1/T is especially well satisfied in the high order LPF. In
other words, the LPF passes only s satisfying |s| � 1/T to the output, which allows for the
following approximation of U(s) within |s| � 1/T:

Y(s) = G(s)
−DTs

{
1 − DTs

2! + (DTs)2

3! − · · ·
}

−Ts
{

1 − Ts
2! +

(Ts)2

3! − · · ·
} · 1

s
≈ G(s)

D
s

(A4)

63



Nanomaterials 2022, 12, 794

Equation (A4) implies that the response to the pulse train is approximated by the
response to the step input starting at t = 0 in a typical measurement setup of PFT-SNDM.
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Abstract: In this paper, we report a multiscale investigation of the compositional, morphological,
structural, electrical, and optical emission properties of 2H-MoS2 obtained by sulfurization at 800 ◦C
of very thin MoO3 films (with thickness ranging from ~2.8 nm to ~4.2 nm) on a SiO2/Si substrate.
XPS analyses confirmed that the sulfurization was very effective in the reduction of the oxide to MoS2,

with only a small percentage of residual MoO3 present in the final film. High-resolution TEM/STEM
analyses revealed the formation of few (i.e., 2–3 layers) of MoS2 nearly aligned with the SiO2 surface
in the case of the thinnest (~2.8 nm) MoO3 film, whereas multilayers of MoS2 partially standing
up with respect to the substrate were observed for the ~4.2 nm one. Such different configurations
indicate the prevalence of different mechanisms (i.e., vapour-solid surface reaction or S diffusion
within the film) as a function of the thickness. The uniform thickness distribution of the few-layer
and multilayer MoS2 was confirmed by Raman mapping. Furthermore, the correlative plot of the
characteristic A1g-E2g Raman modes revealed a compressive strain (ε ≈ −0.78 ± 0.18%) and the
coexistence of n- and p-type doped areas in the few-layer MoS2 on SiO2, where the p-type doping is
probably due to the presence of residual MoO3. Nanoscale resolution current mapping by C-AFM
showed local inhomogeneities in the conductivity of the few-layer MoS2, which are well correlated to
the lateral changes in the strain detected by Raman. Finally, characteristic spectroscopic signatures
of the defects/disorder in MoS2 films produced by sulfurization were identified by a comparative
analysis of Raman and photoluminescence (PL) spectra with CVD grown MoS2 flakes.

Keywords: MoS2; sulfurization; XPS; Raman; TEM; C-AFM; photoluminescence

1. Introduction

Transition metal dichalcogenides (TMDs) are a wide family of layered van der Waals
(vdW) materials with the general chemical formula MX2, M being a transition metal
(Ti, Zr, Hf, V, Nb, Ta, Mo, W, Re, Pd, or Pt) and X a chalcogen atom (S, Se, or Te) [1]. Most
of them exhibit metallic or semiconducting phases. In particular, semiconducting TMDs
have been the object of increasing scientific interest in the last decade, due to their huge
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potential for applications in several fields, including electronics, optoelectronics, spintron-
ics, valleytronics, chemical/environmental sensing, energy generation, and catalysis [2–10].
Molybdenum disulfide (MoS2) is the most investigated among TMDs, due to the natural
abundance and good chemical/mechanical stability of its 2H semiconductor phase under
ambient conditions. The bandgap tunability as a function of the thickness, with a transition
from an indirect bandgap of ~1.2 eV for bulk or few-layer MoS2 to a direct bandgap of
~1.8 eV for monolayer MoS2 [11,12], makes this material appealing for optoelectronic and
electronic applications. In fact, the first robust 2D transistor with a large on/off ratio
and good field-effect mobility was demonstrated using monolayer 2H-MoS2 flakes as the
semiconducting channel [13,14]. This material and other TMDs are currently considered a
potential replacement of Si for the next generation of complementary metal oxide semicon-
ductor (CMOS) devices allowing the continuation of Moore’s law [15]. Furthermore, they
can represent the basis for new concept (More-than-Moore) devices [16,17].

Due to this wide application potential, scalable and reproducible growth methods for
thin films of TMDs are strongly required for their future implementation in manufacturing
lines. In this context, research on MoS2 wafer-scale growth and device integration is
relatively more mature than for other 2D TMDs.

Top-down synthesis approaches used to separate MoS2 from bulk crystals, such as
mechanical exfoliation [18,19], gold-assisted exfoliation [20–24], and liquid exfoliation [25],
are not suitable to ensure the reproducibility and thickness control on a wafer scale required
for high-end electronic applications. For this reason, bottom-up approaches as Chemical
Vapour Deposition (CVD) [26,27], Pulsed Laser Deposition (PLD) [28], Molecular Beam
Epitaxy (MBE) [29], and Atomic Layer Deposition (ALD) [30] represent the most promising
methods to obtain a reproducible thin film of TMDs on a large area.

In particular, CVD using vapours from S and MoO3 powders has been widely explored
by several research groups, since it is a cost-effective method to produce MoS2 domains
with good crystalline quality on different substrates [31–33]. Although monolayer flakes
with a triangular or hexagonal shape and lateral extension from tens to hundreds of
micrometres have been obtained under optimized CVD conditions [34], achieving coverage
and thickness uniformity on the wafer scale still represents a huge challenge, due to the
difficulty of controlling all the parameters involved in the process (including the substrate
temperature, the evaporation rates of the S and Mo precursors, the pressure in the chamber,
and the carrier gas flow rate) [35–39].

As an alternative to the single-step CVD approach, sulfurization of a Mo (or Mo-oxide)
film pre-deposited on a substrate (e.g., by evaporation or sputtering) allows superior control
of MoS2 coverage and uniformity by controlling the initial film thickness [40–43]. Different
to CVD (where the Mo–S bonds are mostly formed by vapour phase reaction and the MoS2
lands on the substrate), the sulfurization process is a heterogeneous vapour-solid reaction
between the S vapour and the pre-deposited film [44]. The conversion of MoOx to MoS2 by
sulfurization has been demonstrated to occur in a wide temperature range, from 500 ◦C to
1000 ◦C, although the best quality films are typically obtained at temperatures > 750 ◦C [44].
Besides the vapour-solid surface reaction, the initial Mo or MoOx film thickness also plays
an important role in the process. In fact, with increasing its thickness, the diffusion of S in
the film represents the limiting mechanism for the formation of MoS2 layers and determines
their alignment with respect to the substrate [45,46]. In particular, at typical sulfurization
temperatures of 750–800 ◦C, single or few-layers of MoS2 horizontally aligned to the
substrate plane are obtained for very thin (<3 nm) Mo films, whereas vertically aligned
growth occurs for thicker Mo films [47]. This is due to the favoured sulphur diffusion
along the vdW gaps between the vertically oriented MoS2 layers [45,47,48]. Besides the
initial Mo (or Mo-oxide) thickness, other key factors controlling MoS2 formation include
the substrate heating rate, pressure, and local S concentration on the sample surface [49–51].
Furthermore, the underlying substrate can play an important role in MoS2 formation during
sulfurization of pre-deposited MoO3. In fact, while a higher temperature may enhance the
sulfurization degree, on the other hand, it can also result in increased MoO3 evaporation
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and diffusion of Mo atoms on the substrate surface. This latter phenomenon strongly
depends on the adhesion energy and surface diffusivity of Mo atoms on the substrate.

The main disadvantage of the continuous MoS2 films produced by the sulfurization ap-
proach is their nanocrystalline structure (with 20–30 nm grain-size) [44], typically resulting
in poorer carrier mobility, if compared to the large and isolated monocrystalline MoS2 flakes
obtained by the CVD approach. However, the high uniformity and its good compatibility
with the fabrication methods used in the semiconductor industry makes this approach ap-
pealing for some applications, e.g., MoS2/semiconductor heterojunctions [52] or hydrogen
evolution applications [53]. Hence, a detailed characterisation of structural/compositional,
vibrational, optical, and electrical properties of MoS2 films produced by Mo sulfurization
remains highly desirable.

In this paper, few or multilayer MoS2 on a SiO2/Si substrate have been produced by
sulfurization at 800 ◦C of very thin MoO3 films, from ~2.8 nm to ~4.2 nm (i.e., the critical
range for the transition from horizontally to vertically aligned layers). The compositional,
morphological, structural, electrical, and optical emission properties of the grown films
have been extensively investigated by the combination of several characterisation tech-
niques with macro to nanoscale spatial resolution. This correlative analysis provides deep
insight into the potentialities and limitations of this material system for applications.

2. Materials and Methods

The thin molybdenum-oxide films on SiO2 (900 nm)/Si substrates were obtained by
DC magnetron sputtering from a Mo-target (using a Quorum Q300-TD system), followed
by natural oxidation in air. The sulfurization process, schematically illustrated in Figure 1,
was carried out in a two-heating zones furnace (TSH12/38/500, Elite Thermal Systems
Ltd., Market Harborough, UK), with the first zone (at a temperature of 150 ◦C) hosting a
crucible with 300 mg sulphur (purity 99.9%, product 28260.234, VWR Chemicals, Radnor,
PA, USA), and the second zone (at a temperature of 800 ◦C) hosting the MoO3/SiO2/Si
sample. Starting from a base pressure of 4 × 10−6 bar, the Ar carrier gas (purity 5.0, Messer,
Budapest, Hungary) with a flux of 100 sccm transported the S vapours from the first to the
second zone. The duration of the sulfurization process was 60 min.

Figure 1. Schematic illustration of the sulfurization process of the thin MoO3 films on the SiO2/Si
substrates.

Morphological analyses on the as-deposited MoO3 films and after the sulfurization
process were carried out by Tapping mode Atomic Force Microscopy using a DI3100 system
by Bruker (Santa Barbara, CA, USA) with Nanoscope V electronics. The compositional
properties of the as-deposited metal films and MoS2 formation after the sulfurization
process were evaluated by X-ray photoelectron spectroscopy (XPS) using Escalab Xi+
equipment by Thermo Fisher (Waltham, MA, USA), with a monochromatic Al Kα X-ray
source (energy = 1486.6 eV). The spectra were collected at a take-off angle of 90◦ relative
to the sample surface and pass energy of 20 eV. The instrument resolution was 0.45 eV
(FWHM of the Ag 3d5/2 peak). The spectra were aligned using C1s (285 eV) as reference.

69



Nanomaterials 2022, 12, 182

High-resolution transmission electron microscopy (HR-TEM), high angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM), and energy dispersion
spectroscopy (EDS) analyses of the MoS2 thin films were carried out with an aberration-
corrected Titan Themis 200 microscope by Thermo Fisher (Waltham, MA USA). To this aim,
cross-sectioned samples were prepared by a focused ion beam (FIB). Raman spectroscopy
and mapping of MoS2 vibrational peaks were carried out by WiTec Alpha equipment by
WiTec (Ulm, Germany), using laser excitation at 532 nm, 1.5 mW power, and 100× objective.
Photoluminescence spectra (PL) were collected using a Horiba (Palaiseau, France) system
with a laser source of 532 nm. To confirm the uniformity of the MoS2 thin layer across
the substrate, the Raman and PL analyses have been performed at different positions
on the sample. Finally, nanoscale resolution current mapping of MoS2 on SiO2 was per-
formed by conductive Atomic Force Microscopy (C-AFM) with a DI3100 system by Bruker
(Santa Barbara, CA, USA), using Pt-coated Si tips with ~5 nm curvature radius.

3. Results and Discussion

Figure 2a shows a typical AFM morphology of as-deposited MoO3 on the SiO2/Si
substrate using the lowest sputtering time (30 s). This analysis indicates a very low root
mean square (RMS) surface roughness of 0.35 nm. Similar roughness values have been
measured for MoO3 film thicknesses deposited at higher sputtering times. The thickness of
the as-deposited films was also evaluated by AFM step height measurements performed
on intentionally scratched regions of the films. Figure 2b,c show the morphologies and
corresponding line profiles for films deposited with two different sputtering times (30 s
and 45 s), resulting in ~2.8 nm and ~4.2 nm thickness, respectively.

Figure 2. (a) Typical AFM morphology of as-deposited MoO3 thin films on SiO2, with the indication
of the root mean square (RMS) roughness. (b,c) Determination of the thickness of films deposited
with two different sputtering times by measurement of the step heights (~2.8 nm and ~4.2 nm) with
respect to SiO2 on scratched regions.

XPS compositional analyses performed on the thinnest deposited films revealed that
they are predominantly composed of MoO3, with a small (<1%) MoO2 contribution. Re-
cently, Vangelista et al. [44] also reported the complete oxidation (ascribed to air exposure
after the deposition) of evaporated Mo films with similar thickness, used for subsequent
MoS2 growth by sulfurization. The same authors [44] explained the conversion of MoO3 to
MoS2 upon exposure to sulphur according to the following chemical reaction:

2 MoO3(s) + 7 S(g) → 2 MoS2(s) + 3 SO2(g), (1)

which is the result of two intermediate steps:

MoO3 +(x/2) S → MoO3−x + (x/2) SO2 (2)

MoO3−x + [(7 − x)/2] S → MoS2 + [(3 − x)/2] SO2 (3)
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i.e., the S-induced reduction of the MoO3 to a sub-stoichiometric oxide MoO3−x (2), fol-
lowed by its conversion to MoS2 (3), with the formation of gaseous SO2 as a by-product.

After the sulfurization process at 800 ◦C, XPS analyses were performed to evaluate the
successful conversion of MoO3 to MoS2. Figure 3a reports an overview spectrum, allowing
the quantification of the percentage of elemental concentrations on the sample surface. In
particular, molybdenum and sulphur percentages of 3.26% and 6.82%, respectively, were
evaluated (besides the large Si and O background), which were close to the stoichiometric
[Mo]/[S] ratio for MoS2. More detailed information on the Mo and S bonding was deduced
from the Mo3d3/2, Mo3d5/2, and S2s core levels in Figure 3b, and the S2p1/2 and S2p3/2
core levels in Figure 3c. Two doublets were found in the Mo 3d spectrum, and both doublets
were fitted with a peak separation of 3.1 eV [44,54,55]. In particular, the deconvolution
of the Mo3d peaks shows the predominance of the Mo4+ component, associated with
2H-MoS2, accompanied by a smaller Mo6+ contribution, associated with the presence of
residual MoO3. The two S2p1/2 and S2p3/2 peaks [44,54,55] in Figure 3c confirm that
sulphur is mainly in the form of sulphide, with a small S-O component.

Figure 3. (a) Survey XPS spectrum of MoS2 on SiO2 produced by sulfurization of the 2.8 nm MoO3

film, with the indication of the evaluated surface elemental composition. (b) XPS spectra of the Mo 3d
and S 2s core levels, with the deconvolution of the Mo4+ contribution (related to MoS2) and the Mo6+

contribution (related to residual MoO3). (c) S 2p core levels spectra, indicating the predominance of
the sulphide contribution, with a small S-O component.
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The structural properties of the MoS2 films were also investigated at nanoscale by
transmission electron microscopy on cross-sectioned samples. Figure 4a,b show represen-
tative HR-TEM and HAADF-STEM analyses on the few-layers MoS2 sample obtained by
sulfurization of the ~2.8 nm MoO3 film. The diffraction contrast in the HR-TEM image
Figure 4a demonstrates the presence of two or three crystalline layers embedded between
the amorphous SiO2 substrate and amorphous carbon (a–c) protective film. These layers
are predominantly oriented parallel to the substrate, with nanometric scale corrugations.
Furthermore, an interlayer spacing of ~0.6 nm is directly evaluated from the HRTEM image
of a 3L-MoS2 reported in the insert of Figure 4a. The number of MoS2 layers and their
nearly parallel orientation with respect to the substrate is confirmed by the HAADF-STEM
image in Figure 4b collected on the same sample. On the other hand, a more irregular
configuration of the layers can be observed from the HRTEM (Figure 4c) and HAADF-
STEM (Figure 4d) analyses performed on the MoS2 multilayer produced by sulfurization of
~4.2 nm film. In fact, in the analysed specimen volume, horizontally oriented MoS2 layers
co-exist with layers standing up with respect to the SiO2 surface. This observation is fully
consistent with previous reports showing a transition from horizontal to vertically oriented
growth for film thickness larger than 3 nm [47].

Figure 4. Cross sectional HR-TEM (a) and HAADF-STEM (b) images of few-layers MoS2 obtained
by sulfurization of the ~2.8 nm MoO3 film on the SiO2 substrate. MoS2 is composed by nearly
horizontally aligned 2–3 layers. The interlayer spacing in a 3-layers region is evaluated from the
HR-TEM in the insert of panel (a). Cross sectional HR-TEM (c) and HAADF-STEM (d) of multilayers
MoS2 obtained by sulfurization of the ~4.2 nm MoO3 film.

The layers number uniformity of the grown MoS2 films was also investigated on micro-
meter scale areas and with high statistics by Raman spectroscopy. Figure 5 shows two
typical Raman spectra of the few-layers (i.e., 2 L–3 L) MoS2 (black line) and of the multilayer
MoS2 (red line) grown on SiO2 by the sulfurization process. The two characteristic in-plane
(E2g) and out-of-plane (A1g) vibrational modes of MoS2 are clearly identified, and the
typical redshift of the E2g peak and blue shift of the A1g with increasing the number
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of layers [19] is observed. In particular, the difference Δω = ωA1g −ωE2g between the
wavenumbers of these two main modes is commonly taken as a way to evaluate the number
of MoS2 layers, with larger Δω values generally associated with a thicker MoS2.

Figure 5. (a) Representative Raman spectra of the few-layers (FL) MoS2 (black-line) and multilayer
(ML) MoS2 samples obtained by sulfurization of the 2.8 and 4.2 nm MoO3 films on SiO2. Colour
maps of the A1g-E2g wavenumber difference Δω obtained from arrays of Raman spectra collected on
10 μm × 10 μm scan areas on the FL-MoS2 (b) and on the ML-MoS2 (c) samples. Histogram of Δω

values showing a distribution with a peak at ω ≈ 21.8 ± 0.6 cm−1 for the FL-MoS2 sample associated
to 2 L–3 L MoS2 (d) and ω ≈ 24.8 ± 0.4 cm−1 for the ML-MoS2 sample, corresponding to >4 L MoS2

thickness (e).
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The colour maps in Figure 5b,c illustrate the spatial distribution of the Δω values
obtained from arrays of 50 × 50 Raman spectra collected on 10 μm × 10 μm scan areas.
Figure 5d,e show the histograms of the Δω values reported in the two maps, with the
indication of the corresponding number of MoS2 layers according to the calibration reported
in Ref. [19]. The two distributions are quite uniform and exhibit a ω ≈ 21.8 ± 0.6 cm−1

for the few-layer MoS2 sample and ω ≈ 24.8 ± 0.4 cm−1 for the multilayer MoS2 sample.
These Δω values are associated with a 2 L–3 L MoS2 thickness for the first sample, in very
good agreement with TEM analyses in Figure 4, and to >4 L MoS2 for the second one.

In the following, we will concentrate our attention on the 2 L–3 L MoS2 sample, since
the horizontal configuration of the layers makes it more suitable for electronic applications,
similarly to 2H-MoS2 samples produced by CVD or by exfoliation from bulk molybdenite.

The doping type and the biaxial strain (ε) of the thin MoS2 film were also evaluated
from the Raman maps by a correlative plot of A1g versus E2g peaks positions, as recently
discussed in Ref. [23]. Figure 6a shows as blue circles the ωA1g and ωE2g values extracted
from all the Raman spectra in the array of Figure 5. The red line in Figure 6a represents
the ideal ωA1g vs. ωE2g dependence (i.e., the strain line) for a purely strained 3L-MoS2 film.
This relation is obtained from the combination of the following two expressions:

ωE2g = ω0
E2g − 2γE2g

ω0
E2gε (4)

ωA1g = ω0
A1g − 2γA1g

ω0
A1gε (5)

Here, γE2g
= 0.39 and γA1g

= 0.09 are the Grüneisen parameters for the two vibra-
tional modes of 3L-MoS2, estimated from the literature values of the peaks shift rates as a
function of strain percentage (−3 cm−1/% and −0.7 cm−1/% for the E2g and A1g peaks,
respectively) [56]. ωE0

2g
and ωA0

1g
represent the E2g and A1g frequencies for an ideally

unstrained and undoped 3L-MoS2. Here, the literature values for a suspended 3L-MoS2
membrane (ω0

E2g = 382.9 cm−1 and ω0
A1g = 406.4 cm−1) [56], not affected by the inter-

action with the substrate, were taken as the best approximation for these ideal values.
This reference point is reported as a red square in Figure 6a, while the two arrows with
opposite directions along the strain line indicate the tensile (red-shift) and compressive
strain (blue-shift), respectively. Furthermore, the black dashed lines serve as guides to
estimate the strain values. The distribution of the experimental points (blue circles) in the
plot of Figure 6a clearly indicates that the thin MoS2 film on SiO2 is compressively strained.
Figure 6b shows the 2D map of the compressive strain, calculated from the map of ωE2g
values by applying Equation (4). Furthermore, the corresponding histogram of the ε values
is reported in Figure 6c, from which an average strain value ε ≈ −0.78% ± 0.18% can be
deduced.

The strain line separates the n-type and p-type doping regions in the ωA1g − ωE2g
diagram in Figure 6a. Noteworthy, the experimental points in Figure 6a are partially
located in the n-type region and partially in the p-type one. Unintentional n-type doping
is typically reported for MoS2 films produced by different synthesis methods (such as
mechanical exfoliation or CVD) and it is commonly ascribed to native defects present
in the material [57–60]. Here, the observed p-type doping in some regions of the MoS2
film produced by sulfurization can be associated with the presence of residual MoO3, as
deduced by XPS. In fact, several studies demonstrated how intentionally introducing MoO3
in pristine (n-type) MoS2, e.g., by O2 plasma treatments, results in p-type doping of the
material [61,62].
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Figure 6. (a) Correlative plot of the ωA1g and ωE2g values (blue circles) extracted from all the Raman
spectra in the array of Figure 5. The red line represents the ideal ωA1g vs. ωE2g dependence (i.e., the
strain line) for a purely strained 3L-MoS2 film. The red square corresponds to the frequencies ωE0

2g

and ωA0
1g

for an ideally unstrained and undoped 3L-MoS2, while the two red arrows with opposite

directions along the strain line indicate the tensile (red-shift) and compressive strain (blue-shift),
respectively. (b) Map and (c) corresponding histogram of the compressive strain on a 10 μm × 10 μm
area.

The MoS2 thin layers produced by MoO3 thin films sulfurization exhibit large re-
sistivity values in the range of 10–100 Ω·cm [63]. This can be ascribed, in part, to the
nanocrystalline structure of the films, i.e., the large density of grain boundaries, which are
known to introduce resistive contributions in the current path [64]. On the other hand,
the local changes in the compressive strain distribution, as well in the carrier density,
deduced by Raman mapping is expected to have an effect on the electrical properties of the
few-layers of MoS2. To get direct information on the homogeneity of conductivity in this
film, local current mapping has been carried out by C-AFM, as schematically depicted in
Figure 7a. In this configuration, the current locally injected from the AFM metal tip flows
in the MoS2 film and is finally collected from the macroscopic front contact. Due to the
nanoscale size of the tip contact, the dominant contributions to the measured resistance
are represented by the local tip/MoS2 contact resistance and the spreading resistance in
the MoS2 region underneath the tip. Figure 7b shows the contact-mode morphological
image on the sample surface, from which an RMS roughness ≈ 0.5 nm slightly higher than
the one of the as-deposited MoO3 film (Figure 2a) was deduced. Figure 7c,d report the
corresponding C-AFM current map and the histogram of the measured current values.
The current map clearly shows submicrometer lateral variations of the conductivity, which
are only partially correlated to the morphology, while the histogram shows a Gaussian
distribution of these values, resembling the shape of the strain distribution in Figure 7d.
From this comparison, we can speculate that these mesoscopic-scale inhomogeneities can
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be partially ascribed to the lateral changes in the strain and carrier density detected by
Raman.

Figure 7. (a) Schematic of the C-AFM setup for local conductivity mapping of few-layers MoS2 on
SiO2. (b) Morphology and (c) current map simultaneously measured with tip-to-sample bias of 5 V.
(d) Histogram of current values from the C-AFM map.

In the last section of this paper, Raman and photoluminescence spectra acquired on the
few-layers MoS2 samples produced by sulfurization have been compared with reference
spectra acquired on CVD-grown MoS2 samples with a similar thickness.

Figure 8 shows a typical Raman spectrum of 3L-MoS2 on SiO2 produced by MoO3
sulfurization, compared with a spectrum of a 3L-MoS2 sample grown by CVD on SiO2 [65],
reported as reference. Some remarkable differences can be clearly observed between MoS2
layers prepared using the two different approaches. In fact, besides a lower E2g/A1g
intensity ratio, the two vibrational peaks exhibit a more pronounced asymmetric shape
in the 3L-MoS2 produced by sulfurization as compared to the CVD-grown one. The
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deconvolution analysis of the Raman spectra with four Gaussian contributions, associated
with the main E2g and A1g modes and the disorder activated LO(M) and ZO(M) modes [66],
is also presented in Figure 8. These LO(M) and ZO(M) components are very small in the
Raman spectra of CVD 3L-MoS2, whereas their weight is higher in the 3L-MoS2 produced
by sulfurization. In this latter case, they can be ascribed both to the nanocrystalline nature
of the film, as well as to the presence of residual MoO3, as deduced from the XPS analyses.

Figure 8. Raman spectrum for 3L-MoS2 produced by sulfurization (red), compared with a reference
spectrum for CVD grown 3L-MoS2 (blue). Data for CVD 3L-MoS2 were adapted with permission
from [65], copyright Elsevier 2020.

Figure 9 shows the comparison between a PL spectrum measured on the 3L-MoS2
produced by sulfurization with a reference spectrum for CVD grown 3L-MoS2, taken from
Ref. [65]. For both spectra, acquired using a 532 nm wavelength laser source, the main
emission peak at an energy of 1.86 eV can be observed. However, significant differences in
spectral features can be clearly identified from a detailed deconvolution analysis.

The PL spectrum of CVD MoS2 can be fitted by three Gaussian peaks, associated with
the two exciton contributions (A0 at 1.86 ± 0.01 eV and B at 1.99 ± 0.01 eV, due to the spin-
orbit splitting of the valence band) and the trionic contribution (XT at 1.78 ± 0.01 eV) [65].
On the other hand, the deconvolution analysis of the spectrum for the sulfurization grown
sample allowed us to identify a fourth component XD at 1.75 ± 0.01 eV, besides the trion
(XT at 1.78 ± 0.01 eV) and exciton peaks (A0 at 1.86 ± 0.01 eV and B at 1.95 ± 0.01 eV).
Noteworthy, the presence of this XD contribution is accompanied by a strong decrease in
the spectral weight of the exciton peak B, as compared to the case of the CVD sample, as
well as its FWHM reduction. The occurrence of a similar feature XD, associated with point
defects in the MoS2 lattice, has been recently reported by Chow et al. [67] for the PL spectra
of MoS2 flakes subjected to soft Ar-plasma irradiation, and it was also accompanied by a
decrease in the exciton peak B with respect to unirradiated flakes. Hence, the observed XD
contribution for our samples produced by sulfurization was ascribed to a higher density of
point defects with respect to CVD grown samples.
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Figure 9. Photoluminescence (PL) spectra for 3L-MoS2 produced by sulfurization, compared with a
reference spectrum for CVD grown 3L-MoS2. The deconvolution analysis indicated the presence of
the excitonic contributions A0, B, and of the trionic contribution XT (grey lines) for the CVD grown
sample. In addition, the defect-related peak XD (orange line) is identified in the sulfurization grown
sample. Data for CVD 3L-MoS2 were adapted with permission from [65], copyright Elsevier 2020.

4. Conclusions

In conclusion, we reported a detailed analysis of the compositional, morphological,
structural, electrical, and optical emission properties of few or multilayer MoS2 on a
SiO2/Si substrate produced by sulfurization of very thin MoO3 films at 800 ◦C. Both
Raman mapping and TEM/STEM analyses showed the formation of 2–3 layers of MoS2
nearly aligned with the SiO2 surface after sulfurization of the thinnest MoO3 film, whereas
multilayers of MoS2 (partially standing up) were observed for the thicker MoO3 film. The
strain distribution in the few-layer MoS2 on SiO2 was evaluated by the correlative plot of
the characteristic A1g-E2g Raman modes, showing the occurrence of a compressive strain
ε ≈ −0.78 ± 0.18%. Furthermore, the co-existence of submicrometer areas with n- and
p-type doping is detected, with the p-type doping probably due to the presence of residual
MoO3, as revealed by XPS analyses. Nanoscale resolution current mapping by C-AFM
showed conductivity inhomogeneities in the few-layer MoS2, which are well correlated to
the lateral changes in the strain detected by Raman. Finally, the characteristics spectroscopic
signatures of the defects/disorder were identified by comparing Raman and PL spectra of
sulfurization grown MoS2 with reference analyses of CVD-grown single crystalline MoS2.

The demonstrated MoS2 growth method is quite versatile and can be extended to
different substrates, besides SiO2. In particular, the adoption of crystalline substrates (such
as sapphire, GaN, and 4H-SiC) with the hexagonal basal plane and good lattice matching
with MoS2 is expected to enhance the domain size and electronic quality of the grown
films. Furthermore, the homogeneous large area few-layer MoS2 can be transferred to
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arbitrary substrates (including flexible ones) [68] and find applications in different fields of
microelectronics, flexible electronics, and sensing.
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Abstract: This paper reports an investigation of the structural, chemical and electrical properties of
ultra-thin (5 nm) aluminum nitride (AlN) films grown by plasma enhanced atomic layer deposition
(PE-ALD) on gallium nitride (GaN). A uniform and conformal coverage of the GaN substrate
was demonstrated by morphological analyses of as-deposited AlN films. Transmission electron
microscopy (TEM) and energy dispersive spectroscopy (EDS) analyses showed a sharp epitaxial
interface with GaN for the first AlN atomic layers, while a deviation from the perfect wurtzite
stacking and oxygen contamination were detected in the upper part of the film. This epitaxial
interface resulted in the formation of a two-dimensional electron gas (2DEG) with a sheet charge
density ns ≈ 1.45 × 1012 cm−2, revealed by Hg-probe capacitance–voltage (C–V) analyses. Nanoscale
resolution current mapping and current–voltage (I–V) measurements by conductive atomic force
microscopy (C-AFM) showed a highly homogeneous current transport through the 5 nm AlN
barrier, while a uniform flat-band voltage (VFB ≈ 0.3 V) for the AlN/GaN heterostructure was
demonstrated by scanning capacitance microscopy (SCM). Electron transport through the AlN film
was shown to follow the Fowler–Nordheim (FN) tunneling mechanism with an average barrier
height of <ΦB> = 2.08 eV, in good agreement with the expected AlN/GaN conduction band offset.

Keywords: AlN; GaN; atomic layer deposition

1. Introduction

Due to its large and direct bandgap (6.2 eV), good thermal stability and piezoelectric
properties, aluminum nitride (AlN) has been the object of significant attention for optoelec-
tronic applications, such as ultraviolet light emitting diodes, photodetectors and sensor
systems [1–3]. In particular, owing to the epitaxial interface with GaN and the relatively
high dielectric permittivity (κ ≈ 8), AlN ultra-thin films have been considered as gate di-
electrics in AlGaN/GaN metal insulator semiconductor–high electron mobility transistors
(MIS-HEMTs) [4] and/or as passivation layers for AlGaN/GaN heterostructures, as an
alternative to the conventional silicon nitride (SiNx) [5–7]. The inherent lattice mismatch, of
about 2.4%, between the AlN and GaN crystal structures is responsible for a tensile strain
in AlN films grown on GaN. The piezoelectric polarization associated with such tensile
strain, combined with the spontaneous polarization of the AlN and GaN materials, results

Nanomaterials 2021, 11, 3316. https://doi.org/10.3390/nano11123316 https://www.mdpi.com/journal/nanomaterials83



Nanomaterials 2021, 11, 3316

in the formation of a two-dimensional electron gas (2DEG) [8] at their interface, which can
be exploited for the fabrication of AlN/GaN HEMTs suitable for RF applications [9–12].
Furthermore, high crystalline quality ultra-thin AlN layers on GaN have been recently
employed as tunneling barriers of vertical hot electron transistors (HETs) with a graphene
base, currently regarded as promising candidates for future ultra-high-frequency (THz)
applications [13–15].

AlN thin films on GaN are typically deposited by molecular beam epitaxy (MBE)
or metal organic chemical vapor deposition (MOCVD) at relatively high temperatures
(>700 ◦C), required to obtain a high quality epitaxial interface [10,16], and a 2DEG sheet
density in the order of 1013 cm−2. However, tensile-strained AlN layers with a thickness
above a critical value of ~7 nm are typically subjected to relaxation or cracking phenomena
during the cooling process from deposition to room temperature, due to the large thermal
expansion coefficient mismatch with GaN [17,18]. More generally, such high growth
temperatures can represent a serious concern in terms of process integration of AlN gate
dielectrics or passivation layers in the fabrication flow of AlGaN/GaN HEMTs. In this
context, the Atomic Layer Deposition (ALD) technique has been recently considered as
an alternative method for the growth of thin AlN films on GaN [5,19,20] due to its unique
ability to provide uniform and conformal coverage with nanometric control of the thickness,
and the low process temperature in the range of 100–400 ◦C. Typically, trimethylaluminum
(TMA) and ammonia (NH3) are employed as the aluminum precursor and co-reactant,
respectively, and the plasma-enhanced ALD (PE-ALD) mode is used to improve the NH3
reactivity by plasma ignition in order to obtain AlN layers with suitable structural quality.
PE-ALD grown AlN films on GaN typically exhibit a good epitaxial quality, giving rise to
the formation of an interfacial 2DEG. However, the measured sheet electron density values
are typically lower than in MBE-grown AlN with equivalent thickness and were found to
depend on the deposition conditions [19] as well as on the deposited AlN thickness [21].
Moreover, significant oxygen incorporation is commonly observed in ALD grown AlN
films, with the highest concentration at the film surface, probably due to exposure to the
atmosphere after the deposition process [22–24]. The oxygen interdiffusion through the
AlN layer occurs for few nanometers, but in the ultrathin layers the oxygen incorporation
can reach also the interface region. In spite of the non-ideal quality of PE-ALD grown
AlN, AlN/GaN transistors exploiting the interfacial 2DEG have been demonstrated using
low-temperature (300 ◦C) PE-ALD on semi-insulating GaN [25]. Furthermore, AlN films
deposited with such a low thermal budget proved to be effective passivation layers for
AlGaN/GaN HETMs, leading to significant current collapse suppression and dynamic
ON-resistance reduction without the use of a field plate [5,26].

In view of the above-discussed device applications, micro and nanoscale correlative
studies of the structural, chemical and electrical properties of ALD grown ultra-thin AlN
films on GaN would be highly desirable in order to assess their insulating properties. In
particular, spatially resolved information on the lateral uniformity of current transport
across the AlN thin films are currently missing and can be crucial to evaluate their suitability
as tunneling barriers for vertical diodes or transistors.

In our work, the structural/compositional and electrical properties of 5 nm AlN
films deposited by PE-ALD on GaN-on-sapphire substrates were investigated in detail by
high resolution characterization techniques, i.e., transmission electron microscopy (TEM)
combined with energy dispersive spectroscopy (EDS) and by conductive-atomic force
microscopy (C-AFM). Chemically, the AlN layer is characterized by oxygen contamination,
whose amount decreases moving from film surface to film/substrate interface. How-
ever, despite this contamination, the high degree of epitaxy at the AlN/GaN interface
ensures the formation of a two-dimensional electron gas (2DEG), with a sheet charge
density ns ≈ 1.45 × 1012 cm−2. A uniform vertical current transport by electron injection
through the AlN barrier was demonstrated by C-AFM current mapping. Furthermore,
local current–voltage (I–V) measurements showed that the current transport follows the
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Fowler–Nordheim (FN) tunneling mechanism, with an average AlN/GaN barrier height
of <ΦB> = 2.08 eV.

2. Materials and Methods

MOCVD n-type (~1017 cm−3) GaN grown on sapphire was used as substrate for
the AlN deposition, which was carried out in a PE-ALD LL SENTECH reactor (Sentech,
Instruments GmbH, Berlin, Germany) using trimethylaluminum (TMA) as the Al precursor
(Air liquide, Catania, Italy) and NH3-plasma as co-reactant. A capacitively coupled plasma
(CCP) source working through a 13.56 MHz RF-generator with a power of 200 W was
used to generate the NH3-plasma reaction gas. Each ALD cycle consisted of 30 ms and
15 ms pulse times of TMA and NH3-plasma, respectively, alternated with a purging pulse
of N2 to remove unreacted precursors and clean the deposition chamber. The deposition
processes were performed at a temperature of 300 ◦C and a pressure of 20 Pa. The cycle
number (60 deposition cycles) during the ALD process was established in order to achieve
the desired thickness of 5 nm. Preliminary morphological analyses of the as-deposited AlN
layers were carried out by tapping mode Atomic force microscopy (AFM), using a D3100
microscope (Bruker, San Francisco, CA, United States) with a Nanoscope V controller.
Capacitance–voltage (C–Vg) measurements on AlN film on GaN were performed using
a mercury (Hg)-probe system. This method is highly beneficial because it provides a
straightforward evaluation of the electrical behavior without any step of processing for
the fabrication of capacitors. The capacitance was evaluated by measurements acquired
between two front contacts, the smallest one consisting of a liquid Hg droplet with a
controlled volume, and the other one consisting of a metal ring with a much larger area.

Cross-sectioned samples were prepared by focused ion beam (FIB) (SCIOS2 SEM+FIB
dual beam manufactured by ThermoFisher, Brno, Czech Republic) and high resolution
structural/chemical characterization by transmission electron microscopy (TEM), scan-
ning transmission electron microscopy (STEM) and energy dispersion spectroscopy (EDS)
performed with an aberration-corrected Titan Themis 200 microscope (ThermoFisher, Eind-
hoven, Netherlands).

Finally, the current transport across the 5 nm AlN layer on GaN was investigated
at the nanoscale by performing conductive-atomic force microscopy (C-AFM) current
mapping and local current–voltage (I–Vtip) characterizations with diamond-coated Si
tips, using DI 3100 AFM equipment (Bruker, San Francisco, CA, USA) with Nanoscope
V electronics. Furthermore, local dC/dV vs. Vtip characteristics were collected by the
scanning capacitance microscopy (SCM) module, using same diamond-coated Si tips,
in order to evaluate the uniformity of the flatband voltage (VFB) for the tip/AlN/GaN
heterostructure.

3. Results

Two representative AFM morphological images of the virgin GaN-on-sapphire sub-
strate (a) and after the PE-ALD of AlN (b) are shown in Figure 1. The atomic terraces of
the GaN surface remained clearly visible after deposition of the ultrathin (5 nm) AlN film,
confirming the uniform and conformal coverage by the ALD process. The increased root
mean square (RMS) roughness, from 0.28 nm of the bare GaN to 0.54 nm of the AlN coated
surface, is due to the morphology of the deposited film.

A detailed structural and chemical investigation of the AlN film and its interface with
GaN was carried out by high angle annular dark field (HAADF) STEM measurements
combined with EDS, and by high-resolution TEM. Figure 2a reports a cross-sectional
HAADF image, showing a very sharp atomic number Z-contrast between the AlN thin
film and the GaN substrate. The Pt layer on top of AlN was used as protection during FIB
sample preparation. The Z contrast allowed us to clearly visualize the interface between
the AlN film and GaN and to precisely evaluate the film thickness, which coincided with
the expected thickness of 5 nm. Furthermore, Figure 2b–f report the corresponding EDS
chemical maps of Ga, N, Al, O and Pt, shown with different elemental combinations,
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from which the distribution of the different species in the analyzed stack could be clearly
deduced. In particular, the presence of unintentional oxygen contamination within the
deposited film was observed, similarly to what was reported in other papers on PE-ALD
grown AlN layers [22,27]. In order to provide quantitative compositional information, the
scan lines of the percent atomic concentrations for the Ga, Al, N and O elements in the
stack are shown in Figure 2g. The interface between the GaN substrate and the deposited
Al (O) N film, taken as the crossing point between the Ga and Al profiles, was indicated
by the vertical dashed line at z = 0. A gradient in the oxygen concentration was clearly
observed, with a decrease from ~70% at the film surface to ~15% at the interface with GaN.
It should be noted that the evaluated oxygen percentage can be affected by artifacts, e.g.,
the natural oxidation of the cross-sectioned surface of the TEM lamella, which can justify
the 10% oxygen content measured in the GaN region. The observed oxygen concentration
gradient in the deposited Al (O) N film provides some indication of the possible sources
of the oxygen contamination. In fact, oxygen incorporation during the PEALD growth,
due to the presence of oxygen-based species activated by the plasma, would result in
a uniform concentration within the deposited films. On the other hand, the decreasing
oxygen concentration from the film surface to the interface with GaN is more consistent
with oxygen incorporation occurring after the AlN layer growth by diffusion from the
surface. This may happen either in the cooling step of the ALD process, in the presence or
oxygen gas residuals in the chamber or, most probably, by exposure to the air atmosphere.
In this respect, it can be important to evaluate the time-scale in which the oxidation occurs.
The TEM-based chemical characterizations reported above are typically performed within
one week from the sample deposition. Furthermore, analyses performed after longer
times (approximately one month) exhibit the same qualitative behavior, suggesting that
the samples do not undergo long time aging effects. As discussed later on in this paper,
non-destructive electrical measurements (capacitance–voltage and C-AFM current maps)
were also performed on the as-deposited samples, as well as after some days from the
deposition. No significant variations of the electrical parameters (2DEG carrier density,
homogeneity of injected current) were detected, suggesting that the oxidation occurred in
the early stages, i.e., within one hour, from the exposure to the air.

In order to evaluate the lattice structure in the interface region between the deposited
AlN film and the GaN substrate, a high-resolution TEM image is reported in Figure 3,
showing an atomically abrupt AlN/GaN interface, with a perfectly epitaxial alignment in
the first AlN atomic layers. The AlN film exhibited the hexagonal stacking of the wurtzite
structure characteristic of GaN material in the interfacial region, whereas a deviation from
this stacking order could be observed at a distance of ~1 nm from the interface. The
measured values of the (0002) plane distances were 0.2573 nm for GaN and 0.2472 nm for
AlN. The X-ray reference standards for the two crystals were 0.259 nm for GaN (0002) plane
distances (JCPDS card 02-1078) and 0.249 nm for the AlN (0002) plane distances (JCPDS
card 25-1133). Hence, the determined values are in good agreement with the references.

Figure 1. Morphological images of the virgin GaN substrate (a) and after PE-ALD of 5 nm thick AlN
film (b).
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Figure 2. (a) Cross-sectional HAADF-STEM image of the 5 nm AlN film on GaN. (b–f) Corresponding EDS chemical maps
of Ga, N, Al, O and Pt, shown with different elemental combinations, from which the distribution of the different species in
the analyzed stack can be clearly deduced. (g) EDS scan lines of the percent atomic concentrations for the Ga, N, Al and
O species.

 
Figure 3. High resolution TEM image of the AlN/GaN interface region.

Noteworthily, in spite of the very large oxygen content in the surface region of this 5 nm
thick film, the epitaxial arrangement of AlN with GaN was preserved in the near interface
region, guaranteeing the generation of a 2DEG, as confirmed by Hg-probe capacitance–
voltage (C–Vg) measurements. In particular, Figure 4a shows a typical C–Vg curve mea-
sured at 100 kHz frequency. The 2DEG sheet carrier density ns as a function of Vg (see
Figure 4b) was calculated by integration of the C–Vg and subtracting the contribution associ-
ated with the GaN substrate doping. The relatively low values of ns (0) = 1.45 × 1012 cm−2

and of the 2DEG pinch-off voltage (Vpo = −1.8 V) can be explained by the small thickness
(~1 nm) of epitaxial AlN as compared to the total of deposited thickness (5 nm), as deduced
from TEM analyses.

Then, the vertical current transport across the ultra-thin AlN barrier layer on GaN was
investigated at the nanoscale by C-AFM. Figure 5a,b show the typical morphological image
and the corresponding current map collected by scanning the diamond tip on the sample
surface, while applying a bias Vtip = 5 V with respect to a large area electrode deposited on
top of AlN, as schematically illustrated in the inset of Figure 5c. Quite uniform electron
injection from the interfacial 2DEG through the thin AlN layer could be deduced from this
map. To gain further insight in the current transport mechanism through the AlN film,
local current–voltage (I–Vtip) measurements were performed by displacing the tip on an
array of 5 × 5 positions. The collected I–Vtip curves exhibited a rectifying behavior, with a
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very low current level under reverse (negative) polarization of the tip, and an exponential
increase of the current for positive bias values Vtip > 3 V.

Figure 4. (a) Capacitance–voltage (C−Vg) curves measured by the Hg−probe setup on the AlN/GaN
heterostructure. (b) 2DEG sheet carrier density ns (cm−2) as a function of Vg obtained by integration
of the C–Vg curve and subtraction of the GaN doping contribution. The carrier density at Vg = 0 and
the 2DEG pinch-off bias (Vpo) are indicated.

Figure 5. (a) Morphology and (b) vertical current map on 5 nm AlN film on GaN measured by
C-AFM at a tip bias Vtip = 5 V. (c) Local I–V curves measured on an array of 5 × 5 positions of
the diamond-tip on the AlN surface. The experimental configuration for C-AFM measurements is
schematically illustrated in the insert of panel (c).

As a complementary analysis to C-AFM current mapping, Figure 6 reports a set
of dC/dV vs. Vtip characteristics measured on an array of 5 × 5 positions of the dia-
mond tip on the AlN surface, using the SCM setup (as schematically depicted in the
inset of the same figure) [28]. The nanoscale differential capacitance for the AlN/GaN
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heterostructure depends on the local AlN barrier thickness and dielectric constant, as well
as on the GaN doping and interfacial 2DEG density. Furthermore, the peak voltage in
the curves corresponds to the local flatband voltage (VFB) of the diamond tip/AlN/GaN
metal/insulator/semiconductor system, which is related both to the tip/semiconductor
workfunction difference and to charges in the AlN Film. The fact that the local dC/dV
curves measured at different surface positions all overlapped each other demonstrates a
high lateral uniformity of the dielectric properties of the AlN film, as well as of the carrier
density at the interface with GaN. In particular, the determination of the local flatband
voltage value (VFB = 0.3 V) is important to gain deeper insight in the current transport
mechanism through the AlN layer, starting from the local I–Vtip characteristics in Figure 5c.

Figure 6. Local dC/dV–Vtip curves measured on an array of 5 × 5 positions of the diamond-tip on
the AlN surface. The flatband voltage VFB = 0.3V for the diamond tip/AlN/GaN heterostructure
is indicated. The experimental configuration for SCM measurements is schematically illustrated in
the inset.

The exponential dependence of the current in these characteristics was modelled
by the Fowler–Nordheim (FN) tunneling mechanism, typically employed to describe
electronic transport across thin insulating films [29]. According to the FN equation, the
current tunneling through the triangular barrier can be expressed as:

I =
q3mE2

8πhΦBmox
exp

⎡
⎣−8π

√
2moxΦ3

B

3qh
1
E

⎤
⎦ (1)

where E = (Vtip−VFB)/d is the local electric field applied by the tip (d = 5 nm being the
barrier layer thickness), Φ B is the energy barrier at the AlN/GaN interface, q is the electron
charge, h is the Boltzmann constant and mox is the effective tunneling mass of the thin
barrier layer. Since the deposited Al (O) N layer featured a large oxygen concentration
gradient (from ~70% at the surface to ~15% at the interface with GaN), the tunneling
effective mass should be an intermediate value between the AlN and Al2O3 ones. However,
quite similar effective mass values (mox ≈ 0.4 m0, m0 being the free electron mass) were
reported in the literature for Al2O3 [30] and AlN [31]. Hence, the mox ≈ 0.4 m0 value was
considered in Equation (1).

Figure 7a shows the FN plot (i.e., ln (I/E2) as a function of 1/E) for one of the
forward I–V curves in Figure 5c. At high electric field values, the linear fit of this curve
exhibited a correlation factor R very close to unity, indicating excellent agreement of the
data with the FN model. A barrier height Φ B = 2.01 eV was extracted from the slope of
the fit. Furthermore, Figure 7b shows the histogram of Φ B values obtained by performing
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the same fitting procedure on each of the I–V curves in Figure 5c. An average barrier
height <ΦB> = 2.08 eV with a standard deviation of ±0.19 eV was evaluated from this
distribution. Noteworthly, these values were in reasonable agreement with the calculated
ones for the AlN/GaN conduction band offset ΔEC (from 2.1 to 2.7 eV) [32,33]. This result
indicates that in spite of oxygen incorporation in the PE- ALD grown thin film, the current
injection behavior is ultimately determined by the high quality epitaxial interface between
AlN and GaN.

Figure 7. (a) Fowler–Nordheim plot of a forward bias I–V curve measured on AlN (5nm)/GaN
and results of the linear fit. The schematic band-diagram of the heterostructure under forward
polarization is reported in the insert. (b) Histogram of the barrier height values obtained by fitting of
the I–V curves acquired at different surface positions.

4. Conclusions

In conclusion, ultra-thin (5 nm) AlN films with uniform and conformal morphology
to the GaN substrate were grown by PE-ALD at a temperature of 300 ◦C. Structural
investigation by high-resolution TEM demonstrated an atomically abrupt interface between
GaN and AlN, with a perfect epitaxial alignment of the first atomic layers. However, a
deviation from the wurtzite stacking was observed at a distance of ~1 nm from the interface.
Chemical analysis by EDS profile demonstrated oxygen contamination of the AlN layer.
This contamination, attributable to the atmosphere exposure after the ALD process, is
mainly observed on the surface region, whereas it reduces to a rather low value (~10–15%)
at the interface. The epitaxial interface results in the formation of a 2DEG with a sheet
carrier density of 1.45 × 1012 cm−2. The current map by C-AFM demonstrated a uniform
vertical current transport by the electron injection from the interfacial 2DEG through
the AlN barrier layer. The current transport was identified with the Fowler–Nordheim
(FN) tunneling mechanism, and an average barrier height value of <ΦB> = 2.08 eV was
estimated, in good agreement with the expected AlN/GaN conduction band offset.

This work is useful for future application of AlN thin films by ALD as a tunneling
barrier for GaN-based vertical devices. The incorporation of oxygen inside the AlN layer is
certainly a crucial aspect for the possible effects on the structural and electrical properties
of the AlN films. For this reason, it needs to be controlled to improve the AlN stability, for
example by optimization of the ALD process, the cooling step and/or the post-deposition
treatment. However, the ALD process, despite the low deposition temperature, guarantees
an optimal epitaxy, mainly in the first atomic layers, which is appropriate for the 2DEG
formation and highly uniform current injection.
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Krysko, M.; et al. Structural and electrical properties of AlN thin films on GaN substrates grown by plasma enhanced-Atomic
Layer Deposition. Mater. Sci. Semicond. Process 2019, 97, 35–39. [CrossRef]

21. Voon, K.J.; Bothe, K.M.; Motamedi, P.; Cadien, K.C.; Barlage, D.W. Polarization charge properties of low-temperature atomic layer
deposition of AlN on GaN. J. Phys. D Appl. Phys. 2014, 47, 345104. [CrossRef]

22. Van Bui, H.; Wiggers, F.B.; Gupta, A.; Nguyen, M.D.; Aarnink, A.A.I.; de Jong, M.P.; Kovalgin, A.Y. Initial growth, refractive index,
and crystallinity of thermal and plasma enhanced atomic layer deposition AlN films. J. Vac. Sci. Technol. A 2015, 33, 01A111.
[CrossRef]

23. Korbutowicz, R.; Zakrzewski, A.; Rac-Rumijowska, O.; Stafiniak, A.; Vincze, A. Oxidation rates of aluminium nitride thin films:
Effect of composition of the atmosphere. J. Mater. Sci. Mater. Electron. 2017, 28, 13937. [CrossRef]

24. Chen, Y.; Hou, X.; Fang, Z.; Wang, E.; Chen, J.; Bei, G. Adsorption and Reaction of Water on the AlN(0001) Surface from First
Principles. J. Phys. Chem. C 2019, 123, 5460. [CrossRef]

25. Liu, C.; Liu, S.; Huang, S.; Chen, K.J. Plasma-Enhanced Atomic Layer Deposition of AlN Epitaxial Thin Film for AlN/GaN
Heterostructure TFTs. IEEE Electron. Device Lett. 2013, 34, 1106. [CrossRef]

26. Chen, K.J.; Huang, S. AlN passivation by plasma-enhanced atomic layer deposition for GaN-based power switches and power
amplifiers. Semicond. Sci. Technol. 2013, 28, 074015. [CrossRef]

27. Miao, M.; Cadien, K. AlN PEALD with TMA and forming gas: Study of plasma reaction mechanisms. RSC Adv. 2021, 11, 12235.
[CrossRef]

28. Fiorenza, P.; Di Franco, S.; Giannazzo, F.; Roccaforte, F. Nanoscale probing of the lateral homogeneity of donors concentration in
nitridated SiO2/4H–SiC interfaces. Nanotechnology 2016, 27, 315701. [CrossRef] [PubMed]

29. Fiorenza, P.; Lo Nigro, R.; Raineri, V.; Salinas, D. Conductive Atomic Force Microscopy Studies on the Reliability of Thermally
Oxidized SiO2/4H-SiC. Mater. Sci. Forum 2007, 556, 501–504. [CrossRef]

30. Perevalov, T.V.; Shaposhnikov, A.V.; Gritsenko, V.A.; Wong, H.; Han, J.H.; Kim, C.W. Electronic structure of α-Al2O3: Ab initio
simulations and comparison with experiment. JETP Lett. 2007, 85, 165–168. [CrossRef]

31. Borga, M.; De Santi, C.; Stoffels, S.; Bakeroot, B.; Li, X.; Zhao, M.; Van Hove, M.; Decoutere, S.; Meneghesso, G.; Meneghini, M.;
et al. Modeling of the Vertical Leakage Current in AlN/Si Heterojunctions for GaN Power Applications. IEEE Trans. Electron.
Devices 2020, 67, 595–599. [CrossRef]

32. Rizzi, A.; Lantier, R.; Monti, F.; Lüth, H.; Della Sala, F.; Di Carlo, A.; Lugli, P. AlN and GaN epitaxial heterojunctions on
6H–SiC(0001): Valence band offsets and polarization fields. J. Vac. Sci. Technol. B 1999, 17, 1674. [CrossRef]

33. Roccaforte, F.; Fiorenza, P.; Lo Nigro, R.; Giannazzo, F.; Greco, G. Physics and technology of gallium nitride materials for power
electronics. Riv. Nuovo Cim. 2018, 41, 625–681.

92



nanomaterials

Article

Structural Characteristics of the Si Whiskers Grown by
Ni-Metal-Induced-Lateral-Crystallization

Béla Pécz 1,*, Nikolaos Vouroutzis 2, György Zoltán Radnóczi 1, Nikolaos Frangis 2 and John Stoemenos 2

Citation: Pécz, B.; Vouroutzis, N.;

Radnóczi, G.Z.; Frangis, N.;

Stoemenos, J. Structural

Characteristics of the Si Whiskers

Grown by Ni-Metal-Induced-Lateral-

Crystallization. Nanomaterials 2021,

11, 1878. https://doi.org/10.3390/

nano11081878

Academic Editor: Francesca Iacopi

Received: 30 April 2021

Accepted: 12 July 2021

Published: 22 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Centre for Energy Research, Institute for Technical Physics and Materials Science, EK MFA, Konkoly-Thege
Miklós út 29-33, 1121 Budapest, Hungary; gy.radn@mfa.kfki.hu

2 Department of Physics, Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece;
nikosv@auth.gr (N.V.); frangis@auth.gr (N.F.); stoimeno@auth.gr (J.S.)

* Correspondence: pecz.bela@ek-cer.hu

Abstract: Si whiskers grown by Ni-Metal-Induced-Lateral-Crystallization (Ni-MILC) were grown
at 413 ◦C, intentionally below the threshold for Solid State Crystallization, which is 420 ◦C. These
whiskers have significant common characteristics with whiskers grown by the Vapor Liquid Solid
(VLS) method. The crystalline quality of the whiskers in both methods is the same. However, in
VLS, a crystalline substrate is required, in contrast to the amorphous one in Ni-MILC for the growth
of single crystalline whiskers. Moreover, whiskers grown by VLS have a polygonal cross-section
with their diameter determined by the diameter of the hemispherical metallic catalysts. On the other
hand, in the Ni-MILC, the cross-section of the whiskers depends on the size of the NiSi2 grain from
which they are emanated. This was confirmed by observing the crossing whiskers and the rotational
Moiré patterns in the crossing area. The structure of disturbed short and thin nonlinear branches on
the side-walls of the whiskers was studied. In the whiskers grown by the VLS method, significant
contamination occurs by the metallic catalyst degrading the electrical characteristics of the whisker.
Such Si whiskers are not compatible with the current CMOS process. Whiskers grown by Ni-MILC
at 413 ◦C are also contaminated by Ni. However, the excess Ni is in the form of tetrahedral NiSi2
inclusions which are coherent with the Si matrix due to the very low misfit of 0.4% between them.
These whiskers are compatible with current CMOS process and Thin Film Transistors (TFTs).

Keywords: crystallization of silicon; transmission electron microscopy; Moiré fringes

1. Introduction

Polycrystalline silicon (poly-Si) films are used in a wide range of applications, such as
large-area electronics, including Thin-Film Transistors (TFTs), solar cells and sensors. Solid-
Phase-Crystallization (SPC) is one of the simplest methods to crystallize amorphous silicon
(a-Si) films, though it requires temperatures above 600 ◦C [1,2]. In most applications, the
substrate is low-cost soft glass which requires lower process temperatures. The crystalliza-
tion temperature of a-Si can be lowered by the Ni-Metal-Induced-Lateral-Crystallization
(Ni-MILC). For the MILC, the preferred metal up to this date has been nickel (Ni) due
to its low residual metal contamination in the poly-Si region [3]. In this case, the a-Si
crystallized temperatures can be as low as 413 ◦C under the presence of nickel-disilicide,
NiSi2. The crystallization temperature of a-Si lowers under the presence of NiSi2 because
Ni atoms from the NiSi2/a-Si interlayer diffuse into a-Si, reducing the strength of the
covalent bonds at the interface caused by their interaction with the free electrons from the
metallic phase [4].

At the relatively low temperature of 413 ◦C, whiskers are only grown by Ni-MILC,
which makes them worth comparing to those ones grown by the standard VLS method, [5,6].
In the VLS process, the seed for the growth of the Si whisker is a droplet of liquid metal-
Si alloy, in most cases this is Au-Si alloy on a (111) Si substrate. The liquid droplet is
a preferred site for the Si deposition from the vapor phase; hence, the droplet becomes
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supersaturated with Si. Subsequently, the excess Si precipitates on the leading face of the
Si whisker at the backside of the droplet, resulting in the growth of the Si whisker [5]. In
both methods, long single crystalline whiskers are formed. In the VLS case, the isolated
whiskers are perpendicular to the substrate, in the MILC case, they are parallel to the
substrate and surrounded by a-Si.

In the case of Ni-MILC, the seeds are NiSi2 crystallites which are formed after the
reaction of Ni with the a-Si film at temperatures as low as 250 ◦C [7]. The NiSi2 is cubic,
having the CaF2 structure and lattice mismatch with crystalline Si of only 0.4%. During
annealing, nickel atoms from the NiSi2 seeds diffuse into a-Si, forming new layers of NiSi2
and leaving behind vacancies, accumulated at the backside of the NiSi2 grain. Subsequently,
a diamond type rearrangement of the Si bonds occurs, resulting in an epitaxial Si layer at
the backside of the NiSi2 module. This continuous process forms Si whiskers, as described
in detail in Refs. [8,9]. In this study, we will show that whiskers grown in a-Si by Ni-MILC
at 413 ◦C are similar to those grown by the VLS process. It is worth noticing that the
residual Ni contamination of the Si whiskers grown by Ni-MILC is significantly lower in
respect to those grown by VLS, where the metal impurity is gold, which is detrimental for
electrical properties [10].

We want to note that at high temperature (typically 600 ◦C), MILC process, also Solid
State Crystallization (SPC), happens in a significant way. Namely, the Si whiskers act as
seeds facilitating the SPC crystallization around the whiskers (this will be shown later). As
this second growth (SPC) process around the whiskers occurs spontaneously, large, highly
defected crystallites are formed. The process is described widely in the literature, while
the extremely low-temperature case where SPC is completely avoided is worth studying
as well.

In order to study the influence of the SPC in the Ni-MILC process, annealing was
performed at 600, 555, 490, 454, 420 and 413 ◦C. In each case, the contribution of the SPC was
estimated by Transmission Electron Microscopy (TEM) observation of the mosaic structure
development around the whiskers. It was shown that even at 454 ◦C, the influence of the
SPC was noticeable; below 420 ◦C, no influence of the SPC was observed. These results are
included in our previous papers, Refs. [7,11,12]. This should be considered as the threshold
of the SPC in Ni-MILC. In the present work, we have studied the structural characteristics
of whiskers grown below this threshold, namely at 413 ◦C, which corresponds to the lowest
temperature annealing we have performed. In this manner, we could study the formation
of Si nanowires, which is the characteristic of Ni-MILC process, and compare the results to
vertical Si nanowires grown on single crystalline silicon by the Au-VLS method.

2. Materials and Methods

The specimen preparation for the Ni-MILC experiment at 413 ◦C was already pre-
sented in detail in Refs. [11,12]. A brief presentation of the procedure is shown schematically
in Figure 1. The specimens were annealed at 250 ◦C for 10 min in nitrogen atmosphere
for the formation of NiSi2 pads, as shown in Figure 1f. The nonreacted Ni was etched
by HNO3, (Sigma Aldrich, Athens, Greece) Figure 1g. The thickness of the deposited Ni
film was chosen to give stoichiometric NiSi2 to all the depth of the a-Si film. In this way,
a pattern of NiSi2 pads was formed. Annealing was performed for the realization of the
Ni-MILC process. For this purpose, samples with dimensions of 15 mm × 6 mm were
placed in quartz ampoules which were sealed in vacuum {8 × 10−2 (Pa)} and annealed at
413 ◦C for 11 Ds (days), and for 32 Ds. Annealing was performed in an oven equipped
with a temperature controller; moreover, a thermocouple was also used to check the actual
temperature of the specimens. The accuracy of the temperature measurement is ±1 ◦C.
Conventional MILC specimens were annealed at 520 ◦C for 1 h in nitrogen atmosphere for
reference purposes. Specimens for Plane View TEM (PVTEM) observations were prepared
by etching the capping protection SiO2 layer, the SiO2 buffer layer and the glass substrate
using HF (Sigma Aldrich, Athens, Greece) and subsequently lifting off the Si film on gold
micro-grids. For the structural characterization, a 2010 JEM microscope (JEOL Corp. Tokyo,
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Japan) as well as a Thermo Fisher THEMIS 200 image corrected microscope (Eindhoven,
The Netherlands) was used.

 

Figure 1. Schematic representation of the specimen preparation for the Ni-MILC experiment at
413 ◦C. (a) Deposition of 200 nm thick SiO2 buffer layer on glass substrate by PECVD. (b) Deposition
of 50 nm a-Si by LPCVD. (c) Deposition of a 50 nm thick SiO2 capping layer by PECVD. (d) Open
windows in the SiO2 capping layer for the pad formation. (e) Deposition of 15 nm thick nickel.
(f) Annealing at 250 ◦C for 10 min in order to form polycrystalline NiSi2 in the area of the windows.
(g) The nonreacted Ni is etched by HNO3.

3. Results and Discussion

A Si whisker grown by Ni-MILC at 413 ◦C is not affected by Solid Phase Crystallization
(SPC) [7,11]. In contrast, the same process in the range of temperatures 500–600 ◦C is
strongly affected by SPC, creating a high density of defects. Therefore, the absence of SPC
at Ni-MILC at 413 ◦C results in better quality Si whiskers comparable to those grown by
the VLS method.

At first glance, the contribution of SPC in Ni-MILC should be insignificant because
the incubation period for random nucleation at 600 ◦C is more than 10 h [2]. However, the
incubation period for a-Si crystallization in Ni-MILC is zero, as was shown by an in situ
TEM experiment, Radnoczi et al. [7]. Therefore, SPC is significant in Ni-MILC because the
pre-existing whiskers act as seeds for crystallization unless the annealing temperature is
sufficiently low to prevent the crystallization.

The contribution of the SPC at 520 ◦C is shown in the TEM micrographs in Figure 2a,b.
Figure 2a shows the formation of Si whiskers in the areas denoted by the letters D and F after
annealing for 2 min. The same areas are shown in Figure 2b 6 min later. Now, the whiskers
are surrounded by misoriented Si grains due to SPC using the whiskers as seeds. The
significance of SPC in Ni-MILC above 500 ◦C is shown in the high magnification micrograph
in Figure 2c where the whiskers are surrounded by slightly misoriented grains, resulting in
a mosaic structure. Overlapping grains give a Moiré pattern of rotational type [13], which
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is denoted by the letter M in Figure 2c. More details on the SPC involvement in Ni-MILC
above 500 ◦C are shown by M. Miyasaka et al. [14], also by Radnoczi, G.Z. et al. [7].

 

Figure 2. TEM micrographs from in situ Ni-MILC at 520 ◦C where SPC is significant. (a) In the areas D and F, Si whiskers
are evident, frequently changing direction, forming a loop in area D. (b) The same area 2 min later, the areas D and F are
covered by slightly misoriented grains due to SPC. (c) Slightly misoriented overlapping grains due to the SPC process give
Moiré patterns of rotational type shown by arrows.

3.1. Tweed-Like Structure in Ni-MILC at 413 ◦C

The SPC process can be completely inhibited by lowering the annealing temperature
to 413 ◦C, resulting in pure Ni-MILC. The films consist of a mixture of whiskers growing
fast along the [111] crystallographic direction and whiskers grown slowly, having random
crystallographic orientations, other than the [111] [5]. The overall view of such a film is
shown at the low magnification micrographs in Figure 3a. The NiSi2 pad, denoted by
the letter P, is surrounded by a net of fast [111] type and slow type whiskers, resulting in
a tweed-like structure; this is shown in the high magnification macrograph in Figure 3b,
where three parallel fast [111] whiskers, A, B, C, are intersected by the slow [112] whisker
E. At the edges of the tweed-like film, bands of long parallel [111] type whiskers are
observed as shown in Figure 3a. This is the result of the natural crystal filtering due to
growth-velocity competition which is observed when grains meet other grains that have
already been crystallized [13,14]. The observed long whiskers must be exactly parallel to
the substrate; otherwise, they touch the surface or the bottom of the film and stop. Whiskers
as long as 9 μm were observed, as shown in Figure 3a. The crystal filtering effect was also
observed in the Ni-MILC at 550 ◦C, where SPC is also involved, by artificial preferred
filtration through a narrow neck in the a-Si which was formed artificially by lithography,
creating a SiO2 barrier in the a-Si, before the onset of Ni-MILC [15,16].
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Figure 3. TEM micrographs from Ni-MILC at 413 ◦C where SPC is completely suppressed. (a) Overall
view of the structure around the pad denoted by the letter P. A continuous poly-Si film consisting of a
mixture of fast and slow whiskers resulting in a tweed-like structure is extended up to 8 μ. Then, long
fast [111] type whiskers emanate due to growth–death competition mechanism. (b) The tweed-like
structure shown at higher magnification.

3.2. Crossover of the Whiskers in Ni-MILC at 413 ◦C

In some cases, the whiskers can cross each other, as shown in Figure 4a, denoted by
the letters A, B and C. Very often, Moiré patterns are formed in the crossing area, revealing
overlapping of the whiskers in this area. This is evident in the areas A and B, as shown in
the higher magnification micrograph of Figure 4b.

The formation of Moiré patterns in two crossing whiskers was systematically studied
as shown in Figure 5a; the crossing whiskers are denoted by the letters A and B. The diffrac-
tion pattern in the inset of Figure 5a was taken from the crossing area and corresponds
to the (112) zone, revealing that the whisker A grows along the [111] direction; in other
words, it is a fast type whisker. The reflection 220 is common for both whiskers and is
split, making a small angle of about 3.5◦. These double spots create the Moiré patterns in
the crossing area. The Moiré patterns are extended perpendicular to the g220 reflection,
namely along the [111] direction. Therefore, the Moiré patterns are of the rotation type [13],
having a periodicity of 2.7 nm. The direction of growth of the whisker B is the [112]. This
was deduced considering the angle which it forms with whisker A and with the common
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direction [110]. These are 62◦ and 30◦, respectively; only the [112] direction forms such
angles with the [111] and [110] directions. Therefore, the whisker B is a slow type whisker.

 

Figure 4. TEM micrographs. (a) Overall view of crossing whiskers; in some cases, the same whisker
crosses several whiskers having different orientations denoted by the letters A, B and C. (b) The
crossing areas A and B at higher magnification reveal the formation of Moiré fringes.
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Figure 5. (a) High magnification TEM micrograph from the crossing area of two whiskers A and B in
the inset is the corresponding diffraction pattern. The two whiskers have common reflection of 220,
which is split; the Moiré fringes are perpendicular to this reflection, revealing that they are of the
rotational type. (b) Schematic representation in 3D of two overlapping whiskers emanating from the
NiSi2 pad. The total thickness of the overlapping whiskers A and B must not exceed the thickness of
the film.

A more accurate estimation of the misorientation of the two whiskers can be deduced
by applying the equation

θ = d/D (1)

where D is the periodicity of the Moiré patterns, d the spacing of the lattice planes of the
operating diffraction, in our case d220 = 0.192 nm and θ the angle of the misorientation
in rad. For D = 2.7 nm, we have θ = 0.071 rad = 4.07◦; this is the exact angle between the
split 220 spots. The overlap of the two whiskers A and B is shown schematically in 3D in
Figure 5b. The total thickness of the overlapping whiskers A and B must not exceed the
thickness of the film, which is 50 nm.

According to Equation (1), when the overlapping whiskers form a relatively large
misorientation angle θ, the periodicity of the rotational Moiré patterns is small, requiring
high-resolution TEM to be revealed; this is shown in the high-resolution TEM micrograph
in Figure 6. In this case, two fast [111] type whiskers A and B partially overlap, creating
rotational Moiré patterns with periodicity D111 = 1.38 nm, as shown in Figure 6. The
misorientation angle θ was calculated from Equation (1) with common reflection 111,
(d111 = 0.3138 nm), resulting in θ = 13.035◦. Since the whiskers A and B have the (110) zone
axis, they also have the reflections 220 and 002 in common; therefore, rotation type Moiré
should also be observed from these reflections. It is worth noticing that the 200 reflection
is forbidden in the diamond structure; however, it appears, especially in the section (110)
due to double reflection of the 111 and 111 spots; that is why it is denoted with a star (*).
However, the Moiré patterns are intense only for reflections which are close to the “two
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beam” case, fading fast outside of it. This is the case in Figure 6, where only one set of
Moiré patterns is observed.

 

Figure 6. High-resolution TEM micrograph from two partially overlapping [111] type whiskers A and B; the overlapping
area is denoted by the letter C. The observed rotational Moiré pattern has a periodicity of D111 = 1.38 nm.

Another example of two partially overlapping parallel whiskers, A and B, is shown in
Figure 7. The related diffraction pattern in the inset of Figure 7 confirms that the parallel
whiskers A and B are of the slow type, grown along the [110] direction with their (110)
planes perpendicular to the electron beam. The periodicity of the Moiré pattern is 11 nm,
also running parallel to this direction, revealing that they are created from the strong 002
reflection which is perpendicular to the [110] direction. According to Equation (1), the
angle of rotation θ for the reflection 002 is only 1.4◦, too small to be distinguished in the
diffraction pattern.

 

Figure 7. TEM micrograph of two partially overlapping parallel whiskers A and B. The related
diffraction pattern in the inset reveals that the parallel whiskers A and B are in the (110) section,
grown along the [110] direction, and therefore are of the slow type.

The cross-section of the whiskers grown by VLS are symmetric polygonal, growing
from a single crystalline Si substrate [5]. In contrast, in the Ni-MILC, the Si whiskers grow
from NiSi2 grains which have different size, shape and orientation. This explains why two
whiskers having width of about 50 nm, as shown in Figure 5a, can overlap in a 50 nm thick
film. Obviously, the cross-section of the whiskers in Ni-MILC is not symmetric polygonal,
as shown schematically in the 3D Figure 5b. This is a significant dissimilarity in the two
processes.

The Moiré patterns are very sensitive to any lattice misorientation. The exclusion
of the SPC process results in homogeneous Moiré patterns in the overlapping whiskers.
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If the overlapping whiskers are also affected by the SPC process causing random small
misorientations (Ni-MILC temperature above 500 ◦C), then the overlapping area would be
divided into smaller areas, exhibiting rotational Moiré patterns of different periodicity and
orientation due to the misoriented grains as shown in Figure 2c.

3.3. Width of the Whiskers

Whiskers grown by VLS have polygonal cross-section with a diameter determined by
the diameter D of the hemispherical metallic catalysts according to the equation:

D = 4VLσLV/RT ln(s) (2)

where VL is the molar volume of the metallic droplet, σLV the liquid-vapor surface energy
and s the degree of supersaturation of the vapor [10]. Nevertheless, Oswald ripening
mechanism leads to the formation of larger droplets of metal catalyst. On the other hand,
in the Ni-MILC case the cross-section of the whiskers depends on the size of the NiSi2 grain
from which they are emanated. Thus, the mean size of the grains in the NiSi2 pads grown
at 250 ◦C is 60 nm, but most of them are below 50 nm in the perpendicular direction as
schematically shown in Figure 5b. The cross-section of the Si whiskers is fitted to the facet
of NiSi2 grain from which they are emanated. Therefore, the whiskers are not symmetrical,
as already schematically described in Figure 5b.

3.4. Saw-Tooth Faceting of the Side-Walls of the Whiskers

In the fast <111> whiskers grown by Ni-MILC, saw-tooth faceting of the side-walls is
frequently observed, with the longest segments of the tooth to be the (111) planes, as shown
in Figure 8. Similar structures were observed in whiskers grown by VLS [5]. Saw-tooth
faceting occurs when the side-walls are not stable; namely, they do not belong to the
equilibrium crystal shape. In this case, the surface breaks into stable saw-tooth facets [17].

Figure 8. Cross-section TEM micrograph from fast [111] whiskers viewed in (110) section. A saw-tooth faceting of the
side-walls is evident, with the longest segments of the tooth being the (111) planes.

3.5. Straight Whiskers in Ni-MILC at 413 ◦C

In Ni-MILC above 520 ◦C, the fast [111] type whiskers prevail, changing their course
frequently to other equivalent <111> directions, facilitating in this way the crystalliza-
tion [13], as shown in the TEM micrograph in Figure 2a,b. In contrast, the whiskers in
Ni-MILC at 413 ◦C are, in general, straight, rarely changing their course as shown in
Figures 3a and 4a. It is speculated that the reason for this difference is the extra dangling
bonds which are required when a [111] whisker changes its course to another equivalent
direction, say the [111] as schematically shown in Figure 9. The whisker A is a fast [111]
one growing linearly to a length L; the whisker B is also fast, having the same length, which
during the growth was switched to another equivalent [111] direction. For the switching,
an extra part is required, denoted by red in Figure 9. Therefore, extra dangling bonds are
created for the same length, making this change unfavorable from the energetic point of
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view, especially at lower temperatures. The switching to the [111] direction is also shown
in the schematic atomic representation viewed in the (110) section in Figure 9. The extra
dangling bonds included in the red area are evident. It is worth noticing that the Ni-MILC
at 413 ◦C is a very slow process permitting the atoms to find the lowest energy position
minimizing the dangling bonds and resulting in straight whiskers as in VLS. This is not the
case in the conventional Ni-MILC above 520 ◦C where significant SPC occurs. In this case,
the <111> whiskers change their course frequently to another equivalent <111> direction,
facilitating, in this way, the crystallization of the intermediate amorphous space by SPC
growth as it is shown in Figure 2; see also M. Miyasaka et al. [14]. This is a consequence
of the minimum action principle, namely the system takes the lower energy state in the
minimum time.

 
Figure 9. Schematic representation of a fast [111] whisker denoted by the letter A which grows
linearly having a length L. Compare this whisker with the whisker B having the same total length
L. During the growth, the whisker B switches to the equivalent [111] direction. Although the two
whiskers have the same length, an extra part denoted by red is required for the switching, including
the formation of extra dangling bonds. This is also shown schematically in atomic scale in the
section (110).

3.6. Disturbed Ni-MILC at 413 ◦C

In some cases, the Ni-MILC at 413 ◦C is disturbed so that short and thin nonlinear
branches appear at the side-walls of the whisker as shown in the whiskers A and B in
the DF-PVTEM micrograph in Figure 10a. It is speculated that the disturbance of the
crystallization is due to contamination. Similarly, side-wall branches were observed due to
contamination in nanowires grown by VLS [5]. In Figure 10a, in the area A, the formation of
these branches is followed by splitting of the original whisker into two thinner ones, which
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are parallel to the original. In the region B, the crystallization stops after the formation of
the side-wall branches. These branches are microcrystalline, consisting of grains having a
mean size of 7 nm as shown in Figure 10b. In the grain denoted by the letter T in Figure 10b,
a pattern with periodicity of three times the d111 spacing of the Si lattice, D = 3d111 = 0.95
nm, was observed along the direction [111]. This is confirmed by the extra spots in the
Fast Fourier Transform (FFT) shown in the inset, in the bottom of Figure 10b. This is not a
superlattice structure in Si; they are simply Moiré patterns which are formed by double
diffraction of the electron beam in the Si matrix and an overlapping (111) type twin, i.e., a
Σ3 type twin, viewed in the (110) section.

 

Figure 10. (a) DF-PVTEM micrograph showing disturbed nonlinear branches at the side-walls of the whiskers A and B. In
the whisker A after the formation of the disturbed branches, the whisker was split into two parallel ones. In the case of
whisker B, the growth was stopped. Both the whiskers were fast [111] types viewed in the (220) section. (b) The nonlinear
branches consist of highly defected grains. In the area denoted by the letter T, Moiré pattern is observed with periodicity
D111 = 3d111; these are formed by double diffraction of the electron beam in the matrix and an overlapping (111) twin; when
viewed in the (110) section, this is confirmed by the Fast Fourier Transform shown in the inset. (c) Two overlapping grains,
slightly misoriented A and B, are viewed in the (110) section, having the common (111) reflection in strong contrast. Moiré
pattern of rotation type is observed, having periodicity of D111 = 1.38 nm, which corresponds to a misorientation of 1.34◦.

Very often, grains with different orientations overlap, giving Moiré pattern as shown
in Figure 10c. The grain A viewed in the exact (110) section overlaps with the grain B which
gives strong contrast from the (111) lattice planes which are rotated 13.3◦ (0.23 rad) in
respect to the grain A, as shown in Figure 10c. Moiré pattern of the rotation type is formed
in the overlapping area with periodicity D = d/θ = 0.3183 nm/0.23 = 1.38 nm. This was
confirmed by measuring the periodicity of the Moiré patterns D in Figure 10c, which was
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found to be D = 1.32 nm. It is evident that these short and thin, highly defected whiskers
were grown by the SPC process.

3.7. Impurities in the Si Whiskers

In the VLS method, many metals are used as catalysts for the growth of Si whiskers;
from these, the most successful is gold. However, due to the contact between the liquid
Au alloy and the whisker at a high temperature, the Si is inevitably contaminated by
gold. This contamination increases the impurity level in the Si, degrading the electrical
characteristics of the whisker [18]. Although there is a detailed paper on gold detection
in Si nanowires [19], which says that incorporated gold does not influence in a significant
way the carrier mobility in Si wires, when the surface density is low, the authors also
mention that there are still challenging tasks in that technology. We also note that the gold
concentration in the nanowires grown by the VLS method is significantly higher than the
solubility limit of gold in the bulk Si, which is not very promising. Reference [19] points out
that low surface density is essential; however, in Si, the lowest surface densities are found
on (001) which is actually used in all CMOS technology because of the orientation of the
wafers. In the case of the VLS grown nanowires, however, the side-walls are different and
in some, saw-tooth faceting is observed in the (112) type side-walls of nanowires grown
along the [111] direction by the VLS process [17]. Therefore, such Si whiskers are generally
still not compatible with the current CMOS process [12]. Of course, the Ni-VLS process
can be carried out as well and may give superior silicon wires with (111) orientation [20];
however, this requires a very high temperature of 1100 ◦C.

The whiskers grown by Ni-MILC are also contaminated by Ni metal as SIMS measure-
ments in Si films grown at 575 ◦C reveal. Although the solubility limit of Ni in Si is very
low (1013 atoms/cm3) at this temperature [21], a Ni concentration of 4 × 1019 atoms/cm3

or 0.08 at % Ni was measured. However, we have shown recently that the excess Ni in
the Si whiskers is in the form of tetrahedral NiSi2 inclusions bounded by {111} coherent
interfaces with the Si matrix [11]. The size of the inclusions ranges from a few atoms to
20 nm. The tetrahedral inclusions are formed by trapping NiSi2 clusters at the Si/NiSi2
interface during the whisker growth. The easy precipitation of NiSi2 in Si is attributed to
the very low misfit, which is 0.4%. Due to the small misfit of the NiSi2 with the Si lattice
and the small size of the tetrahedral inclusions, they cannot create misfit dislocations in
their interfaces with the Si matrix. However, they do create some strain which gives a
weak contrast in TEM. The high-resolution TEM micrograph in Figure 11 shows a V shape
tetrahedral NiSi2 inclusion viewed in the (110) section. The NiSi2 inclusions are clearly
visible in Z contrast; see Vouroutzis, N. et al. [11]. For the Si whisker grown by Ni-MILC at
413 ◦C, the average concentration of Ni is lower, 1.76 × 1019 Ni atoms/cm3 or in percentage
0.035 at %. The lower value of Ni concentration is attributed to the lowering of processing
temperature. It is worth noticing that the amount of nickel inside the crystallized region
depends on the annealing temperature, not on the annealing time [22]. It was shown
that Si-whiskers grown by Ni-MILC are compatible with the CMOS processes and Thin
Film Transistors were fabricated exhibiting very good performance [23]. The transistors
presented in that publication were fabricated on polycrystalline Si after Ni-MILC above
540 ◦C where SPC is already also involved. Our nanowires were grown by Ni-MILC at
413 ◦C; where SPC is completely avoided is of the quality of the nanowires grown by VLS.
Therefore, we believe that our material is useful from the technological point of view.

Nevertheless, the NiSi2 inclusions in the Si whiskers trap other metallic impurities
there; this is a pathway for engineering impurities in Si [24].

In the Ni-MILC at 413 ◦C (i.e., the present experiments), the Ni concentration is 50%
lower than at 575 ◦C, so we may expect additional improvement of the device behavior.
This reduction of the Ni concentration is attributed to the lower process temperature. The
exact influence of the NiSi2 inclusions on the electrical behavior of the nanowires is not
known and further electrical characterization is required in order to reveal their influence
on the device performance.
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Figure 11. High-resolution TEM micrograph reveals a tetrahedral NiSi2 inclusion viewed in the (110) section as showing
the related FFT in the lower left corner. The same defect is shown at low magnification in the upper right corner.

4. Conclusions

The VLS mechanism as well as Ni-MILC at 413 ◦C is a 1D crystal growth mechanism
that is assisted by a metal catalyst. It results in the creation of whiskers and rods. The
structural characteristics of the Si whiskers grown by Ni-MILC at temperature 413 ◦C
were compared to those grown by the VLS method. The similarities are attributed to the
suppression of the SPC at the side-bands of the whiskers in both methods. The whiskers
are single crystalline, but those grown by the VLS require a single crystalline substrate and
are grown perpendicular to it. In the case of Ni-MILC, the whiskers are grown parallel
to an amorphous substrate; they emanate from the crystallographic facet of the NiSi2
grains. However, only whiskers which are parallel to the substrate can survive; from these,
the prevalent ones are those which are grown fast due to the growth death competition
mechanism [16]; these are the fast [111] whiskers.

The use of Au as the catalyst in VLS increases the impurity level in the bandgap of the
Si whiskers, making them incompatible with the CMOS process. The Ni-MILC at 413 ◦C is
a low-temperature process resulting in low Ni metal contamination level; in addition to
the Ni forms, NiSi2 coherent inclusions in the Si whiskers act as traps for other metallic
impurities, permitting the CMOS technology to be compatible with the Ni-MILC process.
Moreover, the Si single crystalline whiskers grown by the low-temperature Ni-MILC
technique can gain other applications in the nanomaterial subject. All the characteristics of
the whiskers grown by VLS and Ni-MILC at 413 ◦C are summarized in Table 1.

Table 1. Comparison of the Si whiskers grown by the VLS and the Ni-MILC at 413 ◦C methods.

Characteristics VLS Method Ni-MILC Method at 413 ◦C

Direction of growth Perpendicular to the substrate Parallel to the substrate

SPC growth Suppressed Suppressed

Temperature of the process High Low

Substrate Single crystalline Amorphous

Crystalline whiskers This of substrate orientation Fast [111]

Width of the whiskers
Polygonal with diameter of
the hemispherical metallic

catalysts

Depends on the size of the
starting NiSi2 grain

Electrical characteristics
Not compatible with CMOS

process due to metallic
contamination

Compatible with CMOS
process in spite of Ni

contamination
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Abstract: In this paper, a two-dimensional (2D) planar scanning capacitance microscopy (SCM)
method is used to visualize with a high spatial resolution the channel region of large-area 4H-SiC
power MOSFETs and estimate the homogeneity of the channel length over the whole device perimeter.
The method enabled visualizing the fluctuations of the channel geometry occurring under different
processing conditions. Moreover, the impact of the ion implantation parameters on the channel could
be elucidated.

Keywords: scanning probe microscopy; scanning capacitance microscopy; 4H-SiC; power-MOSFET

1. Introduction

Silicon-carbide (4H-SiC) metal-oxide-semiconductor field-effect transistors (MOSFETs)
are raising the interest of the scientific community, owing to their applications and excellent
performances in power electronics [1]. In the fabrication of vertical 4H-SiC MOSFETs, ion
implantation is used to introduce dopant species (phosphorous for n-type and aluminum
for p-type) in selective regions of the material, followed by high-temperature annealing for
the electrical activation [2,3]. Hence, to accurately predict the device performance, both the
active doping concentration and the geometry (e.g., size of the implanted region, junction
depths, etc.) of the implanted MOSFET regions must be monitored at the nanoscale.
In fact, while the diffusion coefficients in SiC are extremely low, the two-dimensional
lateral spread of implanted atoms can affect the dopant distribution and, hence, the device
behavior [4]. Hence, to accurately predict the MOSFET performance, both the active doping
concentration and the geometry of the implanted regions (e.g., size, junction depths, etc.)
must be monitored at the nanoscale. In fact, while the implantation doping in SiC is
precisely localized after post-implantation annealing due to the extremely low diffusivity
of the dopant species, the two-dimensional lateral spread of implanted atoms [4] and
channeling effect in the hexagonal 4H-SiC lattice [5] can affect the dopant distribution.

In 4H-SiC power MOSFETs, the inversion channel length (in the order of few hundreds
of nanometers) and the JFET (junction field-effect transistor) doping critically influence the
threshold-voltage (Vth), on-resistance (RON), leakage current during the forward blocking
mode, and gate-oxide-related ruggedness. Clearly, for high-current-level applications, 4H-
SiC power MOSFETs are designed with large active areas (>10 mm2) and long perimeter
(in the order of thousands of mm). Hence, the inversion of channel length and the JFET
size must be extremely uniform along all the device perimeters to ensure the performance
reproducibility. Thus, two-dimensional (2D) electrical imaging techniques combining high
resolution (tens of nanometers) and the ability to probe large areas are needed to obtain
statistically relevant information on the whole device periphery and, eventually, monitor
anomalies of the electrical behavior.

Nanomaterials 2021, 11, 1626. https://doi.org/10.3390/nano11061626 https://www.mdpi.com/journal/nanomaterials107
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In 4H-SiC MOSFET, the channel length is the distance of the p-type body from the
n+-source junctions under the gate insulator [6,7]. These junctions’ positions depend on
the doping of the n-type drift layer and on the electrical activation of aluminum and
phosphorous implants employed for the formation of the body and source, respectively.
Moreover, other factors can affect the device characteristics, e.g., the off-cut angle of the
4H-SiC crystals along the (11–20) direction, the shape of the hard masks used for selective
ion implantation doping, etc. As an example, the lateral straggling of implanted Al in
4H-SiC has been observed to depend on the crystallographic orientation [8] and can result
in asymmetric p-type doping profiles. Furthermore, for the degenerate phosphorous-
implanted 4H-SiC, an electrical activation of n-type dopant in the order of 80% has been
evaluated after annealing at typical temperatures of 1675 ◦C [9], whereas ~39% activation
has been reported for high concentration Al implants (required for ohmic contact formation
on the p-type body) under the same annealing conditions [10]. Clearly, the incomplete
dopant activation in 4H-SiC introduces a degree of uncertainness for the device design.
Finally, the fabrication steps may introduce topographic features and misalignments that
can result in a non-uniform channel length over large distances. The electrical properties
of p-type implanted layers after post-implantation annealing can be estimated by Hall
measurements [10,11], which give an average behavior of “box-like” profiles. However,
as the MOSFET body region is created by specific implants at different energies and
doses, the knowledge of the active p-type dopant concentration depth profile is required,
which cannot be easily assessed by averaged techniques. For this purpose, depth-resolved
characterizations methods, such as SCM, can be applied to study the MOSFET body
region [12], but they require specific epitaxial samples in order to calibrate the doping level.

Usually, scanning electron microscopy (SEM) analyses on cross-sectioned samples are
routinely used to obtain information on the extension of the n+- and p--implanted regions
in 4H-SiC power devices, by exploiting the sensitivity of secondary electrons’ contrast to
potential variations in this wide-bandgap semiconductor [13]. However, this technique
suffers from a certain degree of uncertainness in the determination of the electrical junction
position, as it is sensitive only to high concentrations.

In recent years, two-dimensional (2D) carrier profiling techniques based on atomic
force microscopy, such as scanning capacitance microscopy (SCM) and scanning spreading
resistance microscopy (SSRM), have been also explored to evaluate the electrically active
profiles in ion-implanted 4H-SiC [14]. In particular, the SCM technique, based on local
differential capacitance (dC/dV) measurements with a sliding metal tip, is very powerful
for the delineation of the electrical junction position in semiconductor devices, by exploiting
the sensitivity to the doping type of the dC/dV phase signal [15].

Usually, SCM is used for the semiconductor carrier profile and for the determination
of the p–n junctions [16,17]. However, the cross-sectional methodologies (TEM, SEM, etc.)
suffer from a lack of statistical relevance due to the fact that the information comes from a
limited volume fraction of the device (~1 μm in depth) cross-section.

SCM analyses are often performed on cross-sections of 4H-SiC MOSFETs to evaluate
the channel length [18]. However, cross-sectional analyses provide information only on a
specific region of a device. On the other hand, 2D planar measurements are more adequate
for monitoring the variations of the channel length along the device perimeter.

In this paper, 2D scanning capacitance microscopy (SCM) in planar mode is used to
monitor the channel length in 4H-SiC power MOSFETs with a high statistical relevance
over areas in the order of 10−2 mm2. In particular, the method enabled the visualization
of the fluctuations of the channel geometry occurring under different devices’ processing
conditions. It is important to emphasize that in this planar configuration, standard SEM
methods are not able to provide reliable information on the 4H-SiC power MOSFETs’
channel length. Moreover, the impact of the ion implantation parameters on the channel is
discussed, pointing out the need for their fine tuning to optimize the trade-off between the
total series resistance (Ron) and threshold voltage (Vth).
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2. Materials and Methods

Vertical power MOSFETs were fabricated on 4◦-off-axis n-type (0001) 4H-SiC epitaxial
layers (between 9 × 1015 and 2 × 1016 cm−3), P-implanted source region (ND~1020 cm−3)
and an Al-implanted body region (NA~1017 cm−3) [19]. The fabrication starts from zero-
micropipe production-grade n++ substrates followed by CVD epitaxy process. After the
growth of the epitaxial layer, the p-type body of the MOSFET is fabricated by ion implan-
tation of aluminum. After a standard RCA cleaning, the gate oxide was a 40 nm thick
deposited SiO2 layer [20]. Oxide layers have been deposited at a temperature higher than
700 ◦C by means of a low-pressure chemical vapor deposition (LPCVD) furnace using
dichlorosilane (DCS) and nitrous oxide (NO) as silicon and oxygen precursors, respec-
tively [21]. Nickel silicide is used to form ohmic contacts on the source body and drain.
Polysilicon is used as a metal gate, and polyamide is used as surface passivation [22].

Some parameters of 4H-SiC MOSFETs concerning the doping of the epitaxial layer and
the implantation of both the p-type body and the source region were varied, as reported
in Table 1. In particular, a specific concentration is used as a reference for samples A
and B. Devices C and D possess an increased body-doping concentration and a reduced
epilayer-doping concentration, respectively. The device E possess both changed parameters
(Table 1).

Table 1. Sample description: two reference samples A and B are compared with a p-type implanted
dose variation in C, epitaxial layer doping variation in D, and their combination in E.

Sample Definition

A Reference
B Reference
C + Body dose
D − Epi doping
E − Epi doping + Body dose

The power MOSFETs were tested by current–voltage (I–V) measurements, carried out
using an Agilent B1505A parameter analyzer. After this macroscopic (i.e., device level)
electrical characterization for the determination of the key electrical parameters (Ron, Vth),
the devices were completely delayered from the passivation, metal, and gate oxide layers to
expose the 4H-SiC bare surface. The delayering is obtained by dipping the device out of the
package into an HF/H2O (40–60%) acid solution for 20 min [23]. Afterward, the delayered
devices were subjected to an immersion in H2O2 at 40 vol. for 20 min [15]. This treatment
also results in the formation of a native oxide on the SiC surface, which is necessary for
the nanoscale resolution capacitance mapping by SCM [15]. These analyses were carried
out using a DI3100 AFM with a Nanoscope V controller. Doped diamond-coated Si tips
were employed to ensure electrical stability during large area scans on the structured
4H-SiC surface.

3. Results and Discussion

Figure 1a shows the basic structure of the planar power MOSFET in a cross-section
where the channel regions are delimitated between the JFET and the source in the body-
region ion implantation edges. On the other hand, Figure 1b shows the top view of the
power MOSFET where the channel geometry is indicated, and, in particular, its length (L)
is in the order of 200 nm and its width (W) is in the order of several millimeters.

As previously discussed, the common procedure to monitor the channel shape and
length is in the cross-section by the device cleavage. Figure 2 shows the cross-sectional
SCM image of a typical elementary cell of a 4H-SiC power MOSFET. In particular, the SCM
image (Figure 2) also gives information on the space charge region (SCR). In particular,
using the SCM, the SCR and the p-type doped body region results were distinguishable
compared to the n-type JFET/drift region and to the source region. The channel can be
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recognized in the region near the surface delimited between the two n-type regions, and its
shape can be influenced by several processing parameters.

Figure 1. 4H-SiC MOSFET schematic cross-section (a) and schematic top view (b).

Figure 2. Cross section SCM image of the elementary MOSFET cell.

In the proposed method, the information on the channel length is collected from the
top of the device, thus enabling the visualization of the entire device perimeter, which is not
possible by standard cross-section approach. Figure 3a shows the 3D schematic structure
of the elementary cell of the MOSFET after the gate stack delayering. As can be noticed,
the SCM tip can scan the different regions of the device, collecting information both on the
channel length L and width W, important parameters to understand the physics of large
area power MOSFETs. In order to better understand how important this aspect is, it is
possible to consider how for a given technology design, the resulting electrical properties
of the MOSFETs suffer from some degree of uncertainness on the L and W definition.

Figure 3b shows the AFM morphology map collected in contact mode onto the bare 4H-
SiC semiconductor surface, exposing both the n- and p-type regions of the vertical MOSFET.
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Figure 3. (a) Schematic description of the in-plan 2D SCM measurements on the MOSFET channel
along W and across the L directions. (b) AFM morphology, (c) SCM amplitude, and (d) SCM phase
(φ) of the reference sample.

The in-plan top-view capacitance mapping [24] was performed while the semicon-
ductor surface is scanned with the metal tip and a modulating bias with amplitude V at
100 kHz frequency is applied to the sample, and the capacitance variation ΔC in response
to this modulation is recorded with the SCM sensor. Besides the |SCM| signal amplitude
|ΔC|, which is related to the net active dopants concentration (NA-ND) in the semiconduc-
tor underneath the tip (Figure 3c), also the phase signal is recorded, which is very sensitive
to the type of majority carriers in the region underneath the tip [25].

Figure 3b–d show, respectively, the morphology (AFM), SCM amplitude, and phase
signal (φ) of a reference device. As can be seen in Figure 3d, the channel length is mea-
surable and uniform (i.e., with a constant size) along the W direction in the un-optimized
device. This information is undetectable using standard techniques.

The determination of the experimental and theoretical accuracy in delineating the
electrical junction in p–n samples by SCM is still a challenging problem. This is due to the
artifacts introduced by the sample cross-section preparation [26] such as morphological
features (scratches) and surface contaminations that may introduce surface states, deterio-
rating the probed electrical signal. Furthermore, at a p–n junction, there exists a built-in
depletion region where the net carrier concentration decreases from the bulk levels to zero
on each side of the junction. In the p–n junctions, the measured SCM phase φ is positive for
p-type material and negative for the n-type semiconductor. The apparent junction location
(φ = 0◦) can be moved throughout the depletion region in the vicinity of a p–n junction by
SCM tip AC bias [27], as schematically depicted in Figure 4a. Hence, the SCM measurement
may affect the estimation of the channel length increasing the depletion region under the
tip. In order to overcome this problem, it is important to fix some experimental conditions.
In order to avoid the perturbation of the depletion region in correspondence with the p–n
junction, the DC bias is kept equal to zero. Hence, the best SCM setup is obtained by
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varying the AC bias amplitude. It has to be emphasized that the AC bias may also affect
the depletion region in correspondence with the p–n junction. Then, it must be kept as
small as possible, minimizing the noise/signal ratio. In this context, the chosen criterion is
to keep a noise/signal ratio, minimizing the root mean square (RMS) of the SCM φ map.
Figure 4b shows that the SCM RMS value decreases, increasing the AC tip bias. On the
other hand, Figure 4b also shows how a given channel length is overestimated increasing
the AC tip bias. Hence, the AC tip bias of choice is the value that lies at the minimum of
the two lines depicted in Figure 4b (i.e., AC bias at 2 V).

Figure 4. (a) Schematic description of the SCM tip influencing the depletion region at the p–n junction.
(b) SCM RMS and normalized channel length vs. SCM tip AC bias.

After illustrating the in-plane SCM measurement configuration and the optimal bias
conditions to evaluate the channel length, some applications of this method to different
MOSFET devices will be illustrated.

Figure 5 is used to describe the procedure to extract the Vth value on the reference
sample (A and B) and the characteristic MOSFETs curves used to measure the RON at
a VG = +15 V and at ID value of 10 A. Hence, the typical values are RON = 23 mΩ (at a
VG = +15 V and ID = 10 A), and the Vth (ID = 250 μA) is about 2.7 V for the reference sample.

Figure 6 shows the empirical correlation between the resistance of a group of devices,
expressed in terms of the MOSFET on-state resistance (ROn) at a given current value
(i.e., 10 A), as a function of the threshold voltage (Vth) defined as the gate bias needed
to turn on the MOSFET achieving a given current value (i.e., 250 μA). In order to better
visualize the parameters under investigation, both the ROn and the Vth are normalized
to the values obtained on sample A. Noteworthily, the experimental data are linearly
correlated, i.e., the on-resistance increases with increasing the threshold voltage, in good
agreement with the results presented by Noguchi et al. [28].

Figure 7a shows the SCM φ profile averaging 10 μm along the W width of the MOSFET
channels under investigation. As can be seen, different channel lengths are measured
on the devices under investigation. The channel lengths were measured, assuming as
minimum the distance between the upper part of the positive SCM φ profile and as
maximum the distance when the SCM φ crosses zero. From the interpolation between the
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experimental points and the crossing of SCM φ zero value, it can be argued that the spatial
resolution is about 25 nm. The measured channel lengths are depicted as a function of the
macroscopic parameters ROn

Normalized and the Vth
Normalized in Figure 7b,c, respectively. As

can be noticed, a variation of the channel length smaller than 5% can produce appreciable
variation of both ROn and Vth, as in samples A and B, which are identical.

Figure 5. Experimental electrical measurements carried out on a reference MOSFET. The trans-
characteristic ID-VGS is shown to demonstrate how the Vth value is defined at fixed current value (a).
(b) The output characteristics ID-VD reported for VG values up to +15 V are used to determine the
RON value at 10 A.

Figure 6. Empirical correlation between the on-resistance of a group of devices, ROn at 10 A vs. Vth
(measured at 250 μA). Data are normalized to the values of sample A.

It can be concluded that the variation of the doping in the sample under investigation
produced a variation in both the metallurgic position (i.e., the location where NA = ND) and
the space charge region (SCR) at the n+–p–n− source–body–JFET junctions, as schematically
represented in Figure 8a. Furthermore, the increase of the p-type body implantation dose in
sample C produces an increased distance between the n+–p and p–n− junctions, resulting
in a wider channel (Figure 8b). In particular, for a fixed n− epitaxial concentration in the
JFET region, the p–n− junction with the body is moved toward the n− region once the
p-type dose is increased (Figure 8b). By contrast, the n+–p junction between the source and
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the body is moved toward the source. On the other hand, the reduction of the n− epitaxial
layer concentration in sample D shifted the p–n− junction toward the JFET and increased
the SCR width between the body and the JFET (Figure 8c). Thus, the channel length of
sample D is larger than A and B but smaller than C (Figure 8c). Finally, the combination
of the increase of the body dose and a reduction of the epi-layer doping produced an
intermediate channel length for sample E, as schematically depicted in Figure 8d.

Figure 7. (a) SCM phase φ vs. scan profile averaged over 10 μm. Channel lengths vs. ROn (b) and
vs. Vth (c).
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Figure 8. Schematic representation of the channel fabricated on the n+–p–n− junction in the in-
vestigated samples. (a) Schematic representation of the reference samples (A and B), where the
metallurgic junctions are represented by dashed lines when NA = ND, generating the space charge
regions (SCR) in the n- and p-type semiconductor according to the doping levels in the different
samples. In particular, the increase of the body dose (b) or a reduction of the epi-layer doping
(c) produced an increase of the channel lengths for MOSFET C and D, respectively. On the other hand,
the combination of the increase of the body dose and a reduction of the epi-layer doping produced
an intermediate channel length for sample E (d).

In order to highlight the relevance of the proposed characterization technique, it is
possible to consider how for a given technology design, the resulting electrical properties
of the MOSFETs suffer from some degree of uncertainness of the L and W definition.
In particular, an un-optimized lithographic process may induce large deviation from the
ideal case. Figure 9a,b show respectively the morphology (AFM) and the SCM phase
signal (φ) of an un-optimized device. As can be seen in Figure 9b, the channel length is not
uniform along the W direction in the un-optimized device. This information is undetectable
using standard cross-section techniques. In this specific case, the un-optimized device
presented an anomalous ROn value for the designed Vth requirements, corresponding to a
large on-resistance and sub-threshold leakage current.
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Figure 9. (a) AFM morphology and (b) SCM phase (φ) collected on a selected device that showed
anomalous behavior compared with the desired design.

4. Conclusions

In conclusion, a powerful 2D imaging method to visualize the channel in large perime-
ter 4H-SiC MOSFETs channel is presented using the SCM phase φ signal. The large areal
statistical information (up to 10−2 mm2) can be used to validate the device processing and
to obtain information on the device physics on semiconductors where the doping activation
suffers from a certain degree of uncertainness. An appropriate sample choice is used to
demonstrate the movement of the channel in the 3D MOSFET structure and to understand
the electrical characteristics at the macroscopic scale.
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Abstract: As an atomically thin semiconductor, 2D molybdenum disulfide (MoS2) has demonstrated
great potential in realizing next-generation logic circuits, radio-frequency (RF) devices and flexible
electronics. Although various methods have been performed to improve the high-frequency charac-
teristics of MoS2 RF transistors, the impact of the back-gate bias on dual-gate MoS2 RF transistors is
still unexplored. In this work, we study the effect of back-gate control on the static and RF perfor-
mance metrics of MoS2 high-frequency transistors. By using high-quality chemical vapor deposited
bilayer MoS2 as channel material, high-performance top-gate transistors with on/off ratio of 107 and
on-current up to 179 μA/μm at room temperature were realized. With the back-gate modulation,
the source and drain contact resistances decrease to 1.99 kΩ·μm at Vbg = 3 V, and the corresponding
on-current increases to 278 μA/μm. Furthermore, both cut-off frequency and maximum oscillation
frequency improves as the back-gate voltage increases to 3 V. In addition, a maximum intrinsic f max

of 29.7 GHz was achieved, which is as high as 2.1 times the f max without the back-gate bias. This
work provides significant insights into the influence of back-gate voltage on MoS2 RF transistors and
presents the potential of dual-gate MoS2 RF transistors for future high-frequency applications.

Keywords: MoS2; radio-frequency transistors; contact resistance; dual-gate

1. Introduction

Since the first exfoliation of atomically thin graphene [1], two dimensional (2D) mate-
rials have demonstrated a wide range of remarkable properties for applications in future
ubiquitous electronics [2,3]. Compared to bulk materials, their atomic-scale thickness pro-
vides a greater degree of electrostatic control, demonstrating the possibility of ultra-short
channel devices with low power consumption [4]. As the most widely studied 2D mate-
rial, graphene has shown great potential for device applications including high-frequency
electronics, flexible electronics, spintronics, nanoelectromechanical systems, and energy
storage due to its unique physical properties [5–12]. However, graphene does not have a
band gap to limit its application in digital logic devices, and it also limits the maximum
oscillation frequency of graphene radio-frequency (RF) transistors. Although band gap can
be opened in graphene by artificial nanostructuring, chemical functionalization, etc., those
processes add extra complexities with respect to practical applications [13]. Alternatively,
another class of 2D material, called transition metal dichalcogenides (TMDCs) (MoS2, WS2,
MoSe2, and WSe2), not only exhibits many graphene-like properties, such as mechanical
flexibility, electrical properties, chemical stability, and the absence of dangling bonds, but
also possesses a substantial band gap. TMDCs benefit from a rich pool of elements, and
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thus they can significantly adjust their electrical properties from metal to semiconductor by
forming different compounds. A distinct feature of TMDC semiconductors is that the cor-
responding energy band structure changes from an indirect band gap to a direct band gap
when the material thickness decreases from bulk material to monolayer. They show a wide
range of bandgap modulation capability because of rich choices of chemical components,
which enables the electronic application of various kinds. As the most studied TMDC
material, MoS2 has a non-zero band gap structure similar to bulk silicon, making it an ideal
choice for making next-generation electronic and optoelectronic applications [4,14–20].

With technological advancements, the high-frequency performance of MoS2 devices
has attracted tremendous attention [16,18,21–24]. The high-frequency performance of MoS2
RF transistors has been improved through optimizing structure such as self-aligned gate,
embedded gate and edge-contacted, etc. [24–26]. In 2014, exfoliated MoS2 RF transistors
with self-aligned gate demonstrated intrinsic cut-off frequency f T of 42 GHz and maximum
oscillation frequency f max of 50 GHz were reported [25]. In 2015, Krasnozhon et al. intro-
duced edge-contacted in exfoliated trilayer MoS2 RF transistors, obtaining a high extrinsic
f T of 6 GHz and intrinsic f T of 25 GHz [26]. In 2017, with an optimized embedded gate
structure, chemical vapor deposition (CVD) monolayer MoS2 transistors with extrinsic
f T of 3.3 GHz and f max of 9.8 GHz were fabricated [24]. In 2018, based on high-quality
CVD bilayer MoS2, high-frequency MoS2 transistors with extrinsic maximum oscillation
frequency of 23 GHz were demonstrated [16]. Gigahertz frequency mixer and amplifier
based on MoS2 high-frequency transistors were also constructed for potential RF circuit
applications [16,27]. Those works demonstrated the potential of 2D MoS2 for future novel
high-frequency electronics. Although the high-frequency performance of MoS2 RF transis-
tors has made exciting advances, its cutoff frequency and maximum oscillation frequency
are still lower than those of modern Si transistors, and the high-frequency performance of
dual-gate MoS2 transistors has not yet been reported.

In this dual-gate structure, the source and drain contact resistances can be modulated
via the back-gate voltage, and the influence of the contact resistance on the direct-current
(DC) and high-frequency performance of the device can be clearly resolved [28]. Bolshakov
et al. presented a near-ideal subthreshold swing of ~60 mV/dec and a high field effect
mobility of 100 cm2/Vs based on dual-gate MoS2 transistors with sub−10 nm top-gate di-
electrics [29]. Lee et al. modulated the contact resistance and threshold voltage of dual-gate
MoS2 transistors with h-BN as gate dielectric through back-gate electrostatic doping [30].
Li et al. demonstrated a high photoresponsivity of 2.04 × 105 AW−1 with dual-gate MoS2
phototransistors [31]. The dual-gate structure could also be used to investigate the effect of
different dielectric interface on the device performance [32]. In addition, based on the dual-
gate structure, graphene RF transistors with improved high-frequency performance by
reducing the contact resistance using electrostatic doping have been demonstrated [33,34].
Thus, the influence of back-gate voltage on the high-frequency performance of MoS2 RF
transistors needs further investigation, which is of great significance for further improving
the RF performance of MoS2 transistors.

In this study, we fabricated dual-gate MoS2 RF transistors with a top-gate length of
190 nm based on the CVD grown bilayer MoS2. The static and high-frequency charac-
teristics of dual-gate devices were systematically investigated. The contact resistances
of the fabricated dual-gate devices under different back-gate voltages were extracted. A
clear modulation of contact resistance Rc under the electrostatic doping of back-gate was
demonstrated. Both DC and RF performance were improved under the electrostatic doping
of back-gate. The electrical measurement of our dual-gate high-frequency MoS2 transistors
at Vbg = 3 V demonstrated a large current density of 278 μA/μm, a high intrinsic cut-off
frequency of 19 GHz and maximum oscillation frequency of 29.7 GHz.

2. Materials and Methods

Chemical-vapor-deposited bilayer MoS2 was used as the channel material in the dual-
gate MoS2 RF transistors as it has higher carrier mobility, lower contact resistance and
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improved low-frequency noise when compared with CVD monolayer MoS2 [16,27,35].
Additionally, the CVD method is one of the most promising methods for synthesizing
large areas and high-quality MoS2. The CVD bilayer MoS2 films were grown on soda-lime-
silica glass substrates with 1.4 g sulfur and 1.5 mg MoO3 as the precursors at atmospheric
pressure. The details about the CVD bilayer growth process, material imaging and crystal
structure characterization have been reported in our previous works [16,27]. After the
CVD growth process, bilayer MoS2 films were transferred onto highly resistive Si sub-
strates with atomic-layer-deposited (ALD) 20-nm HfLaO. Here, high-resistance Si was
used as the back-gate electrode and ALD HfLaO as the back-gate dielectric. As reported
in previous work [16,36,37], HfLaO with high dielectric constant could provide improved
interface quality and better electrostatic control with the MoS2 channel, which is helpful
for improving the DC and RF performance of the MoS2 transistors. Figure 1 illustrates
the fabrication process of dual-gate MoS2 transistors. The fabrication of the MoS2 devices
typically starts after the MoS2 films are transferred on top of the HfLaO/Si substrates.
Figure 2a presents the MoS2 films on HfLaO/Si substrates after being transferred. Then, as
shown in Figure 1b, 20/60 nm Ni/Au metal stacks were deposited by electron beam evap-
oration (EBE) as the source and drain contact electrodes of MoS2 dual-gate transistors. In
this process, the samples were loaded into the E-beam evaporator (ALPHA-PLUSCO.Ltd.,
Ebeam-500S Pohang, Korea), and it was waited until the system reaches the pressure lower
than 9 × 10−6 torr to start the deposition. The deposition rate of 20 nm Ni and 60 nm Au
was used as 1 Å/s for both materials. The electrical isolation between different transistors
was achieved by performing O2 plasma etching for 30 s under an RF power of 50 W with a
mixed gas flow of 20 sccm O2 and 80 sccm Ar.

Figure 1. Process for fabricating the dual-gate MoS2 field-effect transistors. (a) Bilayer MoS2 is first transferred on HfLaO/Si
substrates. (b) Source and drain contact metal deposition. (c) Top-gate dielectrics of Al2O3/HfO2 deposition. (d) Top-gate
metal pattern and deposition. S: source, D: drain, G: gate.
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Figure 2. (a) The transferred bilayer MoS2 on HfLaO/Si substrates. (b–d) SEM images of the 190 nm MoS2 RF transistor
with two-fingers structure showing excellent alignment.

The top gate dielectric of the transistors is an important medium for static control of
the channel through the top gate electrode, and it has a very important influence on the
static and high-frequency performance of the device. The top-gate dielectric is similar to the
substrate dielectric, which will scatter the MoS2 channel carriers, and the dielectric defects
will also capture and release channel electrons. Because of the lack of dangling bonds on the
surface of 2D materials, growing high-quality dielectrics on top of MoS2 has always been a
challenging process [38,39], due to the adsorption of the ALD precursors on a 2D MoS2
surface often being more difficult than on conventional semiconductors with a 3D lattice,
where plenty of dangling bonds are able help the adsorption during the ALD process. In
this work, a two-step seed and growth processes were used in the formation of high-k top-
gate dielectrics. First, a 2-nm Al layer was deposited on the MoS2 surface by EBE and then
naturally oxidized in the air to form a 6-nm Al2O3 layer. Then, 11 nm of HfO2 was deposited
by ALD using O3 as the O source and tetrakis-ethylmethylaminohafnium (TEMAHf) as the
Hf source. Finally, the top-gate metal was formed with 20 nm Ni/60 nm Au metal stack by
EBE. In the above fabrication process, the patterns of the source, drain and gate electrodes
were written using electron beam lithography. In this process, poly(methylmethacrylate)
(PMMA) 950 A4 was spin-coated on the substrates at 3000 rpm for 60 s and baked at 180 ◦C
for 180 s. The electron beam was set to a 3 nA current with an exposure dose of 800 μC/cm2.
Then, the pattern was developed in a 3:1 ratio of isopropyl alcohol (IPA) to methyl isobutyl
ketone (MIBK) for 50 s, rinsed with IPA for 60 s, and dried with nitrogen gas. After the
EBE deposition of electrodes, lift-off was performed in a beaker of acetone heated to 50 ◦C
for 30 min. Then, the sample was rinsed with IPA and dried with a nitrogen flow. Figure
2b–d display the top scanning electron microscope (SEM) views of the dual-gate MoS2 RF
transistors with 190 nm top-gate length. The width of the two-fingers top-gate is 30 μm.
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3. Results and Discussion

3.1. DC Characterization

Figure 3a,c show the transfer characteristics of the dual-gate MoS2 transistor from both
the back and top-gate configuration. High on/off ratios greater than 107 were achieved for
both the back and top-gate modulation. Compared to graphene transistors, this superior
on/off ratio is due to the larger band gap [40]. Figure 3b,d show the output characteristics
under varied back and top-gate voltages. The gate voltages were varied from −3 V to
3 V with a 0.5 V step. Maximum on-current densities were observed at Vds = 4 V are
277 μA/μm and 179 μA/μm for back-gate and top-gate modulation, respectively. The
achieved maximum on-current density from back-gate is about 1.6 times the magnitude
of that from the top-gate. This comes from the different configuration of back-gate and
top-gate devices. As shown in Figure 1d, it can be seen that the highly resistive Si substrate
has global control over the entire bilayer MoS2 film. Since the channel carriers in the bilayer
MoS2 films accumulate with increasing back-gate voltage, it can be assumed that the bilayer
MoS2 is electrically doped under the effect of the back-gate voltage, which further leads to
a reduction in the contact resistance between the source/drain (Ni/Au) and the bilayer
MoS2 film. In the case of top-gate configuration, the gate can only modulate the MoS2
films underneath the gate metal [28,33,34]. In addition to the different gate structures, the
different top and bottom dielectric layer may also play a critical role in determining the
difference of DC measurement [19,32,41] and which need further investigation. In addition,
a field-effect mobility of 15.8 cm2/Vs was obtained from back-gate measurement by using
the relation μFE = gm L

WCoxVds
, where the back-gate capacitance Cox is 0.8 μF/cm2.
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Figure 3. (a,b) Transfer and output characteristics of the MoS2 dual-gate transistors from the back-gate controls.
(c,d) Transfer and output characteristics of the MoS2 dual-gate transistors from the top-gate controls.

Figure 4a shows the transfer curves of a dual-gate MoS2 transistor with sweeping top-
gate voltage at varied back-gate voltages. With the back-gate voltage increasing from 0 V
to 3 V, the on-current density increases from 166 to 278 μA/μm, and the threshold voltage
Vth negatively shifts from 1.1 to 0.1 V. To estimate contact resistances of dual-gate MoS2
transistors under different back-gate voltages, an interpolation method reported in previous
work was adopted [35,42]. In this interpolation method, contact resistances at different Vbg
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were extracted by extrapolating the drain-to-source resistance vs. 1/(Vtg − Vth), which
contains the contribution from metal/MoS2 contact and the regions between top-gate and
source/drain electrodes. The dependence of the contact resistances versus Vbg is shown
in Figure 4b. The extracted contact resistance is 5.5 kΩ·μm at Vbg = 0 V, and decreases
to 1.99 kΩ·μm at Vbg = 3 V. The reduced Rc and increased on-current at larger Vbg can
be attributed to the increased electrostatic doping carriers of bilayer MoS2 in both the
MoS2/metal contact region and channel region [28,31,33,34].
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Figure 4. (a) Transfer properties of the dual-gate MoS2 transistors obtained by sweeping the top-gate voltage with varying
back-gate biases at Vds = 4 V. (b) Extracted contact resistance as a function of back-gate voltage.

3.2. RF Characterization

The high-frequency performance of dual-gate MoS2 transistors can be evaluated by
the cutoff frequency (f T) and the maximum frequency of oscillation (f max), which can
be obtained from the measured S-parameters [43,44]. The cutoff frequency is where the
short-circuit current gain |h21| equals unity. The short-circuit current gain |h21| can be
defined as:

h21 =
−2S21

(1 − S11)(1 + S22) + S12S21
. (1)

Similarly, the maximum frequency of oscillation was found when the unilateral power
gain U was unity, where the U can be defined as:

U =

∣∣∣ S21
S12

− 1
∣∣∣2

2K
∣∣∣ S21

S12

∣∣∣− 2Re( S21
S12

)
, (2)

where K is the stability factor and K = 1+|S11×S22−S12×S21|2−|S11|2−|S22|2
2×|S12×S21| . On-chip mi-

crowave measurements from 100 MHz to 30 GHz of the dual-gate MoS2 RF transistors
were carried out using vector network analyzers (N5225A, Agilent (Keysight), Colorado
Springs, CA, USA). Before the S-parameter measurement, the on-chip measurement system
was calibrated according to the short-open-load-through (SOLT) method using standard
impedance calibration samples. Then S parameters of the MoS2 transistors were mea-
sured, and the short-circuit current gain and the unilateral power gain can be calculated
by Equations (1) and (2). As shown in Figure 5a,c, the f T and f max of the 190 nm MoS2 RF
transistors with back-gate floating were 4.6 and 11.9 GHz, respectively. The achieved f T of
4.6 GHz and f max of 11.9 GHz were also further verified using Gummel’s method [45] and
maximum available power gain (MAG) [46], as shown in Figure 5b,d. The obtained cut-off
frequency and maximum oscillation frequency were consistent with our previous reported
work [16], demonstrating the potential of CVD bilayer MoS2 for large-scale high-frequency
circuit applications [27,35].
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Figure 5. (a,b) Small-signal current gain |h21| and Im(1/h21) versus frequency. Extrinsic f T of 4.6 GHz can be extracted.
(c,d) The corresponding unilateral power gain and maximum available power gain versus frequency. An extrinsic f max of
11.9 GHz can be extracted.

Although the implementation of the standard calibration method can move the mea-
surement reference plane from the internal receiver of the vector network analyzer to the tip
of the ground–signal–ground (GSG) probe, the parasitic capacitance, inductance, and resis-
tance of the test electrodes also have a significant effect on the obtained S-parameters [27,47].
To eliminate the influence of the test electrodes on the measured S-parameters and to ob-
tain the intrinsic RF performance of the MoS2 RF transistor, this work uses the standard
“open” and “short” structures for de-embedding [25]. Then, the measured S-parameters
were converted to Y-parameters, and the de-embedding process was performed under the

following equation: Yint = [(YDUT − Yopen)
−1 − (Yshort − Yopen)

−1]
−1

, where YDUT stands
for the Y-parameter of the measured transistors. The short-circuit current gain, unilateral
power gain, and maximum available power gain versus frequency after de-embedding of
the MoS2 transistors with gate length of 190 nm are shown in Figure 6. Intrinsic f T and
f max of 18 and 14.1 GHz were achieved, respectively.
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Figure 6. (a) Small-signal current gain |h21| versus frequency, (b) unilateral power gain and maximum available power
gain versus frequency. Intrinsic f T and f max of 18 and 14.1 GHz could be extracted.
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To improve the high-frequency performance of MoS2 RF transistors, we can derive
the dependence of f T and f max on the physical parameters of the device through the
small-signal equivalent circuit model, and write them as Equations (3) and (4).

fT =
gm

2π
∗ 1
(Cgs + Cgd)[1 + gds(Rs + Rd)] + Cgdgm(Rs + Rd)

(3)

fmax =
fT

2
√

gds(Rs + Rd) + 2π fTCgRg

(4)

where gm is the transconductance and represents the channel current controlling capability
of the gate voltage, gds is the output conductance, Cgs and Cgd is the gate-to-source and gate-
to-drain capacitance, respectively. Rs, Rd and Rg are the source, drain, and gate resistances.
From Equations (3) and (4), we can see that gm, gds, Rs and Rd play an important role
in the high-frequency performance of RF transistors. Therefore, back-gate modulation
could be an effective approach for improving the high-frequency performance of MoS2
RF transistors. Figure 7 shows the intrinsic and extrinsic cut-off frequency and maximum
oscillation frequency of the device as a function of the back-gate voltage. As shown in
Figure 7a,c, when the back-gate voltage changes from 0 V to 3 V, the extrinsic and intrinsic
cut-off frequencies before and after de-embedding increase from 4.6 to 6 GHz and from
18 to 19 GHz, respectively, demonstrating an obtained peak fT increase as the increase
of back-gate voltage. The improvement of f T can be attributed to the reduced contact
resistance thus improve transconductance and on-current with increasing Vbg, as shown in
Figure 4. From the intrinsic f T of 19 GHz at Vbg =3 V, a saturation velocity of 2.3 × 106 cm/s
is obtained, which is comparable with previously reported works [16,25]. Similarly, when
the back-gate increases from 0 to 3 V, the extrinsic and intrinsic maximum oscillation
frequencies before and after de-embedding increase from 12 to 27 GHz and from 13.4 to
29.7 GHz, respectively. Because the dependence of f max on output conductance is more
sensitive, the increase of f max with increasing Vbg is larger than f T [34]. Furthermore, a
comparison between reported MoS2 RF transistors with comparable gate length [22–24] is
listed in Table 1, below, demonstrating the advantage of dual-gate MoS2 RF transistors.
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Figure 7. (a,b) Extrinsic f T and f max as a function of Vbg. (c,d) Intrinsic f T and f max as a function of Vbg.
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Table 1. Comparison of reported MoS2 RF transistors with comparable gate length.

MoS2 Substrate Lg (nm)
f T,intrinsic f max,intrinsic

References
(GHz) (GHz)

Exfoliated SiO2/Si 240 6 8.2 [22]
CVD SiO2/Si 250 6.7 5.3 [23]
CVD SiO2/Si 150 20 11.4 [24]
CVD HfLaO/Si 190 19 29.7 This Work

4. Conclusions

In summary, for the first time, a systematic investigation of a dual-gate MoS2 RF
transistor based on CVD bilayer MoS2 was performed. Improved on-current and contact
resistance performance by optimizing the back-gate voltage were demonstrated. A high
on-current of 278 μA/μm and a low contact resistance of 1.99 kΩ·μm were achieved at
Vbg = 3 V. The cut-off frequency and maximum oscillation frequency can be improved
by back-gate modulation. Extrinsic and intrinsic cutoff frequency of 6 and 19 GHz were
demonstrated for a gate length of 190 nm at Vbg = 3 V. The intrinsic maximum oscillation
frequency can become 2.1 times as high as the f max without a back-gate bias. The results
presented here indicate that tuning the back-gate voltage provides an effective way to boost
f T and f max and give an insight into the high-frequency performance of MoS2 RF transistors.
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Abstract: Rare earth (RE) element-doped two-dimensional (2D) transition metal dichalcogenides
(TMDCs) with applications in luminescence and magnetics have received considerable attention in
recent years. To date, the effect of RE element doping on the electronic properties of monolayer 2D-
TMDCs remains unanswered due to challenges including the difficulty of achieving valid monolayer
doping and introducing RE elements with distinct valence and atomic configurations. Herein, we
report a unique strategy to grow the Sm-doped monolayer MoS2 film by using an atmospheric
pressure chemical vapor deposition method with the substrate face down on top of the growth
source. A stable monolayer triangular Sm-doped MoS2 was achieved. The threshold voltage of
an Sm-doped MoS2-based field effect transistor (FET) moved from −12 to 0 V due to the p-type
character impurity state introduced by Sm ions in monolayer MoS2. Additionally, the electrical
performance of the monolayer MoS2-based FET was improved by RE element Sm doping, including
a 500% increase of the on/off current ratio and a 40% increase of the FET’s mobility. The electronic
property enhancement resulted from Sm doping MoS2, which led internal lattice strain and changes
in Fermi energy levels. These findings provide a general approach to synthesize RE element-doped
monolayer 2D-TMDCs and to enrich their applications in electrical devices.

Keywords: monolayer MoS2; CVD growth; Sm doping; electrical performance; FET

1. Introduction

In recent years, there has been an increasing interest in two-dimensional (2D) transi-
tion metal dichalcogenides (TMDCs) due to their unique properties and great potential for
electronic and optoelectronic applications [1,2]. 2D-TMDCs are a kind of low-dimensional
materials that have the formula of MX2, where M stands for the transition-metals like Mo,
W, and Ti, and X represents S, Se, and Te [3]. Nevertheless, the characteristics presented
by 2D-TMDCs are extremely monotonous and limited [4]. Realizing the full potential of
2D-TMDCs in high-performance thin film transistors and to endow some new distinguish-
ing features requires some doping strategies to effectively control their carrier type and to
modulate the band gap [5]. Common doping strategies for 2D-TMDCs include substitution
doping during growth, ion implantation, and surface charge transfer [6]. However, in these
previous doping schemes, ion injection and surface charge transfer in monolayer 2D-TMDC
doping were often not stable enough, thus limiting their application [6,7]. Substitution the
doping of 2D-TMDCs has been widely explored for materials applications in electronic
and optoelectronic [7], as well as room-temperature ferromagnetism, applications [8–10].
Transition elements have been used as cationic substitutes for doped 2D-TMDCs, e.g.,
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the Nb ion-doped 2D-TMDCs achieving p-type [7] transport characteristics and the Re
ion-doped 2D-TMDCs achieving nearly degenerate n-type doping [11]. Moreover, in recent
studies, Fu’s group confirmed ferromagnetism in monolayer MoS2 via in situ Fe-doping at
room temperature [10] and Pham’s group enhanced tunable ferromagnetism in V-doped
WSe2 monolayers at 0.5–5 at% V concentrations [9]. Additionally, other transition metal ele-
ments in the in situ substitution of MoS2-doped for electronic application studies have been
demonstrated, such as for Mn [12]. The above research had demonstrated that the doping
of transition metal elements is able to tune the electrical, optical, and magnetic properties
of 2D-TMDCs [13]. Thus far, transition metal elements have been widely demonstrated in
in situ substitution-doped monolayer 2D-TMDCs. However, the doping engineering of
atomically thin TMDCs by introducing elements with different atomic valences and atomic
configurations, such as RE elements, is still challenging. Currently, a range of difficult
issues still exists for in situ RE element substitution-doped large monolayer 2D-TMDCs.

RE elements, which usually exist as trivalent cations, are composed of 15 lanthanides
(from lanthanum to lutetium), plus scandium and yttrium [14]. In previous studies, it could
be noted that RE ions were commonly doped in traditional insulator or semiconductors [15].
RE elements can also be used as efficient dopants in TMDC materials. Lanthanide (Ln)
ions have a rich f -orbit configuration that allows them to absorb and emit photons from
the ultraviolet to infrared region via the 4f -4f or 4f -5d transition, making them candidates
for extended 2D-TMDC semiconductor luminescence [15,16]. In addition, RE dopants
with unfilled 4f energy states and charge-transfer state structures may provide strong spin-
orbit coupling to tune the semiconductor properties of the 2D-TMDC’s host material [17].
Furthermore, first principle calculations confirmed the possibility of doping 2D-TMDCs
with rare earth elements [18,19]. Currently, progress is being made in the study of RE
element-doped 2D-TMDCs films for optical, electronic, and magnetic applications [20]. For
example, Qi Zhao et al. made a breakthrough to synthesize MoS2:Dy sheets with robust
and adjustable ferromagnetic properties at room temperature by a gas–liquid chemical
deposition method [17]. Gongxun Bai et al. synthesized a novel 2D system of an Er-doped
multilayer MoS2 to study NIR-to-NIR down-and up-conversion photoluminescence [16].
However, these studies were based on some thicker-layer 2D-TMDC materials. Later on,
Yongxin Lyu et al. fabricated Er-embedded MoS2 triangle islands along the in-plane size of
up to around 10 μm, which apparently formed single crystals [21]. Additionally, Fu et al.
used a salt-assisted sustained-release chemical vapor deposition (CVD) method to grow Eu
ion-doped MoS2 [22]. Their methods yielded smaller sized samples and tended to introduce
new dopant impurities. In addition, Eu and Er element-doped 2D-TMDC research has
focused on photoluminescence and ferromagnetic properties, with little reported on the
electrical properties of other rare earth element-doped monolayer 2D-TMDCs. Therefore,
it is unclear whether the introduction of rare earth elements into monolayer 2D-TMDCs
can effectively control their carrier type and regulate carrier concentration.In this work, we
demonstrate a large-sized MoS2 film doped with the RE element Sm by an atmospheric
pressure, three-zone CVD method. In addition, stable monolayer triangular Sm-doped
MoS2 films were obtained at the edge positions of the large size films.

MoS2 was chosen as the doping host material because it is a typical example from
the layered 2D-TMDC family of materials [23]. Additionally, Sm is more economic com-
pared to Er and Eu elements when investing in the optimization conditions for rare earth
element-doped monolayer 2D materials by CVD. The monolayer MoS2 was used as a
matrix material to embed Sm, as confirmed by characterization methods such as Raman,
photoluminescence (PL), X-ray photoelectron spectroscopy (XPS), atomic force microscope
(AFM), and energy dispersive X-ray spectroscopy (EDS) elemental mapping. As the mono-
layer triangle MoS2 was found to be the most energetically stable existent morphology, we
characterized the electrical properties of stable triangular MoS2 field effect transistor (FET)
before and after its doping. Electrical measurements showed that Sm element doping led
to considerable changes in the electronic band structure of the host MoS2.The doping of
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Sm may lead to a non-uniform charge distribution, suppress the n-type characteristic, and
change the energy band structure of MoS2.

2. Materials and Methods

2.1. Synthesis of the Sm-Doped MoS2 Film on a SiO2/Si Substrate by the CVD System

The three-zone CVD system is composed of two parts—an external temperature zone
heated by a heating belt and the two temperature zones of a furnace. Alcohol/isopropanol/
deionized water and a 3:1 mix solution of concentrated H2SO4 and H2O2 were used in this
study for the pretreatment of the 270 nm-thick, SiO2-capped Si substrate before Sm-doped
MoS2 growth by CVD [24]. Sublimed sulfur powder (Aladdin, Shanghai, China, 99.5%;
900 mg), MoO3(VI) powder (Alfa, Louis, MO, USA, 99.5%; 10 mg), and SmCl3·6H2O parti-
cles (Macklin, Shanghai, China, 99%; 5 mg) were loaded in three customized crucible lids
before growth and placed in the quartz tube of the furnace, as shown in the Supplementary
Materials (Figure S1).

Then, the different samples in the three-crucible lid were fed by a tool into the corre-
sponding positions of the quartz tube. First, the SiO2/Si (1 cm × 2 cm) substrate that was
placed upside down on top of the MoO3 powder crucible lid was placed in the second zone
of the furnace. Second, the SmCl3·6H2O particle was put in the first zone of the furnace.
Third, sulfur powder was located at the external temperature zone. The temperature and
Ar gas flow control procedure for CVD-doped growth is as follows. After purging the
furnace with Ar for 20 min [25], the temperature of the two temperature zones of the tube
furnace itself was ramped to 100 ◦C in 20 min and maintained for 30 min, while the carrier
gas flow rate in this process was 200 sccm. The subsequent steps in the temperature and
Ar gas flow control procedure were that the first and second temperature zones of the
furnace were increased from 100 to 800 and 750 ◦C, respectively, within 53 min and then
maintained for 30 min. The Ar gas flow rate changed from 200 to 100 sccm when heating
up from 100 ◦C. Additionally, the S powder was heated by a heating belt when the first
zone of the furnace was heated to 650 ◦C. After the thermal growth process ended, the
furnace and heating belt were allowed to naturally cool down to room temperature [26].

2.2. FET Device Fabrication

The FET device preparation is divided into two main parts: sample transfer and source
and drain electrode preparation [27,28]. During the transfer process, a thin layer of poly
methyl methacrylate (PMMA) was spun-coated on the CVD-grown, Sm-doped MoS2 and
then baked for 3 min at 150 ◦C. Next, the excess non-sample area was removed, and the
remaining sample coated by the PMMA was immersed in 20% Hydrofluoric acid solution
to etch SiO2. At the end, the detached film was cleaned in deionized water several times
and transferred to the heavily doped SiO2/Si substrate. Next was the process of preparing
the electrodes for the FET device. First, the residual PMMA covering the transfer sample
on the target substrate was removed with an acetone solution. Second, a new thin layer of
PMMA was spun-coated on the CVD-grown, Sm-doped MoS2, and then the electrodes were
exposed in the appropriate positions via electron beam lithography (EBL) according to the
designed electrode pattern. Third, Cr/Au (10 nm/50 nm) of the source and drain electrodes
was deposited in the corresponding position by electron beam eVaporation deposition. In
SiO2/Si substrates, Cr/Au (10 nm/50 nm) electrode plating was also required for Si as
a gate voltage. Finally, the acetone solution removed the PMMA, and the corresponding
device was obtained on the substrate.

2.3. Characterization

Raman and PL spectra were taken by a LabRAM HR eVolution system (HORIBA
Co. Ltd., Paris, France) with a 532 nm laser. The Raman spectroscopy parameters were
a diffraction grating of 1800 gr/mm, a focal length of 800 mm, a Raman frequency shift
range of 50–8000 cm−1, and a spectral resolution of ≤0.65 cm−1. The morphology of
fabricated devices and the morphology of as-grown Sm-doped MoS2 were observed by
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a fluorescent inverted microscope (LeicaDMI6000B, Leica, Hesse-Darmstadt, Germany),
and the thickness of few-layer flakes was characterized by AFM (MFP-3D-SA, Asylum
Research, Santa Barbara, CA, USA) and Raman spectroscopy. The electrical properties of
all the FET devices were measured using a Keithley 4200 (Tektronix, Beaverton, OR, USA)
semiconductor parameter analyzer at room temperature (under dark conditions). XPS was
conducted on a Thermo ScientificTM K-AlphaTM+(Thermo Scientific, Waltham, MA, USA)
spectrometer equipped with a monochromatic Al Kα X-ray source (1486.6 eV) operating
at 100 W. Samples were analyzed under vacuum (p < 10−8 mbar) with a pass energy of
150 eV (survey scans) or 25 eV (high-resolution scans). All peaks would be calibrated with
C1s peak binding energy at 284.8 eV for adventitious carbon. The experimental peaks were
fitted with the Avantage software. TEM images were obtained with an FEI Talos F200X
(Thermo Scientific, Waltham, MA, USA)

3. Results and Discussion

3.1. Fabrication of Monolayer Sm-Doped MoS2

The monolayer Sm-doped MoS2 film was directly synthesized by the three-zone CVD
system of atmospheric pressure method on the SiO2/Si substrate that was placed face
down [29] on the crucible lid in a quartz tube, and the overall process of the growth system
is illustrated in Figure 1a. As Figure 1a shows, sulfur powder was placed upstream, and the
SmCl3·6H2O particle was placed in the middle of the S and MoO3 powder. In the synthetic
process, SmCl3 has two effects: one is as a dopant, and the other is as an assistant agent
for the long-distance transmission of MoO3−x [24]. Additionally, the SiO2/Si (1 × 2 cm)
substrate that was placed upside down on top of the MoO3 powder crucible lid was
downstream of the furnace. Figure 1b shows an enlarged growth model processes for
the synthesis of monolayer Sm-doped MoS2 on the SiO2/Si substrate facing down on
the MoO3 powder. Figure 1c,d exhibits the optical images of the monolayer triangular
MoS2 and Sm-doped MoS2, respectively. The size of CVD-grown, Sm-doped MoS2 triangle
islands along the in-plane was up to around 50 μm. More optical images can be seen in
Figure S2. The triangle MoS2 was the most energetically stable existent morphology, and
the uniformity of the obtained large-size films was not as good as that of the triangle MoS2.
The specific analysis can be seen in the Supplementary Materials (Figure S3).

Figure 1. The growth of monolayer triangular Sm-doped MoS2 film. (a) Schematic of the three-
temperature zone chemical vapor deposition (CVD) system for the growth of the monolayer Sm-
doped MoS2 film on the SiO2/Si substrate. (b) The simple growth model processes for the synthesis
of monolayer triangular Sm-doped MoS2 on SiO2/Si substrate. Optical microscopy images of (c)
undoped and (d) Sm-doped monolayer triangular MoS2. Scale bar = 20 μm.
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3.2. Characterizations and Analysis of Monolayer Sm-Doped MoS2
3.2.1. Raman and Photoluminescence Analysis of Monolayer Sm-Doped MoS2

Raman spectroscopy was performed to investigate the layers of the MoS2 and Sm-
doped MoS2, and PL spectroscopy was employed to demonstrate the doping effect.
Figure 2a shows the Raman spectra of MoS2 and Sm-doped MoS2, where the Raman
spectrum of Sm-doped MoS2 can be seen to have exhibited two typical characteristic vi-
bration modes of layered MoS2 at E1

2g= 384.6 cm−1 (in-plane vibration of Mo and S atoms)
and A1g= 404.5 cm−1 (out-of-plane vibration of S atoms). The peak spacing between the
E1

2g and A1g was 19.9 cm−1, suggesting the MoS2 and Sm-doped MoS2 were monolay-
ers [30]. Figure S4b,d shows an AFM image of the Sm-doped MoS2 and undoped MoS2
samples, respectively. The height profiles indicate that the thickness of a typical flake was
approximately 0.83 nm, which was almost comparable to that of the single layer MoS2
crystal. Additionally, both vibrational modes of Sm-doped MoS2 are displayed in a small
blue shift compared with the monolayer MoS2, implying the possible effects of the Sm
doping and/or the presence of defects on MoS2 [16]. Due to the competing effects of lattice
strain and Sm3+ charge doping on the Raman shift, the overall blue shift of the A1g and E1

2g
peak was relatively small [31]. Furthermore, the distortion of the MoS2 lattice could give
rise to the optical quenching of the PL intensities [10]. It can be seen from Figure 2b that
undoped MoS2 had a strong PL peak at about 1.82 eV, implying the MoS2 is a direct band
gap semiconductor. However, the PL intensities of Sm-doped MoS2 were observed to be
much lower with a 30 meV blue shift than that of undoped MoS2, which was consistent
with previous predictions of the optical quenching of the PL intensities due to distortion
of the MoS2 lattice [10]. This may be ascribed to the introduction of new defects due to
lattice distortion by the doped Sm ions, as well as changes in band gap width. Using the
equation δω = 2γω0ε [32] and band gap deformation potential, it was found that the lattice
strains arising from the Sm doping were about 0.076% and 0.1%, respectively. This was also
confirmed in the previous studies of lanthanide Er-doped [16] MoS2 and Eu-doped [22]
MoS2. Additionally, the Raman mapping corresponding to the E1

2g and A1g peaks was
used to confirm the uniformity growth of the monolayer triangular samples with and
without Sm doping, as shown in Figure 2d,e,g,h, respectively. It was observed that the
Sm-doped monolayer MoS2 showed a more regular triangular shape and a more uniform
peak distribution than undoped MoS2. Thus, Sm doping improved the homogeneity of
the sample.

3.2.2. XPS Spectrum Analysis of Monolayer Sm-Doped MoS2

XPS was performed to investigate the elements and valence state information of
monolayer MoS2 and Sm-doped MoS2. Figure 3a–c displays the comparisons of XPS results
from the undoped MoS2 (in black) and Sm-doped MoS2 (in red). In the full spectrum
(Figure 3a), there are Si, O, and C core levels in addition to S and Mo core levels. The Si
and O core levels in the samples may have come from the SiO2/Si substrate, so the O peak
intensity was much higher than that of C. The core level of Sm was only found in the Sm-
doped MoS2. Additionally, the spectral shape of the S and Mo core levels after Sm-doping
was nearly identical to that of the undoped MoS2, which indicated that Sm-doping did
not significantly chemically alter the MoS2 host [33]. However, compared to the undoped
sample, it was obvious that the doped S 2p and Mo 3d core level peaks were both shifted
by 0.18 eV towards the lower binding energies. The specific displacement changes of the
binding energy were as follows: Mo 3d3/2 shifted from 232.64 to 232.82 eV, Mo 3d5/2 shifted
from 229.7 to 229.52 eV, S 2p1/2 shifted from 163.74 to 163.56 eV, and S 2p3/2 shifted from
162.54 to 162.36 eV [34]. The slight shift indicated the change of chemical microenvironment
around these atoms for Sm-doped MoS2 materials [22]. It can be inferred that the binding
energy shifts were associated with Fermi level shifts and originated from the incorporation
of Sm into MoS2 single crystals [16,22]. The binding energy shift direction and magnitude
of Sm-doped MoS2 were also found to be consistent with the variation of p-type-doped
MoS2 [16]. As seen in Figure 3d, the obvious binding energy peaks related to the Sm 3d5/2
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at 1083.58 eV [35] indicated that the Sm ions were trivalent [36], but the Sm 3d3/2 did not
have a significant peak. That may be attributed to the low concentration of Sm, with XPS
estimating a doping concentration of about 1.1at%.

3.2.3. TEM Analysis of Monolayer Sm-Doped MoS2

TEM was carried out to further investigate the microstructure and elemental com-
position of the monolayer Sm-doped MoS2. The EDS elemental mapping images of S,
Mo, and Sm in Sm-doped monolayer MoS2, which were taken from the area shown in
Figure 4a, are shown in Figure 4b–d. Though the S, Mo, and Sm elemental mapping image
scans were complete, the amount of detected Sm element was small. This indicated the
existence of a low doping concentration of Sm in the monolayer MoS2. The elemental Sm
doping concentration of the selected area detected by EDS (Figure S5) was about 1.42at%.
In Figure S5, selected area electron diffraction (SAED) patterns indicate that Sm doping did
not change the original crystal structure.

 

Figure 2. (a) Raman spectra and (b) photoluminescence (PL) spectra of monolayer triangular MoS2

and Sm-doped triangular MoS2 under 532 nm laser excitation. The (c) and (f) plots show the MoS2

and Sm-doped MoS2 optical microscopy images under Raman detection, respectively. (d,e,g,h)
Raman mappings of the peak position corresponding to E1

2g and A1g of the MoS2 and Sm-doped
MoS2, respectively. Raman and PL spectroscopy were conducted using a confocal Raman microscope
with a 532 nm laser at room temperature.
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Figure 3. XPS spectrum (a) total scans, (b) S 2p, (c) Mo 3d, and (d) Sm 3d core levels.

 

Figure 4. TEM characterizations of Sm-doped MoS2. (a) Low resolution TEM area of EDS mapping.
(b–d) EDS elemental mapping images of S, Mo, and Sm in Sm-doped MoS2, respectively.
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3.3. Electrical Properties Characterisation of Monolayer Sm-Doped MoS2 FET

In order to investigate the electrical properties of the Sm-doped monolayer MoS2, a
bottom gate FET was fabricated on the SiO2/Si substrate with Cr/Au (10/50 nm) as the
source and drain electrodes as shown in Figure 5a. The SiO2 layer thickness of the FET
devices was 285 ± 20 nm. Specifically, the electrical performance of the FET devices was
tested in the dark. Figure 5b shows the output curves of Sm-doped (red) and undoped
(black) monolayer MoS2 at a gate voltage of 10 V. The inset shows a microscopy image of
the FET under the light microscope. It is clear that the output characteristics of monolayer
MoS2 were better than those of Sm doping under the same conditions, implying the
restraint of electrical conductivity with Sm doping. This was due to the fact that the Sm
element caused distortions in the lattice structure near the doping site, resulting in an
inhomogeneous charge density distribution. Figure 5c,d shows the transfer curves of
an MoS2 FET with and without Sm doping. The undoped MoS2 FET displayed typical
n-type transport characteristics (black), as previously reported in the literature [23,37–39].
Compared to undoped MoS2 (red), the threshold voltage (Vth) of Sm-doped MoS2 moved
from −12 to 0 V, as seen in Figure 5c. It can also be seen in Figure 5d that the inflection point
of the transfer curve of the doped MoS2 shifted to a more positive gate voltage with respect
to the inflection point of the undoped MoS2, implying a Fermi level closer to the valence
band maximum (VBM) by Sm doping. More Vds transfer characteristics of Sm-doped
MoS2 FET devices are shown in Figure S6 in the Supplementary Materials, where it can be
seen that the Vth for doping all showed a tendency to shift towards a more positive gate
voltage. The positive shift of the Vth was consistent with the p-type dopant behavior of in
MoS2 [40]. This was because during the Sm substitution doping process, the Sm 4f states
contributed to the formation of a valence band and a hybridization of Sm 4f and Mo 4d on
the edge of the valence band. This brought the Fermi energy level close to the valence band,
leading to p-type doping. Furthermore, this was also coherent with the p-type doping
conclusion obtained from the core energy level of XPS that shifted towards a lower binding
energy. However, significant p-type (hole-transport) behavior of MoS2 devices was not
observed, presumably due to the Fermi-level pinning of the Cr/Au contact metal close to
the conduction band of MoS2 [33,41] or a smaller shift in the Fermi energy level caused
by a smaller doping concentration. Figure 5e, f shows the band alignment diagrams and
the formation of the Schottky barrier (SB) before and after doping. The figure shows the
schematic of an energy diagram of a Cr/Au electrode and an MoS2 monolayer where
the work functions of Cr (ΦCr) and Au (ΦAu) were 4.5 and 5.1 eV, respectively [38], and
the electron affinity (χ) of MoS2 was ∼4.2 eV [42]. The energy band of the MoS2 bended
upon contact to form the SB (blue line). Sm doping in MoS2 caused the Fermi energy to
shift closer to the VBM and the impurity level to be close to the VBM. Additionally, an
empty Sm 4f state was present at the bottom of the conduction band. All of this led to the
Fermi energy level being closer to valence band and an increase the height of the SBSm, as
well as a decrease in device current. Moreover, this corresponded to the actual measured
electrical properties. The field-effect mobility (μFE) could be calculated from transfer curve
(Figure 5d) according to the following equation [39]:

μFE =
dIds
dVg

· L
W

· 1
Cg·Vd

(1)

Cg =
ε0εr

d
(2)

where dIds/dVg is the slope of the transfer curve; L and W are the length and width of
the channel, respectively; Vd is the drain voltage; Cg is area-normalized capacitance of
280 nm-thick SiO2; ε0 is vacuum dielectric constant; εr is relative dielectric constant; and
d is the SiO2 thickness. The calculation gave mobility values of 4.35 and 3.08 cm2/Vs
for Sm-doped and undoped uncased monolayer FETs, respectively. Furthermore, the
on/off current ratio for Vg ranged from −30 to +30 V, with a source-drain bias of 0.5 V for
the Sm-doped monolayer MoS2 FET of about 3 × 104, which was higher than that of the
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undoped monolayer MoS2—5 × 103. This represented a 500% improvement in the on/off
performance of the doped device, but the change in migration rate was not very significant.
The Ids–Vg curve in Figure 5c indicates that the FET made of Sm-doped MoS2 showed a
current density close to the MoS2 FET at the “on” state but a much lower current density
(1000 times lower) at the “off” state. These results suggested that Sm doping reduced the
electron density in MoS2 and led to a small Ioff. As a result, both the radius difference
and concentration of impurities can affect the electrical properties of monolayer MoS2.
This is because the lattice distortion caused by the doped atoms can change the energy
band structure of monolayer MoS2 and affect the charge distribution, and the doping
concentration determines the variation in band gap width and Femi energy level.

Figure 5. Electrical properties of monolayer MoS2 and Sm-doped MoS2. (a) The schematic drawing
of a Sm-doped monolayer MoS2 FET. (b) Output curves (Ids–Vds) of MoS2 and Sm-doped MoS2

devices at a gate bias of 10 V. The inset is the topography of the device. (c) Source-drain current
(Ids) vs gate voltage (Vg) characteristics of monolayer MoS2 and the Sm-doped MoS2 FET device at a
drain voltage (Vds) of 0.5 V on a log scale. (d) Transfer curves (Ids–Vg) of monolayer MoS2 and the
Sm-doped MoS2 FET device with a Vg from −30 to 30 V. Band alignment diagrams and the formation
of the Schottky barrier after contact between the Cr/Au electrode and (e) pristine MoS2 (blue line)
and (f) Sm-doped MoS2 (red line).
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4. Conclusions

In conclusion, Sm-doped monolayer triangular MoS2 was successfully grown by CVD,
which was confirmed to be monolayer by Raman and AFM measurements. FET devices
were fabricated with the Sm-doped monolayer triangular MoS2, and its Vth was shifted
from −12 to 0 V compared to be undoped, MoS2-based FETs. The positive shift change
in Vth was attributed to the fact that Sm acted as substitutional p-type dopant in MoS2,
consistent with theoretical predictions and XPS analysis. The 500% increase in the on/off
current ratio of Sm-doped devices was due to the reduction of the electron density in MoS2
after Sm ion doping, which also led to a small Ioff. This was due to the lattice strain caused
by Sm doping. The above results show that RE element Sm substitutional doping can
tune and enhance the electrical properties of monolayer MoS2. This study opens up a
wide range of applications for tuning the electrical properties of monolayer 2D-TMDCs by
doping with RE elements.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-4
991/11/3/769/s1. Figure S1: Schematic of the CVD system for growth of monolayer Sm-doped
MoS2 film on SiO2/Si substrate. Figure S2: Optical image of triangular monolayer Sm-doped
MoS2. Figure S3: Disordered and irregular films during CVD doping growth and the respective
corresponding Raman spectra. Figure S4: Optical microscopy images of (a) Sm-doped and (c)
undoped MoS2 triangles. AFM images and the height of (b) Sm-doped and (d) undoped MoS2.
Figure S5. (a) Low-magnification TEM image of Sm-doped MoS2 single crystal on a Cu grid. SAED
patterns (b,c) collected from different sites on the monolayer triangle Sm-doped MoS2. (d) Low-
magnification TEM image of Sm-doped MoS2; the red box shows the measured area of figure (e).
EDS spectrum (e) of Sm-doped MoS2 with Mo, Sm, and S labels and inset showing the atomic percent
of labeled elements. Inset: partial enlargement. Figure S6: (a) Photomicrograph of the FET device. (b)
Transfer curves (Ids–Vg) of monolayer MoS2 FET device at drain voltages (Vds) of 0.1, 1, and 2 V with
Vg varying from −30 to 30 V. (c) Transfer curves (Ids–Vg) of monolayer Sm-doped MoS2 FET device
at drain voltages (Vds) of 0. 1, 1, and 2 V with Vg varying from −30 to 30 V. Transfer curves (Ids–Vg)
comparing of monolayer MoS2 and Sm-doped MoS2 at drain voltages (Vds) 2 V (d), 1 V (e), and 0. 1
V (f) with Vg varying from −30 to 30 V.
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Abstract: Due to its remarkable switching effect in electrical and optical properties, VO2 is a promis-
ing material for several applications. However, the stoichiometry control of multivalent vanadium
oxides, especially with a rational deposition technique, is still challenging. Here, we propose and
optimize a simple fabrication method for VO2 rich layers by the oxidation of metallic vanadium
in atmospheric air. It was shown that a sufficiently broad annealing time window of 3.0–3.5 h can
be obtained at an optimal oxidation temperature of 400 ◦C. The presence of VO2 was detected by
selected area diffraction in a transmission electron microscope. According to the temperature de-
pendent electrical measurements, the resistance contrast (R30 ◦C/R100 ◦C) varied between 44 and 68,
whereas the optical switching was confirmed using in situ spectroscopic ellipsometric measurement
by monitoring the complex refractive indices. The obtained phase transition temperature, both for
the electrical resistance and for the ellipsometric angles, was found to be 49 ± 7 ◦C, i.e., significantly
lower than that of the bulk VO2 of 68 ± 6 ◦C.

Keywords: phase transition; thermal oxidation; thermochromism

1. Introduction

Vanadium is a transition-metal which can coordinate to oxygen in different polyhedral
structures forming a large variety of crystalline structures. Besides the single valence
vanadium oxides, such as VO, V2O3, VO2 and V2O5, several mixed valence states exist
which can be grouped into Magneli series (VnO2n−1) between VO2 and V2O5 phases and
Wadsley series (VnO2n+1) between V2O3 and VO2 phases. Vanadium-oxides are known by
their wide range of applications from catalyst to energy storage [1–3]; however, one of their
most remarkable features is the semiconductor to metal transition (SMT), due to external
stimuli, i.e., temperature or electric field. The electrical conductivity of many vanadium-
oxides changes several orders of magnitude as the transition temperature is crossed.

Among the series of oxides, VO2 is the most studied material due to its transition close
to room temperature at 68 ◦C, where the crystalline structure of the material reorganises
from monoclinic to tetragonal rutile structure [4]. In bulk VO2 besides the five orders of
magnitude change in the electrical conductivity, the optical transmission also undergoes a
substantial reduction, especially in the near-infrared regime. Therefore, all the optical and
electrical properties of the material can be controlled through the SMT. This quality makes
VO2 an excellent material for optical switching [5], THz switch [6], sensors [7,8] or resistive
switch [4,9]. Smart thermochromic coating on glass is also a promising application, which
exploits the variation of transmission around the transition temperature [10]. The film
turns opaque with respect to near-IR, without any extra stimuli or energy consumption.
However, slightly lower transition temperature (20–40 ◦C) would be preferable. Doping of
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the VO2 layer by W, Mo or Nb can improve this drawback [1]. Other studies demonstrated
that smaller grain size [11,12] or stress stemming from substrate effect [13] can also reduce
the phase transition temperature, but improvement of their reliability is still desired.

Due to the several oxidation states of vanadium, preparation of VO2 film is highly
challenging. Among the numerous thin film deposition techniques, such as evapora-
tion [14], pulsed-laser deposition [15], chemical vapor deposition (CVD) [16] and atomic
layer deposition (ALD) [17], the magnetron sputtering [11] is the preferred process due to
its simplicity and high controllability. However, all of these methods suffer from narrow
process windows, i.e., minor changes in the growth parameters can cause significant degra-
dation in the performance of electrical/optical switching. Recently, significant progress has
been achieved in the field of low temperature (250–300 ◦C) deposition using high-power
impulse magnetron sputtering (HiPIMS) [18–20]; however, the most conventional methods
still require high annealing temperatures (typically >500 ◦C) to improve the crystallinity
and the stoichiometry of the film [21,22]. All these requirements make difficult to prepare
highly reliable layers and integrate VO2 into the standard CMOS process flow.

Oxidation of metallic vanadium films by thermal annealing provides a cheap and
simple method for preparing vanadium-oxides; however, it also requires a precise control
of the parameters to achieve the appropriate phase [23]. Since V2O5 is the thermodynam-
ically most stable stoichiometry, at high O2 partial pressure [24] during the oxidation,
the VO2 is only an intermediary phase with many other oxides towards the formation of
V2O5. This phenomenon is most pronounced during oxidation in air, which would offer a
temptingly simple approach for VO2 synthesis. Therefore, reports on thermal oxidation of
vanadium [12,23,25–29] also share the difficulty of a narrow process window, i.e., the pres-
sure, the temperature and the annealing time must be adjusted very precisely to obtain the
maximum fraction of crystalline VO2.

The present work focuses on the preparation of VO2 films with thermal oxidation
of evaporated vanadium films in air. This method, combined with the measurement of
electrical resistance, provides a simple, quick and sensitive optimization procedure. We
found that a slightly lower than conventionally applied annealing temperature (400 ◦C)
results in a 30 min wide process window in respect to the oxidation time. Moreover,
the result of the oxidation was not sensitive to the initial quality of the metal layer; we got
the same switching behavior even if the vanadium film was exposed to air for seven
months. Detailed studies conducted on structural and optical properties of the optimized
film revealed that the electrical and optical switching properties are maintained in case of
moderate VO2 content as well. This preparation approach offers a highly flexible and cost
effective method to synthesise vanadium-dioxide films.

2. Materials and Methods

Metallic vanadium thin films were deposited on (100)-oriented Si wafers covered
by 1.3μm SiO2. Before loading the samples into the oil free evaporation chamber, their
surfaces were cleaned with cc. HNO3 and DI water. Vanadium ingot of 99.5% purity was
evaporated using an electron gun. The evaporation rate was between 0.2 and 0.3 nm/s,
at a pressure of 3 × 10−8 Torr during deposition. The film thickness was controlled by a
vibrating quartz crystal. The deposited vanadium thickness was 104 ± 4 nm according to
the in situ measurement. The post deposition heat treatments were carried out in a tube
furnace in air at atmospheric pressure. The annealing temperature (Ta) varied between
350 ◦C and 500 ◦C and the annealing times (ta) were between 1 and 4 h. The annealing
temperatures were measured by a small heat capacity NiCr-Ni thermocouple.

The optimization of the annealing parameters was based on temperature dependent
resistance measurement between room temperature and 100 ◦C. The hysteresis properties
(resistance contrast, transition temperature, hysteresis width) are greatly affected by the sto-
ichiometry and the structural quality of the deposited film, e.g., grain size, stress, cleanness,
which allows us a simple and sensitive characterization of the oxide layers. The resistance
was acquired between two gold contacts evaporated onto the oxide surface after the oxida-
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tion, whereas the temperature was controlled by a Peltier-modul and measured by Pt1000
temperature sensor on the surface of the silicon wafer. The layer was biased by a data
acquisition device, while the current was measured by a current amplifier.

The optimized oxide layers were further investigated in respect to its microstructure
and optical properties. High resolution transmission electron microscopy (TEM) observa-
tion was performed by a JEOL JEM-3010 HREM instrument.Cross sectional TEM specimens
were prepared by ion beam milling using a Technoorg Linda ionmill with 10 keV Ar+ ions
at an incidence angle of 5◦ with respect to the surface. In the final period of the milling pro-
cess, the ion energy was decreased gradually to 0.3 keV to minimize ion-induced structural
changes in the surface layers.

For characterizing the optical properties of the thin film at various temperatures, a
Woollam M2000DI spectroscopic ellipsometer was used in a rotating compensator con-
figuration. The sample was placed on a ceramic sample stage located in a custom-made
quartz heating cell. The tube-shaped cell had a diameter of 5 cm and a length of 20 cm and
it was sealed on both ends. The sample was measured prior to SMT and subsequently real
time measurement was performed with a time resolution of 3 s in the available wavelength
range of 265 nm to 1690 nm. During the real time measurement, a maximum temperature
of 100 ◦C was achieved with a temperature gradient of 7 ◦C/min. The same gradient with
the opposite sign was used for reaching room temperature again after the heating process.

3. Results And Discussion

3.1. Electrical Properties

Figure 1a shows a typical temperature dependent electrical resistance trace of an
oxidized V film. The nearly two orders of magnitude changes in resistance close to room
temperature anticipates VO2 rich content. The quality of the transition is characterized
by the three main parameters of the R-T curve: the transition temperature, the hysteresis
width and the magnitude of the resistance change. The transition temperature (Tc) is
determined by the minimum value of the derivative curve (dlog(R)/dT), is 56 ◦C during
the heating and 43 ◦C during the cooling branch. The significant lower transition tempera-
ture compared to the pure VO2 (68 ◦C) can be attributed to either the non-stoichiometric
composition [30], the stress due to the lattice mismatch with the SiO2 substrate [13] or the
small grain size [11,12]. The transition temperature of our VOx film is about 10 ◦C lower
than layers which were oxidized in air by other groups [23,29,31]. This drop in the Tc may
be ascribed to the lower annealing temperature. The hysteresis width (the difference of
the heating Tc and cooling Tc) is around 10–13 ◦C, which is a typical value for polycrys-
talline thin films [23,29]. The magnitude of the transition is calculated by the resistance
contrast between 30 ◦C and 100 ◦C (see blue and red dots, respectively, in Figure 1a on the
heating branch) and its value for this particular sample is 68. This resistance switching
ratio is in the same regime [23,29,31] or higher [12,28] than the other layers which were pre-
pared by oxidation of metallic V under atmospheric pressure. However, all those samples
were annealed at higher temperature and required a more thorough optimization process,
because a few percent variation in the oxidation time leads a substantial change in the
hysteresis curve.
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Figure 1. (a) Typical temperature dependent resistance curve of VOx film oxidized at Ta = 400 ◦C for ta = 3.0 h. The blue/red
dot marks the resistance at 30/100 ◦C on the heating branch (Rl and Rh, respectively), whereas the arrows indicate the
direction of the hysteresis curve. (b) Evolution of the low (blue dots) and high (red dots) temperature resistances as a
function of annealing temperature (left panel) and annealing time (right panel), while the other oxidation parameters are
fixed. The layers are considered to low oxygen content if the resistance is lower than 1 kΩ and high oxygen content if the
resistance is higher than 1 MΩ during the heating cycle. (c) The applied annealing time and temperature combinations
(middle panel), the colors of the dots indicate the oxidation state of the vanadium according to the electrical property.
The resistance switching ratios (Rl/Rh) are also shown as a function of the annealing temperature (bottom panel) and
annealing time (left panel). The films with optimal stoichiometry exhibit good electrical switching effect.

To examine the effect of annealing parameters to the SMT we varied either the anneal-
ing temperature (Ta) or the time (ta), while the other parameter was fixed. In left panel
of Figure 1b we plot the evolution of low (blue dots) and high (red dots) temperature
resistance values as a function of Ta at fixed ta = 3.0 h. Three regions can be observed as
we increase the annealing temperature. Below 400 ◦C, the layers show metallic behaviour
with low resistance (<100 Ω). This quality changes suddenly at Ta = 400 ◦C, where both
resistances increase more than one order of magnitude, while the film exhibits resistance
switching effect. Finally, above 400 ◦C, the resistances suddenly increase again, indicating
insulator property. This tendency demonstrates well the narrow process window around
400 ◦C. In contrast, phase transition occurs in a wide range when varying the oxidation
time (ta) at a fixed temperature of 400 ◦C (see right panel of Figure 1b). The transitions
between the different oxidation states are also sharp but the quality of the VOx films does
not change significantly between the annealing times of 3.0 and 3.5 h. This finding refers
to a wide process window, which significantly promotes the reliable production of the
VO2 content that contribute to the phase change of the thin films. To demonstrate the
robustness of the layer synthesis we created four VOx films annealed at 400 ◦C for 3.0 h.
Between the first and the last oxidation process seven months passed and meanwhile the
metal layer was exposed to air, resulting gradually thickening native oxide layer. However,
despite the different initial conditions, the electrical switching effect is always presented,
whose magnitude varies between 44 and 68 and the transition temperature is in the range
of 55–57 ◦C and 43–45 ◦C for heating and cooling branch, respectively.

The applied annealing temperature-time combinations during the optimization pro-
cess are summarized in Figure 1c, whereas the corresponding resistance switching ratios
(Rl/Rh) are shown in side panels as a function of the annealing parameters. The layers are
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classified into three categories according to their electrical properties. If the switching ratio
is higher than 10, the oxide layer is considered to VO2 content (green dots). Those samples
that do not show electrical switching are denoted to low/high oxygen content if they
show metallic/insulating behaviour (blue and red dots, respectively). We obtain VO2
rich film, when the annealing time is between 3.0–3.5 h at Ta = 400 ◦C. The background
of this wide process window in the oxidation time can be explained by exponential de-
pendence on the oxidation rate from the temperature. The reaction rate of the vanadium
oxidation can be described by the Arrhenius expression with activation energy between
128–177 kJ/mol [23,32]. The optimal annealing temperatures in case of 3.0 h and 3.5 h
annealing time are around 400 ◦C and there are only a few degrees difference between
them [23]. Therefore, the oxidation state must change slowly during this period, opening a
wide process window in the oxidation time.

3.2. Structural Analysis

Figure 2a shows a scanning electron microscope (SEM) image about the surface
morphology of a VOx film annealed at 400 ◦C for 3.0 h. The layer has a polycrystalline
structure with anisotropic grains whose lateral size can exceed 100–200 nm, confirming the
crystalline structure. The thickness variation of the VOx film as a function of the oxidation
time and temperature was studied by taking cross-sectional SEM images. We found
monotonically increasing tendency when the annealing temperature was raised from
375 ◦C to 425 ◦C, see Figure 2b–d. This is in accord with the theoretical considerations,
since during the oxidation process the mass of the vanadium-oxide film increases with
the oxidation state, while the mass density monotonically decreases. Taking into account
the molar mass and the density of V and VO2, we anticipate a factor of 2.18 in the film
thickness expansion if the V layer transforms into pure VO2. The SEM image yields an
expansion ratio of 2.06 ± 0.18 in the case of optimal stoichiometry (400 ◦C, 3.0 h), which is
close to the theoretical expectation and agree with the results of other groups [25,33,34].
In contrast, the lower/higher oxidation temperature resulted significantly different ratios
(1.64 and 2.54, respectively), referring to different oxidation states. This finding indicates
that the in situ thickness measurement could also act as a very simple method to optimize
the oxidation parameters. Such a large difference in the thickness could not be observed
when the oxidation time was varied between 3.0 h and 3.5 h, the variation of the thicknesses
were within the range of 10%.

Figure 2. (a) Scanning electron microscope (SEM) micrograph of the top surface of a VOx film oxidized at 400 ◦C for 3.0 h.
(b–d) Series of SEM images of the cross section of VOx layers oxidized at different temperatures for 3.0 h. The thickness
monotonically increases with the temperature. All white scale bars on the images indicate 200 nm.

Figure 3 shows transmission electron microscope (TEM) images of the VOx film.
They reveal that the ≈200 nm thick layer is not homogeneous. The bottom part of the
film contains smaller particles with a typical grain size of less than 50 nm, whereas in the
top part, larger grains are presented with lateral sizes of ≈100 nm (see Figure 3a). In the
high resolution image, the atomic planes are clearly seen in Figure 3b. According to the
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selected area electron diffraction pattern (see inset of Figure 3b), the crystalline structure
is consistent with simultaneous presence of monoclinic and tetragonal phases, which are
characteristic to VO2. Although the tetragonal structure should be presented only above
the phase transition temperature of the VO2 grains, its existence can be the result of the
heating effect of the electron beam. The presence of other oxides, e.g., orthorhombic V2O5
or rhombohedral V2O3 are negligible in the selected area as only a few interference rings
can be assigned to these phases. To exclude the effect of the electron beam irradiation,
e.g., electron beam-induced crystallization, we monitored the crystalline structure in time,
but no changes were observed.

Figure 3. (a) TEM images of the VOx film, showing around 100 nm large crytalline particle in the middle. (b) High
resolution TEM image exhibiting crystalline atomic structure. The inset shows the diffraction pattern of a grain in the
VOx layer.

3.3. Optical Properties

In order to confirm that a similar low temperature switching occurs also in the near
infrared optical properties, an in situ spectroscopic ellipsometry study was carried out.
During the temperature dependent spectroscopic ellipsometry (SE) measurement we moni-
tored the complex reflection coefficient (ρ) by collecting the Ψ and Δ ellispometric angles,
defined by ρ = rp/rs = tan(Ψ) · exp(iΔ), where rp and rs are the complex reflection
coefficients of the light polarized parallel and perpendicular to the plane of incidence,
respectively. The annealed VOx layer shows a reversible SMT during the heating cycle
(see Figure 4a), the change in the ellipsometric angle Ψ has a maximum around 60◦ in the
infrared wavelength range, in good agreement with previous reports [35]. The parameters
of the hysteresis loop are in good accordance with the electrical characterization. The transi-
tion temperature (the maximum of dΨ/dT) is around 61 ◦C during the heating process and
50 ◦C during the cooling process. The slightly higher transition temperature value in case
of SE can be caused that the temperature is measured further from the sample. The optical
model was set up according to the cross sectional TEM pictures where two VOx layers
(approximately 100–100 nm) were identified with different grain sizes. Thus, the model
consists of a semi-infinite Si substrate, a SiO2 layer and two VOx thin layers. As a result of
the analysis, the complex refractive index n̂ = n + ik of the top VOx layer was described by
using three Gaussian-oscillators, whereas two oscillators were used for the bottom layer
at room temperature and an additional Drude term for describing the metallic behaviour
above the transition temperature (see Figure 4b).
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Figure 4. (a) Temperature dependent variation of Ψ during the heating cycle at the wavelength of 1540 nm wavelength in
the infrared range. (b) Schematic of the applied optical model and the SE measurement arrangement.

The model fit identifies the top VOx layer as V2O5 phase since the two interband tran-
sitions of pentoxide can be clearly seen near 3.0 and 4.5 eV [36,37]. The bottom VOx layer
corresponds to the VO2 layer, the optical constants of which at the wavelength of 1540 nm
at low and high temperature are (nl ,kl) = (2.62, 0.47) and (nh,kh) = (2.16, 3.04), respectively,
in excellent agreement with a recently reported VO2 film, prepared by oxidation of reactive
magnetron sputtered metallic V films [38]. Furthermore, our nl/nh and kl/kh ratios are in
the ranges reported by other groups in the infrared wavelength range [35,38–40].

The topmost V2O5 layer is too thick to be regarded as a native oxide layer, therefore it
had to be formed during the annealing process. The thermal oxidation of V film can be
described by the Deal–Grove model [41], where diffusion and reaction are the two basic
processes. If the initial V film is thick, the diffusion rate is lower than the reaction rate
due to the long diffusion distance. In this diffusion-controlled regime the different valence
states of V are layered after the oxidation, the highest valence state (V5+, i.e., V2O5) is
located at the top of the VOx layer, while the lowest valence state is located at the substrate-
layer interface. Both TEM and SE measurements confirmed the corresponding layered
structure and accordingly below the VO2 layer (V4+ valence state), there must be V3+

as well. The V3+ ions play major role in the tuning of the phase transition temperature,
the oxygen vacancies reduce the Tc [26]. Our low transition temperature may arise from the
high V3+ content. Although the Tc is still too high for smart window application, maybe it
can be further reduced by using W doped V layer or V-W alloy. Recently, a new method
was introduced, where the transition temperature was reduced to 22 ◦C by simultaneously
sputtering V and W targets [42]. The V2O5 overlayer does not influence significantly the
main character of the phase change, similar oxide layer was detected by XPS in other
studies [25,26]. However, by etching the V2O5 layer from the surface, the magnitude of the
transmission modulation can be increased a little.

Depending on the potential application, different film thickness is desired. In the case
of smart window application typically 50-200 nm thick VO2 film is applied [10,43],
which matches to our layer if only the VO2 layer is considered. However, our optimiza-
tion process can be generalized to various V layer thicknesses (d), in case of diffusion-
controlled oxidation, the optimal oxidation time is proportional to the square of the thick-
ness (ta ∼d2) [44]. The lower limit of the V thickness, i.e., the transition between the
reaction and diffusion-controlled oxidation, was found to be around 60 nm [26].

In conclusion, a simple and rational technique was demonstrated to fabricate VO2
coatings. Since the oxidation of metallic vanadium is carried out at atmospheric air
at a relatively low annealing temperature (400 ◦C), it is prosperous for mass production.
Moreover, the low temperature phase transition of 49± 7 ◦C makes it a promising candidate
as an infrared transmission blocking layer.
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