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Highly Homogeneous 2D/3D Heterojunction Diodes
by Pulsed Laser Deposition of MoS, on lon Implantation

Doped 4H-SiC

Filippo Giannazzo,* Salvatore Ethan Panasci, Emanuela Schilird, Patrick Fiorenza,
Giuseppe Greco, Fabrizio Roccaforte, Marco Cannas, Simonpietro Agnello, Antal Koos,

Béla Pécz, Marianna Spankovd, and Stefan Chromik

In this paper, 2D/3D heterojunction diodes have been fabricated by pulsed
laser deposition (PLD) of MoS, on 4H-SiC(0001) surfaces with different doping
levels, i.e., n~ epitaxial doping (=10'® cm~3) and n* ion implantation doping
(>10" cm3). After assessing the excellent thickness uniformity (=<3L-MoS,)
and conformal coverage of the PLD-grown films by Raman mapping and trans-
mission electron microscopy, the current injection across the heterojunctions
is investigated by temperature-dependent current-voltage characterization of
the diodes and by nanoscale current mapping with conductive atomic force
microscopy. A wide tunability of the transport properties is shown by the SiC
surface doping, with highly rectifying behavior for the MoS,/n~

SiC junction and a strongly enhanced current injection for MoS,/n* SiC one.
Thermionic emission is found the dominant mechanism ruling forward cur-
rent in MoS,/n" SiC diodes, with an effective barrier @ = (1.04 £ 0.09) eV.
Instead, the significantly lower effective barrier @3 = (0.31 £ 0.01) eV and a
temperature-dependent ideality factor for MoS,/n* SiC junctions is explained
by thermionic-field-emission through the thin depletion region of n* doped
SiC. The scalability of PLD MoS, deposition and the electronic transport
tunability by implantation doping of SiC represents key steps for industrial
development of MoS,/SiC devices.

such as the thickness-dependent bandgap,
which are attractive for ultra-scaled digital
electronics beyond silicon, optoelectronics,
and energy applications.l! The dangling-
bond free structure of TMDs offers the
unique possibility of realizing high-quality
van der Waals heterostructures with bulk
semiconductors for the implementation of
advanced heterojunction devices exploiting
current transport at the interface.?! In
particular, the integration of single or few
layers MoS, with wide bandgap semicon-
ductors, such as the group-III Nitrides
(GaN, AIN, and AlGaN alloys) and 4H-SiC,
is currently the object of increasing
interest in optoelectronics (e.g., for the
realization of high responsivity dual-band
photodetectors  covering the spectral
ranges of visible and ultraviolet),* and
in electronics (e.g., for the realization of
heterojunction diodes, including band-to-
band tunnel diodes).1>""]

Motivated by these interests, dif-
ferent approaches have been employed
to fabricate such heterojunction devices,

1. Introduction

Layered transition metal dichalcogenides (TMDs), including
MoS,, WS,, MoSe,, WSe,, have been widely investigated in the
last years, due to their interesting semiconducting properties,

including the transfer of MoS, flakes exfoliated from bulk crys-
talsl®>1% or grown on foreign substrates, 21318l and the direct
deposition of MoS, on GaNM1®l or 4H-SiC."""] In particular,
nearly unstrained and highly oriented monolayer MoS, tri-
angular domains on the GaN(0001) basal plane have been
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obtained by chemical vapor deposition (CVD) at a temperature
of 700-800 °C.1*1%29 Epitaxial MoS, growth on GaN has been
also obtained by the pulsed laser deposition (PLD) technique.!
The high-quality epitaxial growth has been ascribed to the very
low (<1%) in-plane lattice mismatch between the MoS, and
GaN hexagonal lattices, and to the similar thermal expansion
coefficients of the two materials.

On the other hand, the larger lattice constants mismatch
(=2.9%, with ayes; = 3.162 A and ayy_gic = 3.073 A)?2 and the dif-
ference in thermal expansion coefficients (o5, = 1.90 X 1076 K7,
Oypi_sic = 4.47 X 1076 K71)2324 between MoS, and 4H-SiC may con-
tribute to interfacial strain. To date, few layers or monolayer MoS,
films uniformly covering the SiC(0001) surface have been reported
by CVD approaches, i.e., the single-step CVD with vapors from
S and MoOj; powders! or the sulfurization of predeposited Mo
thin films.l”! Highly crystalline few layers MoS, on 6H-SiC(0001)
have been also obtained by PLD at a substrate temperature of
700 °C.2U Furthermore, inhomogeneous MoS, flakes with den-
dritic shape,*! or vertically standing triangular MoS, domains
with respect to the basal planes of 6H-SiC?% and 4H-SiCl*’] have
been obtained by CVD properly tailoring the growth conditions.
While vertically standing MoS, exposing edges can be interesting
for catalysis and hydrogen evolution reaction (HER) applica-
tions,” layered MoS, films uniformly covering the SiC(0001)
basal plane are highly attractive as building blocks of heterojunc-
tion devices exploiting vertical current transport at MoS,/SiC
interfaces. These can find application both in the state-of-the-
art 4H-SiC technology (Schottky and Junction Barrier Schottky
diodes) for energy-efficient power conversion,?8! as well as for the
implementation of novel device concepts for ultra-fast switching,
including p*-MoS,/n*-SiC Esaki diodes?” and vertical hot electron
transistors with a n-MoS, basel**3! and n*-SiC emitter. Besides
the reported studies, a more comprehensive understanding
of the structural properties and of the mechanisms ruling
current transport across MoS,/SiC interfaces is mandatory for the
future development of these heterojunction devices. However, to
date, only a few studies reported on the electronic transport in
MoS,/SiC diodes, mainly focused on anisotype (p/n) junctions of
p" MoS, with n* 4H-SiC,>?% whereas there is a lack of knowledge
on the isotype (n/n) MoS,/4H-SiC heterojunctions.

In this paper, the PLD technique has been employed to
deposit highly uniform =3L-MoS, films on the surface of
4H-SiC(0001) samples with different n-type doping levels, i.e.,
low n-type doping (10 cm™) epitaxy and degenerate n-type
doping (>10" c¢m™) by phosphorous ion implantation. After
assessing the MoS, thickness uniformity and the structural
properties of the heterojunction by Raman mapping combined
with atomic resolution transmission electron microscopy (TEM),
the electronic transport mechanisms at the interfaces have
been deeply investigated both on macroscopic diodes and at
nanoscale by conductive atomic force microscopy (C-AFM) cur-
rent mapping.?>%3 A wide tunability of current injection at the
hetero-interfaces by the near-surface doping of SiC is demon-
strated, showing a highly rectifying behavior on n~ 4H-SiC and
strongly enhanced current injection on n*- implanted 4H-SiC.
Furthermore, the mechanisms ruling current injection under
forwarding bias polarization (i.e., thermionic emission above
the MoS,/SiC conduction band discontinuity for n- 4H-SiC and
thermionic field emission across the ultra-thin depletion region
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of SiC for n* 4H-SiC) have been discussed based on the results
of temperature-dependent current-voltage (I-V) characterization
of diodes and C-AFM nanoscale current mapping.

2. Experimental Section

Two 4H-SiC(0001) samples with different n-type surface doping
have been used for the MoS, PLD growth experiments. They
were prepared from the same initial 4H-SiC (0001) 4°-off
wafer, consisting of a n* substrate covered by a 5 um moder-
ately n-type doped epitaxial layer, with a carrier concentration
of =1 x 10'® cm=3 evaluated by Hg-probe capacitance measure-
ments. The first sample (from now on named n™-SiC sample)
was a 10 mm x 10 mm piece cut from this wafer. For the second
sample (from now on named n*-SiC sample), phosphorous (P)
ions implantation at energies from 30 to 200 keV and doses
from 75 x 108 to 5 x 10" cm™ was performed at a tempera-
ture of 400 °C, followed by activation annealing at 1675 °C in
Ar ambient. These implant and annealing conditions resulted
in a n* doping profile, with an active donors concentration
=1 x 10” cm™ in the near surface region and a concentration
plateau of =(8.5-9) x 10" cm™ in the depth range from 90 to
170 nm.BP*3] The phosphorous doping concentration profile,
measured by secondary ions mass spectrometry (SIMS), and
the active donor’s concentration, evaluated by scanning capaci-
tance microscopy on cross-sectioned samples, are illustrated in
Figure S1, Supporting Information.*4

Ultra-thin films of MoS, have been grown on the two dif
ferent 4H-SiC samples by PLD with a MBE/PLD-2000 system
equipped a 248 nm wavelength KrF excimer laser Compex 102,
and using a target of MoS,. Two-inch diameter commercial
stoichiometric MoS, target rotated at the speed of 6 rpm. The sub-
strates (10 x 10 mm?) were placed on the rotating holder 10 cm
away from the target. The deposition temperature was about
700 °C. After the deposition, the temperature was decreased
at a rate of 50 °C min™' until 200 °C, and then by natural
cooling. The KrF excimer laser operated at a 4 Hz pulse rate. The
energy pulse was 60-70 m] and the laser spot size was 2 mm?.
The total number of the pulses to achieve the deposition of 3—4L
MosS, typically ranges from 330-380 pulses. The exact number
depends on the state of the MoS, target at the starting of the dep-
osition, the accuracy of pulse energy, and the substrate position
on the rotating heater. A preliminary calibration was performed
immediately before the deposition on the 4H-SiC substrates.
Based on this calibration, a number of 380 pulses was used in
this experiment to achieve the desired MoS, thickness.

The thickness uniformity of MoS, was evaluated by Raman
spectroscopy and mapping on different areas of the samples,
using a Horiba HR-Evolution micro-Raman system with a con-
focal microscope (100x objective) and a laser excitation wave-
length of 532 nm. All the spectra have been calibrated using
the E,(TA) vibrational peak of 4H-SiC (at 204 cm™) as reference.
Furthermore, high-resolution transmission electron microscopy
(HR-TEM) and energy dispersion spectroscopy (EDS) analyses of
the cross-sectioned MoS,/SiC samples (lamellas preparation with
focused ion beam) were carried out with an aberration-corrected
Thermofisher Themis 200 microscope. The current injection at
the interface between the PLD-grown MoS, and 4H-SiC was
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probed at nanoscale by conductive atomic force microscopy
(C-AFM) with a DI3100 system by Bruker with Nanoscope V
electronics. The sample’s surface was scanned with Pt-coated Si
tips (with curvature radius ry, = 5 nm) to simultaneously collect
morphology and current maps, while applying a potential differ-
ence between the tip and the samples’ backside. Furthermore,
local I-V curves were acquired on arrays of tip positions on the
samples’ surface. Finally, macroscopic circular contacts with
100 um radius were lithographically fabricated on both the n~
SiC and n* SiC by deposition of a Ni(20 nm)/Au(80 nm) metal
stack, followed by resist lift-off. Temperature-dependent -V
characterization of the resulting metal/MoS,/SiC heterojunction
diodes was carried out using a Karl Suss Microtec probe station
equipped with a HP4156B parameter analyzer.

3. Results and Discussion

The as-deposited MoS, films were initially investigated by
Raman mapping on different sample areas, in order to evaluate
the MoS, thickness uniformity. Two representative Raman
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spectra collected on the MoS,/n™-SiC surface (blue line) and
on the MoS,/n*- SiC one (red line) are reported in Figure 1a.
The most prominent features in the spectral range from 150 to
500 cm™ are represented by the E,(TA) mode at 204 cm™ associ-
ated to 4H-SiC substrate, and the two first-order MoS, vibrational
modes (Ey, and Ay,) between 370 and 420 cm™. In particular,
measuring the wavenumber difference (Aw=w,, —o,,)
between these two characteristic Raman peaks is commonly
taken as a straightforward way to evaluate the number of MoS,
layers.*l The thickness uniformity of the PLD-grown MoS, films
was determined by statistical analysis on arrays of 144 Raman
spectra collected on 10 um x 10 pm areas. Figure 1b,c shows the
color maps of the Aw values extracted from the arrays measured
on the MoS,/n™-SiC and MoS,/n*-SiC samples, respectively. The
number of MoS, layers corresponding to the Aw values are also
indicated in the color bar in the lowest part of Figure lc. Fur-
thermore, the histograms of the Aw values extracted from the
two color maps are reported in Figure 1d, showing very narrow
distributions with the maximum values and standard devia-
tions of 24.02 £0.07 cm™ and 23.58 + 0.13 cm™ for the MoS, on
n~-type 4H-SiC (blue histogram) and n* 4H-SiC (red histogram),

MoS, on n- 4H-SiC

(b)

MoS, on n* 4H-SiC

(c)

1L 2L 3L 4L Bulk
| T
18 20 22 24 26
Aw (cm-)

Figure 1. a) Typical Raman spectra of PLD grown MoS, on n™-SiC (blue line) and on n*-SiC (red line), showing the E,(TA) peak belonging to the 4H-SiC
substrate and the two characteristics in-plane (Ej,) and out-of plane (A;) vibrational modes of MoS,. Color maps of the A and Ey, wavenumber dif-
ferences Aw=w, — g, evaluated from an array of 144 Raman spectra collected on 10 um x10 um areas of the MoS,/n™-SiC b) and MoS,/n*-SiC
c) samples. The number of MoS, layers associated with the Aw value is indicated in the color scale. d) Histograms of the Aw values associated with
the two color maps, showing a very uniform thickness distribution (from 3 to 4 layers) of MoS, on the two samples.
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respectively. These statistical analyses, performed at different
positions of the two 10 mm X 10 mm samples, indicate a very
uniform =3L MoS, coverage on the n* 4H-SiC surface and =3.5L
coverage on the n~ 4H-SiC one.

In addition to the thickness uniformity, Raman mapping
provided interesting information on the strain status of the as-
grown MoS, films. In particular, the measured g, values are
known to be very sensitive to the local biaxial strain (&) induced
by the interaction of MoS, membranes with the substrate,
according to the relation:

O, = Oy —2Ys, 03 € (1)

where @, = 382.9 cm™ is the E,, wavenumber for a suspended
(i.e., unstrained) 3L MoS, membrane, while ¥, =0.39 is the
value of the Griineisen parameter for 3L MoS,.*”) Figure S2a—,
Supporting Information shows the color maps and the histograms
of the experimental g, values extracted from the arrays of Raman
spectra on the MoS,/n™-SiC and MoS,/n*-SiC samples. From these
distributions and according to Equation (1), we estimated similar
compressive strain values of —0.34 + 0.02% and —0.39 + 0.04% for
MoS, on the n™-type 4H-SiC and on n™-4H-SiC, respectively.

The position of the A, peak is known to be sensitive to the
interaction of the MoS, membrane with the substrate, specifi-
cally to the doping induced by charge transfer phenomena.l*8l
Figure S2d-f, Supporting Information shows the color maps
and the histograms of the A;, wavenumbers obtained from
arrays of 144 Raman spectra collected on 10 pm x10 um areas
of the MoS,/n™-SiC and MoS,/n*-SiC samples. The very narrow
distributions of the A;, wavenumbers indicate very uniform
doping of MoS, membranes.

The structural properties of the MoS, heterojunctions with
the 4°-off-axis 4H-SiC (0001) crystals have been further investi-
gated by TEM analyses on cross-sectioned samples. Figure 2a,b
are two representative high-resolution TEM images for PLD-
grown MoS; on the unimplanted n~ 4H-SiC epitaxy and on the
n*-implanted 4H-SiC. In both cases, the MoS, films exhibit a
uniform thickness and follow in a conformal way the charac-
teristic steps of 4H-SiC surface due to the wafer 4°-off miscut
angle. Looking more in detail at the number of MoS, layers,
the presence of 3L-4L regions can be observed on the n™ 4H-SiC
sample (Figure 2a), whereas a more uniform 3L thickness is
evident for the n* doped 4H-SiC surface, consistently with
the results of Raman statistics. The presence of a very thin
(=1.4-1.5 nm) amorphous film at the interface between MoS,
and SiC is also observed in the two samples. EDS chemical
mapping, reported in Figure S3, Supporting Information,
indicated that its composition is SiO,. Furthermore, the two
TEM analyses in Figure 2a,b confirm a very good crystalline
quality of 4H-SiC in the near interface region, even in the case
of the n*-implanted sample. This is due to the lower phos-
phorus concentration (=10 cm™) in the near surface region of
the implanted profile (see the SIMS in Figure S1, Supporting
Information). On the other hand, the presence of implant-
related defects in the 4H-SiC lattice at higher depths (from =90
to =170 nm), implanted with a P concentration of 102 ¢m
can be observed in low magnification TEM analyses, shown
in Figure S4, Supporting information. As it will be evident in
the following, a comparable crystalline quality of 4H-SiC in the
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MoS, on n- 4H-SiC

Figure 2. Cross-sectional high-resolution TEM images of MoS, on a) n™-
4H-SiC and on b) n* implanted 4H-SiC.

near interface region is important for the interpretation of elec-
trical transport properties of MoS,/SiC heterojunctions.

After this preliminary structural characterization, the cur-
rent injection at the heterojunctions between the ultra-thin
MoS, films and 4H-SiC with different surface doping has been
investigated by current-voltage characterization of vertical
diode structures, schematically illustrated in the inserts of
Figure 3a,b. Two typical current density (J) versus bias charac-
teristics measured at room temperature (T = 300 K) on the two
samples are reported in Figure 3a,b. The MoS,; junction with
the moderately n-doped 4H-SiC (Figure 3a) exhibits an excellent
rectifying behavior, with extremely low current density under
reverse bias polarization (J,e, = 75 X 10® A cm™2 at =10 V), the
exponential growth of the J-V characteristic under forward
polarization (Jg, = 20 A cm™2 at +3 V, limited by series resist-
ance) and a resulting rectification ratio Ig,/I, = 10%. On the
other hand, a strongly enhanced current injection across the
junction is observed for MoS, thin films grown on the degener-
ately n* doped 4H-SiC surface (Figure 3b), thus demonstrating
the possibility of tailoring the vertical electronic transport by
ion-implantation doping of the wide bandgap semiconductor.
It is worth mentioning that the electrical characterization of
Ni contacts on n~ 4H-SiC and on n* 4H-SiC (implanted under
identical conditions to those used in the present work) have
been reported by Vivona et al.,*” showing similar qualitative
behavior the -V characteristics but different values of the ide-
ality factors and barrier heights.

To get a deeper insight on the physical mechanisms ruling
current injection at the two heterojunctions, we performed a
temperature-dependent electrical characterization of the diodes.
Figure 4a,b shows the forward bias characteristics on the two
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Figure 3. Current density-voltage characteristics of MoS, heterojunction
diodes on a) n™ — doped and b) n*-implanted 4H-SiC collected at room
temperature (T = 300 K). Schematic illustrations of the vertical diodes
structure with Ni/Au top contact and backside contacts are reported in
the insert of panels (a) and (b).

samples collected at different temperatures from 300 to 400 K.
An increase of the current density ] with T is observed in both
cases, indicating the occurrence of temperature-activated elec-
tronic transport above/through an energy barrier, such as ther-
mionic emission or thermionic field emission. The schematic
band diagrams of the MoS,/SiO,/n"-SiC and MoS,/SiO,/n*-
SiC heterojunctions are reported in the inserts of Figure 4a,b,
respectively, where the band alignments have been estimated
considering the literature values of energy bandgap and elec-
tron affinities for few-layers MoS,, SiO, and 4H-SiC.2¥ Unin-
tentional n-type doping of MoS, (as typically reported in the lit-
erature for MoS, produced by different methods) is considered
for both heterojunctions, whereas n~ and degenerate n* doping
of 4H-SiC is accounted in the two cases. Due to the presence
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of the ultra-thin SiO, interfacial layer, the |-V characteristics of
the junctions can be described, in a first approximation, with a
modified thermionic emission equation:*!

qv
T

J=TJe™ (2)

where q is the electron charge, kg is the Boltzmann constant, n
is the ideality factor, and the term J; is expressed as:

_a®s

J,=A'PT% kT (3)

being A" the Richardson constant of 4H-SiC,*!l ®y the hetero-
junction barrier between MoS, and 4H-SiC, and P, the direct
tunneling probability across the ultra-thin SiO, barrier. This
latter term is expected to be temperature-independent and can

be expressed as P, =exp|:—L “Zm“w] being y=2.7 eV the

Si0,/4H-SiC conduction band discontinuity,* §~1.4 nm the
thickness of the SiO, layer evaluated by TEM, m,, the direct
tunneling effective mass of SiO, ¥l and h the Planck’s constant.

The current density term J; and the ideality factor n for
the two groups of J-V characteristics in Figure 4a,b were
obtained by fitting the linear region of each semilog curve with
Equation (2) and taking the intercept and the slope, respectively.
After evaluating the J terms at the different measurement tem-
peratures T, the Arrhenius plots of the In[J,/T?] versus 1000/T
for the two heterojunction diodes have been built and reported
in Figure 4c. According to Equation (3), the effective barrier
height values for MoS, on n~ 4H-SiC (®p = 1.04 + 0.09 eV) and
n* 4H-SiC (®p = 0.31 + 0.01 eV) are obtained by the slopes of
these plots. Furthermore, the dependence of the ideality factor
n on the temperature T for the two heterojunction diodes is
reported in Figure 4d.

Noteworthy, the experimentally determined energy barrier
®p = (1.04 £ 0.09) eV for the MoS, diode on the 4H-SiC epitaxy
is very close to the value of the MoS,/SiC conduction band dis-
continuity AEc = ¥umos, — Xan-sic = 1€V, where Xmos, and yup; _sic
are the literature values of the electron affinities of the two
semiconductors.?¥* Furthermore, as shown in Figure 4d this
diode exhibits an ideality factor n = 1.25, nearly independent
on the measuring temperature T. According to the classical
Card & Rhoderick model for metal-insulator-semiconductor
tunnel junctions,*! the slight departure of n from unity can be
ascribed to the presence of traps states located at the interface
between the thin SiO, layer and 4H-SiC, as expressed in the fol-
lowing equation:

n=14+30:8 (4)
EoEox

where g, is the vacuum dielectric constant, &, = 3.9 the SiO,
relative permittivity, = 1.4 nm the SiO, thickness, and D;; the
interface traps density. By fitting the T-independent n behavior
in Figure 4d with Equation (4), a Dy = 4 x 102 cm™ eV! has
been evaluated, which can be associated to carbon residues pre-
sent in the nanometer SiO, film due to 4H-SiC oxidation.
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Figure 4. Forward bias current density-voltage (/-V) characteristics at different temperatures (from 300 to 400 K) for the MoS, diodes on n™-4H-SiC
(a) and on n* implanted 4H-SiC (b). The open circles represent the experimental data, whereas the red lines are the fits of the linear regions of the semilog
J-V curves. c) Arrhenius plots of In[);/T? versus 1000/T for the two diodes and evaluation of the effective heterojunctions barrier heights from the
slopes of the liner fits. d) Ideality factor n versus the measurement temperature for the two heterojunctions. The blue line is the fit of the T-independent
n-values for the MoS,/SiO,/n"4H-SiC junction using the Card&Rhoderick model, whereas the red line is the fit of the n dependence on T considering the
TFE model. The schematic band diagrams of the two MoS,/SiO,/SiC heterojunctions with an ultra-thin SiO, tunneling barrier are reported in the inserts
of (a) and (b), with the illustration of the different current injection mechanisms deduced from the temperature-dependent electrical characterization.

The ideality factor close to unity and the good matching
of the experimental barrier height ®; with the MoS,/SiC
conduction band discontinuity AE. confirms that thermi-
onic emission above the barrier is the dominant current
injection mechanism in MoS, diodes on n~ 4H-SiC, as sche-
matically illustrated in the insert of Figure 4a. On the other
hand, the results in Figure 4d, e show that, for MoS, diodes
on n* 4H-SiC, the evaluated effective barrier height (0p =
031 £ 0.01 eV) is much lower than AE_, while the ideality factor
n strongly deviates from unity with a significant temperature
dependence. The reduced effective barrier height indicates the
tunneling of thermally excited electrons through the ultrathin
depletion region of n*-doped 4H-SiC (as schematically depicted
in the insert of Figure 4D), i.e., the occurrence of a thermionic
field emission (TFE) mechanism. This mechanism is further
supported by the temperature dependence of n. In fact, the
current-voltage curves in the TFE processes can be expressed
as:

av

JTFE = Js,TFE efo (5)

Adv. Mater. Interfaces 2023, 10, 2201502 2201502 (6 of 11)

where the voltage dependence is formally identical to the one
for TE (Equation (1)), by expressing the characteristic energy E,
as Ey = nkpT/q. From this analogy, the temperature dependence

of the ideality factor determined in Figure 4d can be described
asll;

ksT  kyT kT

where the energy E(, depends on the surface donors concentra-
tion N of n* doped 4H-SiC 2g[3545]-

h / N
Ep=— |—2— 7)
T\ Mefr sic€o€sic

being meggic = 0.42 m, the effective mass and &;c = 9.6
the relative permittivity of 4H-SiC, respectively. By fitting
the temperature dependence of n on T for MoS, diodes on
n*-SiC with Equations (6)—(7), as shown in Figure 4d, a value
of Np=1 x 10" cm™ is obtained. This is consistent with the
active donors concentration in the surface region of implanted
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Figure 5. Schematic illustrations of the C-AFM setup for nanoscale resolution I-V characterization and current mapping on MoS, heterojunctions with
n~ (a) and n*-implanted 4H-SiC (c). Local I-Vy;, characteristics collected on arrays of 5 x 5 tip positions on MoS; on n™-SiC (b) and MoS; on n*-SiC (d).

4H-SiC, as illustrated in the profiles reported in Figure S1, Sup-
porting Information. Furthermore, the high crystalline quality
of the near-surface region of n*-implanted 4H-SiC, demon-
strated by TEM analyses in Figure 2b, allows to exclude other
transport mechanisms, such as tunneling mediated by implant-
related defects in the n*-SiC depletion region.

The above-discussed temperature-dependent electrical
analyses provide information on the average current injec-
tion behavior over the areas of macroscopic contacts (with
100 um radius). However, probing the local homogeneity of
current transport down to nanometer scale is crucial, both to
get a deeper insight on the electrical quality of the PLD-grown
MoS, on 4H-SiC and in the perspective of realizing scaled or
nanostructured devices. To this aim, local current—voltage (I-V)
measurements and current mapping have been carried out
directly on the as-deposited few-layer MoS, on n~ and n* -doped
4H-SiC, using a Pt-coated Si tip as a nanoscale electrical con-
tact, as schematically depicted in Figure 5a,c. Two representa-
tive sets of -V, curves collected by displacing the tip over two
arrays of 5 x 5 positions (with 1 um spacing) on the surface of

Adv. Mater. Interfaces 2023, 10, 2201502 2201502 (7 of 11)

the two samples are reported in Figure 5b,d, respectively. All
the local I-V characteristics for MoS, on n™-4H-SiC exhibit a
strongly rectifying behavior, whereas a significantly enhanced
conduction under negative polarization is observed for MoS, on
n*-implanted 4H-SiC.

The local barrier heights for the MoS,/SiC heterojunctions
have been evaluated from the forward bias [-Vy, collected by
C-AFM, by properly adapting the thermionic emission model
(Equations (2) and (3)) to the nanoscale system. Figure 6a sche-
matically illustrates the Pt tip/MoS,/SiC heterojunction and
the equivalent circuit, consisting in the series combination of
different contributions, i.e., the tip resistance (Ryp), the Pt/
MoS, nano-contact resistance (Rcpano), the MoS,/SiC diode,
the spreading resistance (Ry) of the locally injected current
in the SiC bulk crystal, the drift resistance (Ry) of bulk SiC
and the macroscopic back-contact resistance (Rcmacro)- In par-
ticular, the Ry, Ry, and Re macro are constant terms independent
of the tip position, whereas R¢ .., depends on the local elec-
trical properties of MoS, (i.e., the Pt/MoS, Schottky barrier

and MoS, doping) and Rg,, on the local resistivity of 4H-SiC.
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Figure 6. a) Schematic illustration of the nanoscale Pt tip contact with the MoS,/SiC heterojunctions and its equivalent circuit. H-I plots for single tip
positions on MoS,/n™-SiC (b) and MoS,/n*-SiC (d), and the evaluation of the local barrier height values ®g. Histograms of the local ®; values obtained
from H-I plots on arrays of 5 x 5 tip positions on MoS, on n™-SiC (c) and MoS; on n*-SiC (e).
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Figure 7. Surface morphology (a) and corresponding current map (b) obtained scanning the Pt tip on MoS; on n~ 4H-SiC, while applying a bias
Viip = 1.5 V with respect to the sample backside. Topography (d) and current map (e) collected under the same conditions for MoS, on n* 4H-SiC.

c,f) Histograms of the current values extracted from the two current maps.

Due to the nanoscale tip contact size, the series resistance term
R=R¢ nanotRypr significantly affects the I-Vy, characteristics
measured by C-AFM measured current. Hence, to account for
this resistive term, the Equations. (2) and (3) have been modi-
fied as follows:

_avs 4(Vip~IR)

I:AﬁPA*P;TZe kETe nkgT (8)

where Ay, =7, is the tip contact area, with Tyip=5 Nm.
To evaluate the local barrier height value, Equation (8) has
been linearized and arranged as:

H=n®,+IR )

where the H function is defined as*’):

H=v, -l L (10)
g \ApART?

Figure 6b,d shows two H-I plots obtained from local -V
curves measured by the C-AFM tip on the MoS,/n” SiC (b) and
MoS,/n* SiC (d) heterojunctions, respectively. Here, the ideality
factor values (n = 1.25 and n = 4.25) extracted from macroscopic
I-V measurements at 300 K (Figure 4d) have been used for
the two samples. In Figure 6b,d, the local barrier height values
(@p = 1.15 eV and @y = 0.35 eV for the MoS,/n~ SiC and the
MoS,/n* SiC junctions, respectively) were obtained according
to Equation (9) by the intercept of the linear fits of the H-I
curves on the vertical axis. Furthermore, the slopes of the fits

Adv. Mater. Interfaces 2023, 10, 2201502 2201502 (9 of 1)

indicate similar values of the local series resistance (R=200 GQ)
for the two samples.

Finally, Figure 6c,e shows the histograms of the local @y
values obtained from H-I plots on arrays of 5 x 5 tip positions
on MoS; on n™-SiC and MoS, on n*-SiC, respectively. The peak
values of these distributions (®g = 1.07 eV and ®p = 0.35 eV)
are in good agreement with the barrier height values obtained
from temperature-dependent [-V analyses on macroscopic
diodes (Figure 4c).

Besides local -V characteristics, current mapping has been
carried out using C-AFM, by scanning the metal tip on MoS, sur-
face, while applying a dc bias with respect to the back contact.
Figure 7a,b shows the surface morphology and corresponding
current map obtained by scanning the Pt tip on the MoS,/n™-SiC
sample, while applying a positive bias (Vy, = 1.5 V) with respect
to the sample backside. The topography and current map col-
lected under the same conditions for the MoS, on n*-SiC are
reported in Figure 7d,e. Furthermore, the histograms of the cur-
rent values extracted from the two current maps are reported in
Figure 7c,f. While similar and low surface roughness (RMS =
0.16 and 0.17 nm) is measured for both samples, MoS, on n~
4H-SiC exhibits a more uniform injected current distribution
as compared to MoS, on n* 4H-SiC, as clearly demonstrated by
the different shapes of the two histograms. In fact, for the first
sample (Figure 7c) the histogram is more symmetric, with the
peak at lower current and a short tail at higher current values. On
the other hand, the histogram for the second sample exhibits the
peak at a higher current and is much broader, with a longer tail at
high current values. This tail is associated with the high current
spots visible in the current map. These differences in the current
distributions cannot be due to a different quality (e.g., defects
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density) of the MoS, layers, since they have been grown under
identical PLD conditions on the differently doped 4H-SiC sam-
ples. On the other hand, these can be explained by the different
local barrier height distributions reported in Figure 6c.e. In fact,
the higher values of @y for the MoS,/n™-SiC heterojunction gives
rise to lower injected current by thermionic emission above the
barrier. On the other hand, in the case of MoS, on n*- implanted
SiC, the lower values of ®p and the reduced SiC depletion region
give rise to larger injected current by a thermionic-field-emission
mechanism. Furthermore, the nanoscale variations of the barrier
height (Figure 6e) and of the SiC depletion region thickness can
give rise to the significant local variation of tunneling current,
i.e., to the high current spots in the current map (Figure 7e).

4, Conclusions

In conclusion, highly uniform MoS, films have been obtained
by PLD on n™- and on n*-implanted 4H-SiC. Raman mapping
with large statistics revealed an excellent thickness uniformity
(=3L MoS,) and low compressive strain (0.34-0.39%) of the
PLD-grown films. Atomic resolution TEM analyses showed
highly conformal coverage of MoS, on the 4°-off SiC surface,
with the presence of an ultra-thin uniform SiO, layer at the
interface, and an excellent crystallinity of near interface 4H-SiC,
even for n*-implanted SiC. Current-voltage (I-V) characteri-
zations on macroscopic diodes with patterned metal contacts
and by nanoscale C-AFM measurements demonstrated a wide
tunability of current injection at the hetero-interfaces by the
near-surface doping of SiC, showing highly rectifying behavior
on n- 4H-SiC and strongly enhanced reverse current on n*-
implanted 4H-SiC. Finally, the mechanisms of current trans-
port in these heterojunctions have been deeply investigated by
temperature-dependent forward I[-V characterizations, com-
bined to nanoscale resolution C-AFM current mapping. Ther-
mionic emission was shown to rule electron injection in MoS,
on n~ 4H-SiC, with an effective barrier @z = (1.04 £ 0.09) eV,
corresponding to the MoS,/SiC conduction band discontinuity,
and temperature independent ideality factor (n = 1.25) slightly
departing from unity, due to a low density of interface traps
between the ultra-thin SiO, and SiC. On the other hand, the
significantly lower effective barrier @z = (031 + 0.01) eV and a
temperature-dependent ideality factor n was explained by a ther-
mionic-field-emission mechanism, with tunneling through the
thin depletion region of n*-implanted 4H-SiC. The wide tuna-
bility of electronic transport in MoS,/SiC heterojunctions by SiC
doping can be exploited in advanced or novel electronic device
structures for energy efficient and fast switching applications.
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Supporting Information is available from the Wiley Online Library or
from the author.
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