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Diode-Like Selective Enhancement of Carrier Transport
through a Metal-Semiconductor Interface Decorated
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2D monolayer molybdenum disulfide

2D semiconductors such as monolayer molybdenum disulfide (MoS,) (MoS,) as an n-type semiconducting
are promising material candidates for next-generation nanoelectronics. transition metal dichalcogenides (TMDs)
However, there are fundamental challenges related to their metal- has been demonstrated as a promising

material candidate for future energy-
efficient nanoelectronics! because of
ultrathin body with enhanced electrostatic

semiconductor (MS) contacts, which limit the performance potential
for practical device applications. In this work, 2D monolayer hexagonal

boron nitride (h-BN) is exploited as an ultrathin decorating layer to form gating, natural carrier confinement, suit-
a metal-insulator-semiconductor (MIS) contact, and an innovative device able bandgaps, passivated surfaces, good
architecture is designed as a platform to reveal a novel diode-like selective intrinsic carrier mobility, and mechanical

flexibility.>!l To fully explore the potential
of monolayer MoS, for practical device and
circuit applications, there is a critical need
of metal-semiconductor (MS) contact

enhancement of the carrier transport through the MIS contact. The contact
resistance is significantly reduced when the electrons are transported
from the semiconductor to the metal, but is barely affected when the

electrons are transported oppositely. A concept of carrier collection barrier engineering and optimization, which can
is proposed to interpret this intriguing phenomenon as well as a negative lead to the maximization of device perfor-
Schottky barrier height obtained from temperature-dependent measure- mance.'>"¥ Especially for the extremely

scaled short-channel devices, the contact
condition between 2D semiconductors and
3D metals plays a more important role in
the entire carrier transport process.>1? To
lower Schottky barrier height (SBH) at the
MS interface and thus reduce contact resistance (R.), a variety
of approaches for MoS,-based nanoelectronic devices have been
proposed. On the 2D MoS, side, substitutional doping,™! sur-

ments, and the critical role of the collection barrier at the drain end is
shown for the overall transistor performance.
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height. On the 3D metal side, although the effect of the conven-
tional work function engineering following the Schottky—Mott
rule is limited primarily due to the unique Fermi level pinning
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the MS contact. For example, graphene as an electrically active
semimetal can form a 2D-2D MS contact with MoS,, and the
gate-controlled Fermi level tunability of graphene can assist to
reduce the SBHs.33*] As a comparison, the metal-insulator—
DOI: 10.1002/adma.202002716 semiconductor (MIS) contact has been proposed as well
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Various ultrathin insulators such as Ta,0s,*! TiO,,"** and
MgO"I have been demonstrated to reduce R., introduce the
Fermi level depinning effect, and consequently improve the
device performance, primarily due to the reduction of the SBHs,
the suppression of metal-induced gap states, and the forma-
tion of electric dipoles. As an atom-thick 2D layered insulator,
hexagonal boron nitride (h-BN) with a bandgap of =6 eV has
been exploited in the MIS contact to depin the Fermi level and
lower R0 In principle, the insulating decoration layer in
the MIS contact configuration should be thick enough to sup-
press the MS interfacial interaction, yet thin enough to provide
a high tunneling probability for carrier transport through the
insulator. As a result, there is a trade-off between the domina-
tions of barrier height and tunneling resistance to obtain the
lowest R..

In this work, we designed an innovative platform where
both the MS and MIS contacts can be achieved and compared
on a single monolayer MoS, triangle domain. First, we dem-
onstrated the improved contact condition and consequently
the boosted device performance of MoS, field-effect transis-
tors (FETs) by using the MIS contact decorated by a monolayer
h-BN. Then, we discovered a novel diode-like selective enhance-
ment of the carrier transport through the MIS contact, where
the MIS contact can significantly reduce R. and augment the
electron transport from the semiconductor to the metal, but
has negligible effects on the electron transport oppositely.

www.advmat.de

Finally, we exploited a concept of carrier collection barrier in
a comparison with the conventional carrier injection barrier to
understand the selective enhancement of the carrier transport
through the MIS contact as well as a negative SBH obtained
from temperature-dependent measurements, and showed the
critical role of the collection barrier at the drain end for the
overall transistor performance.

For a comparative study, we fabricate three types of global-
back-gate transistor architectures and measure four different
transistor configurations depending on the assignment of
source and drain: an MS-source MS-drain (MS-MS) FET, an
MIS-source MIS-drain (MIS-MIS) FET, an MS-source MIS-
drain (MS-MIS) FET, and an MIS-source MS-drain (MIS-MS)
FET, as shown in Figure 1 and Figure S1in the Supporting Infor-
mation. The MS contact is made by a Ti/Au (10 nm/100 nm)
layer and a monolayer MoS, (=0.65 nm), and the MIS contact
is made by adding a monolayer h-BN (=0.4 nm)P>? between
the Ti/Au layer and the monolayer MoS,. Both MoS, and h-BN
are synthesized by chemical vapor deposition (CVD),*¥ and
their monolayer structures are confirmed by Raman spectros-
copy and atomic force microscopy (AFM). Especially, we design
and fabricate all three types of the device architectures on a
monolayer MoS, triangular domain with identical geometries
including channel length and width (see the Experimental Sec-
tion). Therefore, all the devices share the same quality of the
MoS, channel, and the difference of the device performance
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Figure 1. Multiple MoS, FETs with MS and MIS contacts on a single monolayer MoS, triangular domain. a) Schematic illustration of the fabrication
process. b) False-colored SEM image of the MS—-MS, MS-MIS (MIS-MS), and MIS-MIS FETs on a single MoS, triangular domain as well as the cor-
responding cross-section schematics of the device structure. c) Raman spectrum of the monolayer MoS, and h-BN. d) AFM image (inset) and scan
profile of the monolayer MoS,.
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Figure 2. Comparison of output characteristics of MoS, FETs with MS and MIS contacts. a—d) Top panel: Room-temperature Jp—Vp characteristics in
linear scale as well as logarithmic scale (inset) for the MS—MS, MIS-MIS, MS-MIS, and MIS—MS MoS, FETs, respectively. V( varies from —40 V (green)
to 40 V (red) with a step of 10 V. Bottom panel: The corresponding energy band structures along the channel and the equivalent electronic circuits for
all the types of the FETs with the MS and MIS contacts. For the ease of illustration and comparison, the effect of the applied V;, is not included. Here,
Ec and E; denote the conduction band edge and the Fermi energy level, respectively.

can be solely attributed to their contact conditions. We also fab-
ricate the devices for transmission line measurement (TLM) to
extract R. with the MS and MIS contacts.

For all four transistor configurations, a comparison of drain
current density (Jp) versus drain voltage (Vp) at various gate
voltages (V) is performed in both linear and logarithmic scales
at room temperature, as shown in Figure 2. There are several
features to note. First, the Jp—Vp characteristics are not sym-
metric for the positive and negative Vj, even with the same type
of the contacts at the source and drain, due to an asymmetric
contact condition (i.e., the different contact areas and thus
the different R_ at the source and drain). Since each device is
fabricated on a triangular corner, the device has a trapezoidal
channel. We define the shorter metal contact as the source and
the longer one as the drain for both the MS-MS and MIS-MIS
FETs. The asymmetric factor, defined as the ratio of the current
density magnitude at the positive Vp to that at the negative Vp,
can be calculated as a function of Vp, for the MS-MS and MIS—
MIS FETs, as shown in Figure S2 in the Supporting Informa-
tion. Second, the MS-MS FET at Vg =40 V shows the highest
Jp of 1.2 nA um™, and it increases up to 19.3 nA um™! for the
MIS-MIS FET. For both the MS—-MIS and MIS-MS FETs, the
highest magnitude of Jp has an intermediate value of about
7 nA um™. The results clearly indicate that the introduction of
the MIS contact, either at the source or drain end, can enhance
the carrier transport and increase the current density. Third,
a Schottky contact is observed in all the FETs which have at
least one MS contact (i.e., the MS-MS, MS-MIS, and MIS-MS
FETS), yet a quasi-Ohmic contact is obtained in the MIS-MIS
FET. The superior performance of the MIS contact, including
both the increased current density and the Schottky-to-Ohmic
contact transition, can be interpreted by the quantum tunneling
and barrier lowering which are induced by the decoration of
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the monolayer h-BN at the MS interface. Specifically, the con-
ventional MS contact between Ti and MoS, forms the Schottky
barrier with an interacted interface, and the surface potential,
defined as the difference between the metal and semiconductor
work function, completely locates at the semiconductor side.
Whereas the MIS contact has a monolayer h-BN and a van der
Waals (vdW) gap (=0.3 nm)> between Ti and MoS,. These
additional barriers with a total thickness of =1 nm are still thin
enough to allow the quantum tunneling occur with a high tun-
neling probability, but are thick enough to share the original
surface potential, so the band bending on the MoS, side and
thus the effective SBH are reduced, giving rise to a smaller R..
To further investigate the underlying mechanism of the MIS
contact, here, we include the asymmetric factor at Vg = 40 V
and reconstruct the output characteristics at the same condi-
tion, as shown in Figure 3a—c. Here, the Vp-dependent asym-
metric factor is an average based on the values obtained from
both the MS-MS and MIS-MIS FETs (see Figure S2 in the
Supporting Information), and is applied to eliminate the asym-
metry between the source and drain contacts. Compared to
the MS-MS FET, it is intriguing to see that the MIS contact,
either at the drain in the MS-MIS FET or at the source in the
MIS-MS FET, shows a novel and strong selectivity for the car-
rier transport through it. The electron transport from the semi-
conductor to the metal is significantly enhanced by a factor of
=7 (e.g., at Vp = 0.5 V for the MIS drain contact in Figure 3a
and at Vp = —0.5 V for the MIS source contact in Figure 3b),
but the transport from the metal to the semiconductor is neg-
ligibly affected (e.g., at Vp = =0.5 V for the MIS drain contact
in Figure 3a and at Vp = 0.5 V for the MIS source contact in
Figure 3b). Whereas, the MIS-MIS FET does not possess this
selectivity anymore, due to a back-to-back connection of two
MIS contacts, which are equivalently identical for the carrier
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Figure 3. Diode-like selective enhancement of carrier transport through MIS contact. a—c) Comparison of the revised Jp—V characteristics (Vg =40 V)
by including the asymmetric factor for the MS—-MS, MS-MIS, MIS-MS, and MIS—-MIS FETs, respectively. The MS—MS FET is used as a control sample.
d-f) Comparison of the corresponding R for the MS-MS, MS-MIS, MIS-MS, and MIS-MIS FETs, respectively. g,h) The calculated AR as a function
of Vp for the MS—-MIS, MIS-MS, and MIS-MIS FETs, in a comparison with the experimental value obtained from the MIS-MIS FET.

transport from either direction (see Figure 3c). The maximum
Jp obtained at Vg =40 V in this FET is enhanced by a factor of
=20, which is higher than those in any other device.
Considering the description of Jp—Vp characteristics at a
specific V¢ condition as Jp = Vp/Riot = Vp/(Res + Rop + Ra),
it is possible to visualize the impact of the MIS contact on the
Vp-dependent resistances, as shown in Figure 3d—f. Here, R,
Res (or R.p), and Ry, are the total resistance, the contact resist-
ance at the source (or at the drain), and the channel resistance,
respectively. It is clear to see that the value of R, is significantly
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reduced by introducing the MIS drain contact at the positive Vp
or the MIS source contact at the negative Vp,. Because both the
MS R. and Ry, are consistent for all the devices in comparison,
the reduction of R, directly indicates a decrease of R. (AR.) by
exploiting the MIS contact, as shown in Figure 3g. The value
of AR, can reach up to =400 Q m (for the MIS drain contact
at Vp = 0.5 V and for the MIS source contact at Vp = —0.5 V)
only when the electrons transport from the semiconductor to
the metal, but approximates zero for the electron transport
oppositely. Furthermore, by taking the sum of AR, from the

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Impact of MS and MIS drain contacts on the carrier injec-
tion at the source. a,b) Comparison of In(Jp/Vp?) versus 1/Vp, curves at
Vi =40 V for the MS-source FETs (including the MS-MS and MS-MIS
FETs) and the MIS-source FETs (including the MIS-MIS and MIS-MS
FETs), respectively. Inset: Energy band diagram illustrates the FNT
dominating in the MS-MIS FET, in a comparison with the DT and TE
dominating in the MS-MS, MIS-MIS, and MIS-MS FETs.

MIS-MS and MS-MIS FETs, the overall reduction of R. for the
MIS-MIS FET can be estimated as a function of Vp, as shown
in Figure 3h. The calculated AR, in this method is in a good
agreement with the experimental results, which is extracted
from the difference of R, between the MS—-MS and MIS-MIS
FETs. Its symmetric behavior for both the positive and nega-
tive Vp is also consistent with the experimental data, serving as
good evidence for the proposed theory.

We further investigate the dependence of the carrier trans-
port on Vp, by plotting In(Jp/ Vp?) versus 1/Vp curves, as shown
in Figure 4. For the MS-MS FET, no linear dependence is found
even Vp is up to 2 V. However, by introducing the MIS drain
contact in the MS-MIS FET, J-V linearity induced by Fowler—
Nordheim tunneling (FNT) appears when Vp > 0.12 V (see
Figure 4a). Considering the identical MS source contact and
the channel condition, it is clear that the drain contact plays an
extremely important role in the overall transistor performance.
The electron transport along the channel is governed by both
the injection barrier at the source and the collection barrier
at the drain, and thus the applied Vj, is divided by R, Ry, and
R.p. Due to the significant reduction of R p by introducing the
MIS drain contact, the effective V, drop over R. at the MS
source contact becomes much higher compared to that in the
MS-MS FET, and thus easily reaches to the threshold to enable
the FNT at the MS source contact. In contrast, for the case of
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the MIS-MIS FET, a more effective Vp, drop is allocated over
Ry, due to the reduction of both R.g and R.p. Therefore, the
carrier injection at the source is still dominated by direct tun-
neling (DT) and thermionic emission (TE) (see Figure 4b). The
FNT at the source cannot occur unless a higher Vp, is applied.
The Jp—V¢ transfer characteristics of all the types of the
FETs are shown in Figure 5a. The MIS-MIS FET shows the
best performance in terms of on-current density, on—off ratio,
and subthreshold swing, whereas the MS-MS FET has the
worst performance. The MS-MIS and MIS-MS FETs show the
intermediate performance, and their difference is attributed to
the asymmetric channel geometry and the assignment of the
source and drain contacts. Similar results, together with the
Schottky-to-Ohmic contact improvement, have also been repro-
duced from other devices using a thinner insulator for the back
gating, as shown in Figure S3 in the Supporting Information.
For all the types of the FETS, their maximum Jp at Vp=0.5V
is obtained at V; =40 V, and their temperature (T) dependence
is measured from 203 to 303 K, as shown in Figure 5b and
Figure S4 in the Supporting Information. As T increases, all the
devices show an increase of |, except for the MS-MIS FET. The
virtual independence of the temperature suggests the quantum
mechanical tunneling as the predominant carrier transport
mechanism in the MS-MIS FET, which is also consistent with
the demonstration of the FNT in our prior discussion (see
Figure 4a). As a comparison, the MIS-MS FET shows a similar
behavior like the MS-MS FET, because the MIS source contact
under the positive Vi, barely affects the electron transport from
the metal to the semiconductor (see Figure 3b-e). The field-
effect mobility (ugg), defined as (L/ W)(1/Coy)(1/ Vp)(@Ip/dV¢), is
calculated from the transfer characteristics, and the maximum
values as a function of T are shown in Figure 5c. Here, L is the
channel length, W is the average channel width, and C, is the
capacitance of 285 nm thick SiO,. It has to be mentioned that
the direct comparison of the g values is not appropriate due
to the asymmetry in the source and drain contacts as well as the
channel geometry. However, their dependence on T, described
by a power law as ppp ~ T7, can directly indicate the difference
in the carrier transport mechanism. It is intriguing to see that
all the devices with the MIS contact at the drain, either in the
MIS-MIS or MS-MIS FETs, possess a strong and consistent
temperature dependence of upg, and the exponent yis obtained
as =0.6. As a comparison, for all the devices with the MS con-
tact at the drain, either in the MS-MS or MIS-MS FETs, the
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Figure 5. Comparison of transfer characteristics of MoS, FETs with MS and MIS contacts. a) Room-temperature Jp—V( characteristics in logarithmic
scale for the MS—-MS, MIS-MIS, MS-MIS, and MIS-MS MoS, FETs at V, = 0.5 V. b) The maximum J, obtained at V; =40V as a function of T for all
the types of the FETs. c) The maximum ug as a function of T in logarithmic scale for all the types of the FETs.
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Figure 6. Comparison of contact resistance and barrier height with MS and MIS contacts. a) Room-temperature R, as a function of V, for the MS-MS
and MIS-MIS TLM devices. The blue, yellow, and red backgrounds indicate the off-state, subthreshold, and on-state regions, respectively. Inset: Optical
microscopy image of an MIS-MIS TLM device. Scale bar: 10 um. b) SBH as a function of V,; for the MS—MS and MIS-MIS FETs. The positive and
negative SBHs indicate metal-to-semiconductor carrier injection barrier height (solid symbol) and semiconductor-to-metal carrier collection barrier
height (hollow symbol), respectively. c) The corresponding energy band diagram along the channel for the MIS—MIS FET at a positive Vj, and various
V¢ conditions (Vg < Vi, Vg = Vig, and Vg > Vig, where Vg is the flat-band gate voltage). The predominant injection barrier at the off-state and sub-
threshold regions is highlighted in red, and the collection barrier at the on-state region is highlighted in green.

value of g has a relatively weak temperature dependence and
¥ approximates to =0.1. This result clearly indicates that the
drain contact for carrier collection plays an important role in
the overall carrier transport and transistor performance. This
result is also consistent with our prior discussion on the diode-
like selective enhancement: the MIS contact can significantly
affect the electron transport from the semiconductor to the
metal (e.g., the MIS contact at the drain under the positive Vp)
but barely vary the transport on the opposite direction (e.g., the
MIS contact at the source under the positive Vp).

Following the discovery of the diode-like selective enhance-
ment of the carrier transport through the MIS contact, we
further investigate its impact on R. and SBH using the TLM
and T-dependent measurements. Two TLM devices are fab-
ricated with an identical structure, but one has the MS con-
tacts and another one has the MIS contacts. The value of R.
is extracted from a linear predication at room temperature
and plotted as a function of Vg, as shown in Figure 6a, where

Adv. Mater. 2020, 32, 2002716
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the off-state, on-state, and subthreshold regions are identified
based on the transfer characteristics in Figure 5a. In both the
off-state and on-state regions, R. with the MS contact is higher
compared to that with the MIS contact, but becomes lower in
the subthreshold region.

The values of the SBH are extracted from the T-dependent
output and transfer characteristics!'®*®5 in the MS-MS and
MIS-MIS FETs, and they illustrate several important features,
as shown in Figure 6b and Figure S5 in the Supporting Infor-
mation. First, for both the MS-MS and MIS-MIS FETs, the
SBH varies from positive to negative as the devices switch from
the off-state to the on-state. The negative SBH has also been
reported in the h-BN-decorated™! or graphene-decorated metal
contactsP® not only for 2D materials but also for the conven-
tional semiconductors.’” Various underlying mechanisms
are proposed and they are still under debate, for example, the
overshadow effect by high series resistancel®®" and the elec-
tric-field-driven modulation effect of the work functions.[*8¢1.62]
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Based on our experimental data, here, we propose a new theory
using the concept of the collection barrier at the drain for inter-
pretation. In the conventional approach to extract the ther-
mionic SBH, the positive SBH is used to describe the energy
potential barrier, which prevents the electron transport from
the metal to the semiconductor at the source, and the contact
at the drain is assumed to be an ideal Ohmic contact. However,
if the drain contact is not an ideal case, the barrier at the drain
could also prevent the electron collection, and thus the nega-
tive SBH can appeal, which describes the barrier preventing the
carrier collection from the semiconductor to the metal. Here,
we take the MIS-MIS FET as an example, and the energy band
diagram with an applied positive Vp[®¥ is shown in Figure 6c.
When the transistor is at the off-state, the electron transport is
primarily limited by the injection barrier at the source, and the
drain contact acts as an Ohmic contact. As V; increases, the
transistor moves into the subthreshold region. When the tran-
sistor is at the on-state, the electron transport is mainly limited
by the collection barrier at the drain, and the source contact is
virtually transparent due to a high tunneling probability. Even
the injected electrons have a relatively higher energy, most of
the energy would be dissipated by collisions during the trans-
port along the channel, and eventually face the collection bar-
rier at the drain with the relatively low energy. Second, the
absolute SBH value of the MIS-MIS FET, either for the carrier
injection (positive SBH) or carrier collection (negative SBH),
is always lower in the off- and on-state regions than that in
the MS-MS FET but higher in the subthreshold region (see
Figure 6b). This result is very consistent with the V-dependent
R. obtained from the TLM devices (see Figure 6a), serving as
good evidence to prove the concept of the collection barrier.
Third, although the collection barrier increases with Vg, Jp still
increases. This is because the 2D carrier density in the channel
increases significantly with V. Considering the actual collec-
tion barrier height obtained in this work is only =30 meV at the
maximum, its effect on the current is completely masked by the
enlarged 2D carrier density as V( increases.

Moreover, based on the energy band diagrams of the col-
lection barrier (see Figure 6¢), one can expect that the car-
rier transport mechanism through the MIS drain contact is a
combination TE and quantum tunneling. When the collection
barrier dominates, the electrons with high kinetic energies
transport from the semiconductor to the metal by the DT, and
the ones with low energies transport by the TE and thermionic
field emission (TFE). As T increases, the electron distribution
in the conduction band is widened to a higher energy range,
and thus more electrons can tunnel through the MIS drain con-
tact. This result is also consistent with the experimental obser-
vation of the strong T dependence of tgg in MIS-MIS and MS—
MIS FETs (see Figure 5c).

In conclusion, we designed and fabricated the innovative
device architecture to serve a new platform to investigate the
2D MS and MIS contacts in both symmetric and asymmetric
conditions. We confirmed the improvement of the contact
condition and consequently the enhancement of the device
performance of MoS, FETs by exploiting the MIS contacts
decorated with the monolayer h-BN. Moreover, we revealed the
novel diode-like selective enhancement of the carrier transport
through the MIS contact. The MIS contact can significantly
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reduce the contact resistance and boost the electron transport
from the semiconductor to the metal, but barely affect the elec-
tron transport oppositely. With the concept of the carrier collec-
tion barrier, we revealed the underlying physics of the selective
enhancement of the carrier transport through the MIS con-
tact. We also interpreted the negative SBH obtained from the
T-dependent measurement using the carrier collection barrier,
in a comparison with the positive SBH described by the car-
rier injection barrier. Our work has advanced the fundamental
understanding of 2D MIS contacts, and demonstrated the crit-
ical role of the collection barrier in the carrier transport of 2D
nanoelectronic devices.

Experimental Section

Material Synthesis and Characterization: The monolayer MoS, was
synthesized using a customized two-zone CVD system.? Specifically,
ammonium heptamolybdate (AHM) was used as a water-soluble Mo
precursor, and NaOH was used as a water-soluble promoter. Their
mixed solution was spin-coated on a SiO,/Si growth substrate. The
reaction between Mo and Na produced Na,MoO, compounds and then
became MoS; after S vapor injection. The annealing time was optimized
to control the size of the isolated monolayer triangular domains. After
synthesis, the monolayer MoS, flakes were wet-transferred onto a
SiO,/Si device substrate. The large-area CVD-grown monolayer h-BN
was purchased from 6Carbon Technology.® The Raman spectroscopy
was performed by Renishaw inVia Raman microscope. The AFM
analysis was performed by Bruker Dimension Icon with ScanAsyst.

Device Fabrication and Measurement: Both the FET and TLM devices
were fabricated using electron-beam lithography (EBL) and evaporation
with a Ti/Au (10 nm/100 nm) metal layer. Specifically, three types of
global-back-gate transistors, including an MS—-MS FET, an MIS-MIS
FET, and an MS-MIS (or MIS-MS) FET, were fabricated on a single
monolayer MoS, triangular domain with the identical channel length
and width (see Figure 1 and Figure S1 in the Supporting Information).
To ensure a consistent channel width for the comparison of all the
types of the transistors, here, the average value of the source and drain
contact lengths were taken as the channel width for the trapezoidal
geometry of the channel. All devices were fabricated on n-type Si
substrates (0.001-0.005 Q cm), which have 285 and 90 nm SiO, layers.
The electrical measurements were performed in a vacuum-chamber
probe station (MSTECH MS5VC) with a semiconductor parameter
analyzer (Keysight B1500A), and the temperature varied from 203 to
303 K.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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