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ABSTRACT

Today’s circuit technology requires low-power transistors and diodes to extend Moore’s law. While research has been focused on reducing
power consumption of transistors, low-power diodes have not been widely studied. Here, we report a low-power, thus steep-slope Schottky
diode, with a “cold metal” source. The Schottky barrier between metal electrode and bulk MoS, enabled the diode behavior, and the steep-
slope diode IV curve originated from the change in the density of states of a graphite (cold metal) source with a bias voltage. The MoS,
Schottky diode with a cold metal exhibits an ideality factor (1) <1 for more than four decades of drain current with a sizable rectifying ratio
(10%). The realization of a steep-slope Schottky diode paves the way to the improvement in low-power circuit technology.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (hitp://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0097408

Two-dimensional (2D) van der Waals (vdW) materials are
known as potential candidates for use as next-generation devices
because of their unique electronic and optoelectronic properties.”
Monolayer (ML) transition metal dichalcogenides (TMDC), such as
WS,, WSe,, MoSe,, and MoS,, are being widely used to develop elec-
tronic devices, including field-effect transistors (FETs), diodes, and
sensors, since they have suitable bandgap and high carrier mobility.” '
Among TMDCs, the monolayer MoS, is most frequently used in
developing electronic devices owing to its high carrier mobility
(>200 cm?/V s)."”*° However, the formation of defects and impurities
during the metal deposition process at the metal-semiconductor inter-
face is a bottleneck for improving device performance.”’ >

Because electronic miniaturization and Moore’s law are
approaching their limit, reducing the energy consumption of elec-
tronic devices has drawn significant attention.”"*” To reduce energy
consumption, the thermionic limit of the transistor with subthreshold
swing (SS) =60 mV/dec has been overcome by proposing alternate
transistors, such as the tunnel field-effect transistor (TFET), the nega-
tive capacitance field-effect transistor (NC-FET), and the Dirac-source
field-effect transistor (DS-FET).”"*" However, the steep-slope diode
has not been studied widely although diodes are key electronic compo-
nents along with transistors.

In this work, we report a steep-slope MoS, Schottky diode with
a sub-unity ideality factor. The ideality factor (17) represents the steep-
ness of the drain current increase with the bias voltage. The ideality
factor 17 can be obtained from the Schottky diode equation,

ID = Is(l - quD/ﬂkBT), (1)

where Iy and I are the drain and saturation current, respectively. By
using cold metal (graphite) as a source electrode in our MoS, Schottky
diode, we achieved a sub-unity ideality factor for more than four deca-
des of drain current with a sizable rectifying ratio (}aﬂ >10%. In con-
trast to the constant density of states in a regular metallic material,
graphite has an abrupt change in density of states near charge neutral-
ity points, which results in a super-exponentially decaying carrier den-
sity with energy (see supplementary material S1).

Figures 1(a)-1(c) show the optical and schematic image of our
MoS, diode consisting of four components: (i) graphite contact on a
monolayer MoS, with a monolayer hexagonal boron nitride (hBN)
spacer between them, (ii) monolayer MoS, channel, (iii) bulk MoS,
drain with direct metal (chromium/gold, Cr/Au) contact, and (iv) top,
control (chromium/gold, Cr/Au), and back (platinum, Pt) gate electro-
des. To avoid air exposure and oxidation of the MoS, monolayer,
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FIG. 1. (a) Optical image of fabricated cold metal source device. (b) Red, light green, and dark green dashed lines indicate graphite, monolayer MoS,, and bulk MoS,, respec-
tively. To prevent contamination with chemicals and oxygens, we fully encapsulate the heterostructure with ~10 nm thickness of top and bottom hBN. Yellow dashed line indi-
cates platinum backgate. We used graphite contact with monolayer hBN as a source and metal contacts on bulk MoS, as a drain. (c) Schematic of the cold metal source
device. There are three kinds of gate. The topgate is placed on the channel MoS,, and it controls the Fermi level of the channel. The control gate is placed on the graphite con-
tact, and it can control the Fermi level of graphite contact. At last, the backgate is placed under the monolayer MoS, region, and it controls the Fermi level of part of graphite
contact as well as the monolayer MoS, channel. (d) Ohmic contact behavior of two graphite contacts with monolayer hBN on monolayer MoS,. According to any gate voltages,
the characteristic Ip-Vias curves show Ohmic behavior. (€) Non-Ohmic contact behavior of two metal contact on bulk MoS,. All the characteristic Ip—Vyias curves show non-
Ohmic contact with a full range of Vgg. Insets of Figs. 1(d) and 1(e) show the measured device (see supplementary material S4).

we mechanically exfoliate the MoS,, stack the vdW heterostructures via
the dry transfer method,”***’ and encapsulate them using hBN inside
an N,-filled glovebox (see supplementary material S2). We used Raman
spectra measurements to confirm the number of layers in MoS, flakes
(see supplementary material $3)."*% We also used a monolayer MoS,
connected naturally with bulk MoS,. Since direct metal deposition may
cause damage and change the electronic property of monolayer MoS,,
we contacted the monolayer MoS, using monolayer hBN/graphite at
the source side and Cr/Au metal deposition on the bulk MoS, (naturally
connected to the monolayer MoS,) at the drain side. Figure 1(c) shows
the device schematic, and there are three kinds of gate electrodes—
platinum backgate (BG), control gate (CG), and topgate (TG). The role
of each gate is little bit different. By controlling the backgate, the Fermi
level of monolayer MoS, and that of part of graphite contact are raised
or lowered. The control gate can change the Fermi level of graphite

contact. In this experiment, we make the graphite contact p-type or n-
type by controlling this control gate. At last, the topgate controls the
Fermi level of the channel MoS,. We used monolayer hBN to form
Ohmic contact between graphite and monolayer MoS,. We fabricated
additional devices to investigate the properties of our electrodes (see
supplementary material $4). Figure 1(d) shows the IV curves of a MoS,
monolayer in contact with monolayer hBN/graphite electrodes, while
Fig. 1(e) shows IV curves of bulk MoS, in contact with the Cr/Au metal.
The MoS, device in contact with the monolayer MoS,/graphite shows
linear IV curves at all gate voltages, indicating Ohmic contact formation.
On the other hand, bulk MoS, in contact with the Cr/Au metal shows
nonlinear IV curves, which prove Schottky contact (see supplementary
material S5 and S6).21*

Figure 2(a) presents the drain current (Ip) vs bias voltage (Vi)
curves of the MoS, Schottky diode at Vygg=—1.0V, Vig=+0.5V,
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FIG. 2. (a) Characteristic Ip—Vpias curve at Vgg = —1.0, Vog = —0.5, and Vg =+0.5V. Ideality factor below unity keeps for 4 decades, and ideality factor for 1 decade is
0.7532. (b) Band diagram of the diode off-state. (c) Band diagram of the diode-on state with cold carrier injection from graphite contact.

and Vg =—0.5V, where the graphite electrode is p-type. Figures
2(b) and 2(c) show the corresponding band diagrams at the forward
and reverse bias voltage (on- and off-state). Note that the density of
states in graphite changes significantly near the charge neutrality point.
As the drain bias voltage applied to the graphite decreases negatively
from the off-state, a forward bias is applied with on-current flowing
through the channel, which indicates that the Schottky barrier at the
interface between the metal contact and n-type MoS, dominates the
diode operation. When a negative bias voltage Vy,;,s < 0 is applied to
graphite, the electrochemical potential of the graphite electrode is
increased by eVy,;,s with respect to that of the metal contact. It is note-
worthy that the electrons in the graphite source contributing to the cur-
rent injection should have energy between Ey. in graphite and the green
dotted line in the band diagram, which is determined by the bulk MoS,
conduction band edge. As the Vi, < 0 increases in the positive direc-
tion from the on- to off-state, the electrochemical potential of graphite
decreases with the energy crossing the band edge of graphite moving
closer to the charge neutrality point (CNP). In this case, due to the
reduced graphite density of state (DOS) from the on- to off-state
(thereby super-exponential decrease in carrier density of the graphite
source), the IV curves from the on- to off-state become steeper than the
conventional Schottky diode, and the ideality factor becomes less than
unity at room temperature. Figures 3(a) and 3(b) show the control
gate-dependent diode characteristic curve and ideality factor 7,ye 1dec-
The ideality factor #7,ye 1dec becomes less than unity only when graphite
is p-type. When graphite is n-type, the ideality factor #,ye.14ec becomes
greater than unity as in conventional Schottky diode.

Monolayer graphene has a linear density of states to filter high
energy electrons and, thus, has been applied to realize steep slope DS
FETs and diodes. Can graphite be applied as a cold electron injection
source to realize steep switching similarly? To address this question

theoretically, we compared transmissions of monolayer graphene and
graphite as shown in Fig. 4(a), which are calculated by atomistic quan-
tum transport simulations based on the density functional theory cou-
pled with nonequilibrium Green’s function (NEGF) theory
implemented in the Nanodcal package.” Intrinsic monolayer gra-
phene has massless Dirac electrons and a linear energy dispersion
around the Fermi level. Therefore, the transmission of monolayer gra-
phene linearly depends on energy. Electrons in graphite are no longer
massless and have finite states at the Fermi level. Even though graphite
does not have a linear energy dispersion, transmission monotonically
increases with the energy difference with respect to the Fermi level,
which is similar to that of graphene as shown in Fig. 4(a). Switching
properties of the graphite-MoS, diode as shown in Fig. 4(b) can be
estimated by Landauer-Biittiker formula,™®

I= Ero T(E)(f.(E — Ep) — fr(E — Er))dE, )

Eiop

where Ej, is the top of channel barrier, f; /x is the Fermi distribution
function of left/right lead, and Ep;, and Epg are the Fermi levels of left
and right leads, respectively. Figure 4(c) shows Ip, vs Vp, of the graph-
ite-MoS, diode with a p-type graphite. It is found that the ideality fac-
tor is smaller than 1 as —0.52V < Vp < —0.32V, and the minimum
value reaches 0.73. In the bias voltage region, current is increased by
four orders of magnitude. The reason for such steep switching is that
high energy electrons are partly filtered as the top of channel barrier
around the intrinsic Fermi level of graphite as shown in Fig. 4(d). As
the diode is switched from the off- to on-state as shown in Fig. 4(d),
the injected electron density of states around the top of channel barrier
is increased simultaneously, which is different from conventional
metal with constant DOS and makes the diode switch much faster
than the conventional Schottky diode.
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FIG. 3. (a) Characteristic Ip vs Vyias curves at different control gate voltage. Under Vg < 0V, characteristic curves show steep-slope behavior. (b) Vg vs ideality factor (aver-
age over one decade). For Vg < +0.0'V, the ideality factor remained below unity for one decade.

In summary, we develop a steep-slope Schottky diode with cold (graphite), the Schottky diode exhibits an unconventional ideality fac-
carrier injection consisting of monolayer MoS, naturally connected to tor of (17) < 1 for more than three decades of drain current with a size-
bulk MoS, and graphite cold metal contact. The results demonstrated able rectifying ratio (~10%) (see supplementary material $9). Our
that using cold metal sources increases the Schottky diode switching ~ demonstration of the steep-slope Schottky diode paves the way to

slope. As the cold carrier injected from the cold metal source achieving low-power circuit technology requiring rectifiers.
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