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Schottky Diode with Asymmetric Metal Contacts on WS,

Jihoon Kim, A. Venkatesan, Nhat Anh Nguyen Phan, Yewon Kim, Hanul Kim,

Dongmok Whang, and Gil-Ho Kim*

Diode characteristics of transition metal dichalcogenides are studied
extensively owing to their electrical and optical properties. In particular, the
Schottky barrier diode (SBD) structure has advantages, such as its small
leakage current and power consumption, over conventional p—n diodes.
This study develops an SBD system using n-type tungsten disulfide (WS,).
By depositing a low work function In (@, = 4.1 eV) and high work function
Au (Dp, = 5.1 eV) on n-type WS,, the diode characteristics are demonstrated
to be close to an ideal diode. The In—Au contacts are measured, and SBD
characteristics are confirmed with a 1.02 ideality factor at a zero back-gate
voltage at room temperature and a rectification ratio up to 5 x 102, even at a
low temperature (77 K), indicating almost ideal diode properties. In addition,
the In electrodes exhibited improved electrical properties, with a high on/off
ratio of 107, mobility that is 100 times higher, and Schottky barrier height that

is 20 times lower than that of Au electrodes.

1. Introduction

Owing to the urgent need to resolve scaling problems in elec-
tronics, transition metal dichalcogenides (TMDs) have been
considered next-generation semiconductor materials with their
appropriate bandgaps, inherent mobility, and optically ultralow
thickness.l>) TMD devices can be fabricated in atomic layers,
and novel properties can be obtained by stacking several 2D
material layers, changing the physical properties depending
on the structure.®”) Thus, they have attracted much atten-
tion in the field of electronics for various applications such
as optoelectronics,®? spintronics,'® valleytronics,>13 and
solar cells.' In particular, the application of TMD diodes to
switching devices, detectors, and light-emitting diodes has
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been extensively studied by stacking two
types (p- and n-type) of materials and
forming depletion regions to rectify the
unidirectional current or by doping.>1%
Conventionally, the diode characteristics
are confirmed by combining two mate-
rials that have different characteristics for
applications such as p—n diodes. However,
the bonding of two materials with other
structures directly exposes the proper-
ties of the 2D material to changes in the
external environment, worsening the
diode performance compared to that of
the original material.

Schottky barrier diode (SBD) is the
structure without stacking and com-
bining different materials. It has better
power consumption than p-n diodes
because of its fast response and low
voltage drop in the forwarding region.?") Recently, remarkable
diode characteristics without heterostructures or doping have
been reported in the molybdenum disulfide and molybdenum
ditelluride SBD structure using only the different metal con-
tacts with work function modulation.?"?2l However, these
diodes, which utilize the work function, did not show better
ideality factors than the other p—n heterojunction diodes. In
this study, unlike previous works, a tungsten disulfide (WS,)
SBD device was fabricated as an ideal-like diode by depositing
two different metals. An ideality factor of 1.02 at a zero-gate
voltage and rectification ratio of up to 5 x 102 even at different
temperatures was obtained by depositing two different metals.
WS, has a direct bandgap of 2.1 eV in the monolayer and an
indirect bandgap of 1.4 eV in the few layers, which is a rela-
tively large bandgap.?¥l This results in a wide-wavelength pho-
toreaction and a high absorbance potential for photocatalysis
and photodetectors.?*25] Metallic In and Au made contact with
an exfoliated n-type WS, flake. In general, n-type materials
are familiar with low work function metals because the Fermi
level of low work function metals aligned close to the conduc-
tion band of the 2D materials will promote electron injec-
tion.[2%1 By contrast, high work function metals with the Fermi
level aligned close to the valence band of n-type materials will
result in the formation of potential barriers, impeding elec-
tron flow. Therefore, metal contacts with WS, were fabricated
using In for the forward direction and Au for the reverse direc-
tion, which corresponds to a lower (®y, = 4.1 eV) and higher
work function (®,, = 5.1 eV), respectively. When the In-Au
contact was measured, the characteristics of the rectifier diode
were confirmed by the difference in the metal work func-
tion. We also compared the electrical properties and charge
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transfer at the interface of each metal, such as the mobility
and Schottky barrier height (SBH) at different temperatures.
This can be applied as the simplest SBD without complicated
structures and processes such as p-n junctions.

2. Results and Discussion

The WS, SBD device is shown schematically in Figure 1a.
The optical image of the device is shown in Figure 1b, where
the five-layer WS, is in contact with the Au electrodes on the
bottom and the In electrodes on the top side. First, the Au
bottom electrodes were prepared on a precleaned Si/SiO, wafer
(Figure Sla, Supporting Information). Owing to the poor adhe-
sion of Au on SiO,, a 10 nm thick In adhesion layer was depos-
ited before the deposition of Au, followed by a 30 nm thick Au
layer. The dry transfer method was then applied in argon gas
for moving the WS, flake. Following the transfer of WS, on
the Au electrodes shown in Figure S1b of the Supporting Infor-
mation, the In electrode (In/Au) was deposited (Figure Slc,
Supporting Information). Figure 1c shows the Raman spectra
of the WS, flake obtained using a 532 nm laser at room tem-
perature. In the WS, Raman spectrum, the presence of signa-
ture peaks E;, showing the in-plane vibration of atoms and Ay,
showing out-of-plane directions of S atoms at frequencies of
350 and 415 cm™ confirms that the flake is WS, multilayers.*’]
The thickness of the WS, flake was confirmed by atomic force
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microscopy (AFM), as shown in Figure 1d. The thickness of the
WS, flake was 4.8 nm, ensuring that the WS, flake was approxi-
mately five layers.[?8]

The Ip-Vp characteristics using asymmetric In and Au
electrodes exhibit marked rectification behavior depending
on gate voltages from 0 to 60 V, especially at a high posi-
tive gate bias voltage with a rectification ratio of 5 x 102, as
shown in Figure 2a. Because of the high work function metal
(@ay = 5.1 eV), Au electrodes making contact with n-type WS,
form Schottky contact with high SBH in the reverse direction
of the diode. By contrast, In electrodes with a low work func-
tion (@, = 4.1 eV) form an Ohmic-like junction with WS, in the
forward direction of the diode detailed in Figure 2e. Under the
drain voltage, the potential barrier height between the Au and
WS, sides becomes too high for a considerable amount of cur-
rent to flow through the metal-semiconductor junction com-
pared with In, and it exhibits the characteristics of the rectifica-
tion behavior of a classic diode. Figure 2b shows the variation
of the Ip—V; characteristics of the asymmetric In—Au contacts
with the different drain voltages. The Ip—V( characteristics of
WS, show excellent n-type properties as the transfer character-
istics increase with higher drain voltages at room temperature
and even at 77 and 400 K (Figure S2b,d, Supporting Informa-
tion). The WS, SBD also exhibited excellent rectifying charac-
teristics, at a zero-gate voltage, for a wide range of operating
temperatures (77-400 K). In particular, even in the absence of
a gate voltage, the forward to reverse bias current ratio is as
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Figure 1. a) Schematic diagram of the WS, SBD device and partially enlargement of Au with bottom contacts and In with top contacts. b) Optical
image of the WS, SBD device with different metal contacts. c) Raman spectrum of WS, with atomic displacements showing in-plane and out-of-plane
vibrational modes. d) Thickness of the five-layer WS,. Inset: Atomic force microscopy image with line scan (blue line) of WS,.
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Figure 2. a) Ip—Vp characteristics of the WS, SBD with In—Au contacts depending on the different gate voltages showing diode characteristics at room
temperature. Inset: Logarithmic scale of Ip—Vp characteristics at room temperature. b) Ip—-V; characteristics of the WS, SBD device at the different
drain voltages. ) Ip—Vp characteristics of the WS, SBD device at low, room, and high temperatures. Inset: Logarithmic scale of Ip—Vp characteristics
depending on the temperature. d) Variation in the mobility of In—In and Au—Au contacts for temperature in the range of 77-400 K. €) The band diagram
of the WS, SBD in the forward direction with In contact showing Ohmic junction and the reverse direction with Au contact showing the Schottky junc-

tion with high SBH.

high as 3 x 10? at 77 K, showing the highest rectification ratio
among all temperatures without the gate voltage (Figure S2a,
Supporting Information). The measured diode current under a
specific bias decreases as the temperature decreases in the for-
ward and reverse bias regions.

Figure 3a,c shows the Ip—Vp characteristics of In-In and
Au—Au contacts at different gate voltages. From the linear output
characteristics, we can confirm that the In-In contacts form
an Ohmic-like junction on WS, with low resistance. By con-
trast, Au-Au contacts exhibit nonlinear output characteristics,
forming Schottky junctions with relatively high resistive con-
tacts. Figure 3b,d shows the In—Vq characteristics of the In-In
and Au-Au contacts depending on the drain voltages. The In—V
characteristics of WS, with both contacts at different drain volt-
ages showed excellent n-type properties. When n-type WS, is in
contact with a higher work function metal (®,, = 5.1 eV), the elec-
trons of the materials diffuse into the metal with a lower energy
state owing to the difference in the Fermi level, and a depletion
region is formed with the electric field. This phenomenon occurs
until the Fermi level is aligned, and the electric field is included
in the depletion region, which prevents the diffusion of elec-
trons into the metal. This potential barrier in n-type WS,, where
the majority carrier is electrons, blocks flowing carriers showing
Schottky junctions with Au, as shown in the schematic of
Figure 3c. Conversely, when WS, is in contact with a metal with
a small work function (@, = 4.1 eV) since the semiconductor has
a smaller work function than the metal, electrons from the metal
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diffuse into the semiconductor during bonding, and the Fermi
level is aligned.?’] In this case, the barrier in the conduction band
region is very low, so electrons can more easily move from the
WS, to the metal as shown in the schematic of Figure 3a.

The field-effect mobility (upg) of WS, with In-In and Au-Au
contacts was calculated as follows

L(a,) 1
_L 1
Hre W(BVG)COXVD @

where L is the length of the device, W is the width of the device,
I is the source drain current, V is the gate voltage, Coy is the
capacitance of 285 nm thick SiO,, and Vj, is the drain voltage.
From the Ip—-Vg curve of In—In and Au-Au contacts, (Ip/0V)
can be extracted from the slope of the graph. The electron
mobility of In-In contacts was found to be 472 cm? V! s7! with
a current on/off ratio of 10”. By contrast, the electron mobility
of Au-Au contacts was found to be 0.03 cm? V! s7! with a cur-
rent on/off ratio of 10* at room temperature. The on/off ratios
of both contacts were extracted from the logarithm scale I~V
curve shown in Figure S5a of the Supporting Information. These
findings indicate that the electrical properties are improved when
In makes contact with WS, instead of Au or Cr as shown in
Figure S3 of the Supporting Information, which is due to the
formation of Ohmic contacts and low work function metals. In
addition, in Figure 2e, the contour of the energy band clearly
shows that the Fermi level of In is shallower than that of WS,.

© 2021 Wiley-VCH GmbH
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Figure 3. a) Ip—Vp characteristics of In—In contacts at the different gate voltages. Inset: Schematic diagram of In—In contacts showing Ohmic junction.
b) Ip—V characteristics of In-In contacts at the different drain voltages. c) Ip—V} characteristics of Au—Au contacts at the different gate voltages. Inset:
Schematic diagram of Au—Au contacts showing Schottky junction. d) I5—V( characteristics of Au—Au contacts at the different drain voltages.

The field-effect mobility as a function of temperature T
was also calculated from the I~V characteristics shown
in Figure 2d and Figure S8 (Supporting Information). The
dependence of mobility on temperature T can be described by
the power-law g = T?, which can directly represent the differ-
ence in the carrier transport mechanism. For the In-In, In-Au,
and Au-Au contacts, the yindex values were found to be —0.35,
—0.54, and 1.77, respectively (Figure 2d; Figure S8, Supporting
Information). From the values, it can be clearly seen that the
mobility of In-In and Au-Au contacts show reversal patterns
as well as a strong and consistent dependence on temperature.
With Au contacts, owing to the trapped charge impurity scat-
tering, the electron mobility decreases with decreasing tem-
perature. Conversely, with In contacts and In-Au contacts, the
electron mobility increases with decreasing temperature, exhib-
iting a significant suppression of phonon scattering on elec-
trons, and leading to improved carrier mobility.[2%3%

According to the thermionic emission theory, the current in
the device can be obtained as follows

) 0] eV,
I= AA'T exp| - Z28 > _q 2
eXP( kBT)eXp(kBT ) (2)

where [ is the current, A is the area of the device, A* is the modi-
fied Richardson constant, @y is the SBH, Vj, is the drain voltage,
e is the electron charge, kg is the Boltzmann constant, and T is
the temperature in Kelvin.’!! To quantitatively evaluate the SBH
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in the device, we performed electrical characterization at different
temperatures (77400 K), as shown in Figure 5a,b displaying the
transfer curves of each In-In and Au-Au contacts over a wide
range of temperatures with the source to drain current on a loga-
rithmic scale. To obtain an accurate Jg, the SBH Jy needs to be
determined at the flat band voltage condition (Vgs = Vgp) based
on the thermionic emission theory equation. To obtain Ty, we
plotted various values of In (Ip/T/?) at a fixed drain bias of 0.1 V
for various gate bias voltages as an Arrhenius plot. The slope
of these lines directly provides the SBH &y (in eV) for the cor-
responding gate bias voltage, Vgs. For comparison, Arrhenius
graphs are plotted for In—In and Au—Au contacts for all gate volt-
ages, and the slope is plotted as a function of the gate voltage,
as shown in Figure 4a,c. The Schottky barrier for Vg less than
or equal to Vg, which was obtained from Figure 4b,d, linearly
corresponds to Vg, as shown in Figure 4b,d. However, as Vg
increases above Vi, the plot deviates from its linear relationship.
Hence, the accurate Jy value obtained at a flat band voltage con-
ditions for devices with the In-In contacts was 1.7 meV at flat
band voltage Vyp = 8.4 V. Compared to this, the Jy value of the
Au-Au contacts was 34 meV at flat band voltage Vg = 21.6 V,
which is 20 times higher than that of the In-In contacts. Evi-
dently, the SBH calculated according to the Schottky—Mott rule
is due to the work function modulation of the metal, and much
less disturbance occurs in the contact with In. However, the SBH
cannot be simply determined from the difference between the
Fermi level of the metal and the conduction band minimum of

© 2021 Wiley-VCH GmbH
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Figure 4. a) Arrhenius plot of the In-In contacts with In (I5/T*/?) as a function of the gate voltage (V¢ ranging from —30 to +18 V) observing the change
in slope for different temperatures (77—400 K). b) SBH and flat-band voltage of the In—In contacts at the point when the slope changes depending on
the gate voltage. c) Arrhenius plot of the Au—Au contacts with In (Ip/T%/?) as a function of the gate voltage (V¢ ranging from +12 to +60 V) observing
the change in slope at different temperatures (77—400 K). d) SBH and flat-band voltage of the Au—Au contacts at the point when the slope changes

depending on the gate voltage.

the semiconductor. The potential difference between the metal
and WS, calculated by the Schottky—Mott rule is different from
the ideal value estimated by the band alignment of In-In and
Au-Au contacts to WS,. In general, when metal and TMD mate-
rials make contact, unlike bulk, the density of gap states caused
by defects occurs on the interface of TMDs and metals, which is
the main reason for Fermi level pinning. Owing to the interface
states induced by In top contact evaporation, the Fermi level of In
is pinned to a lower energy state. By contrast, there is no Fermi
level pinning at the Au and WS, interface because the WS, was
lightly transferred onto the Au bottom electrodes.l323 Despite
the pinning effects, the potential barriers of the In and WS, con-
tacts forming Ohmic-like contacts are smaller than those of Au
and WS,.

To estimate the rectifying performance of the WS, SBD
device with different metal contacts, the ideality factor was
calculated at the forward-biased region from a plot of the loga-
rithmic output [~V characteristics shown in Figure 5c by fitting
to the Shockley diode equation!34

I=1I [exp(:g’}—l)] (3)

where I is the diode current, and Ig is the reverse saturation
current defined as
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Iy = AA'T? exp(‘ ﬁf) @
B

where Vp is the drain voltage, e is the electron charge, kg is
Boltzmann constant, T is the temperature in K, n is the ide-
ality factor, A is the area of the diode, and A* = 4mgm*k?/h3
(m* = 0.34 my) is the effective Richardson constant.l’l The term
“~1” is negligible under high applied drain voltages. To calcu-
late the ideality factor n, take the logarithm of both sides and
simplify the Shockley diode equation as follows

(4

n

dv

Figure 5c shows the logarithm of the I-V curve at room tem-
perature. The ideality factor of 1.02 is calculated using the slope
of the logarithm [-V curve with a zero-gate voltage.

The ideality factor indicates how ideal the diode is. The
closer the ideality factor is to 1, the more ideal the diode, and it
increases as the current decreases. The ideality factor obtained
from the slope of the I-V curve in the low current region without
the back-gate voltage was 1.02, which is very close to 1. Given that
the ideality factor is relative to the value of 1, the forward cur-
rent largely depends on the diffusion of electrons and exhibits

© 2021 Wiley-VCH GmbH
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Figure 5. a) Temperature-dependent (77-400 K) IV characteristics of the In contacts to WS, for gate voltages ranging from —60 to +60 V at a drain
voltage of 0.1 V. b) Temperature-dependent (77-400 K) Ip—V, characteristics of the Au contacts to WS, for gate voltages ranging from —60 to +60 V at
a drain voltage of 0.1 V. ¢) The ideality factor of the WS, SBD device calculated from the slope at the low bias current region with a zero-gate voltage
at room temperature. d) The ideality factor and barrier height of the WS, SBD device as a function of temperature.

ideal-like diode characteristics compared with the other group’s
reports?122323530] a5 detailed in Table 1. In addition, to confirm
the characteristics of the diode based on the temperature and cur-
rent transfer mechanism, it was measured from low temperature
(77 K) and expressed based on temperature. The variation in the
ideality factor with temperature (77-400 K) was calculated with
the slope at the forward-biased region, as shown in Figure S6
of the Supporting Information. Figure 5d shows the variation in
the ideality factor and barrier height of the WS, SBD with tem-
perature. The barrier height was calculated from the reverse satu-
ration current equation. As can be seen in Figure 5d, where as
the ideality factor increases with decreasing temperature, barrier
height decreases, showing a strong dependence on temperature.
The current through the metal-semiconductor contact is a ther-
mally assisted process, in which electrons solely can overcome
the lower Schottky barrier at a lower temperature, resulting in a
higher ideality factor. The discrepancy of ideality factor at 400 K

Table 1. Comparison of device characteristics with previously published
reports using MoS; and MoTe,.

Sample Contact Ideality factor
WS, SBD (our work) In—Au contact n=1.02
MoTe, SBDI?! Pd—Cr contact n=14
MoS, SBDI?Z Au—Cr contact n=15
MoS, SBDEB Ag—Pt contact (bottom contact) n=1.09
MoS, SBDB4 Ti—Pt contact n=1.55
MoS, SBDEI Ag—Pt contact n=2.1
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showing nonideal dependence is due to several factors such
as interface quality, surface defect density, and deposition pro-
cess.’38] By contrast, as the temperature increases, electrons
transfer through the higher barrier. This can be explained by the
inhomogeneous barrier height.[3%40]

3. Conclusions

In summary, we developed the WS, SBD device without conven-
tional p—n junction or doping. Depending on the work function,
using In with low work function and Au with higher work func-
tion, asymmetric metal contacts exhibited excellent diode charac-
teristics. In particular, an ideality factor of =1 was achieved for the
WS, SBD with a simple structure. Compared to previous works,
this value demonstrates the ideal-like diode characteristics without
the junction that can, degrade the performance of the diode. The
device also exhibited remarkable diode properties over a wide
range of operating temperatures (77-400 K) with potential applica-
tion to the preparation of future functional devices. We confirmed
the electron transport mechanism of each metal contact with WS,
by calculating the SBH, mobility, and on/off ratio as a function of
temperature. It was verified that the In electrodes exhibit remark-
ably improved electrical properties compared to Au contacts.

4. Experimental Section

Fabrication of WS, Device: Bulk n-type WS, crystal (HQ graphene Inc.)
was used for exfoliation on a precleaned and highly p-doped Si substrate

© 2021 Wiley-VCH GmbH
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covered by a 285 nm thick SiO, layer using a conventional Scotch tape
method. The few-layer flakes were then identified by optical microscopy.
A suitable few-layer WS, was selected and stacked by the dry transfer
method on the target Au electrodes, which were prepatterned on an empty
Si/SiO, substrate using e-beam lithography techniques with In (10 nm)/Au
(30 nm) deposition for Au contact in advance. To pick up the few-layer WS,
flake, a polydimethylsiloxane base substrate covered by a polycarbonate
(PC) sacrificial layer was used. Then, the WS, flake was deterministically
released on the targeted Au electrodes in a glove box filled with argon gas.
The residual PC was removed by immersing the sample in chloroform
for 30 min, followed by drying using a nitrogen blow. After the transfer,
In electrodes were patterned using e-beam lithography followed by metal
deposition In (10 nm)/Au (30 nm) in an electron-beam deposition chamber
and then annealed at 150 °C for 3 h in a high vacuum state (=107 Torr).

Characterization of WS, Device: The thickness of the WS, flake
was determined using AFM. Raman spectroscopy was performed to
characterize the flakes using a 532 nm laser under ambient conditions.
Electrical characterization of the device was performed under vacuum in
a dark environment using a Keithley 4200-SCS parameter analyzer.
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from the author.
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