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Abstract

In the past decade, two-dimensional (2D) nanomaterials are gaining
significant attention due to their novel properties in electrical, optical,
mechanical which are different from their bulk forms. Therefore, it
becomes one of the most promising materials for sensing applications.
However, to connect the 3D world with 2D materials require excellent
communication links which is a contact that renders remarkable
electrical properties and specifically 2D nanomaterials-based sensor
has been suffering from high resistance and low sensitivity due to the
loss caused by poor contact between the 2D nanomaterials and metal
interface. This work explores the electrical properties of metal/2D
contacts by the rectangular transmission line method (TLM). The
critical resistance parameters such as sheet and specific contact
resistance were determined by characterizing the current-voltage (1V)
relation. The behavior of different metals (silver and gold) contacts to
2D MoS:2 nanoflakes deposited on Si substrate by low-cost spray
coating technique are observed. These metals are chosen based on the
work function relative to the electron’s affinity, y of MoS2. UV-Vis’s
analysis is carried out to estimate the final concentration of MoS2
solution.
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1.  Introduction

Low-dimensional nanomaterials are among the first choices for the design of sensor materials,
due to their unique properties that are derived from their quantum size effect and surface effect [1-
3]. Among low-dimensional nanomaterials, two dimensional (2D) nanomaterials, including
graphene and transition metal chalcogenides (TMDCs), are excellent examples [4]. The most
studied material of TMDCs family is molybdenum disulphide (MoS2) because of its robustness
along with the tungsten selenide (WSez). Both MoS2 and WSe2 are semiconductors in stable 2H
phase and reducing the thickness from the bulk layer to monolayer, it is found that the transition
indirect-to-direct band gap had occurred [5].

2D MoS: has been applied in many devices including field-effect transistors (FETS),
photodetectors as well as electrochemical applications [6-8]. All these electronics applications rely
on electronics contacts to operation. Due to that reason, understanding metal/2D MoS:2
semiconductors is crucial. These metal-semiconductor contacts are an indispensable part of a
semiconductor-based device that can behave either Schottky barrier or as an Ohmic dependent on
the characteristic of the interface. These are delineated by electrical parameters such as specific
contact resistivity (pc), sheet resistance (Rsh) and contact resistance (Rc). Nanoengineering and
measurement of these parameters are significantly growing in 2D semiconductor materials industry
and to lower the contact resistance of the metal/2D nanomaterials various techniques have been
studied. All the resistance parameters are important to determine prior to any optoelectronics
devices using TLM measurement.

In this work, a detailed experimental analysis of metal/2D MoS:2 nanoflakes contact with
different metals are conducted. As reported, the lower metal work functions of the contacts can lead
to smaller Schottky barrier height and resistances [9]. The metals in this letter are chosen based on
the work functions relatively to the electron’s affinity, ¥ of MoS2 (4.0 eV). Relatively low metal
work functions, ®m silver (4.33 eV) is studied along with relatively high metal work function, gold
(5.4 eV) to give a wide picture of TLM analysis of metal/2D MoS:2 contact

2.  Materials and Methods

A solution of MoS2 was prepared for spray coating deposition on Si substrate. In brief, MoS2
powder (99% purity, Sigma Aldrich) was mixed with a solvent mixture of ethanol and deionized
(DI) water at a ratio of 9:11 to exfoliate into a thinner layer and immediately refined with high
power bath sonication (GT Sonic Model: VGT-1620QTD) for 8 hours to form a stable and uniform

solution.
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The supernatant of MoS:2 was collected after centrifugation for 20 minutes at 233 g. UV-Vis
measurement was made on the MoS: solution to estimate the final concentration. Substrates were
all cleaned with (in order of) acetone, iso-propanol solution, distilled water for 10 minutes each.
The samples are then dried using Ni gas. The MoS: solution was deposited on Si substrate via
spray-coating deposition with a controlled volume of 4ml for each sample as shown in Figure 1.
The Si substrate was heated at 150°C for 15 minutes on a hotplate before the spraying process to
facilitate solvent evaporation. The pressure and distance of spray nozzle from the sample were 21
psi and 20 cm respectively. All the parameters are kept constant during the process.

The metal contact was prepared after the MoS: thin film deposition. A TLM mask with metal
pad distance separation, di in the range between 0.5 to 1.3 mm was placed on top of the sample
and metals electrodes (Ag and Au) was deposited by electron evaporation beam (e beam) at ~1 A
deposition rate under a pressure of 1 x 10 Torr, respectively. The thickness of the Ag and Au
layer was 100 nm. The fabricated devices have same effective contact area (1 x 1.5 cm?) namely
the area of p-Si covered by MoS: thin film.

TLM measurement was conducted under ambient conditions and the dark currents were
measurement in a dark box to eliminate the interference of ambient light using two-point-probe
method. Current-Voltage (IV) curve was precisely obtained using Keithley source meter (2410)
with potential scanning from -1.5 to 1.5 V, where the current was measured through two successive
metal pads distance, di, keeping a constant voltage across the contacts as shown in Figure 2. The
total resistance, RT between the metal-semiconductor-metal (RT1, RT2, RT3, ...) was determined

from the reciprocal of the IV curve gradient.
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Figure 1: Schematic representation of spray-coating process

28 | Malay. NANO Int. J. Vol. 1 (2) (2021)



A.H. Abdullah Ripain et al (MNU) Issue 2 (2021) 26-36

o

@ —] Keithley (2410)

. .
T —

N

DS ]

w

Figure 2: Schematic diagram of a) TLM test structure (top view) b) current-voltage measurement

on samples.

3. Results and discussion
3.1 Synthesis of MoSz: Concentration and UV-Vis Analysis

The 2D MoS:2 nanoflakes used in this work are prepared using a liquid exfoliation
technique similar to that reported by Zhou et al [10].Two volatile and low-boiling point solvents;
ethanol and water are used in the preparation MoS2 solution. The dispersion of 2D nanomaterials
can be partially predicted by Hansen solubility parameters (HSP) theory [11, 12].Three HSP
parameters used are dp, op, o1 Which are dispersive, polar and hydrogen bonding solubility
parameters, respectively. The level of adaption between the HSP of solvents and MoS: is
determined by the value of distance Ra. Higher solubility is expected if the Ra value smaller [10].
According to the previous work, the smallest Ra for MoS: is obtained with a mixture of ethanol
and water at a 9:11 ratio. Figure 3 shows the schematic illustration of MoS2 synthesis and
photographs of MoS2 which have been stored under ambient conditions after a few weeks. Color
remains unchanged and no precipitation occurred indicate the stability and no degradation in MoS2

solution.
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Figure 3: Schematic illustration of MoS: synthesis and photographs of MoS2

UV-Vis analysis was carried out to find the final concentration 2D MoS:2 solution. The estimation
of the concentration is based on the Beer-Lambert Law equation [13]

A= a,cl Q)
Where a,, is optical absorption coefficient, concentration and length of the light passes
respectively. UV-Vis absorption spectrum for MoS: dispersion in ethanol/water mixture is shown

in Figure 4.
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Figure 4: UV-Vis absorption spectrum of MoS:
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There are four significant peaks; peak A (~667 nm) and peak B (~605 nm) are from excitonic
transitions while peak C (~442 nm) and D (~408 nm) are due to the transitions between the higher
density state regions of band structure [14, 15]. Following the Beer-Lambert Law, using optical
absorption coefficient for MoS2 a672 ~ 1268 Lg-1m-1 [12, 13] the estimation concentration is
0.022 mgml-1. The concentration in this work is close to the value reported by Zhou et al [10].
Hence, this proved that two ‘poor’ solvents ethanol and water can be designed to give high
dispersion and good stability in MoS:.
3.2 Electrical Characterization: Current-Voltage Measurement and TLM Analysis

In an attempt to study the properties of metals when in contact with 2D MoS2 nanoflakes,
two different metals; silver and gold with different work functions are considered. Figure 5
illustrates the band alignment of metal and MoS2 before and after in contact for the case of metal
work function, ®m greater than MoS2 electron affinity, x which is valid for both metals in this
work. In order to achieve the equilibrium state; the Fermi levels of two materials are coexisted,
conduction and valence band of the semiconductor bend towards the Fermi level of metal.
Assuming the MoS2 is an n-type semiconductor with a lower work function than metal, the
electrons diffuse from semiconductor to metal. As a result of electrons flow to the metal, a negative
charge builds up at the surface of the metal side and a positive charge at the semiconductor causing
a formation of the electric field in the gap between metal and semiconductor. Consequently, the
electrons need to pass a barrier upon returning to the semiconductor, which is known as Schottky
barrier, ®SB. The barrier value is estimated using Schottky-Mott rule (PSB = ®m- y). Higher
metal work function gives out higher ®SB. Hence Au/MoS:2 has higher ®SB than Ag/ MoS:2 as
work function Ag is lower than Au. A larger forward bias is required to overcome this barrier. This
is confirmed from the current-voltage (I-V) curve in Figure 5 as it can be seen that the current is
slightly higher for Au under identical bias conditions indicating the charge transmission
capabilities for Au/MoS: interface at room temperature. 1V curve results in nearly symmetric, non-
linear characteristic possibly due to Schottky barrier at contacts. The estimated Schottky barrier is

shown in Table 1.

Table 1: Experimental results of different metal/2D MoS:

Metals Work function, ®m Schottky barrier, PSB Current at +1.5 V bias (uA) at
(eV) (eV) smallest di
Ag ‘ 4.33 0.33 2.21

Au ‘ 5.4 1.4 2.71
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Figure 5: Band alignment of metal and semiconductor MoS: a) before b) after in equilibrium
state.
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Figure 6: 1V characteristic for different metals a) Ag b) Au under identical bias -1.5to 1.5V

Figure 6 shows the IV curve at room temperature corresponding to the metal pads separation, di
(0.5, 0.7, 1.0, 1.3) mm of two different metals; silver and gold on 2D MoS: thin films. Total
resistance, RT determine by the reciprocal of the gradient. Graph total resistance, RT against
metal separation pad, di has been plotted for both samples at forward and reverse bias. Figures 7
and 8 portrayed the total resistances versus metal pad separation, di for both silver and gold

contact at forward and reverse bias.

As shown in Figure 1 (b), Rt between any two consecutive contacts can be expressed as
a linear combination of Rc and the Rsh i.e.:

Rr = Rgu () + 2Rc ©)
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RC is extracted by finding the y-intercept using linear fit in Figures 6 and 7 for each sample
and RSH is the resistance of semiconductor thin film between the two contacts which can be
obtained from the slope of the RT versus di plot multiply by the width of the metal pads, W. It can
be seen that Au/MoS:2 contact showed lower sheet and contact resistance which are 0.09 kQ/sq and
197.47 kQ mm respectively than Ag/MoS2 contact. This showed that electron transmission across
the Au/MoS: contact is better than in Ag/MoSz. The value of RC obtained in this work is quite
higher than previously reported work [16, 17] as no special interlayer is inserted as a protection
layer of metal in the sample structure that leads to contamination and a higher value of RC.

As a point of comparison, a standard quantity is preferred in making different contact. The
contact resistance depends on the size of the contact; hence it is not a good point of comparison.
Instead, the specific contact resistance, pc is required. The specific contact resistance, pc = RC AC
where RC and AC are resistance associated with the metal/semiconductor interface and contact
area respectively. Finding its value is not straightforward as the current flow into the contact is not
uniform thus current transfer length, LT is introduced. The transfer length is also known as
effective length is the average distance that an electron/hole travels in the semiconductor beneath
the contact before it flows up into the contact. The transfer length can be obtained from the graph
by extrapolating back to the horizontal axis in Figures 7 and 8. Using the value of transfer length

for each contact, specific contact resistance is possible to measure by the equation as follow:

2
pPc = Rsy XLy 3)
Ag/MoS: contact gives out the lowest specific contact resistance value (17.02 Q.mm?2), while
1.2 4+ ®  Forward Bias 1.2+ ® Reverse Bias
Linear Fit Linear Fit

Total Resistance, R (M)

Total Resistance, RT (M)
=
(-}
L

+ + + } + + + } + } +
0.4 0.6 0.8 1.0 1.2 1.4 0.4 0.6 0.8 1.0 1.2 1.4
Sepnrnmn__di(mm] Sepnrnmn,di(mmj

AU/MoS: contact shows the highest value (107.92 Q.mm2) under identical bias. Table 2

summarized the experimental results of resistance parameters obtained using two different metals
contacts under forward and reverse bias.
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Figure 7: Total resistance, Rt against metal pad separation, di for Ag/MoS: contact at a) forward

b) reverse bias.
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Figure 8: Total resistance, Rt against metal pad separation, di for Au/MoS: contact at a) forward

b) reverse bias.

Table 2: Resistance parameters obtained using two different metals contacts under forward and

reverse bias.

METAL Bias Sheet Contact Specific contact Current transfer
resistance, resistance, R, resistance, length, Ly
Ry (kQ/sq) (kQ-mm) (Q-mm?) (mm)
Ag Forward 4.24 537.01 17.02 0.06
Reverse 5.28 1282.40 77.89 0.12
Au Forward 0.09 197.47 107.92 1.09
Reverse 0.14 156.34 44,43 0.57
4, Conclusion

In summary, we can produce MoS: solution by liquid exfoliation technique using two poor
solvents and deposit the solution by low-cost spraying method on the substrate. UV-Vis analysis
was made to estimate the final concentration of the solution which is 0.022 mgml. By TLM
analysis, we investigated the properties of metal/2D MoS: contacts using two different metals,
silvers and gold which work functions are relatively lower than the electron affinity of MoS2. Both
metal contacts showed Schottky behavior. We measured the value of specific contact resistance
for Ag/MoS:2 and Au/MoS2 which are 17.02 Q.mm? and 107.92 Q.mm? respectively. Thus, the
Ag/MoS: has lower specific contact resistance than Au/MoS: contact under identical bias.
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TLM analysis holds some severe limitations in analyzing non-linear IV curves for Schottky
contacts as contact resistance, Rc becomes bias-dependent, which requires careful consideration
when examining scaling behavior. The effect of this nonlinearity in the plot of total resistance, Rt
against the metal pad separation, di is difficult when extracted transfer length, Lt is small. In
addition, some assumption needs to be made; sheet resistance under the contact is the same as
sheet resistance between the contact that allows us to extract Lt by finding the x-intercept of curve

R~ versus di.
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