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Monolayers of transition metal dichalcogenides (TMDCs) exhibit excellent electronic and optical properties.
However, the performance of these two-dimensional (2D) devices are often limited by the large resistance offered
by the metal contact interface. To date, the carrier injection mechanism from metal to 2D TMDC layers remains
unclear, with widely varying reports of Schottky barrier height (SBH) and contact resistance (R.), particularly
in the monolayer limit. In this paper, we use a combination of theory and experiments in Au and Ni contacted
monolayer MoS, device to elucidate the following points: (i) the carriers are injected at the source contact
through a cascade of two potential barriers—the barrier heights being determined by the degree of interaction
between the metal and the TMDC layer; (ii) the conventional Richardson equation becomes invalid due to the
multidimensional nature of the injection barriers, and using Bardeen-Tersoff theory, we derive the appropriate
form of the Richardson equation that describes such a composite barrier; (iii) we propose a novel transfer length
method (TLM) based SBH extraction methodology, to reliably extract SBH by eliminating any confounding
effect of temperature dependent channel resistance variation; (iv) we derive the Landauer limit of the contact
resistance achievable in such devices. A comparison of the limits with the experimentally achieved contact

resistance reveals plenty of room for technological improvements.

DOI: 10.1103/PhysRevB.96.205423

I. INTRODUCTION

Two-dimensional (2D) transition metal dichalcogenides
(TMDCs) are promising materials for novel electronic and
optoelectronic device applications [1,2]. Monolayer and few
layers of these materials have been shown to be very promising
for light generation [3,4] and detection [5,6] applications. On
the other hand, the ability to suppress surface roughness scat-
tering at subnanometer thickness, coupled with an appreciable
band gap, makes them promising candidates to enable logic
transistor scaling beyond 10 nm [7]. However, the perfor-
mance of most of these electronic and optoelectronic devices
are bottlenecked by a relatively large parasitic contact resis-
tance [8—11]. On the contrary, in photodetection applications,
the metal/TMDC interface plays active role in enhancing
photoresponse [12,13]. Thus, it is important to understand
the nature of the interface between the metal and the TMDC
in these devices. However, despite its importance, there has
been a limited effort to understand the origin of the intrinsic
mechanisms that control the characteristics of this interface.

The Schottky barrier height (SBH) and the contact resis-
tance of a metal/TMDC interface have been reported in the
past [14-25], however, with a large spread, particularly at the
monolayer limit [8,26-30]. In this paper, we use a combination
of ab initio theory, systematic experiments, and modeling to
reveal the underlying mechanisms that control the SBH and
the contact resistance. With the help of ab initio calculation
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and material characterization, we first study the modification of
electronic properties of monolayer MoS, underneath the metal
contact due to metal induced charge transfer. Next, we propose
a two-barrier carrier injection model arising from this charge
transfer between the contact metal and 2D material under-
neath. We then derive the corresponding modified Richardson
equation of this composite barrier based on Bardeen-Tersoff
theory. The magnitude of the effective potential barrier is
obtained experimentally by using a novel transfer length
method (TLM) based extraction methodology and is found
to be a strong function of device operating condition. This
extraction method carefully excludes any ambiguity resulting
from channel resistance variation due to temperature. Further
insights into the mechanism is obtained by validating the
experimental results with solution of one-dimensional (1D)
coupled Poisson-Schrodinger (CPS) equations. Finally, the
Landauer limit [31] of the contact resistance achievable in
such a structure is derived analytically and compared with
the experimental results. All the results described below are
based on Au and Ni contacted monolayer MoS, devices, but
the conclusions remain qualitatively valid for a generic top
contacted layered semiconductor interface, if the thickness of
the semiconductor remains close to the 2D limit.

II. NATURE OF CARRIER INJECTION
AT SOURCE JUNCTION

Figure 1 shows the schematic diagram of a monolayer MoS;
film on Si0,/Si substrate and contacted by a metal pad from
the top. Along the channel direction, such a contact, in general,
has been treated like a conventional metal-semiconductor
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FIG. 1. Schematic diagram showing possible carrier injection
process from metal to monolayer MoS,. This is modeled as a series
connection of back-to-back diodes and resistor in a backgated device.
The arrows indicate the direction of electron flow (opposite of current
flow).

band bending [14] with strong Fermi level pinning and
tunneling induced field emission. However, note that there
is no provision for band bending vertically downward in
the ultrathin sandwich layer. This forces the carrier injection
mechanism as a cascade of multiple processes [30,32], as
schematically shown in Fig. 1: (i) the vertically downward
injection of carriers to the thin film underneath the metal,
where the 2D film is modified electronically due to proximity
of metal; (ii) horizontal transport of carriers through the
modified 2D film underneath the metal contact (the current
crowding regime); and (iii) horizontal injection of carriers
to the channel over a second barrier arising from the doping
difference between the 2D films under the metal contact and the
2D film in the channel. Consequently, such a cascaded carrier
injection process can be modeled as a series combination of
two diodes and a resistor at the source end. Before going
into the details of the carrier injection mechanism through
the cascaded processes, we first discuss the properties of the
monolayer MoS; film underneath the metal contact.

III. MODIFIED ELECTRONIC PROPERTIES OF
MONOLAYER MOS; IN PROXIMITY OF METAL

Clearly, the 2D film underneath the contact plays the me-
diating role between the source and the channel in the carrier
injection process. Former ab initio calculations have been
performed to study interfaces between TMDC monolayers and
metal surfaces [33-36]. We use ab initio calculations to obtain
insight into the charge transfer between metal (Au or Ni) and
monolayer MoS;. As sulfur vacancies (SV) are considered
as one of the most probable defects in MoS,, we consider
both with and without SV cases. This is followed by optical
and electrical characterization of monolayer MoS, film in the
proximity of metal.

A. Ab initio calculation details

The MoS,/Au interface is constructed by combining the
4 x4 x 1 monolayer of Au [111] surface on the 4 x4 x 1
monolayer of 1H-MoS,. Due to the mismatch in the lattice
parameters of Au [111] and 1H-MoS,, there is an initial
lateral strain of ~9.7% on the Au layer, which after structural
relaxation, turns out to be 6.08%. In a similar procedure,
keeping a minimal lattice parameter incongruity, MoS,/Ni
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interface is built by combining a 5 x 5 x 1 monolayer of Ni
[111] surface on the 4 x 4 x 1 monolayer of 1H-MoS, with
1.5% initial lateral strain on Ni-layer, which after structural
relaxation remains almost the same. To avoid replication from
the z-directional periodicity, a vacuum of 10 A was added both
above and below the constructed interface. These interfaces
are also investigated in the presence of ~6% SV, known to
be the most common defect to occur in 1H-MoS,. Thus, we
investigate four such interfaces, viz. Au, Au+ SV, Ni, and Ni +
SV with 1H-MoS,. To resemble the realistic experimental
scenario, we have also investigated the interfaces of monolayer
MoS; and bilayer metals.

These interfaces were explored with the help of ab initio
density functional theory (DFT) based formalism using a plane
wave pseudopotential approach with projector-augmented
wave (PAW) potentials, as implemented in the Vienna Ab initio
Simulation Package (VASP). Electron correlation within the
system is treated using Perdew-Burke-Ernzerhof exchange-
correlation functional under the spin-polarized generalized
gradient approximation (GGA). Ionic and lattice parameter
optimization of the constructed interfaces are obtained by
a conjugate gradient algorithm until the Hellmann-Feynman
forces on each ion is less than 0.01 eV/;\. To account for the
interface-induced dipolar interaction, we have incorporated the
van der Waals corrections by using Grimme DFT-D2 method
[37]. In this method, a semiempirical dispersion potential
is added to the conventional density functional energy after
taking care of intersurface interactions. For self-consistent
calculations and structure optimization, an energy cutoff of
500 eV is used with a k-point mesh size 5 x 5 x 3.

B. Ab initio results

The layer (LPDOS) and orbital (OPDOS) projected den-
sity of states are summarized in Figs. 2(a)-2(e), and the
corresponding charge densities are shown in Figs. 2(f)-2(i).
Covalent charge sharing between Ni and S is more favorable
than Au, as Au has a relatively more closed shell structure,
while Ni has a partially filled valence 3d orbital. We have
started with a distance of 3.2 A between both of the layers for
all four cases. After relaxation, the average distance between
Au and 1H-MoS, becomes ~3 A. The value for Ni turns
out to be ~2.2 A. The average distance reduces to 2.8 and
2.0 A for Au + SV and Ni + SV cases, respectively, implying
proximity of the metal layer to 1H-MoS, in the presence
of SV.

In monolayer MoS;, the m-bonded S-p.,p, and
Mo-d,y,dy>.yo and ds;».; orbitals populate the states at the
top of the valence band and bottom of the conduction band in
the bonding and antibonding manifold respectively. The Au
layer, having a filled 5d orbital and delocalized 6s electrons,
transfers its 6s electrons to the Mo-4d orbitals via S-3p, and
3py. A close observation of Fig. 2(b) unveils that the Au-S
hybridized bonding orbitals populate energy states from —1.5
to —3 eV, which are filled Au-5d states. The charge transfer
from Au-6s to S or Mo renders a delocalization of Au-6s
electrons. The states from —1.5 to —0.4 eV are having more
Mo-4d and S-3p bonding characters than Au-6s, implying
the already occurred charge transfer from Au layer to MoS,.
These transferred electrons fill up the Mo-d, d.».y2, and d32.
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FIG. 2. Electronic structure of monolayer MoS, under monolayer metal. (a) The LPDOS and OPDOS for (a) pristine 1H-MoS,, (b)
Au/MoS, interface, (c¢) Au/MoS, interface with interfacial SV, (d) Ni/MoS, interface, (¢) Ni/MoS, interface with interfacial SV. (f) Charge
density plots for Au/MoS, interface, (g) Au/MoS, interface with interfacial SV, (h) Ni/MoS, interface, and (i) Ni/MoS, interface with

interfacial SV.

orbitals and thereby shifts the Er toward the conduction band.
Due to such a complete charge transfer, the probability of
formation of gold sulphide is less. In the presence of SV, the
shift of Er is more, as the absence of S-3p orbital allows
the direct charge transfer from Au-6s to Mo-4d, implying an
increase in the extent of n-type doping. Bader analysis for
charge transfer has revealed that for Au and Au + SV cases,
there is an average charge transfer of 0.8¢ and 1.5¢ per atom
respectively from Au to the MoS; layer. This interfacial charge
is calculated after integrating the charge over a volume around
the interface between two specific z values. The lesser amount
of charge at the Au/MoS, interface (than Ni/MoS, interface as
discussed later) and more localized charge distribution at the
individual layer suggests tunnelling nature of charge transfer
for Au/MoS, contacts [38].

The presence of partially filled 3d orbitals makes Ni a
better contact for MoS,. The Ni/MoS, interface, both with and
without SV, exhibits metallic property [Figs. 2(d) and 2(e)]
with a strong Fermi level shift toward the conduction band,
due to the covalent nature of the charge transfer from Ni-3d to
S-3p and formation of nearly compensated antiferromagnetic
metal nickel sulphides at the interface. Contrary to Au, for Ni,
S-3p DOS is highly delocalized and hybridizes with Ni-3d
OPDOS. The amount of charge transfer from the Ni to MoS;
layer is 0.5¢ and 1.2e for Ni and Ni+4-SV cases, respectively.
The interfacial charge for Ni interface is ~4 times higher than

the Au-interface. This result can be visualized from the charge
density plots presented in Figs. 2(h) and 2(i), indicating a much
higher charge overlap and bonding of Ni and S ions.

As a next-step, we have investigated the impact of increas-
ing the thickness of the metal layer by constructing interfaces
of the MoS, monolayer and metal bilayer. The OPDOS
for these systems are depicted in Figs. 3(a) and 3(b). The
corresponding charge density plots are presented in Figs. 3(c)
and 3(d), respectively. For the MoS,/Au interface, increment
of metal-layer thickness leads to more delocalized Au-6s states
in an energy range of —1 to 41 eV around Ef, mainly having
contributions from the top Au layer. The delocalized electrons
from the layer adjacent to MoS, have already transferred
the n-type carriers to the beneath MoS, layer. Due to the
nonspin polarized nature of 6s electrons, the system remains
nonmagnetic irrespective of increase of Au-layer thickness, as
is evident from Fig. 3(a). Interface with Ni, on the contrary,
has a strong impact on the spin polarization of the system.
The Ni layer adjacent to MoS, forms antiferromagnetic nickel
sulphide at the interface, leading to the partial DOS of Ni-3d
electrons almost same at Ep for both spin-up and spin-down
states. With the increasing thickness of the Ni layer, the
ferromagnetic nature of bulk Ni prevails over the interfacial
antiferromagnetic nature, resulting into more spin polarization
at Ep. This trend becomes obvious from Fig. 3(b). The
spin-polarized Ni-3d states near Ef is less hybridized with
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FIG. 3. Electronic structure of monolayer MoS, under bilayer metal. (a) Monolayer-MoS,/bilayer-Au DOS, (b) monolayer-MoS,/bilayer-Ni

DOS, (c) MoS,/Au charge density plot, (d) MoS,/Ni charge density plot.

S-3p states, implying lesser covalent nature of additional
Ni layer with S. Nature of charge transfer is similar to
the monolayer metal cases, as can be seen from Figs. 3(c)
and 3(d), since the adjacent layer contributes the most in
charge transfer. Interfacial charge remains more for Ni contact
than Au.

For the sake of completeness, we intend to study whether the
nature of metal contacts remains same with increasing thick-
ness of MoS,. Therefore, in Supplemental Material S1[39], we
discuss the DFT results of a bilayer metal/bilayer MoS; system
and observe that the abovementioned metal/MoS, interfacial
effects remain qualitatively similar.

C. Experimental results—Optical characterization
of charge transfer

To support the analysis of metal induced charge transfer
effects on the electronic properties of monolayer MoS,, we
now experimentally characterize a monolayer thick MoS;
film in close proximity of metal. However, in a typical
“MoS,-bottom/metal-top” contact structure, it is difficult to
characterize the inaccessible MoS, film underneath the metal.
To avoid this problem, we prepare two sets (Au and Ni) of
“metal-bottom/MoS;-top” structures, as mentioned below. In
this structure, we characterize the MoS, film both optically, as
well as using Kelvin probe force microscopy (KPFM), while
maintaining the proximity of metal states.

To obtain the proposed structure, Au lines of width 4 um
and separation 4 pum are obtained on a 285 nm thick SiO,
layer on Si substrate using photolithography, followed by e-
beam evaporation of metal and subsequent lift-off. A similar
sample is prepared for Ni as well. Monolayers of MoS, layers
are exfoliated on top of this, and only those monolayers are
selected that connect at least two parallel metal lines. The
thickness of the MoS, flake is confirmed by optical contrast in
a microscope on the SiO, portion and also by measuring the
separation between the Aj, and the E} . Raman peaks.

Photoluminescence (PL) and Raman spectra were taken
using a 532-nm laser focused using 100x objective lens. The
Raman shift of the A, peak for monolayer MoS; on metals
[Figs. 4(a) and 4(b)] shows a larger broadening compared
with a sample on SiO,, while the E} peak broadening
remains almost substrate independent. Such broadening can
be attributed to anharmonicity due to laser induced heating
[40] and substrate induced doping [41]. However, larger
broadening for monolayer samples on metals cannot attributed
to the heating effect owing to better heat conduction by
metal compared with SiO;. This suggests that the additional
broadening occurs due to metal induced charge transfer effect.
By comparing the obtained Raman peak shift and full width at
half maximum (FWHM) with the data presented in Ref. [41],
we estimate the doping density in our monolayer MoS,
samples to be ~2.5x 102 cm™2 and ~9.7x 10" cm™2 for Ni
and Au substrates, respectively. Also, the PL intensity of
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FIG. 4. Characterization of monolayer (1L) MoS, on metal and on SiO,. (a) Raman intensity of 1L MoS, on various substrates. (b) The
FWHM of Raman peaks as a function of substrate. (c) The PL spectra of 1L MoS, as a function of substrate, showing strong suppression
on metal. (d) The CPD image of 1L MoS, on Au and SiO, lines showing strong work function differences. Inset. A 2D AFM image of the
flake. (e) Corresponding AFM image of Au lines and triangular 1L flake. (f) Values of CPD along scan line 1 (MoS,/Au-Au) and scan line 2
(MoS,/Au-MoS,/Si0,-MoS,/Au). (g) The CPD image of 1L/multilayer (ML) MoS, on Ni and SiO, lines. (h) Corresponding AFM image of
Ni lines and MoS; flake. (i) Values of CPD along scan line 1 (Ni-1L MoS,/Ni-ML MoS,/Ni-Ni) and scan line 2 (1L MoS,/Ni-1L MoS,/Si0,).

Aj; exciton peak is found to be dramatically suppressed for
monolayers on metals [Fig. 4(c)], supporting interlayer charge
transfer between metal and MoS,.

We perform x-ray photoelectron spectroscopy (XPS) anal-
ysis of MoS, on SiO; and metal substrates, and the estimated
Fermi level shift agrees qualitatively with the DFT predicted
shifts (Supplemental Material S2 [39]). The XPS data indicates
that the binding energies of the different core levels of MoS;
on the metal substrates are blue shifted compared to the SiO,
substrate samples. This is an indication of a relative shift of the
Fermi level closer to the conduction band edge for the samples
on Au and Ni substrates, suggesting n-type doping.

D. Effect of charge transfer—Creation of cascaded
potential barriers

Because of the metal induced charge transfer, as depicted
in Fig. 1, we introduce a model for electron injection from
the source through three cascaded processes: (i) overcoming a
vertical thermionic barrier height ¢y coupled with a tunneling

barrier width d due to the van der Waals (vdW) gap between
the top metal contact and the modified MoS, underneath the
contact [diode Dy, shown in Fig. 5(a)]; (ii) horizontal transport
through MoS, underneath the contact resulting in a current
crowding resistance R, [Fig. 5(b)]; and finally (iii) overcoming
a horizontal barrier ¢y [diode Dy, shown in Fig. 5(c)] between
modified MoS, under the contact and the undoped MoS; in
the channel. Based on our ab initio calculation, two different
scenarios may occur in determining ¢ : a metal contact, like
Au, introduces limited gap states into the monolayer under
the contact, and ¢y originates primarily due to the doping
difference (between MoS, under contact and MoS, channel)
induced built-in potential [left panel of Fig. 5(c)]. On the other
hand, a metal contact, like Ni, induces a large density of gap
states, which, in turn, results in strong Fermi level pinning at
the MoS, under contact and channel MoS; junction, and hence
a Schottky barrier [right panel of Fig. 5(c)].

Note that apart from charge transfer induced doping, the
vertical barrier ¢y is also modulated due to the image force
experienced by a carrier at the MoS, layer underneath the
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FIG. 5. Individual processes in cascade during carrier injection
at the source junction. (a) The origin of the vertical diode Dy (with
barrier ¢y) between the metal and the monolayer underneath the
contact, through a tunneling vdW gap. (b) The variation of potential
in the monolayer underneath the contact (current crowding regime)
with Vo = V(x = 0). Red curves correspond to ten times better
conductivity in the 2D film, compared with the blue curves. Inset:
schematic of the calculation method in the current crowding regime.
(c) Two possible origins of potential barrier ¢y in horizontal diode Dy
at contact edge. Left panel: doping difference induced built-in barrier
(weak interaction with contact). Right panel: Fermi level pinning
induced Schottky barrier (strong interaction with contact). (d) A
schematic 3D diagram depicting the different barriers encountered
by the electron injected from the metal at the source end: the two
barriers (¢y and ¢y) with a sandwiched current crowding region in
between.

contact [42,43], owing to the close proximity of conducting
metal layer. For our top contact structure, as shown in
Supplemental Material S3 [39], we estimate a barrier height
lowering (A¢y) of 0.25 eV due to image force.

To understand the nature of the different potential barriers,
the KPFM images and the corresponding atomic force mi-
croscopy (AFM) images of the samples are shown in Figs. 4(d)
and 4(e) for Au [and Figs. 4(g) and 4(h) for Ni]. All the
metal lines were grounded during KPFM measurement. The
KPFM results indicate the contact potential difference (CPD)
between the tip and the sample, which allows us to infer the
local work function differences AW = Wy, — Weanpre, where
Wip = 5.3€eV. Using scan line 1 [Figs. 4(d)—4(f)], we note
that Wy, — Way = 0; hence, Wa, = 5.3eV. We also see that
WAu — WMOSZ/Au =0.12 ev, inferring WMOSz/Au = 5.18¢eV.
Using scan line 2, we obtain Wypes,/si0, — WMos,/au =
0.13 eV, which directly implies that the SBH between the two
regions (¢ ) is 0.13 eV. For the Ni sample [Figs. 4(g)—4(i)], we
have similarly obtained Wx; = 5.06eV, Wyos,/Nni = 5.18¢V,
and ¢y = 20meV. As Raman data suggest that Ni causes
higher doping than Au, a lower ¢y for Ni suggests a formation
of Schottky barrier in Dy due to large density of band gap states
in MoS; under Ni. Heavier source doping caused by Ni would
have, otherwise, resulted in a larger ¢y in a purely doping
difference induced barrier.
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FIG. 6. Dimensionality of different metal/semiconductor contact
topologies. (a) The 3D metal contacted with 3D semiconductor. (b)
Edge contact between 3D metal and 2D semiconductor. (c) Top
contact between 3D metal and 2D semiconductor.

IV. CARRIER INJECTION MODEL AT THE SOURCE
FOR 2D/METAL CONTACT—A MODIFIED
RICHARDSON EQUATION

A. Need for a modification in Richardson equation

The Richardson equation is often used for characterization
of metal-semiconductor Schottky barriers and extraction of
the corresponding barrier height [42]. However, the form
of the Richardson equation to be used must conform to
the dimensionality of the contact structure, as explained in
Fig. 6. For example, when a three-dimensional (3D) metal is
contacted with a bulk 3D semiconductor [Fig. 6(a)], the degree
of the polynomial factor in 7 is 2 [42], which reduces to 1.5
when a 2D semiconductor is edge contacted with a 3D metal
[44], as shown in Fig. 6(b). However, in our present case of
a top contacted 2D semiconductor by a 3D metal [Fig. 6(c)],
the carrier injection occurs through three cascaded processes,
as mentioned before. A corresponding Richardson equation
for such a structure is missing. Hence, we derive below a
carrier transport model for each of the three processes and then
combine them in cascade to obtain an effective Richardson
equation.

B. Vertical contact diode

To obtain the effective Richardson equation that describes
the vertical charge injection mechanism, we take the MoS;
portion underneath the metal contact as a doped ultrathin
semiconductor. We model Dy [Fig. 5(a)] as two different
planes of carriers are separated by a vdW gap d. In the
Appendix, we derive a modified Richardson equation for the
vertical diode Dy by following the approach of Bardeen [45]
and Tersoff [46]

J, = A’VE*Zkodevequﬁv/ksT — A*‘}Tdve*lmv/kﬂ 1)

with ay =1 and ¢y = ¢yo — nVy — ¥ Vis. dyo as the bar-
rier height without any bias, V, is the backgate voltage,
Vgs 1s the applied drain bias grounding the source, and 75
and y are screening dependent parameters (see Appendix).
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A}, = A’Ve‘ZkOd is the modified Richardson constant and kg is
a constant defined in the Appendix.

C. Current crowding regime

We understand the origin of current crowding effect and
a corresponding resistance R; as follows: As shown in the
inset of Fig. 5(b), due of continuity of current flow, at any
point, the loss due to the vertical current must be compensated
by reduction in the horizontal current. Thus, at ith node,
we obtain the voltage V(x) from the continuity equation:
o[% — %] = Jy(x)Ax where o is the in-plane con-
ductivity of the 2D material under the metal. This reduces to
% = gqu(X)/knT with ¢ = A"*/Tave—q@vo—’lvg)/kﬂT. Vi(x)
can be solved analytically to obtain

Vix) = 21 p Do+ A 2
W=7 n[cosh( o+ x)” @)

where 8 = kBLT,A = (;—i)l/z,and Dy = —%tan’l(\/eﬁ"0 —1).
Here, g is the magnitude of electron charge, kp is the
Boltzmann constant, 7 is the temperature, and Vy = V(x = 0).
V(x) underneath the contact is plotted in Fig. 5(b) showing the
extent of current transfer.

D. Horizontal diode

We model Dy [Fig. 5(c)] as a 2D diode in the plane
of the monolayer MoS, with a barrier height ¢y. The
corresponding Richardson equation is obtained by using the
approach described in Ref. [44]

Jy = A}k{TDtHe*qlﬁH/ksT (3)

with oy = 1.5.

E. Combined effect—Effective Richardson equation

Note that both @y and g differ from the conventional value
of a = 2 for three dimensions [42]. The combined processes
are schematically depicted in Fig. 5(d). The injected electrons
experience an effective barrier due to cascading effect of
Dy, Ry, and Dy, following an effective Richardson equation

J = A:ffTOteffe*q@f.eff/kBT @

where the effective barrier height ¢p . < ¢y + ¢dy. The
equality holds only when either of ¢y and ¢y is negligible
(that is, zero reflection from one of the diodes) and the
transport underneath the metal is near ballistic. Also, since ¢y
and ¢y vary with biasing conditions, o, varies in the range
1 g Oleff g 1.5.

V. A TLM BASED METHODOLOGY FOR EFFECTIVE
BARRIER HEIGHT EXTRACTION

A. Existing issues in barrier height extraction

In TMDC literature, both aer =2 [16,17] or cer = 1.5
[15,47] have been used for barrier height extraction. Apart
from the choice of a.g, the extracted SBH is usually con-
founded due to another reason: the channel resistance does not
remain constant with temperature owing to strong dependence
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of carrier mobility on temperature in these thin layers [29].
Hence, the Richardson equation does not completely describe
the temperature dependence of the total current. The extracted
barrier height is usually underestimated as mobility degrades
with temperature.

B. Proposed methodology

To nullify the temperature dependent channel resistance
effect, we employ TLM structure by fabricating a set of
backgated and top metal contacted devices with varying
channel length. Monolayer MoS, flakes are first exfoliated
on a Si wafer covered by 285 nm SiO,, which acts as the
backgate dielectric. To have uniform rectangular channel,
the monolayer flakes are first patterned by electron beam
lithography followed by reactive ion etching (RIE) for 20 s in
BCl; (15 sccm) and Ar (60 sccm), with an RF power of 50 W
and chamber pressure of 4.5 mTorr, at —10° C. The second
level of electron beam lithography is used to define top metal
contacts. Respective metals [namely, (i) 50 nm Au or (ii) 7 nm
Ni/50 nm Au) are deposited using electron beam evaporation
at a 4.5x 10~7 Torr, followed by metal lift-off in acetone. For
the backgate, aluminium is evaporated on the back side after
a dilute hydrofluoric acid (HF) treatment.

A set of devices with Raman mapping and scanning electron
micrograph are shown in Fig. 7(a). The I4s-V, characteristics of
atypical device with Au and Ni contacts are shown in Fig. 7(b)
at different temperatures (215 K to 290 K). The electrical
measurements of the devices were done at a vacuum level of
2.25x107° Torr using an Agilent B1500 device analyzer. All
of our Ni contacted devices exhibit a lower threshold voltage
compared with the Au contacted devices. This suggests strong
Fermi level pinning close to the conduction band edge at the
junction between the MoS, underneath the contact region and
the MoS; in the channel region. This, in turn, electrically dopes
the channel n-type [12]. Figure 7(c) shows almost hysteresis-
free drivability of 52 uA/um in a 300-nm channel length
Au/monolayer device at V, = 80V and Vg =2V.

Figure 8(a) shows the method of extraction of the contact
resistance, where the total contact resistance (R.t) is obtained
from a linear fit of total resistance: RtW = R\ L + R W
and subsequent extrapolation of the line at L = 0. Here, Ry,
and W are the sheet resistance of the channel and width
of the devices, respectively. The extracted R.r is a strong
function of device operating condition (Vg,Vys). Note that
R.r = R¢s + Rep is the total contact resistance offered by the
source and drain sides, which are generally unequal. This is
due to the presence of finite thermal barrier in the source
side, while the electrons do not experience any such barrier
on the drain side. However, at large V, and Vg, the source
side barrier is diminished, and both sides contribute almost
equally to R.r. Owing to lack of a thermal barrier, the drain
side is also expected to be weakly dependent on V, and
Vs, leading to an approximate estimation of the drain side
contact resistance as Rep ~ 0.5X Re1(Vg max, Vas,max) Which
is bias independent. The source side component of R.r
is, thus, extracted as Rcs(Vg, Vys) = Rer(Vg, Vis) — Rep =
Re1(Vg, Vis) — 0.5X Re1(Vg, max> Vas,max)- Thus, a current I, =
Yo will be delivered by the source contact diode if the

R
cosmplete bias Vys is hypothetically applied across only the
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FIG. 7. Electrical extraction of effective barrier height. (a) Optical image and the corresponding Raman mapping of a typical TLM device.
In the Raman map, red patch corresponds to the monolayer MoS, and the green signal is from Si. Inset. A scanning electron microscopy image

of the device. (b) I4-

Ve plot of Au and Ni contacted device at multiple temperatures. Ni devices show lower threshold voltage. (c) Forward

and reverse lys-Vas sweep of a backgated monolayer transistor with a 300-nm channel length, showing 52 wA/um drive current at Vgs =2V

and V, =80 V.

source contact diode. This is schematically explained in
Fig. 8(b). I. characterizes the source contact diode without
any confounding effect from the channel resistance or the
drain. Using o = 1 Fig. 8(c) shows good linear fit between
In(Z, T ~%") with T 7, allowing us to unambiguously extract
@B efr- The extracted @5 for Au is plotted as a function of
Vg and Vg, in Figs. 9(a) and 9(b). In Supplemental Material
S4 [39], the extraction is performed with ae = 1.5 showing
a difference of ~10meV in the extracted barrier height. The
Ni contacted devices [Figs. 9(c) and 9(d)] consistently show
lower ¢p oir compared with Au, in agreement with the KPFM
analysis discussed before.

(a)os
(b)
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S o4 Au T
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FIG. 8. Barrier height extraction methodology. (a) A typical TLM
fitfor Au and Ni devices with intercept at L = 0 corresponding to R.r.
(b) Method of calculation of I. = Vy/R.s, which is the hypothetical
current obtained when Vy is applied across the source contact diode.
(c) 1. is used in a Richardson plot at different biasing conditions. The
slopes of the linear fits correspond to the effective barrier height.

C. Validation with simulation

For insight into the V,; dependence of ¢p .fr, we solve 1D
CPS equations along the vertical direction of the device, both at
the channel regime and at the contact regime (see Supplemental
Material S5 [39]). From the simulated potential, the barrier
height is extracted in Fig. 10, which will be valid for small
Vgs due to the 1D nature of the equations. Using only channel
doping as a fitting parameter, we can obtain good agreement
between the simulation (red lines) and the TLM extracted
SBH. The deviation of ¢p (V) from linearity at higher gate
voltage arises due to strong gate field screening. Using KPFM
extracted ¢y in Fig. 4 and assuming ¢ if ~ ¢y + ¢y, the in-
dividual components ¢y and ¢y are extracted at V, = 0. Also,
using this ¢y (V, = 0), we extract the doping of the monolayer
MoS; film underneath the contact, and using the same,
the ¢y at nonzero V, is also simulated (blue lines). At the
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FIG. 9. Device operating condition dependent extracted barrier
height. (a) The effective barrier height for Au-MoS, contact, as
extracted from TLM, is plotted as a function of Vg and gate electric
field. (b) Horizontal slices of (a) at different gate electric field. (c)
and (d) The effective barrier height for Ni-MoS, contact.
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FIG. 10. Experimental validation of thermionic model. Compar-
ison of coupled Poisson Schrodinger (CPS) solution predicted ¢g s
(shown in red solid line for Au and red broken lines for Ni) and the
corresponding TLM extracted value (golden circle for Au and blue
triangle for Ni), at small Vy, using channel doping (6.3x10° cm™2
for Au and 2.24x 10" cm™2 for Ni) as fitting parameter. The star
symbols indicate ¢y at V, =0, which is obtained by subtracting
the KPFM extracted ¢y from simulated ¢p .¢. The blue lines (solid
for Au and broken for Ni) correspond to ¢y at nonzero V, and are
obtained by fitting a doping concentration (7.0x 10" cm~? for Au
and 4.76x10'2 cm~2 for Ni) underneath the contact corresponding to
the star.

larger gate field, ¢y almost collapses, and ¢y dominates the
total barrier. With an increase in Vg, ¢y also is suppressed, and
the device enters a “zero thermal barrier” regime of operation
[bottom right corner of Figs. 9(b) and 9(d)], where only d and
R4 control the contact resistance.

VI. CONTACT RESISTANCE AND ITS LANDAUER LIMIT
FOR 2D TMDC/METAL CONTACT INTERFACE

In Fig. 11, R.t of the Au and Ni devices is plotted as
a function of the 2D sheet carrier density (ng) at different
temperatures. n is obtained as ny = Co, (Ve — V) /q. At T =
290 K, the gate field = 0.167 V/nm and Vg = 1V, the contact
resistance (R, = R.r/2) between monolayer MoS, and Ni
(Au) has been found to be 14 kQ pum (23 k2 pm). This
reduces to 9 k2 um (for Ni) after vacuum anneal at 127 °C for
1 h. The extracted values of R.r from another set of Au and
Ni TLMs are shown in Supplemental Material S6 [39].

To investigate how these values compare with the funda-
mental limit of contact resistance achievable in these struc-
tures, we use the Landauer approach [48] to ﬁnd the conduc-

tance in a monolayer MoS,/metal contact: G = ( )gUM Tetr,
where / is Plank’s constant, g, is valley degeneracy (=2 for
monolayer MoS; arising from degenerate K and K’ valleys),
and M is number of current carrying modes per valley. Teg
is the effective transmission probability through the three
cascaded processes described earlier and is given by e =

ﬁ For maximum transmission limit, Teff max =
V d H
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FIG. 11. Limits of contact resistance. The extracted total contact
resistance R.r = R¢s + Rep for Au and Ni at different temperatures
(215 t0 290 K) are shown as a function of the 2D sheet carrier density.
Annealed Ni contact is also shown at 290 K. The corresponding
lower limits achievable for Au (d = 3,&, Wn=53eV), Ni d=
2.2A, W, =5.06eV), and an ideal contact (d = 0) are shown for
comparison. For monolayer (1L) and multilayer (ML), g, = 2 and
gv = 6 are used, respectively. Tunneling vdW gap (d) values are
obtained from DFT calculation, and metal work function (W,,) are
obtained from KPFM results.

e~ ig obtained at the zero thermal barrier and ballistic limit,

by noting that Ty e = e~ 2%0¢ (tunneling through zero thermal
barrier vdW gap in Dv), Ty max = 1 (ballistic limit of MoS;
underneath metal), and Ty max = 1 (zero thermal barrier in
Dy). At the low temperature limit, only electrons at Fermi

level take part in conduction, and hence ky M (See
the Appendix). Here, we assumed @ayy = 0.5(W,, + XMos,)-
The number of modes of a 2D conducting channel is given by

[48]: M = Int[‘/%] w 2"* , Where ng is given by

ng = gV AE ignoring Fermi- Dlrac broadening. Here Int[.]
is the max1mum integer function. Hence,

W = L p2kod T . (3)
G max 2g2 2gvn;

In Fig. 6(b), the 2R. minW limits are plotted for Au,
Ni, and also for an ideal contact, where d = 0 is assumed.
For comparison, the ideal multilayer limit is also shown
using gy = 6. The obtained limits clearly allow provision for
further technological improvement. Note that at smaller V,,
the extracted R. decreases with an increase in temperature,
due to enhanced thermionic emission efficiency. However,
the trend diminishes and eventually reverses at higher bias
(see Supplemental Material S7 [39]), where the thermionic
emission efficiency does not change appreciably due to
negligible barrier, but the carrier scattering under contact
increases with an increase in temperature, in turn, increasing
contact resistance.

Rc,minW =
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VII. CONCLUSION

In conclusion, using a combination of theoretical and
experimental techniques, we investigated the nature of the
carrier injection at the junction between a monolayer MoS, and
the contacting metal. We have shown that the charge transfer
between contact metal and MoS, underneath plays a key role
in such a contact, where the carrier from source is injected via
two cascaded thermal barriers. The corresponding Richardson
equation of such a Schottky diode requires appropriate
modification in the power of temperature. At large gate and
drain bias, both Au and Ni offer zero effective thermal barrier
contact, where the contact resistance is limited by the tunneling
vdW gap and the conductivity of the monolayer underneath the
contact. At this zero-barrier condition, the fundamental lower
limits of contact resistance are obtained theoretically using
the Landauer approach. The insights obtained will be useful
in designing well-behaved contacts for high performance 2D
electronic and optoelectronic devices.
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APPENDIX: DERIVATION OF RICHARDSON EQUATION
FOR VERTICAL CURRENT INJECTION IN METAL/2D
SEMICONDUCTOR VERTICAL JUNCTION (DIODE Dy)

The current injection mechanism in the vertical diode is
a combined process of thermionic emission and tunneling
through the vdW gap (d) between the metal surface and the
2D material. To model this carrier injection, we assume the
2D material as an almost perfect 2D plane. Assuming effective
mass approximation (free electrons in the plane of the metal
surface and the 2D material), we write the wave function of
the electron at the metal surface as

Y = Qe 0210 (A1)
J
27r3qh3 B s
Jy = L — (ki + k)? e Hmd g2(kn k)2 Z
En>q¢v

where « is a normalization constant. The delta functions
under the summation ensure conservation of in-plane mo-
mentum, as well as conservation of energy during the elastic
tunneling process. Note that due to continuity equation, the
current must be independent of z, which ensures that k,, =
ks(=ko). This is expected, as we are only considering elastic
tunneling.

Lf(Em 4+ qV){1 — f(E)}S(Em — EQS(KT — k)]
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and at the 2D semiconductor as

Y, = Qe b (A2)

where z = 0 is assumed as the plane of the 2D semiconductor.
Qn and g are, respectively, the metal and semiconductor
area under consideration. Here, p is the position vector
in the plane of the metal surface or the 2D material, and
W (k_ﬁ) is the corresponding in-plane wave vector in the metal
(semiconductor) plane. k,, and kg are the decay constant of
the wave functions in the vdW gap between the metal and 2D

. . W —e)] 2 Y
material and given by ky, = 22 Wn=Ol " gnd g, = M

at energy €. Here, m* is the carrier effective mass, Wy,
represents the work function of the metal, and j is the electron
affinity of the 2D semiconductor. The major contribution of
the current comes from energy states close to the band edge
of the 2D material; hence, Wy,, xs > €, allowing us to treat
km, ks as independent of energy. Assuming elastic tunneling
and under small bias V, the tunneling current can be obtained
using first order perturbation theory:

2rq
I== % |Cons > f(Em + g V{1 = f(EDIS(Enm — Ey)

(A3)

Here, g is the magnitude of electron charge, i = h/2m with
h is Planck constant, Ey) is the energy of corresponding state
in the metal (2D semiconductor), and f(E) is the Fermi-Dirac
probability of carrier occupation at energy E. The tunneling
matrix element has been shown to be [46]

2

h _ _ _
Cins = - JAA WY VUs — ¥ V) (Ad)
Using the wave functions in Egs. (A1) and (A2), one can
evaluate the matrix element in Eq. (A4) to
h? —
Cins = = (ki + i)™ eln k% 5 — 5
m*Q

(A5)
where Q = (2, x2)"/2. Using Egs. (A3) and (A5) and noting
that only those electrons with an energy more than g¢y can
tunnel through the vdW gap, we can rewrite the current density
as

(A6)

For further evaluation, we convert the summation over 2D
k space into integral over energy, as follows:

873qh’ *®
J, =« q2 kOZe—Zde / dE D(E)e—(E+qVVds)/kBT
q(pvo—nVy)

m*

(AT)
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Here, we approximated the Fermi-Dirac distribution as
Boltzmann distribution and also assumed 1 — f(E;) &~ 1. kp
is the Boltzmann constant and 7 is the temperature. The DOS
is given by D(E) = Min{Dn(E), Dy(E)} = Dy(E) = g, 2%,
where g, is the valley degeneracy and is 2 for monolayer
MoS; arising from K and K’ valleys. In Eq. (A7), V = y Vg
is the difference between the quasi-Fermi levels of the metal
and the portion of the 2D material under the metal and
depends on the applied bias Vg. Similarly, application of a
positive back gate voltage V, pushes down the conduction
band edge of the 2D material underneath the metal and hence
suppresses the effective barrier height by nV,. For small
Ve, 0 is a constant and depends on how well the gate is
electrostatically coupled to the 2D material under the metal

PHYSICAL REVIEW B 96, 205423 (2017)

contact. However, at larger V,, n reduces significantly owing
to strong screening [49]. ¢y is the barrier height in the absence
of any external bias. Also, assuming only states close to the
Fermi level contribute to the current, we take k02 ~ M,
where @ayg = 0.5(Wpn + XMos,)- Substituting in Eq. (A7), the
expression for current density is obtained as

J, = A/Ve—ZkodTe—q(d’vo—an—des)/kBT — A>‘k/Te—(/¢v/kBT
(A8)

where A}, o %gvkgcpavg, A} = A/Ve’Zkod, and ¢y =
¢vo — nVy — ¥ Vi Equation (A8) represents the modified
Richardson equation for out of plane electron injection from
metal into the 2D semiconductor.
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