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Abstract

Achieving a low resistance contact is essential for developing two-dimensional (2D) material-based field-effect transistors
(FETs). While n-type contacts to 2D semiconductors have been studied, understanding and designs for p-type contacts to 2D
semiconductors remain very limited. In this study, we propose and computationally explore three strategies to improve the
contact resistance in p-type 2D FETs, which remains a critical bottleneck of 2D logic technology, through the engineering
of van der Waals (vdW) material heterostructures: (i) intercalating a graphene layer between a high-work-function metal and
2D semiconductor, which can result in low contact resistance of ~60 € pm for the graphene-intercalated contact between a
high-work-function metal and WSe, semiconductor; (ii) engineering the atomic stacking order between a vdW metal and 2D
semiconductor, which can result in contact resistance of ~50 Q pm; (iii) sandwiching the 2D layered semiconductor between
vdW metals from both sides, which can further reduce the contact resistance to~47 Q pm and~36 Q pm for cases (i) and
(ii), respectively. Experimental fabrication and characterization illustrate the feasibility of structural engineering of contacts.
The above structural designs can lead to significantly reduced metal-induced gap states (MIGS) and low barrier height for
holes, resulting in low contact resistance. They are also naturally compatible with the gate-all-around (GAA) transistor
structure. In addition to contact materials selection, vdW structural design offers an alternative approach for achieving low
contact resistance to p-type 2D FETs.
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Introduction

Achieving low contact resistance plays a critical role in
improving the device performance of a nanoscale field-effect
transistor (FET)."> While the contact resistance of silicon
transistors has been in the range of 100 Q pm, the contact
resistance for two-dimensional (2D) transition metal dichal-
cogenide (TMDC) semiconductors is often significantly
higher. Fermi-level pinning imposes challenges to achieve
low contact barrier heights.> Recently, significant experi-
mental progress has been made in improving both n-type and
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p-type contacts to 2D semiconductors.>™ For n-type con-
tacts, low contact resistance has been experimentally dem-
onstrated to MoS, by using semimetals Bi and Sb,%’ which
results in a low contact resistance of ~ 123 © pm. Compared
to n-type contacts, understanding and design of low-resist-
ance p-type contacts to 2D semiconductors remain much
more limited. A recent experiment demonstrated controlled
doping and low contact resistance to p-type TMDC material
by using high-work function metals. However, the demon-
strated resistance of 3300 Q pm is still much higher than the
n-type contact resistance values and also the targeted value
of about 100 Q pm for future nanoelectronics applications.>
By using VSe, to contact bilayer WSe, channel material, a
contact resistance below 1000 Q pm has been experimen-
tally demonstrated.'® It is crucial to understand the limits
of p-type contact resistance and explore design schemes to
lower the contact resistance to p-type 2D semiconductors.
To address these questions, on theoretical aspects, a
computational study on screening material choices has also
identified materials that can achieve low p-type contact
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resistance.!! While these works have made significant pro-
gress toward reducing the contact resistance for 2D FETs,
they are focused on improving contacts through materials
engineering, and there are limitations on the stability and
process compatibility for the low-contact-resistance materi-
als identified. In this work, we propose and computationally
explore an alternative route toward achieving low contact
resistance to p-type 2D FETSs, through heterogeneous engi-
neering of the van der Waals (vdW) contact structure. Three
strategies of contact structural engineering for low contact
resistance, as shown in Fig. 1, are investigated by combining
ab initio density-functional-theory (DFT) simulations with
self-consistent quantum transport device simulations, includ-
ing (i) intercalating a graphene layer between a high-work-
function metal and the WSe, semiconductor; (ii) engineering
the stacking order between the metallic VSe, contact and the
WSe, semiconductor channel, (iii) sandwiching the layered
semiconductor channel by vdW metal contact materials from
both sides. Experimental characterization demonstrates the
feasibility of the proposed intercalated contact structure. By
using an intercalated graphene layer, Fermi-level pinning is
significantly reduced, and the p-type Schottky barrier height
is reduced compared to the case of a high-work function
material in direct contact with the 2D semiconductor.'?> The
sandwiching contact structure is naturally compatible with
the gate-all-around (GAA) transistor device architecture.
We further simulate and assess the device characteristics
of a GAA transistor with vdW-heterostructure-engineered
contacts. The results illustrate that, in addition to material
engineering, vdW heterostructure engineering provides a
promising approach to achieving low contact resistance in
p-type 2D FETs.

Approach
Ab Initio Density-Functional-Theory Simulations

Atomistic ab initio simulations are performed to understand
interface and contact barrier properties. The density-func-
tional-theory (DFT) simulations take the atomistic struc-
tures of the interfaces as shown in Fig. 1 as the input. The
atomic structure is first fully relaxed to determine the atomic
arrangements at the interface. The interlayer distance is
extracted from the relaxed atomic structures. Self-consistent
electronic DFT calculations are subsequently calculated to
determine the potential profile and charge density.

The results of DFT calculations are dependent on the
exchange-correlation potential chosen. In this study, the
DFT computations are conducted using the Vienna Ab initio
Simulation Package (VASP).!31¢ The generalized gradient
approximation (GGA) method is used with Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional. The vdW
density nonlocal correlation functionals with OptB86b-vdw
are used for structural optimization.!” Spin-orbit coupling
(SOC) is considered to give the splitting of the electronic
bands and lower the bandgap of 2D semiconductors. The
projector-augmented wave (PAW) method is implemented
in electronic structure calculations.!® The cutoff energy in
plane-wave DFT is set to 520 eV. The barrier heights are
compared between the proposed nanoengineered structure
and a baseline structure with a metal directly in contact with
the 2D semiconductor material. Although the specific values
of the barrier heights can be dependent on the choice of
exchange-correlation potential, the relative comparison is
significantly less sensitive to the assumptions and choice of
exchange-correlation potential made in DFT calculations.
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Fig.1 Atomistic structural engineering to improve contacts to p-type
TMDC semiconductors. Three different strategies are introduced to
improve p-type contact resistance: (a) graphene-intercalated contact
heterostructure, where MIGS are greatly reduced by inserting gra-
phene between conventional metal and WSe, to reduce p-type SBH;

(b) stacking-order contact of vdW metal, in which contact resistance
is reduced by vdW heterostructure interface barrier; (c) sandwiched
contact of vdW metal, where contact resistance is reduced by doubled
interfacial carrier injection.
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Contact Resistance Calculation

A model previously developed in Ref. 19 is extended here to
compute the p-type contact resistance to 2D semiconductors,
as shown in Fig. 2. The overall contact resistance consists of
the tunneling resistivity through the vdW barrier determined
by specific contact resistivity p,, the lateral sheet resistivity
of the 2D semiconductor material, and the resistance of the
lateral Schottky barrier. The previous approach in Ref. 19 only
considers thermionic emission over the lateral Schottky bar-
rier, here we include tunneling through the Schottky barrier,
which is important especially when the Schottky barrier height
increases. Furthermore, in the presence of an intercalated gra-
phene layer, the specific contact resistivity is obtained as a
serial combination between the metal and the intercalated layer
and that between the intercalated layer and the semiconductor.
The specific contact resistivity p, is computed by a tun-
neling current model through the vertical vdW barriers,’

@m)” iy
N 4n? hwf exp <2 awp,
Py = th ~ ) ( )1/2 M
q 2m, 1/2
o -1

where o, is the tunneling barrier width, ¢, is the tunneling
barrier height, @ is an empirical factor associated with the
shape of tunneling barrier. The value a = 1 is for an ideal
square barrier, and here we assume a =~ 0.9 to consider a
non-square barrier shape, m, is the free-electron mass, ¢ is
the electron charge and 7 is the reduced Planck’s constant.
In the presence of a graphene intercalated layer, the specific
contact resistivity p, = p;; + py, is the serial combination
between two components, p,; and p,, as shown in Fig. 2.
These two components correspond to the tunneling contact

WSe,

Fig.2 Model for calculating contact resistance. Schematic structure
of a graphene-intercalated contact, with a metal contact, graphene
layer and 2D semiconductor WSe,, and the corresponding transmis-
sion line model. The sheet resistivity is dependent on the doping and
mobility of the 2D material. The specific contact resistivity is com-
puted based on a tunneling model.
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resistance between metal and graphene and that between
graphene and the 2D semiconductor, respectively. The sheet
resistivity of the 2D semiconductor is inversely proportional
to its doping and mobility, which can be expressed as,

Ry, = 1/(gNan,) )

where y, is the carrier (hole) mobility of 2D semiconductor
(WSe,) and N, is the p-type doping density of 2D semi-
conductor. The total contact resistance can be expressed as

R, = \/pRy, + Rgsp 3)

as shown in Fig. 2.%° For the lateral Schottky barrier, we con-
sider both thermionic emission and tunneling in this study.
The total current through a Schottky barrier in 2D semicon-
ductor can be expressed as, J, (V) = Jre(V) + Jyn(V),
where Jg is the thermionic component, and J,,, is the field-
emission tunneling term, and V is the applied voltage. The
inverse Schottky barrier resistance is computed as

1/Rsg = dJ/dV = Grg + Gy, “)

which is the sum of the thermionic emission and tunneling
conductance terms. The thermionic conductance is

dJrg 15 o q
G = — = AL T" - — —
TE v ! eXp AN )

where A;D is the 2D Richardson constant,’ ¢y is the Schottky
barrier height (SBH).

The tunneling conductance term is”!
Gun = CoCigVmEy (6)
where C, = i—f %, C, is exponentially sensitive to the
SBH
C, = exp <—av¢B — Eo(¢p + E0/2)> 7
and
2

Eo. = — <
" Bay/ds -k ®)

2/3 Jr—
where E, = ¢p — <@> ,a = 8;;” . F, is the field

along the 2D semiconductor, which is modulated by doping
and the gate voltage, K, ~ 100 is an empirical parameter, the
effective mass value is taken as m* = 0.30.>> The Schottky
barrier height ¢y is determined from the ab initio DFT
calculations.

The contact resistance values of the proposed nanostruc-
ture-engineered structures are computed from the above
model. We also computed the resistance of a baseline case,
in which the Pt metal is in direct contact with the WSe, 2D
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semiconductor. Although the specific values computed for
each case can be dependent on the approximations made
in the above model, the relative improvements of the pro-
posed structures compared to the baseline structure are less
sensitive.

Experiment

To demonstrate the experimental feasibility of realizing
improved contact for 2D FETs through engineering of a
vdW heterostructure, a 285 nm thermally grown SiO, wafer
was patterned by electron beam lithography, then followed
by deposition of 15 nm Pt and 15 nm Au using electron
beam evaporation to form metal contact. The metal con-
tacts were then transferred onto mechanically exfoliated
monolayer graphene with the assistance of polymethyl meth-
acrylate (PMMA). The graphene was subsequently etched
using O, plasma via reactive ion etching with the transferred
electrodes as hard masks. The graphene-Pt-Au heterostruc-
ture was then transferred onto mechanically exfoliated mon-
olayer WSe, with the PMMA-assisted method to form the
graphene-intercalated heterostructure. Raman spectroscopy
was utilized to identify the layers of graphene and WSe,,
and transmission electron microscopy (TEM) was used to
reveal the interface of the graphene-intercalated contact
heterostructure.

Transistor Simulation

To assess the I-V characteristics of a transistor in the pres-
ence of contact resistance, we first perform a self-consistent
quantum transport device calculation of the intrinsic tran-
sistor, which has ideal, doped, semi-infinite source and
drain contacts.”> The quantum transport of carriers in the
nanosheets of the vdW 2D semiconductor transistor chan-
nel material is solved by implementing the non-equilibrium
Green’s function (NEGF) self-consistently with Poisson
equation in a self-consistent Poisson-NEGF solver.>* Scat-
tering is treated phenomenologically with the self-consist-
ent Born approximation (SCBA).?® The carrier transport
characteristics and intrinsic current of a p-type channel are
captured from this Poisson-NEGF solver to provide the /-V
characteristics of the p-type WSe, FETs.

To consider the impact of the contact resistance on the
transistor /-V characteristics, the extrinsic /-V character-
istics of p-type 2D GAA FETs are obtained from intrinsic
current solved by self-consistent Poisson-NEGF solver along
with calculated source-drain contact resistance R..”° In this
treatment, source and drain contacts with contact resistance
R. are considered to be connected in series with the intrinsic
2D GAA FET.

Results

We examine improving p-type contacts to TMDC semi-
conductors by using heterostructure engineering, including
intercalating a semimetal layer, engineering vdW stacking
order, and using a sandwiched contact structure. P-type
FET performance based on heterostructure-engineered
contacts is also investigated.

Intercalating a Semimetal Layer for Low p-Type
Barrier Height and Contact Resistance

A high-work-function metal is desirable for achieving
a low Schottky barrier height for holes in the semicon-
ductor. It has been shown, however, that directly con-
tacting a high-work-function metal, such as Pt, to WSe,
results in excessive MIGS, which pins the metal Fermi
level deep inside the semiconductor and results in a high
barrier height. On the other hand, graphene can form a
vdW stacking structure with monolayer WSe,, which has
a low interface MIGS and weak band hybridization, as
shown by Fig. 3. It, however, has a lower work function
that aligns its Fermi energy level deep inside the bandgap
of WSe,. We also compare the DFT simulation results
with and without treating SOC in WSe, in Fig. 3a and b,
respectively. The circle shows the graphene Dirac point in
Fig. 3a and b. The band dispersion of the WSe, band edge
from the SOC is marked as 24 in Fig. 3c. It shows that
the SOC results in a large band splitting of 24=0.48 eV.
The SBH for holes, defined as the difference between
the Fermi level and the valence band edge, reduces from
p-type SBH ¢y, =0.59 eV to 0.30 eV. Inclusion of the
SOC approximately splits bands approximately equally
above and below the bands without SOC, and therefore,
reduces ¢, by about 4.

We next examine heterostructure contacts by interca-
lating a graphene layer between the metal contact and the
WSe, semiconductor channel. Figure 4a indicates that by
stacking Pt on top of graphene. The green circle shows the
Dirac point of graphene in Fig. 4a. The Fermi level moves
below the Dirac point of graphene, and the work func-
tion of the Pt-graphene stack increases. Compared to Pt in
direct contact with WSe, as shown in Fig. 4b, intercalating
a graphene layer between Pt and WSe, results in a vdW
stacking and significantly reduces the orbital hybridization
to WSe,, as shown in Fig. 4c.

Figure 5 illustrates the experimental feasibility of the
proposed design structure. Figure 5a shows the TEM
image, which has a graphene layer intercalated between
Pt and WSe, 2D semiconductor. In the vertical direction,
a Pt-graphene-WSe, stacking heterostructure is formed,
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Fig.3 Band structure of WSe,-graphene vertical vdW heterostructure
calculated (a) without SOC and (b) with SOC for bandgap narrow-
ing, reducing p-type SBH. The color bar shows the density weights in

graphene and WSe,. (c) Schematic of band dispersion of WSe, band
edge from SOC (Color figure online).
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Fig.4 (a) Band structure of Pt-graphene vdW heterostructure. The color bar shows the density weights in Pt and graphene (brown: graphene,
grey: Pt). (b) Pt-WSe, and (c) Pt-graphene-WSe, charge density difference plots (Color figure online).

in which the graphene layer contacts to WSe, through
vdW stacking. Figure 5b shows the Raman spectroscopy
of WSe, and graphene in contact heterostructure excited
at 532 nm wavelength, which clearly identifies the peaks
from the WSe, 2D semiconductor and graphene inter-
calated layer. The absence of the Bl2g Raman peak at
310 cm™' for WSe, and the ratio of the 2D and G peaks
for graphene reveal their monolayer natures. The results
illustrate the feasibility of the simulated structure of a
monolayer-graphene-intercalated contact structure to a
monolayer WSe, 2D semiconductor.

Both Pt and Au are high-work-function metals used
as device contacts in nanoelectronics. We examine and
compare both of them in a graphene-interacted hetero-
structure contact. Atomistic structures and DFT simulation
results of graphene-intercalated contact heterostructures
are shown in Fig. 6 for the graphene-Pt heterostructure and
Fig. 7 for the graphene-Au heterostructure. Tunnel barrier

@ Springer

height and width are noted as @, and W, in Figs. 6b and 7b.
A schematic drawing of band dispersion of WSe, valence
band edge from SOC is marked as 24 in green dashed lines
as shown in Figs. 6¢ and 7c. For a graphene-intercalated Pt
contact in Fig. 6a, a low p-type SBH ¢y, 1,50 =0.20 eV
is obtained in Fig. 6¢. The simulation is performed with-
out SOC, and the large number of atoms makes inclusion
of SOC computationally excessively expensive. However,
the SBH with SOC can be estimated by reducing ¢g, no—oc
with 4, which results in p-type SBH ¢g, . ~0.0 eV. The
local-density-of-states (LDOS) result in Fig. 6d confirms
that the intercalated contact structure has a low MIGS
within the bandgap of WSe,. Compared to the baseline
case, in which Pt is in direct contact with WSe,, the Fermi
energy level is pinning around the middle of the band-
gap because of significant MIGS due to bond formation
between Pt and WSe,, by intercalating a graphene layer
in between, the MIGS are significantly reduced, and the
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Fig.5 (a) TEM image of the graphene-intercalated contact hetero- excited at 532 nm wavelength. The absence of the Blzg Raman peak
structure. The layered structure can be clearly identified. (b) Raman at 310 cm™! for WSe, and the ratio of the 2D and G peaks for gra-
spectroscopy of WSe, and graphene in the contact heterostructure phene reveal their monolayer natures.
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Fig.6 (a) Cross-sectional view of simulated WSe,-graphene-Pt inter- ture of WSe,-graphene-Pt supercell (without SOC); (d) LDOS of
face charge density (red: low density; blue: high density), indicat- WSe,-graphene-Pt heterostructure in supercell projected onto differ-
ing low surface interaction between materials; (b) the electrostatic ent atoms and materials (Color figure online).
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Fig.7 (a) Cross-sectional view of simulated WSe,-graphene-Au structure of WSe,-graphene-Au supercell (without SOC); (d) LDOS
interface charge density (red: low density; blue: high density), indi- of WSe,-graphene-Au heterostructure in supercell projected onto dif-
cating low surface interaction between materials; (b) the electrostatic ferent atoms and materials (Color figure online).
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SBH is free from Fermi-level pinning, which results in a
significantly reduced p-type Schottky barrier height.
Figure 7 shows the results for the graphene-intercalated
Au contact to WSe,, including the interface charge distribu-
tion in Fig. 7a, the Hartree potential profile in Fig. 7b, the
interface band structure indicating a low SBH for holes in
Fig. 7c, and the LDOS indicating a low MIGS within the
bandgap of WSe, as shown in Fig. 7d. Table I compares the
graphene-WSe, interlayer distance and the tunnel barrier
height and width, as denoted in Figs. 6b and 7b. As the dop-
ing density of the WSe, semiconductor increases from
N,= 10"3/cm? to 10'/em? in Fig. 8a, the contact resistance
of graphene-intercalated contact decreases to about R, =
63 Q pm for Pt and R, =~ 78 Q pm for Au with semiconduc-
tor mobility 4= 180 cm*/Vs,”” while R, ~ 82 Q pm for Pt
with mobility g=100 cm?/Vs.?® As the semiconductor
mobility increases, the diffusion sheet resistivity of the semi-
conductor also decreases, which lowers R_, as shown in
Fig. 8b. The baseline case resistance is calculated for the
Schottky barrier at the middle of the semiconductor band-

gap, which results in a SBH of ¢y ~ % ~ 0.8 eV. The

Table | Parameter comparison of WSe,-Graphene, Graphene-Pt and
Graphene-Au heterostructures: interlayer distance, tunnel barrier
height, tunnel barrier width and Fermi energy shift of graphene

Contact materials Graphene Graphene-Pt Graphene-Au

Interlayer distance ID (A) 3.45 3.16 3.15

Tunnel barrier height ®t 4.10 4.06 3.69
V)

Tunnel barrier width Wt 1.87 1.43 1.42
(A)

EF—dirac point (eV) 0 —-0.45 +0.12

0" Au p=100cm?/Vsl|
Pt 4=100cm’/V's
Au p=180cm?/Vs
-©-p¢ u=180cm2/Vs y

2 4 6 8 10
Doping Density (x10'3 cm?)

Fig.8 Calculated contact resistance R- of WSe,-graphene-Pt
(marked as Pt) and WSe,-graphene-Au (marked as Au) versus (a)
doping density N, and (b) carrier mobility s of WSe, in contact area.
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contact resistance, dominated by the term Rgg in Eq. 3, is
computed to be R, = 167 K Q pm, even if the lateral
Schottky barrier thickness is reduced to Wy ~ 2 nm, which

results in a lateral electric field F, ~ qﬁf = 0.4 V/nm at
SB

the Schottky contact. Compared to the baseline case, the
resistance of the intercalated structure is reduced by 3 orders
of magnitude. This is due to the significant reduction of the
SBH by using the graphene-intercalated contact structure,
which reduces the value of Rgy exponentially.

Stacking-Order Engineering

Next, we examine the strategy of reducing contact resist-
ance through stacking-order engineering of vdW materi-
als. Figure 9 compares the AB- and AA-stacking between a
vdW metal VSe, with WSe,. While both types of stacking
exhibit low interface orbital hybridization, the AB-stacking
structure features a smaller interlayer distance and thinner
interface tunnel barrier width W, and height ¢,, as shown by
Fig. 9b and c. Interface electronic structure calculations indi-
cate that SBHs for holes are low for both AB- and AA-stack-
ing orders. However, due to the smaller interlayer distance
between VSe, and WSe,, and its resulting lower W, and ¢,,
the specific contact resistivity of the AB-stacking structure
is considerably smaller, as shown in Table II. The contact
resistance of the AB-stacking structure reduces to about one-
half of that of the AA-stacking structure, which highlights
the importance of stacking order on contact resistance. Fig-
ure 10 shows the band structures of VSe,(1 T)-WSe, contact
vdW heterostructures with AA- and AB-stacking orders. The
color bar shows the density weights in 1 T-VSe, and WSe,.
WSe, valence band edges are close to the Fermi levels in
both Fig. 10a and b, which indicates that both AB-stacking

®) 140,
I Au
-©-Pt
120 1
Doping Density
= i N, =5x10" cm2
§ 100 A cm
S
mu 80 L
60f
50 100 150 200 250

Carrier Mobility (cm?/Vs)

WSe, carrier mobility y is set to be 180 cm?Vs and 100 cm?/Vs in
(a), WSe, contact doping density N, is set to be 5 X 10" cm ™2 in (b).
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Fig.9 (a) Schematic of VSe,-WSe, interface (green: Se; red: V; grey: W), dotted lines show vertical atomic alignment. Interface charge density
and electrostatic potential profiles of (b) AB-stacking, (c) AA-stacking 1 T-VSe, and WSe, vdW heterostructures (Color figure online).

Table Il Material parameters of AA/AB stacking VSe,-WSe, contacts
from DFT and calculated R for single-sided and sandwiched contact
structure

Stacking order AB AA
Interlayer distance ID (A) 3.09 3.71
Tunnel barrier height ®t (eV) 4.00 4.63
Tunnel barrier width Wt (/&) 1.51 2.10
Single-sided contact RC (Q pm) 51.22 104.4
Sandwiched contact RC (2 pm) 36.21 70.65

Graphene intercalated Pt Au
Sandwiched contact RC (2 pm) 47.25 58.43

Calculated contact resistance R of sandwiched graphene-intercalated
contact is also attached. Assuming Ny=5x 10" ecm™>, y=180 cm?’/
Vs

and AA-stacking of VSe,-WSe, contact heterostructures
have low p-type SBHs, which is a necessary condition for
achieving a low p-type contact resistance.

Sandwiched Contact Structure

Next, we examine the sandwiched contact structure, where
the vdW metal material contacts the 2D semiconductor
channel from both sides, as shown in Fig. 11. The sand-
wiched structure concept can be implemented with either the
graphene-intercalated contact structure or the stacking-order
engineered structure. The interface LDOS of the single-sided

contact is compared to that of the sandwiched structure for
both AB-stacking and AA-stacking VSe,-WSe, contacts,
as shown in Figs. 12 and 13 respectively. The subplot of
projected LDOS of WSe, in Figs. 12 and 13 shows both
low MIGS in AA-stacking and AB-stacking sandwiched
structures while the Fermi level stays close to the valence
band edge of WSe, in both cases. The major impact of the
sandwiched contacted structure is that the metal density-
of-states doubles near the Fermi energy level. As a result,
the specific contact resistivity per 2D semiconductor area p,
decreases to approximately one-half, because both the top
and bottom surfaces are in contact to metal. The total con-
tact resistance R,, determined by both the specific resistivity
p,, the sheet resistivity Ry,, and the Schottky barrier resist-
ance Rgp, as shown by Fig. 2 and Eq. 3, reduces to about
70% by using the sandwiched contact structure, as shown in
Table II. WSe, contact is assumed to have doping concen-
tration Ny =5X 10" cm™2, carrier mobility =180 cm?/Vs.
Nevertheless, contacting the monolayer from both sides with
a sandwich structure is naturally compatible with a GAA
transistor structure and can help to further reduce contact
resistance.

Transistor Simulation
The modeled transistor structure is shown Fig. 14a. The intrin-

sic transistor simulation is performed by solving the quantum
transport equation in the NEGF formalism self-consistently

@ Springer



2158

N.Yang et al.

AB-Stacking

)

AA-Stacking

'/

DSA-LI

A== =-=-
PDsm

Fig. 10 Band structures of the (a) AB-stacking and (b) AA-stacking VSe,(1 T phase)-WSe, vdW heterostructures (Color figure online).
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Fig. 11 Cross-sectional view of  simulated sandwiched
VSe,-WSe,-VSe, interface charge density (red: low density; blue:
high density): (a) AB-stacking and (c) AA-stacking. They indicate

with the Poisson equation. By doing so, we take self-consistent
electrostatics and quantum transport effects into consideration,
which is important for an aggressively scaled nanotransistor.
The simulated GAA pFET has gate length L, =14 nm, a high-x
gate insulator with a thickness of #,, =3 nm, and dielectric con-
stants of £, = 20, the power supply voltage is V,,=0.65 V. A
common off-current of /s = 10 nA/pm is specified. After the
intrinsic transistor /-V characteristics are obtained, the contact
resistance at the source and drain ends, Rg = R, = R_are
added to compute the extrinsic transistor /-V characteristics.
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vdW bonding of heterostructures. The electrostatic potential profiles
of (b) AB-stacking and (d) AA-stacking heterostructures (Color fig-
ure online).

The transistor on-current is plotted as a function of the contact
resistance in Fig. 14b, and the transistor transfer characteristics
are plotted in Fig. 14c, which shows well-tempered transistor
electrostatics with a subthreshold swing of SS ~ 70 mV /dec.
In Fig. 14c, the contact resistance values of the Pt and Au with
a graphene-intercalated contact structure are shown by the
dots, with a WSe, doping density of Ny, =5 x 10'3/cm?and
the mobility values corresponding to each curve. The results
indicate the potential to achieve an on-current> 1000 pA/pm
in the presence of the designed low-contact resistance.
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(a) Single-sided AB-Stacking (b) Sandwiched AB-Stacking
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Fig. 12 LDOS of AB-stacking: (a) single-sided VSe,-WSe, contact, and (b) sandwiched VSe,-WSe,-VSe, contact structures in unit cell. LDOS
results are projected onto different atoms and materials.
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Fig. 13 LDOS of AA-stacking: (a) single-sided VSe,-WSe, contact and (b) sandwiched VSe,-WSe,-VSe, contact structures in unit cell. LDOS
results are projected onto different atoms and materials.

examined. We show that by intercalating a graphene layer
between a high work function metal and WSe,, a low
MIGS and SBH around zero can be achieved for p-type
contacts to 2D semiconductor, which results in a signifi-
cant reduction of the MIGS, SBH, and contact resistance

Conclusions

Three methods to reduce the contact resistance to p-type
2D semiconductors are proposed and computationally
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(a) (b)
Graphene Contact
or vdW Metal Contact

Ion (A/pm/sheet)

Nanosheet
Channel

Fig. 14 (a) Schematic of a monolayer WSe, GAA pFET with three
sheets. (b) The on-current /oy versus the contact resistance R. at
semiconductor mobility values of 100 cm*Vs and 180 cm?/Vs. A
common off-current of 0.01 pA/pm is specified. The voltage values
of Vpg and Vg are —0.65 V. Gray and yellow dots correspond to the

compared to the baseline case of directly contacting the
metal to the 2D semiconductor. By introducing a sand-
wiched vdW metal contact with graphene-intercalated
high-work-function metal contacts, the contact resistance
of the proposed p-type contact strategies can reach down
to 47 Q pm.

Engineering the stacking order between a vdW metal to a
vdW semiconductor can lead to a smaller interlayer distance
while keeping the low MIGS and SBH, which reduces con-
tact-specific tunneling resistivity. Finally, by using a sand-
wiched contact structure, the contact resistance is further
lowered compared to a single-side-contacted structure. By
introducing the sandwiched vdW metal contact with stack-
ing-order engineering, the contact resistance of the proposed
p-type contact strategies can reach down to 36 Q pm. The
results indicate that in addition to materials engineering,
structural engineering can be an effective means for improv-
ing contacts in 2D semiconductors.
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