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Abstract

MoS; is known to show stubborn n-type behavior due to its intrinsic band structure and Fermi
level pinning. Here, we investigate the combined effects of molecular doping and contact
engineering on the transport and contact properties of monolayer (ML) MoS, devices. Significant
p-type (hole-transport) behavior was only observed for chemically doped MoS, devices with high
work function palladium (Pd) contacts, while MoS, devices with low work function metal contacts
made from titanium showed ambipolar behavior with electron transport favored even after
prolonged p-doping treatment. ML MoS; transistors with Pd contacts exhibit effective hole
mobilities of (2.3 £ 0.7) cm? V=1 S~1 and an on/off ratio exceeding 10°. We also show that p-
doping can help to improve electrical contacts in p-type field-effect transistors: relatively low
contact resistances of (482 + 40) kQ um and a Schottky barrier height of ~156 meV were obtained
for ML MoS, transistors. To demonstrate the potential application of 2D-based complementary
electronic devices, a MoS, inverter based on pristine (n-type) and p-doped monolayer MoS, was
fabricated. This work presents a simple and effective route for contact engineering, which enables
the exploration and development of high-efficiency 2D-based semiconductor devices.

While transition metal dichalcogenides (TMDs) have been studied for decades, recent
advances in nanoscale materials characterization and device fabrication have opened new
opportunities for 2D materials in nanoelectronics and optoelectronics. To enable
complementary device operation, both n- and p-type field-effect transistors (n-FETs and p-
FETSs) are needed. Using different TMDs for n-FETs and p-FETSs is possible but increases
the complexity of the device fabrication. In TMD-based devices, contacts and interfaces of
2D materials can significantly impact device performance and are viewed as limiting factors
in their performance.1=3 Since the pristine surface of 2D materials does not tend to form
covalent bonds, a van der Waals (vdW) gap is formed at the interfaces between the metal and
2D materials. This vdW gap acts as a tunnel barrier for carriers. Researchers have pointed
out that the three criteria for efficient charge injection are a strong orbital overlap between
the contacts and channel materials, a low Schottky barrier height (SBH), and a narrow tunnel
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See the supplementary material for additional results on the optical characterization of MoS2, Schottky barrier extraction, optical
image of the MoS» inverter, and doping results on SiO2 covered transistors.
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barrier.* MoS, typically exhibits strong n-type semiconductor properties because of Fermi
level pinning close to the conduction band edge, regardless of the contact metal used.>
Several approaches have been tested for achieving p-type transport properties of MoS,,
including contact work function engineering,® implantation of foreign atoms,’~9 plasma
treatment, 19 and ionic gating.1! However, most of these chemical doping approaches suffer
from thermal and chemical stability problems and introduce mobile ions into the system.
These ions can easily diffuse and disrupt the device performance, resulting in low hole
mobility and/or high contact resistance.

Recently, we have demonstrated effective doping of monolayer TMDs by using molecular
reductants and oxidants.12 The molecular reductants and oxidants are introduced onto the
surface of 2D materials from solution. P-type transport behavior of MoS, was demonstrated
by using tris(4-bromophenyl)ammoniumyl hexachloroantimonate (“Magic Blue,” MB,
[N(CgH4-p-Br)3]SbClg), as the molecular oxidant (p-dopant).13:14 In this study, we
investigated the effects of molecular doping and contact engineering on the charge transport
properties and 2D/metal interfaces of MoS, devices. We have shown that MoS, p-FETs can
only be achieved through combining molecular doping with high-work function palladium
(Pd) (@ = 5.6 eV) contacts. Only ambipolar behavior can be achieved when using the low
work function metal titanium (Ti) (® = 4.3 eV).1516 The p-doped monolayer MoS,
transistor with a Pd contact exhibits effective hole mobilities of (2.3 + 0.7) cm? V™1 571 an
on/off ratio exceeding 106, and a relatively low contact resistance of (482 + 40) kQ m.
SBHSs were extracted by measuring the activation energy in the thermionic emission regime.
A relatively low hole injection barrier of ~156meV was obtained for p-doped MoS, with Pd
contacts. A MoS; inverter based on pristine (n-type) and p-doped monolayer MoS, was
fabricated, demonstrating the potential of charge-transfer doping in the application of 2D-
based complementary electronic devices.

Monolayer (ML) MoS, flakes were exfoliated onto 300 nm thermally grown SiO, on a low-
resistivity silicon wafer according to the literature-reported gold-mediated exfoliation
method from the bulk crystal.1” The number of layers was confirmed by Raman and
photoluminescence (PL) spectroscopy (shown in supplementary material Fig. S1). The
source/drain contacts were defined by e-beam lithography, followed by electron beam metal
deposition and a lift-off process. The deposited source/drain contacts were 30 nm Pd or Ti
with 70 nm Au on top to protect from oxidation. As shown in Fig. 1(c), the channel length
(L) varies between 1.5 gm and 9 um. The active area of the channel was patterned using a
reactive ion etcher (RIE) by using a gas mixture of SFg and O,. A bottom-gate top-contact
configuration was used with a 300 nm SiO, dielectric. Figure 1(a) shows the p-dopant, MB,
used in this study. MB is a strong p-dopant, and the reduction potential of the functional
group [N(CgHg4-p-Br)s] + is +0.70 V vs ferrocene.1® During the doping process, the tris(4-
bromophenyl)-ammoniumyl radical cation accepts an electron from MoS, and forms the
neutral tris(4-bromophenyl)amine which largely remains in solution and/or is washed away
in the following rinsing step. The hexachloroantimonate counterions (SbClg™) are left on the
surface to balance the holes introduced to the film. MB was dissolved in anhydrous
dichloromethane (DCM) to make a 5 mmol L™ solution. The doping treatments were
carried out inside a nitrogen glovebox. The devices were immersed in the dopant solutions
for various times and were then rinsed with fresh solvent three to five times to remove
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physisorbed dopants. The electrical characterization of the fabricated devices was collected
inside an inert-atmosphere glovebox using a commercial parameter analyzer at room
temperature. Unless otherwise noted, electrical parameters reported in the text are the mean
and standard deviation.

Figures 1(d) and 1(e) show the experimental transfer characteristics of typical pristine
bottom-gated top-contact ML MoS, with Ti and Pd metal contacts measured at 300 K. The
threshold voltage (V4) is extracted by using the linear extrapolation method with the drain
current measured as a function of gate voltage. The V4 values for Ti and Pd contacts was
found to be (=54 + 3) V and (-25 + 4) V, respectively, averaged over tens of devices. The
devices exhibit n-FET characteristics regardless of the work function of the metals. The on-
current of the high work function metal Pd is smaller than that of the low work function Ti,
suggesting that Ti is better aligned with the conduction band of MoS, and has better electron
injection than Pd. These trends are consistent with the previously reported studies of the
metal-to-MoS, interface.19

The MoS; FET devices were first immersed in the 5 mmol L1 dopant solutions for 10 min.
As shown in Fig. 2(a), for both Ti- and Pd-contact FETS, the p-doping treatments shifted the
transfer curve to a more positive gate bias after 10 min of treatment [Fig. 2(a), solid square].
An increase in the hole current at negative gate voltage was observed for both contacts to
MoS,. Devices with Ti contacts exhibit ambipolar properties with electron transport favored,
while Pd contacted MoS, shows preferred hole transport. The same samples were retreated
with an additional 1 h molecular exposure causing V4 to shift to more positive back-gate
voltage (Vgs), consistent with stronger p-doping. However, for the Ti-contact FETSs, a
decrease is observed in both the electron and hole current and the MoS, FETSs still appear to
be ambipolar. For the Pd-contact FETSs, large V4 shifts (from 40 V to 75 V) and saturation of
the ON current at 10~/ A/zm were observed. Significant V4 shifts (A V4) up to 64 V and 100
V were achieved for Ti- and Pd-contact devices, respectively. The change in hole carrier
density (Ap) can be estimated from the Ap = Gpg V7/q expression, where back-gate
capacitance Gy is estimated from a parallel-plate capacitor model, Cog = eper/d, with & =
3.9 for SiO, and the thickness of the gate dielectric &= 300 nm, and the change of hole sheet
density(Ap) is estimated to be 4.6 x 1012cm=2 and 7.2 x 1012cm=2 for Ti- and Pd-contact
FETSs. Since the MoS; devices were exposed to the same molecular doping conditions, it is
reasonable to assume that the same number of charge carriers was introduced for both Ti-
and Pd-contact devices. The smaller change in hole sheet density for the Ti-contacted
devices may be attributed to the misalignment of the metal work function and MoS, valence
band, where the doping-induced charge carriers have little impact on the current. The output
curves of the pristine n-FET with Pd contacts and doped p-FET are shown in Fig. 2(b). The
device performance is summarized in Table I, and the results are the average of 10-15
devices. The pristine Ti-contacted MoS, shows a higher electron mobility (12.2 + 1.7 cm2 V
~1571) than Pd-contact FETs (8.3  0.9) cm? V=1 571 while 10 min doped Pd-contacted
MoS, devices exhibit a hole mobility of (2.3 + 0.7) cm? V=1 s71. This trend is consistent
with a smaller electron injection barrier between Ti-MoS, favoring electron-transport for
both the pristine and doped devices, while in the Pd case, doping has a more dramatic
impact, suggesting that the barrier for hole injection is substantially decreased. According to
theoretical calculations and experimental results, there are several causes for the Fermi level
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pinning at the metal contact of MoS;: the van der Waals gap formed at the interface which
acts as a tunnel barrier,19 the lack of orbital overlaps between metal and TMDs,20:21 and
possible sulfur vacancy defect sites which can act as donors.22 The fact that p-FETs were not
observed in Ti-contact devices may be attributed to the lack of orbital overlaps between Ti
and p-doped MoS,. For the Pd-contact FETS, the longer treatment time (1 h) decreases the
mobility to (0.82 = 0.12cm? V=1 s71). This decrease in the hole mobility is attributed to the
increased concentration of ionized scattering centers formed by the doping product, SbClg™
anions. This observation is consistent with previous reports on molecular doping of organic
semiconductors?3:24 and doping of inorganic semiconductors.2>

Figure 3 shows qualitative energy band diagrams for MoS, FETs with Ti and Pd contacts at
the metal-MoS interface. Both experimental and theoretical results show that the SBH is
correlated with the work function of the metal contacts. Lower work function metals (Ti in
this case) show improved contacts with pristine MoS, flakes, as indicated by higher electron
injection efficiency and lower contact resistance. Before the molecular doping, the Fermi
level of MoS, is pinned close to the conduction band.?2 The interface is strongly impacted
by this pinning which occurs close to the conduction band of MoS,, making electron
transport dominating. Because of the complicated metal-MoS; interface, this barrier height
cannot be modified effectively by varying the work function of the metal contacts alone.28
The molecular p-dopant molecule interacts with the MoS, surface via a charge-transfer
reaction where electrons are transferred from MoS, to the p-dopants, making the MoS,
Fermi level shift closer to the valence band edge.2” Thus, doping induces a much higher hole
carrier concentration. For the doped low work function Ti-contacted devices, ambipolar
behavior was observed with electron transport favored, demonstrating that both high hole
concentrations and a low injection barrier are needed for efficient hole transport.

The contact resistance, R, before and after doping with different contacts was extracted by
using the transfer length method (TLM). The channel width (W) of the lithographically
defined MaS; strip (device channel) is 25 y/m. The measured resistance is the aggregate
value calculated from the linear 1-V characteristics for large voltage sweeps. The Vggis 0 V.
Figure 4(a) shows the measured total resistance for different channel lengths. The contact
and sheet resistances were extracted from the linear fit of the total resistance, and the contact
resistance was normalized for the device width. Before doping, the contact resistances of
MoS, n-FETs were calculated to be (805 + 65) kQ gm with Ti contacts and (1430 + 107) kQ
4m with Pd contacts. These numbers are comparable to previously reported contact
resistance for ML MoS, FETs.28 The Pd contact resistance was reduced to (482 + 40) kQ
um after p-doping. Two notable observations are (1) the total resistance increases for the Ti-
contact device and decreases for the Pd-contact device after 1 h treatment; (2) contact
resistance increases by more than two orders of magnitude for Ti-contact FETs, indicating a
larger SBH, and decreases by a factor of three for Pd-contact FETS, indicating improved
carrier injection. p-Doping shifts the Fermi level closer to the valence band. Thus, it is
expected that higher R, and higher charge injection barrier are observed with Ti contacts
since the work function is closer to the conduction band. In the case of Pd contacts, the work
function is closer to the midgap of MoS,, making these devices more sensitive to doping,
showing lower R; and more efficient hole injection. Even though only the channel area was
exposed to the dopant treatment, the change in the contact property may be due to the doped
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one-dimensional edge between the contacts and ML MoS,. It was reported in the literature
that graphene with a 1D edge contact can have remarkably low contact resistance.! It is also
possible that the dopants and the injected charge carriers diffuse beneath the metals during
immersion in the solution and alter the interfaces. While data such as shown in Fig. S5
suggest such a mechanism, further experimental and theoretical studies are needed to fully
understand this effect.

To further evaluate the impacts of doping and different metals on contacts, we also extracted
the SBH by using the following equation:

Ips = ATzexp

, 0]

14
9 _ DS
kBT(‘DB n )

where A is Richardson’s constant, &g is the Boltzmann constant, g is the electronic charge, 7
is the temperature, ®g is the effective barrier height, and 7 is the ideality factor.® Figures
4(b) and 4(c) show an example of flatband Schottky barrier extraction for the 1 h p-doped
MoS, transistor with Pd contacts. Figure 4(b) shows transfer characteristics at different
operating temperatures. These data were used to create the Arrhenius plot in Fig. 4(c). As
explained in detail in the literature, thermally assisted tunneling determines the inverse
subthreshold slope in Schottky barrier devices.2%30 Figure 4(d) shows that, at sufficiently
positive gate voltages, the effective barrier height, ®g, responds linearly to the gate voltage,
Vs, when only thermionic current flows through the device. The flatband voltage, Vg, is
reached when tunneling starts to play a role and ®g deviates from the linear trend mentioned
previously. A p-type SBH (®gg) of ~ 156 meV is determined from the Arrhenius plot. The
SBH extractions for the pristine MoS, transistor with Ti and Pd contacts are shown in
supplementary material Fig. S2. In the n-type transistor, ®g responds linearly to Vg at
sufficiently negative gate voltages (thermionic regime). The Schottky barrier heights were
determined to be ~ 100 meV and ~230 meV for Ti- and Pd-contact pristine MoS,
transistors, respectively. A SBH for the p-doped MoS, transistor with Ti contacts could not
be extracted because the tunneling regime was not reached (Fig. S3). A relatively low hole
injection barrier can only be obtained for p-doped MoS, with Pd contacts. The tunneling
barrier for holes is too high in Ti-contact devices even after p-doping. These results are
consistent with the contact resistance results.

To demonstrate the use of chemical doping for device applications, a complementary
inverter was fabricated by wire bonding two Pd-contact MoS, FETs on the same chip. One
of the transistors was immersed in the dopant solution. Figures 5(a) and 5(b) show the
device schematic and the electronic circuit. A photograph of the completed device is shown
in Fig. S4. The back gate was applied as the input voltage (V,n), and a supply voltage (Vpp)
was applied to the p-FET. Figure 5(c) shows the voltage transfer characteristics of the
inverter at various Vpp values. The device operates at a negative input voltage and the
switching threshold voltage of the inverter located in the negative region. The slope of the
voltage transfer curves in Fig. 5(c) represents the gain of the inverter, which is 2.73.
Integrating the transistor with a thin high- k& dielectric in a top-gate configuration should
enhance the voltage gain greatly.
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In 2D-based electronics, the contacts and interfacial properties play important roles in
determining device performance. In this work, high-performance p-type field-effect (p-FET)
transistors were demonstrated by using chemically doped monolayer MoS, and high work
function metal contacts (Pd). The impact of molecular doping and the metal work function
on the charge transport and contact properties of MoS, devices was presented. Molecular
doped p-FETs show an effective hole mobility of 2.3 cm? V=1 S71 an on/off ratio exceeding
10%, and an improved contact resistance of ~482 kQ zm. However, when a low work
function metal (Ti) is used to contact MoS,, the device only exhibits ambipolar transport
with electron transport favored. It was shown that the SBH can be effectively modulated
through doping of the channel materials and the contact engineering by changing the contact
metal. A relatively low hole injection barrier of ~ 156 meV was obtained for p-doped MoS,
with Pd contacts. The utility of MoS, p- FETs and n-FETs was demonstrated with a
complementary inverter. In summary, controlled doping is an important tool for tuning the
electronic properties of 2D devices. Both controllable doping and careful contact
engineering are important to realize efficient charge injection/extraction and for improving
overall device performance. Dopants and contact engineering of TMDs and other emerging
materials are powerful tools to fuel the further development of nanoelectronics and
optoelectronics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(a) Chemical structures of the p-dopant used in this study. (b) Schematics of a top-contact
back-gate monolayer MoS, transistor with a TLM test structure. (c) Optical image of the
MoS, transistor (scale bar is 25 ym). Representative transfer characteristics of a pristine
MoS, FET at 300 K with either Ti or Pd as the contacts are shown on linear (d) and log (e)

scales, \ps=5Vand L=5 um.
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FIG. 2.
(a) Representative transfer characteristics of a MoS, FET with Ti and Pd metal contacts after

continuously p-doping with MB with two different exposure times. Vps=5Vand L=5
um. (b) Output curves collected from the same Pd-contact device before and after 1 h of MB
doping.
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FIG. 3.
Qualitative energy band diagrams for Ti (a) and (c) and Pd (b) and (d) contacted MoS, FETs

in the ON-state showing the SBH height for the electron (a) and (b) and hole (c) and (d)
injection at the interface after the p-doping.
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Electrical characteristics of p-doped MoS, devices. (a) The total resistance of MoS, FETS

with different channel lengths. Channel width W = 25 @m. (b) Experimental transfer
characteristics of the p-doped MoS, transistor with Pd contacts at different operating
temperatures. The bias voltage is fixed at 5 V, and the channel length is 5 z/m. (c) Arrhenius-
type plot constructed at different gate voltages. (d) Extracted barrier height as a function of
applied gate voltages.
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(a) Schematic diagram of a MoS; inverter, (b) The electric circuit of the MoS, inverter. (c)
\oltage-transfer characteristics of the MoS, inverter at different Vpp values. (d) The direct-
current voltage gain of the inverter at Vpp =1V, 3V, and 5 V. The channels for both n-FET

and p-FET are 5 ym.
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