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metallic TiSx for hole injection into
monolayer WSe2
M. Saifur Rahman, *a Chan-Wen Chiu b and Suzanne E. Mohney *ac

Semimetal contacts have recently emerged as promising due to the remarkably low contact resistance of Bi

and Sb to n-channel field effect transistors (FETs) prepared from two-dimensional (2D) transition metal

dichalcogenide (TMD) semiconductors. However, hole injection in 2D semiconductors remains

a bottleneck, hindering application of 2D devices in advanced logic nodes. In this study, we investigate

the use of atomic layer deposition (ALD) to fabricate high work function semimetallic TiSx interlayers for

efficient hole injection into WSe2, a 2D semiconductor of considerable interest due to its potential for

next-generation scaled electronics. By employing ALD-grown semimetallic TiSx combined with capping

the device with MoOx, we achieved a hole current of ∼64 mA mm−1 at VD = −1 V, a contact resistance of

10 ± 3 kU mm, and an ION/IOFF ratio exceeding 106 at room temperature. Hole injection may be favored

because of a high work function and low density of states at the Fermi level of TiSx, promoting a low

Schottky barrier to the valence band of WSe2, and by the van der Waals nature of the contacts.

Performance is further aided by channel doping by MoOx.
Introduction

Achieving low-resistance contacts for 2D p-channel eld effect
transistors (FETs) remains a key challenge for their integration
into advanced technology nodes. Signicant progress has been
made with semimetallic contacts such as Bi1 and Sb2 and low-
melting-point so metal contacts (e.g., Sn and In),3 both of
which have reduced contact resistance (RC) and enhanced
performance of n-channel FETs. However, the performance of
p-channel FETs fabricated from TMDs is still compromised by
high contact resistance.4 These semimetal and so metal
contacts have poor band alignments for hole injection, leading
to high Schottky barrier (SB) heights, high RC, and low current
delivery. WSe2 has emerged as a promising TMD for FETs
capable of supporting both n- and p-channels.5,6 Moreover,
recent progress in scalable methods for synthesizing and
transferring TMDs—particularly monolayer WSe2—has opened
new opportunities for practical device integration.7

A few studies have explored contact materials with high work
functions such as MoOx and Pt for hole injection. For example,
FETs with the contact conguration Pd/MoOx/WSe2 exhibited
on currents on the order of 10−7 A mm−1,8 while Pt/WSe2
contacts resulted in contact resistances for hole injection of 5.7
kU mm.9 There has been progress in van der Waals (vdW)
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contact schemes for hole injection, realized through metal
transfer techniques10 or optimized evaporation,11 avoiding
covalent bonds with semiconductor that can lead to charge
redistribution and signicant perturbations in the 2D electronic
band structure,12,13 which can result in Fermi-level pinning,
high Schottky barriers, and increased contact resistance.
Moreover, various doping techniques such as NOx,14 or O2

plasma15 treatment have been employed, resulting in markedly
reduced contact resistance on exfoliated multilayer akes.
However, all techniques fall short in achieving performance
comparable to NMOS devices.1,2

Another approach that has been explored is the use of 2D
metals with high work functions. For example, 2D TaSe2 has
been used for hole injection into laser-doped regions of WSe2
for p-channel FETs.16 Growing interest in employing 2Dmetallic
contacts, such as VS2,17 and NbS2,18 for 2D MoS2-based n-
channel FETs, is similarly driven by their potential to reduce
contact resistance for electron injection. When used on top of
the semiconductor, such contacts interact weakly with 2D
semiconductors through van der Waals (vdW) forces, leading to
weaker Fermi level pinning.19Moreover, the work function of 2D
semimetals like graphene can be adjusted using an external
electric eld, providing control over the Schottky barrier height
at 2D semimetal/semiconductor junctions.20

Recent studies have demonstrated the potential of the
layered semimetal titanium disulde (TiS2), in creating contacts
to MoS2. Using density functional theory (DFT), Gao et al. pre-
dicted that TiS2 could be used as an ohmic contact on MoS2 for
hole injection and a Schottky contact for electrons, making it
a versatile contact material.21 Zhang et al.22 explored the use of
RSC Adv., 2025, 15, 45417–45426 | 45417
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2D semimetals with high work function as gate electrodes for n-
channel transistors. The authors experimentally demonstrated
that using the 2D semimetal TiS2 with a measured ultrahigh
work function (6.6 eV) by Kelvin-probe force microscopy (KPFM)
as the gate can lead to transistors with a sub-0.1 V threshold
voltage. This result paves the way for low-power electronics with
improved gate control.

Research on atomic layer deposited (ALD)-grown TiSx
contacts for n-channel MoS2 eld-effect transistors further
highlights the potential of this material and the use of ALD for
source/drain contacts.23 The ALD-grown TiSx contacts of varying
thicknesses to ALD-grown MoS2 were compared with conven-
tional evaporated Ti contacts. The authors found that MoS2
FETs with approximately 1.2 nm thick TiSx contacts out-
performed Ti contacts, as key device metrics such as ION and RC

showed signicant improvement with the use of the ultrathin
TiSx interlayers layers, despite exhibiting a higher Schottky
barrier height than the Ti contacts, as well as modest device
performance due to the use of ALD-grown MoS2. Another study
suggests that TiS2/monolayer MoS2 heterojunctions prepared by
depositing TiS2 by ALD exhibit reduced Fermi-level pinning
(FLP) compared with conventional evaporated metal electrodes
due to the formation of clean van der Waals contacts having an
unexpectedly low work function of 4.33 eV measured by KPFM,
which in turn improves the overall performance of the devices,
including on current, subthreshold swing, and threshold
voltage.24

This work investigates the application of ALD-grown semi-
metallic TiSx thin lms for efficient hole injection into WSe2. By
leveraging the advantages of ALD, a powerful technique suitable
for industrial-scale applications, we have exploited TiSx for
efficient hole injection in WSe2-based devices. ALD enables the
conformal deposition of layers, including as contacts for FETs,
allowing for increasingly complex device architectures through
precise control over lm thickness and composition. This low-
temperature thin-lm synthesis method is compatible with
conventional Si technology, in ideal cases offering excellent
large-area uniformity, sub-monolayer thickness control, and
conformality for high aspect ratio features. This research builds
upon the growing interest in 2D semimetals for advanced
transistor applications and contributes to the development of
Fig. 1 AFM images: (a) 50 cycles of TiSx on WSe2 (b) 100 cycles of TiSx

45418 | RSC Adv., 2025, 15, 45417–45426
high-performance WSe2 devices. Our investigation demon-
strates the potential of WSe2 p-channel FETs (pFETs) with
semimetallic TiSx contacts combined with MoOx capping,
achieving a remarkable on-state current of 64 mA mm−1 at VD =

−1 V for the best device and a contact resistance of 10 ± 3 kU
mm. These results underscore the viability of WSe2 for CMOS
applications and highlight the signicant progress in over-
coming the hurdles associated with hole injection in 2D
semiconductors.
Experimental approach
Materials synthesis and characterization

Monolayer WSe2 was synthesized by metal–organic chemical
vapor deposition (MOCVD) on double-side polished 200 pre-
scored c-plane sapphire as previously described25 were obtained
from the 2D Crystal Consortium (2DCC) at Pennsylvania State
University and cleaved into smaller pieces for sample fabrica-
tion. Atomic force microscopy (AFM) images and Raman spectra
are shown in Fig. S1.

Titanium sulde (TiSx) was grown by thermal ALD using
tetrakis(dimethylamido)titanium (TDMATi) and hydrogen
sulde (H2S). The substrate and chamber were heated to 100 °C
and TDMATi was set at 75 °C. The H2S ow was supplied at 40
sccm and diluted by 70 sccm Ar. The growth of TiSx in a satu-
ration study was monitored using an in situ quartz crystal
microbalance (QCM), as shown in Fig. S2. The QCM was coated
with TiSx prior to the saturation study (during chamber condi-
tioning) to minimize the effect of a nucleation delay on the
measurement. The saturation study was conducted to conrm
that TiSx growth was a self-limiting process. Based on the
saturation study, the dose for saturation of TDMATi was found
to be 0.06 s, while for H2S it was 2 s.

The recipe for the TiSx layer was a 0.06 s TDMATi pulse fol-
lowed by a 15 s Ar purge. The H2S was then introduced for 30 s
(longer than the minimum dose required for saturation but
consistent with Basuvalingam et al.26) and another 30 s Ar purge
was performed to remove unreacted H2S and byproducts from
the reactor. A nucleation delay occurred while depositing TiSx
on WSe2. AFM images (Fig. 1) reveal that 50 cycles of TiSx layer
on WSe2 is not fully continuous, displaying islands. In contrast,
on WSe2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Raman spectra of ALD grown TiSx at 100 °C (a) on SiO2/Si and (b) on WSe2.
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100 cycles of TiSx appear to achieve complete coverage of the
WSe2 surface.

Step edges were also measured using AFM (Fig. S3). A
measurable step edge was not detected aer 50 cycles. However,
Fig. 3 Au contacts to WSe2. Transfer characteristics with different chann
ON current variation in different channel lengths.

© 2025 The Author(s). Published by the Royal Society of Chemistry
84 cycles resulted in a layer ∼5 nm thick, while 100 cycles
resulted in ∼7 nm and 150 cycles resulted in ∼13 nm.

Fig. 2 shows the Raman spectrum of ALD grown TiSx on SiO2/
Si. The synthesized TiSx in Fig. 2(a) shows two Raman peaks at
el lengths of (a) 200 nm, (b) 300 nm, and (c) 500 nm and (d) maximum

RSC Adv., 2025, 15, 45417–45426 | 45419
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∼230 and∼340 cm−1, corresponding to the in-plane Eg and out-
of-plane A1g modes of 1T-TiS2.24 Fig. 2(b) presents a comparison
of the Raman spectra for 100 cycles and 50 cycles of TiSx
deposited on WSe2. The peaks of WSe2 show no noticeable
changes or deterioration, conrming that the underlying WSe2
remains intact, suggesting that van der Waals (vdW) contacts
might be formed by depositing TiSx onto WSe2 (as was the case
for TiSx onto MoS2).24

High resolution X-ray photoelectron spectroscopy (XPS) of
a freshly deposited layer of TiSx deposited at 100 °C was per-
formed in a PHI-VersaProbe II (Physical Electronics Inc.) using
amonochromated Al source. An initial survey was collected, and
peaks were correct using the position of the C 1s. A 2 kV Ar ion
beam was then used to etch layers, and high-resolution spectra
for the O 1s, C 1s, N 1s, Ti 2p, W 5p and S 3s peaks were collected
at the outset and aer each cycle of ion-beam etching to obtain
a depth prole. Data analysis was performed using CasaXPS
soware. A freshly exfoliated TiS2 crystal was also used to cali-
brate the relative sensitivity factors (RSF) of Ti 2p and S 3s.
Using XPS, we found a Ti : S ratio of 1 : 1.7 in the interior of the
deposited layer. Some oxygen was observed in the lm (<10%),
bringing the ratio of Ti : (S + O) to approximately 1 : 1.9. The
depth prole is shown in Fig. S4.
Fig. 4 7 nm TiSx contacts to WSe2. Transfer characteristic curves with diff
maximum ON current variation in different channel lengths.

45420 | RSC Adv., 2025, 15, 45417–45426
Device fabrication

To fabricate the devices, we transferred the WSe2 monolayer
onto Al2O3/Pt/Ti/p + Si or Si3N4/p + Si via poly(methyl methac-
rylate) (PMMA)-assisted wet-transfer.27 To dene the channel
regions of the WSe2 FETs, we adhered to the recipe detailed in
our recent publication.28 For dening the source and drain
contacts, we introduce a li-offmethod for TiSx grown at 100 °C
using a dual PMMA photoresist. Both A3 and A6 PMMA layers
were spin-coated onto the samples at 4000 rpm. Electron beam
lithography was then employed to dene the contact patterns,
followed by development in the same MIBK : IPA solution.
Contacts were deposited using ALD for TiSx and e-beam evap-
oration for 30 nm of Au. Finally, the samples underwent a li-off
process to remove excess resist and metal by immersion in
acetone for 1 h, followed by IPA for an additional 30 min.
Capping of devices by MoOx was accomplished using thermal
evaporation at a rate of 0.05 nm s−1 for a thickness of 10 nm.
Results and discussion

First, we measured control devices with Au contacts (reference
devices), then devices with TiSx interlayer beneath the Au
erent channel lengths of (a) 200 nm, (b) 300 nm, and (c) 500 nm and (d)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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contacts. The transfer characteristics, i.e., source-to-drain
current (ID) versus VBG of the WSe2 FETs for a constant drain
voltage (VD) of−1 V, are shown for different channel lengths LCH
= 200 nm, 300 nm, and 500 nm with no TiSx (reference Au
contacts) in Fig. 3(a–c). The devices display ambipolar behavior.
Fig. 3(d) shows the variation in ION current for different channel
lengths. The maximum ON current varies slightly with channel
length, with 200 nm channels showing an average maximum
ON current of 1.9 mA mm−1, 300 nm channels yielding 2 mA
mm−1, and 500 nm channels exhibiting 1.8 mA mm−1 for the p-
channel. The average subthreshold slope is 1.4 V dec−1 for the
200 nm channel, 1.7 V dec−1 for the 300 nm channel and 1.6 V
dec−1 for the 500 nm channel while the mobility is 0.41 cm2

V−1 s for the 200 nm channel, 0.30 cm2 V−1 s for the 300 nm
channel, and 0.27 cm2 V−1 s for the 500 nm channel, respec-
tively. We note that the measured eld-effect mobility can be
affected by the contacts and is not a fundamental materials
property.

Then we studied the contacts with two different TiSx thick-
nesses beneath Au. All devices with TiSx contacts, regardless of
thickness, continued to exhibit ambipolar characteristics but
showed an enhanced p-branch compared to the reference
device. This improvement is likely due to the higher work
Fig. 5 5 nmTiSx contacts toWSe2. Transfer characteristics with different c
ON current variation in different channel lengths with standard deviation

© 2025 The Author(s). Published by the Royal Society of Chemistry
function of TiSx, which exceeds that of Au (∼5.2 eV). Thus, TiSx
contacts appear to enhance hole injection, likely due to its high
work function and the formation of clean contacts with WSe2.
The transfer characteristics curve and maximum ON current
variation with 100 cycles (∼7 nm) TiSx contacts with different
channel lengths are shown in Fig. 4. For the 7 nm contact, the
ON current also varies with channel length: 200 nm channels
exhibit an average maximum ON current of 6.8 mA mm−1,
300 nm channels yield 7.0 mA mm−1, and 500 nm channels show
6.9 mA mm−1. The average subthreshold slope is 2 V dec−1 for the
200 nm channel, 1.6 V dec−1 for the 300 nm channel, and 1.8 V
dec−1 for the 500 nm channel, respectively, while the average
mobility is 0.89 cm2 V−1 s for the 200 nm channel, 0.43 cm2

V−1 s for the 300 nm channel, and 0.65 cm2 V−1 s for the 500 nm
channel. Table S1 provides the device parameters for all these
samples in our study.

The average ON-state current is nearly four times higher
than the devices with the Au reference contacts. However,
decreasing the TiSx thickness from 100 cycles (∼7 nm) to 84
cycles (∼5 nm) resulted in a decrease in average maximum ON
current from 6.8 mA mm−1 to 2.6 mA mm−1 for the 200 nm
channel, while from 7.0 mA mm−1 to 2.3 mA mm−1 for the
300 nm channel, and from 6.9 mA mm−1 to 2.7 mA mm−1 for the
hannel lengths of (a) 200 nm, (b) 300 nm, and (c) 500 nm. (d) Maximum
.

RSC Adv., 2025, 15, 45417–45426 | 45421
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500 nm channel shown in Fig. 5. A similar decreasing trend in
ON current was also observed in a previous study for TiSx/
MoS2.23 When including all data points from the TLM struc-
tures at a xed overdrive voltage such as −11.5 V for 5 nm and
−13 V for 7 nm TiSx contacts, the resulting TLM plots (Fig. S5)
do not yield a clear trend, making it unsuitable for extracting
Fig. 6 Transfer characteristics, i.e., source-to-drain current (ID) versus ba
lengths: (a) 200 nm, (b) 300 nm, (c) 500 nm, (d) 800 nm. (e) MaximumON
VD) for different back-gate voltages.

45422 | RSC Adv., 2025, 15, 45417–45426
the contact resistance for both cases. The performance was
slightly better for contacts with 100 cycles (∼7 nm) of TiSx
interlayers. We repeated the measurement with a 7 nm TiSx
layer on a Si wafer with a 100 nm Si3N4 dielectric and observed
a similar on-state current to the devices with 50 nm Al2O3 as
the dielectric, as shown in Fig. S6.
ck-gate voltage (VBG) for a constant drain voltage for different channel
current variation with standard deviation. (f) Output characteristics (ID–

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Resistance vs. channel length for the extraction of contact resistance (ns= 1.51× 1013 cm−2). (b) Comparison of ION at VD=−1 V for the
best 7 nm TiSx contacts with MoOx capping on 1L WSe2 p-channel FETs.
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MoOx capping to boost performance

To further enhance the ION, we capped the pFETs with a 10 nm
MoOx layer (sheet resistance > 1MU,−1) deposited via thermal
evaporation. Modulation doping as well as an enhancement of
ION can be induced by a MoOx capping layer on pFETs.7

Following the optimization of TiSx contacts and capping layers,
we observed enhanced transport characteristics in the WSe2
pFETs by incorporating MoOx caps. The transfer characteristics
for all monolayer WSe2 pFET are shown in Fig. 6(a–d). The
originally ambipolar behavior observed in WSe2 FETs with TiSx
contacts was converted to completely unipolar (p-type) trans-
port through MoOx doping. The variation in ON current is
shown in Fig. 6(e). The maximum ID for a pFET with the 7 nm
TiSx/30 nm Au contact and a 10 nm MoOx cap is 64 mA mm−1 for
VD = −1 V. This represents around 6× improvement in ON
current compared to devices without MoOx, using TiSx contacts
alone. Fig. 6(f) shows a representative output characteristic for
a one-monolayer WSe2 pFET. Initially, we observe linear
behavior up to VD = −0.1 V; however, as the drain voltage
increases, particularly around VD = −1 V, the ID–VD character-
istics become somewhat increasingly nonlinear. The nonline-
arity in contact behavior is likely due to not being perfectly
ohmic. Similar nonlinearities have been reported for Pt contacts
to WSe2 and Pd contacts to MoS2,11 and Cr contacts to laser
doped WSe2,16 which were all attributed to the presence of
Schottky barriers. Likewise, a small Schottky barrier was
observed for ALD-grown TiSx contacts to MoS2.24 Transfer-
length method (TLM) test structures were used to estimate the
contact resistances of the optimized monolayer WSe2 pFETs to
extract RC. Since the device yield was relatively low (∼25%)
excluding the devices gave almost no current, we were unable to
obtain a complete set of data from a single TLM structure. The
low device yield can be attributed to several factors: the WSe2
may contain gaps regions, the TiSx lm may not have nucleated
uniformly across the contact area, and physical damage such as
probe-induced scratching during measurements may have
made it impossible to probe some devices.
© 2025 The Author(s). Published by the Royal Society of Chemistry
To estimate the contact resistance, we combined results
frommultiple TLM structures at a xed overdrive voltage (−32.5
V), which translates into a carrier density of ns = 1.51 × 1013

cm−2. To better extract the slope for contact resistance, we
excluded a data point (marked in red) that deviated signi-
cantly. We extracted contact resistance of 10 ± 3 kU mm from
the Fig. 7(a). The most recent p-channel WSe2 FETs using high-
work function 2D TaSe2 combined with laser doping16 reported
a contact resistance of 11 kU mm, which is similar.

Some improvements for future devices are recommended.
The subthreshold slope (SS) was 3.5 V dec−1, signicantly
higher than the ideal value of ∼60 mV dec−1, attributed to the
thicker oxide stack and non-idealities like interface traps.29 To
improve the SS, the use of high-k dielectric materials and
a thinner oxide stack could be employed.30 We also observed
hysteresis in our WSe2-based FETs, as shown in Fig. S7, which
could be due to charge trapping and measurements being
conducted under ambient conditions.31,32 To see saturation in
the transfer characteristics, we therefore chose gate voltage
sweeping from positive to negative for analysis.

Fig. 7(b) benchmarks the ION versus channel length for our
study, alongside previous studies of monolayer CVD and exfo-
liated WSe2 FETs.7,14,33–39 The ION for our best pFET is high
among CVD 1L WSe2 reported in the literature. These devices
demonstrate high performance for pFETs, making them
a promising technology for advancing WSe2 FETs toward 2D
CMOS electronics and advanced logic applications.
Conclusion

In this study, we leveraged atomic layer deposition (ALD) to
create high-work function semimetallic TiSx contacts to facili-
tate efficient hole injection into WSe2. The electrical perfor-
mance of various contact congurations was evaluated for
efficient hole injection into WSe2. MoOx capping layer onto the
monolayer WSe2 p-channel also led to a dramatic improvement
in the on-state current. The TiSx/Au-contacted FETs with 200 nm
channels achieved a maximum ION of ∼64 mA mm−1 at VD =
RSC Adv., 2025, 15, 45417–45426 | 45423
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View Article Online
−1 V. Additionally, the devices with the low contact resistance of
10 ± 3 kU mm at a carrier concentration of 1.51 × 1013 cm−2

exhibited an ION/IOFF ratio exceeding 106, indicating excellent
switching performance. Thus, our approach utilizing ALD-
grown TiSx interlayers in source/drain contacts with MoOx

capping of the channel presents a promising pathway for
fabricating high-performance 2D FETs with signicantly lower
contact resistance for future nanoelectronics.
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