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With the explosive exploration of two-dimensional (2D) semiconductors for device applications, ensuring effective
electrical contacts has become critical for optimizing device performance. Here, we demonstrate a universal resist-assisted
metal transfer method for creating nearly free-standing metal electrodes on the SiO,/Si substrate, which can be easily
transferred onto 2D semiconductors to form van der Waals (vdW) contacts. In this method, polymethyl methacrylate
(PMMA) serves both as an electron resist for electrode patterning and as a sacrificial layer. Contacted with our transferred
electrodes, MoS, exhibits tunable Schottky barrier heights and a transition from n-type dominated to ambipolar conduction
with increasing metal work functions, while InSe shows pronounced ambipolarity. Additionally, using o-InpSes as an
example, we demonstrate that our transferred electrodes enhance resistance switching in ferroelectric memristors. Finally,
the universality of our method is evidenced by the successful transfer of various metals with different adhesion forces and

complex patterns.

Keywords: metal electrode transfer, 2D materials, Schottky barrier, ambipolar, memristor

PACS: 73.40.Ns, 72.20.Fr, 73.30.+y, 73.20.-r

1. Introduction

Two-dimensional (2D) layered materials have atomic
thickness and are free of dangling bonds, therefore, they are
expected to break through the bottleneck of traditional Si-
based circuits and further extend Moore’s law.l' Among
these materials, transition metal dichalcogenides (TMDs) and
II-VI group compound semiconductors, such as MoS, D!
and InSe,[®! have been extensively studied and utilized in

=101 particularly, o-

electronic and optoelectronic devices.!
InySes, which combines semiconductor properties with fer-
roelectricity even down to the monolayer,!''~13 has been
widely used in memristors to emulate biological synaptic be-
haviors and applied to in-memory computing.!'*"18 How-
ever, the performance of these 2D semiconductor devices is
severely limited by poor metal-semiconductor contacts fabri-
cated using conventional aggressive lithography and deposi-

119-22] j which the introduction of defects and

tion processes,
penetration at the metal-semiconductor interfaces inevitably
occur, leading to strong Fermi-level pinning (FLP) and unin-
tended doping of the channel.[?324]

To enhance the device performance, various contact
strategies have been developed, such as heavily doping the

contact areas to narrow the barrier width,>>! phase engi-
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neering to semi-metalize (yttrium-doped InSe!®!) or met-
alize (1T-MoS,2027l) the contact region of the channel,
and using semimetal electrodes to suppress the metal-
induced gap states (bismuth!>®!) or hybridize the metal—
semiconductor energy bands (antimony (0112)[?°!). Addition-
ally, vdW contacts formed by transferred electrodes have been

22-24,30-351 T this approach, the metal electrodes

developed.!
are pre-deposited on the substrate and then physically lami-
nated onto 2D semiconductors, creating a vdW gap between
the metal electrodes and 2D semiconductor channels, leading
to the formation of atomically sharp contact interfaces that pre-
serve the inherent properties of the 2D semiconductors. 2236
However, several challenges remain with this approach. For
instance, the strong adhesion force between pre-deposited
metal electrodes and the substrate hinders the final pick-up
of the metal electrodes.[?*3%-341 Although various routes have
been proposed and excellent contact performance has been
achieved so far, the methods still have limitations.®! For ex-
ample, to facilitate the pick-up of metal electrodes, toxic hex-
amethyldisilazane (HMDS) is used to functionalize the sili-
con wafer, but the transfer yields remain low for metals with
strong adhesion forces;>?! special substrates like CVD-grown

graphene on Ge wafer!*"! or freshly cleaved F-mical®*! are uti-
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lized to reduce the adhesion force, while these substrates can
increase complexity compared to currently mature Si-based
process. Other methods, such as picking up the electrodes em-
bedded in hBN flakes?*! or adhered to ZnO nanobelts,** not
only involve elaborate electrode fabrication processes but also
constrain the size and patterns of electrodes by the shapes of
the exfoliated hBN flakes or CVD-grown ZnO nanobelts. De-
veloping a universal and efficient method for fabricating trans-
fer electrodes is highly desired.

Here, we developed a universal resist-assisted transfer
method to transfer nearly free-standing metal electrodes onto
2D semiconductors, thereby avoiding the adhesion forces be-
tween the metal and substrate. In this method, spin-coated
PMMA layer serves both as electron resist for defining elec-
trode patterns through electron-beam lithography (EBL) and
as a sacrificial layer for metal deposition, resulting in nearly
free-standing metal electrodes after PMMA dissolution. As
a result, the adhesion between the metal electrodes and the
Si0,/Si substrate can be prevented. We applied this method
to fabricate MoS; and InSe field-effect transistors (FETSs)
on hBN substrates with different contacted metals, achiev-
ing atomically uniform channels for MoS, without damage,
as confirmed by scanning transmission electron microscopy
(STEM). With increasing metal work functions of the trans-
ferred electrodes (Ti, Cr, Au, Pd, and Pt), MoS, FETs show
linearly increasing Schottky barrier heights (SBHs) with an
extracted ideality factor (S) of ~0.5 accompanied by a tran-
sition in transport behavior from n-type dominance to am-
bipolar. The InSe FETs perform a pronounced ambipolar-
ity regardless of whether the contact metal has a low (Cr) or
high (Pd) work function. Additionally, a-In,Se;3 ferroelectric
memristors show significantly enhanced ferroelectric resis-
tance switching (FRS) with transferred electrodes compared to
evaporated ones, due to the lack of screening of gap states. Fi-
nally, the universality of our methods is confirmed by picking
up metals with different adhesion forces onto polypropylene
carbonate (PPC) and transferring irregular-shaped patterns.
Our method offers a versatile, efficient, and cost-effective ap-
proach for fabricating high-performance 2D semiconductor
devices and complex metal microstructures.

2. Results and discussion
2.1. Fabrication and transfer process of metal electrodes

The fabrication and transfer process of the metal elec-
trodes are schematically illustrated in Fig. 1(a). After the
PMMA is spin-coated onto the SiO,/Si substrate (i), the
PMMA patterns are defined by a standard EBL process (ii).
Notably, some micro-patterns form at the PMMA corners as
shown in the enlarged view of step (ii). This is followed by
electron-beam metal deposition (iii), where metallic “micro-
joints” at the corners of the “electrode” pattern are created

based on the shape of the micro-patterns on PMMA. After
soaking in acetone and isopropanol, the remaining patterned
PMMA, acting as a sacrificial layer, is removed, leaving nearly
free-standing metal electrodes weakly connected to an exter-
nal frame via the micro-joints (iv). Due to the weak connec-
tion between the electrode and frame, the patterned metal elec-
trodes can be easily picked up using PDMS/PPC adhesive tape
(v) and then laminated onto the mechanically exfoliated MoS,
flake on the SiO,/Si substrate (vi). By heating the substrate to
95 °C, the metal electrodes with the PPC film are released onto
the MoS; channel (vii), completing the device fabrication. An
optical image of the device is shown in Fig. 1(b), where the re-
maining PPC capping protects the device from H,O/O, degra-
dation. Furthermore, as shown in Fig. 1(c), the PPC capping
can also be removed after sequentially soaking in acetone and
isopropanol (viii). The optical images of the above steps are
shown in Fig. S1. Additionally, to fabricate the device on flex-
ible PPC film, the MoS, channel on the SiO,/Si substrate can
also be transferred onto the electrodes on the PDMS/PPC tape
(ix). Figure 1(d) shows an optical image of an hBN-capped
MoS; device on PPC film, with the detailed fabrication pro-
cess illustrated in Fig. S2.

Overall, there are two crucial points in our method. The
first is the nearly free-standing electrodes fabricated by dis-
solving the underlying PMMA sacrificial layer, which ensures
that the electrode pick-up process is independent of the adhe-
sion force between the metal electrode and the SiO,/Si sub-
strate. The second is the introduction of micro-joints, which
weakly connect the “electrode” and “frame” regions and ef-
fectively prevent the detachment of the electrodes from the
Si0,/Si substrate. The detailed fabrication process and im-
portant role of micro-joints are shown in Figs. S3-S6.

2.2. MoS; and InSe FETs contacted with transferred
metal electrodes

To show the superiority and universality of our metal
transfer method, field-effect transistors with contact metals
of different work functions were fabricated, including Ti
(~4.3 eV), Cr (~4.6 eV), Au (~4.8 eV), Pd (5.1 eV), and
Pt (~5.6 eV). As an example, we used few-layer MoS, as
the channel material. The structure and optical image of the
device are illustrated in Fig. 2(a), where few-layer hBN sev-
ers as an atomically flat substrate to mitigate carrier scatter-
ing and charge trapping at the SiO, interface.?”] These metal
work functions span the range from the conduction band (Ecp)
to valence band (Evg) of few-layer MoS,,38! and the energy
band diagram of the MoS; channel and metals before contact
is illustrated in Fig. 2(b).

Aberration-corrected STEM was conducted to character-
ize the interface properties between MoS, and the transferred
metal electrodes. As shown in the cross-sectional high-angle
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annular dark-field (HAADF) STEM image in Fig. 2(c), a
~2 nm gap is observed between the Ti electrode and the MoS,
channel. The elemental mapping via electron energy loss spec-
troscopy (EELS) shown in Fig. 2(d) reveals prominent carbon
signals in this region, which is attributed to organic residues
(originating from the PMMA sacrificial layer). To eliminate
the influence of organic residues on the electrical properties of
MoS, FETs, we utilize reactive ion etching (RIE) to remove
the residues before laminating the electrodes onto the chan-
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nel (Fig. S7). As shown in Fig. 2(e), after RIE treatment, the
Ti lattices are partially in contact with the top layer of MoS;
at the interface, suggesting direct contact between the metal
electrode and MoS,. In addition, the carbon signals in the
gap are significantly reduced (Fig. 2(f)). Notably, for the de-
vices with transferred electrodes, the MoS, channels remain
uniform and free from penetrations or disorder (Fig. S8), re-
gardless of whether the electrodes have been treated with RIE.

EBD Electrode

(x/

ame

<
r . M
'ransferrec

PPC
metal film
electrode

Fig. 1. Schematic illustration of the electrode fabrication and transfer processes. (a) i. PMMA was spin-coated onto the SiO,/Si
substrate; ii. Electrode patterns of electrode were defined by e-beam lithography; iii. The metal film was deposited by electron-beam
deposition; iv. The sacrificial PMMA layer under the electrode was removed; v. The metal electrode was picked up by placing
PDMS/PPC adhesive tape; vi. The metal electrode was aligned and physically laminated onto the MoS, channel on the SiO,/Si
substrate; vii. By heating the substrate, the PPC/electrode was released onto the MoS; channel; viii. The PPC capping was removed
by sequentially soaking the substrate in acetone and isopropanol; ix. The MoS, channel was picked up onto the metal electrode on
the PPC film, without heating the substrate. Optical image of (b) the fabricated PPC-capped MoS; transistor on the SiO,/Si substrate,
(c) MoS; transistor on the SiO»/Si substrate after PPC removal, and (d) hBN-capped MoS; device on flexible PPC film. The scale

bars are 75 pum for (b), and 50 wm for (c) and (d).

The transfer characteristics were measured by sweeping
the gate voltage Vs from —60 V to +60 V at Vpg = 0.1 V. Un-
like MoS; FETs with evaporated electrodes (Fig. 2(g)), MoS,
FETs with RIE-treated transferred electrodes (Fig. 2(h)) ex-
hibit a transition from n-type to ambipolar transport behav-
ior as the contact metals change from Cr to Pt with increas-
ing work function. This transition suggests the Fermi-level
de-pinning of the MoS; channel. We also compare the out-
put characteristics of MoS; FETs with evaporated and RIE-
treated transferred electrodes, as shown in Fig. S9. The in-
creased non-linearity for electrodes after RIE treatment fur-

ther confirms our speculations. Furthermore, as shown in
Fig. S10, our devices also exhibit a subthreshold swing of
~495 mV/dec (for Pd) and a higher field-effect carrier mo-
bility of ~320 cm?-V~!'.s~! (for Au) compared to previous
works. 3!

To extract the effective SBH using the standard Arrhe-
nius plot, variable-temperature electrical transport measure-
ments on MoS; FETs with evaporated and transferred metal
electrodes without and with RIE treatment were conducted
(Fig. S11-13 and supplementary Note 2). The extracted elec-

tron barrier heights for different metal work functions are sum-
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marized in Fig. 2(i). Due to the strong FLP, the barrier heights
for evaporated electrodes (black square dots) do not exhibit
apparent dependence on the work function, which is consis-
tent with previous results.>?! For the directly transferred elec-
trodes without RIE treatment (red circular dots and the red
linear fitted line), the data exhibits a linear relationship with a
slope (S) of ~0.22, which can be attributed to the weakened
modulation capability of the metal contact due to the presence
of the organic gap. For the RIE treated transferred electrodes
(blue triangle dots and the blue linearly fitted line), the electron
barrier heights show significant modulation by the work func-
tion with a slop of ~0.5, indicating the successful suppression
of FLP, which highlights the significance of RIE treatment in
the transfer method.

In addition to MoS,, we also fabricated few-layer InSe
FETs, with the device structure and energy band diagram il-
lustrated in Figs. 3(a) and 3(b), respectively. It should be noted
that all electrodes in subsequent experiments were transferred
after RIE treatment. As shown in Figs. 3(d)-3(f), the transfer
curves of InSe FETs with Cr, Au, and Pd contacts all exhibit

(=) s bov,  (©

L s
T OGO OS2

hBN

Si(P*+) Vas

Without RIE treatment (d)

PMMA residue

ambipolar characteristics. From the transfer curves in the lin-
ear scale, we can observe that when changing contact metals
from Cr to Pd with increasing work functions, the currents of
the p-type branch gradually increase and surpass that of the
n-type branch due to the rise (fall) of electron (hole) SBH.
The transfer curves under different gate voltages are shown in
Fig. S14. The observed ambipolar behavior arises not only
from the defect states induced by selenium vacancy, but
also from the absence of FLP. As illustrated in Fig. 3(c), the
Fermi level position can be tuned under different polarities of
gate voltages, resulting in a change in the dominant carrier
type (hole for Vgs < 0 and electron for Vgs > 0). Notably,
the ambipolarity in InSe FETS, even with Cr contacts, is rarely
reported before, as InSe typically exhibits electron-dominated

characteristics 3740

or ambipolarity when contacted with high
work function metals.33! Overall, due to the absence of FLP
and intact channel, our InSe FETs exhibit intrinsic transport
properties with pronounced ambipolarity, which enables ap-

plications in electrical ! or optical3*#!1 devices.
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Fig. 2. Electrical characterization of MoS; FETs with transferred electrodes. (a) Schematic of a MoS, FET with transferred metal
electrodes. An optical image is shown at the bottom. (b) Band diagram of multilayer MoS, and work functions of Ti, Cr, Au, Pd, and
Pt, in equilibrium before contact. (c¢) STEM-HAADF and (d) EELS mapping images of the cross-section of the MoS, FET contacted
by transferred Ti electrodes without RIE treatment. (¢) STEM-HAADF and (f) EELS mapping images of the cross-section of the
MoS; FET contacted by RIE-treated transferred Ti electrodes. (g) Ips—VGs transfer curves of MoS; FETs with evaporated electrodes.
(h) Ins—Vgs transfer curves of MoS, FETs with RIE-treated transferred metal electrodes. (i) Extracted electron Schottky barrier height
(SBH) for different evaporated and transferred metals. The extracted ideality factors S for transferred electrodes without and with RIE
treatment are 0.22 and 0.5, respectively. The scale bar is 25 pm for (a), 4 nm for (c) and (e).
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Fig. 3. Electrical characterization of InSe FETs with transferred electrodes. (a) Schematic of an InSe FET with transferred metal
electrodes. An optical image is also shown at bottom. (b) Band diagram of multilayer InSe and work functions of Cr, Au, and Pd, in
equilibrium before contact. (c) Energy band schematic of InSe FET under negative and positive gate voltages at Vps > 0 V. The red
balls represent hole carriers, and the blue balls represent electron carriers. Ins—Vgs transfer curves of InSe FETs with transferred (d)
Cr, (e) Au, and (f) Pd electrodes. Red curves are logarithmic; green curves are linear. The scale bar is 25 pum for (a).

2.3. Ferroelectric memristors contacted with transferred
metal electrodes

The o-InpSes, a recently identified ferroelectric semi-
conductor, is utilized as the channel material for ferroelectric
memristors. 415171842431 Their FRS regime in these devices
is determined by ferroelectric polarization, SBH changes, and
the initial barrier height.[44] Conventional contacts, however,
often induce FLP, adversely affecting these factors and degrad-
ing the FRS performance. For the first time, we propose uti-
lizing transferred metal electrodes to optimize the memristor
contact, thereby enhancing the FRS.

Initially, we fabricated Au-contacted o-In;Ses ferroelec-
tric memristors with electrodes evaporated by electron-beam
deposition method. Figures 4(a) and 4(b) present the dual-
sweep output curves of the Au-contacted In;Se; memristor
under different drain bias voltages. For the small bias range
(—0.5 V to +0.5 V, Fig. 4(a)), as the applied lateral elec-
tric field (~0.1 V/um) is below the in-plane coercive field
of a-InpSes (Ec~0.4 V/um for our device), the polarization
remains unswitched, resulting in negligible hysteresis. The
strong non-linear behavior is indicative of an initial Schot-
tky barrier. In contrast, at larger biases (—6 V to +6 V,
Fig. 4(b)), which exceeds the in-plane coercive electric field of
a-InySes, the hysteresis windows are significantly pinched, as
similarly observed in another device (Fig. S15). This can be
explained by the schematic diagram shown in Fig. 4(c). For
a metal-semiconductor-metal device with a fixed bias (e.g.,
VDs, read > 0), we can simplify its two-Schottky-barrier model
to a single barrier model at the electron injection terminal
(source terminal, supplementary Note 3).[431 Usually, FRS is
attributed to the change of SBH modulated by switched po-
larization charges (supplementary Note 4). However, for the
devices contacted with conventionally evaporated electrodes,

the existence of high-density gap states can screen the polar-
ization charges and constrain the SBH modulation, leading to
negligible FRS.

To eliminate the effects of gap states, we fabricated
a-In,Ses ferroelectric memristors with transferred Au elec-
trodes. As shown in Fig. 4(d), the output curves under small
bias range still show an absence of a hysteresis window, but
the near-linear behavior suggests the formation of Ohmic con-
tact. Upon increasing the Vpg sweeping range, devices with
transferred Au contacts exhibit gradually enlarging hysteresis
windows (Fig. 4(e)) and significantly higher channel currents
compared to their evaporated counterparts. Under sufficiently
large Vps and Vi ranges, both dual-sweep output curves and
transfer curves show saturated hysteresis windows due to full
in-plane and our-ot-plane polarization switching (Fig. S16),
confirming that the observed FRS originates from ferroelec-
tric polarization switching. We also fabricated a-In,Se; ferro-
electric memristors contacted with transferred Ti and Pt elec-
trodes. The electrical characteristics are shown in Fig. S17.
The different non-linearities of the output curves under a small
bias range indicate varying initial SBH. All of them exhibit
gradually enlarged and then saturated dual-sweep hysteresis
windows in output and transfer curves. As the band diagram
shown in Fig. 4(f), when the in-plane polarization of the chan-
nel is switched by positive or negative Vpg voltage, the absence
of gap state screening allows effective SBH modulation by po-
larization charges, significantly altering the device resistance.

Our transfer electrode method markedly enhances the
FRS of a-In;Se; memristors, achieving more than an order of
magnitude improvement in our devices. This novel interfacial
engineering approach can also be extended to other thermionic
emission dominated 2D long-channel memristors, showcasing
its versatility and effectiveness.
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Fig. 4. Comparison of electrical performance of ferroelectric a-InSez memristors with evaporated and transferred electrodes. (a), (d) Ips—
Vps dual-sweep output curves of evaporated (a) and transferred (d) Au-contacted a-InpSes memristors under small Vpg sweeping range.
The optical images of the devices are shown in the corners; scale bars are 20 um. (b), (e) Ips—Vps dual-sweep curves of evaporated (b)
and transferred (e) Au-contacted a-In,Se; memristors under increasing Vpg sweeping range. (c), (f) Energy band diagrams at the electron
injection side (Vps > 0) of memristors with (c) evaporated electrodes and (f) transferred electrodes. The ellipses in the semiconductor band
gap represent the in-plane ferroelectric dipoles in a-In;Ses channel. The red and blue arrows indicate different polarization directions.
The blue balls represent electrons. The gray rectangles between electrodes and channels indicate gap states.

2.4. Transferring metal with arbitrary types and patterns

Our transfer method is uniquely versatile, allowing the
use of various metals regardless of the adhesion force between
the metal and the substrate. For Au and Pt with weak adhesion
force, Pd with intermediate adhesion force, and Ti and Cr with

2230110 x 10 metal squares with a side

strong adhesion force, !
length of 15 pum were fabricated and could all be successfully
transferred onto PPC films with a yield of 100%, as shown in
Figs. 5(a)-5(e). In addition to metal types, our method’s com-
patibility with complex metal patterns further demonstrates its
universality. To test this, we prefabricated a Hall bar pattern
with six electrodes fixed by a surrounding frame on a SiO,/Si
substrate (Fig. 5(f)). This pattern was successfully transferred
onto PPC tape, leaving the frame on the substrate (Fig. 5(g)),
and then laminated onto a target 2D material without deforma-
tion (Fig. 5(h)). Furthermore, we verified the method’s capa-

bility to transfer intricate irregular-shaped metal patterns. As

an example, we pre-fabricated the “IOP” logo on a SiO,/Si
substrate (Fig. 5(i)), which was then picked up by PPC tape,
leaving the complementary logo frame on the SiO,/Si sub-
strate (Fig. 5(j)). Finally, the IOP logo was laminated onto
another substrate without any wrinkles (Fig. 5(k)).

We summarize the existing electrode transfer methods
and compare them with our approach in Table S1 and supple-
mentary Note 6. While previous methods have achieved no-
table contact performance, such as approaching the Schottky—
Mott limit for MoS,/PMMA?2] and WSe,/PMMA FETs, 34
p-type bilayer WSe, FET with high hole mobility and low

(241 and ultra-stable t-Au/graphene contact

contact resistance,
under harsh environments,?! etc., they often suffer from
limitations.*®) For example, low transfer yields for strong-
adhesion metals, the need for additional materials or special
substrates to weaken the adhesion force, and restrictions on

the metal pattern design, all of which increase complexity.
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100 pm

Fig. 5. Universality of the metal transfer method. Optical images of 10 x 10 metal squares on PDMS/PPC tapes with 100% transfer
yields, for (a) Ti, (b) Cr, (c) Au, (d) Pd, and (e) Pt. Optical images of fabricated Hall bar electrodes on the SiO,/Si substrate (f), the
surrounding frame remaining on the SiO,/Si substrate (g), and the Hall bar transferred onto the target 2D material on another SiO,/Si
substrate (h). The left corner of (h) shows a zoomed-in optical image of the center contact region of the Hall bar device, with an
electrode width of 1 pm. Optical images of fabricated IOP logo on the SiO,/Si substrate (i), the complementary frame remaining on
the SiO,/Si substrate (j), and the IOP logo transferred onto another SiO,/Si substrate (k). The scale bars are 100 um for (a)—(e), 80 um
for (f)—(h), 150 um for (i)—(k), and 10 um for the zoomed-in optical image in (h).

In contrast, our metal prefabrication process uses straightfor-
ward lithography and metal deposition on traditional silicon
wafers, and the resulting freestanding metal film eliminates
peeling issues, making it suitable for a wide range of metals
and patterns.

3. Conclusion

In summary, we have developed a universal resist-assisted
method for transferring electrodes to contact with 2D semicon-
ductors. This method employs PMMA as a sacrificial layer
and introduces metallic “micro-joints” to create nearly free-
standing electrodes on the SiO,/Si substrate, which can be
easily picked up. 2D semiconductor FETSs fabricated by our
transfer method feature atomically uniform channels and ex-
hibit intrinsic transport properties. With increasing metal work
functions of transferred electrodes (Ti, Cr, Au, Pd, and Pt),
MoS; FETs show linearly increasing Schottky barrier heights
accompanied by a transition in transport behavior from n-type
dominated to ambipolar. All InSe FETs exhibit pronounced
ambipolarity. Additionally, the transferred electrode can en-
hance the resistance switching behavior of a-In,Ses ferroelec-

tric memristors. Our method offers an efficient and universal
approach for transferring metals with varying adhesion forces
and complex patterns, which is significant not only for fabri-
cating high-performance 2D semiconductor devices but also

for constructing complex microstructures.
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