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Abstract

Beyond-silicon technology demands ultrahigh performance field-effect transistors (FETS).
Transition metal dichalcogenides (TMDs) provide an ideal material platform, but the device
performances such as contact resistance, on/off ratio, and mobility are often limited by the presence
of interfacial residues caused by transfer procedures. Here, we show an ideal residue-free transfer
approach using polypropylene carbonate (PPC) with a negligible residue coverage of ~0.08% for
monolayer MoS; in the centimeter scale. By incorporating bismuth semimetal contact with
atomically-clean monolayer MoS,-FET on h-BN substrate, we obtain an ultralow Ohmic contact
resistance Rc of ~78 Q-um, approaching the quantum limit, and a record-high on/off ratio of ~10™*
at 15 K. Such an ultraclean fabrication approach could be the ideal platform for high-performance
electrical devices using large-area semiconducting TMDs.

High-performance field-effect transistor (FET) is an essential building block for next-generation
semiconductor technologies beyond silicon-based complementary metal-oxide-semiconductor (CMOS)™.
Three-dimensional (3D) silicon technology suffers from degradation of FET performances beyond sub-3-
nm technology node2. One-atom thick (~0.7 nm) two-dimensional (2D) transition metal dichalcogenides
(TMDs) offer an ideal FET platform and have been investigated intensively during the last decade to
achieve high-performance FETs!. Nevertheless, practical applications of TMD-based FETs are limited due
to wafer-scale integration incapability and fabrication-provoked residues®*.

Recently, monolayer single-crystal TMDs grown by chemical vapor deposition (CVD) without involving
grain boundaries are available in wafer-scale and suitable for integrated circuits®®. Such atomically thin
fragile TMD materials further require transfer to a desired gate dielectric substrate by facilitating
mechanical supporting holder®. Traditionally, polymethyl methacrylate (PMMA) is used as a supporting
holder for device transfer®*. PMMA leaves notorious insulating residues on TMD surface which often
generates mechanical damage to the TMD during transfer’. As an alternative to PMMA, several other
polymers such as polydimethylsiloxane (PDMS), polyvinyl alcohol (PVA), polystyrene (PS),
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polycarbonate (PC), ethylene vinyl acetate (EVA), polyvinylpyrrolidone (PVVP) and organic molecules
including paraffin, cellulose acetate, naphthalene have been proposed as a supporting holder®’*,
Nevertheless, residues and mechanical damages are inevitably introduced during transfer and often degrade
FET performances.

Different types of metal contacts have been investigated for TMD FETs!%1°, Traditionally, titanium (Ti) is
used as a low work-function metal contact for n-type MoS; on SiO; gate dielectric. The presence of a
Schottky barrier and metal-induced gap states at the Ti-MoS; interface poses high contact resistance, low
on/off ratio, Fermi level pinning, and poor mobility?. Indium metal is introduced in MoS,-SiO; FET to
remove Fermi level pinning!®2%. This leaves nearly Ohmic contact but the practical implementation could
be limited due to low-temperature deposition requirement!®?t, Recently, Weyl semimetal bismuth (Bi)
contact is introduced for low contact resistance?’. Nevertheless, the contact resistance is almost twice the
guantum limit presumably owing to the PMMA-residue left-over at the interface.

Our aim is to search for a residue-free supporting holder for wafer-scale ultraclean transfer and to further
demonstrate the state-of-the-art device performances including Ohmic contact resistance, high current
on/off ratio, and on-current. Here, we show a residue-free transfer of CVD-grown TMD samples using
polypropylene carbonate (PPC) as a supporting holder which leaves negligible residue coverage of ~0.08%
on the TMD surface compared to traditional PMMA (~35%). PPC was previously used as a stamping holder
in the typical dry-transfer process?*2%. However, the stamping technique is suitable for the monolayer flake
size of as small as 30-40 pm??, A larger TMD flake size transferred by the conventional stamping
technique introduces wrinkling, mechanical damage, and transfer inhomogeneity. A conventional stamping
technique cannot be implemented for CVD-grown large samples for integrated circuits. A wafer-scale,
residue-free wet-transfer process is deemed necessary for electronics integration.

Here we introduce a residue-free wet-transfer approach in which PPC-enabled transfer can address
supporting holder contamination and flake wrinkling in the large-area homogeneous transfer of CVD-
TMDs. FET device fabricated by PPC method with CVD-grown monolayer MoS; reveals Ohmic contact
resistance of Rc ~78 Q-um close to the quantum limit due to the absence of interfacial residues between
MoS; and semimetal Bi. An ultrahigh current on/off ratio of ~10* at 15 K was also achieved using the h-
BN substrate. Our device exhibits state-of-the-art FET performances among all other previously reported
literature values.

Advantages of residue-free transfer technique

CVD-grown monolayer TMD flakes can be transferred using a traditional PMMA supporting holder (see
Methods and Supplementary Fig. 1a)>=°. Similarly, PPC as a supporting holder was developed in this study
to transfer CVD-grown monolayer MoS; (Supplementary Fig. 1b, 2-3). The complete removal of PMMA
supporting holder is a major obstacle in the community to date®>*-27. For example, very thin PMMA
residues (<20-30 nm thickness) exhibit low optical contrast/visibility and induce mechanical damage to the
transferred 2D flakes®8%2>27, PMMA residues remain more prominently in 2D heterostructure fabrication,
in which mechanical damage to the top layer is often observed in previous reports?®2°, Figure 1a shows a
schematic and corresponding optical micrograph (lower panel) of the TMD heterostructure (bottom TMD1:
WSe,, top TMD2: WS,) fabricated using conventional PMMA transfer method?. Interfacial PMMA



residue at TMD1/TMD2 interface (black arrows in Fig. 1a) emerged from TMD1 transfer and was optically
invisible. After the removal of the top PMMA holder, the top TMD?2 often suffers from mechanical damage
(for example, crumbled flake shown in Fig. 1b). In contrast, this problem can be resolved by using the PPC-
assisted transfer method. Here, PPC leaves negligible residues on the top of TMD1, TMD2, and at the
interface, confirmed by the optical micrograph shown in Fig. 1c and Supplementary Fig. 1¢ (no crumbled
flake).

The absence of PPC residues was further confirmed by atomic force microscopy (AFM). We chose
monolayer MoS; as a typical TMD for residue coverage and further used for FET analysis later due to i)
relatively higher carrier density (n.p at Vg = 0 V) among TMDs, ii) used as a benchmarking TMD material
for FETs, and iii) standard semiconducting TMD material for contact resistance studies in previous
literature'®>2, PPC residues were negligibly present (after PPC holder removal) on MoS; as shown in optical
image (Fig. 1d) and AFM topography (Fig. 1e) at high-resolution (Fig. 1f). AFM images were analyzed to
guantify residue coverage as shown in Extended Data Fig. 1a-e with a marginal PPC residue coverage of
~0.08 £ 0.0065% (Extended Data Fig. 1b,e and Supplementary Note 1). This is well contrasted with PMMA
residues with (~35 £ 0.0059%) coverage on MoS; (see Extended Data Fig. 1a,c). Similar behavior was
observed on the SiO; substrate, where PPC residue was negligible compared to PMMA (~43 £ 0.0061%
coverage shown in Fig. 1g-i and Extended Data Fig. 1a,d). The roughness of the PPC-transferred sample
(RMS = 0.66 nm shown in Fig. 1j) was close to the monolayer MoS; thickness (~0.7 nm shown in Extended
Data Fig. 1f), suggesting an ultraclean residue-free surface, in contrast with PMMA-transferred samples
(RMS = 5.6 nm). The roughness of PPC and PMMA residues on the SiO- substrate in Fig. 1k was similar
to those of MoS; in Fig. 1j.

Eliminating PMMA residues from the TMD surface is a challenging process due to the high reactivity of
the carbonyl group (C=0) in PMMA, which manifests strong adsorption energy on the 2D material surface’.
The issue of PMMA residues on 2D materials is well-known problem in the community®%, In order to
understand the underlying causes of the variation in PMMA and PPC (Extended Data Fig. 2a-c) residues
on the MoS; surface, we conducted a theoretical study employing density functional theory (DFT), as
shown in Extended Data Fig. 2 and Supplementary Note 2. Carbonyl group of PMMA trimer on MoS;
monolayer has higher adsorption energy (258 meV/cell) than PMMA backbone (101 meV/cell) from LDA
calculations (Extended Data Fig. 2d). In PPC trimer, however, carbonyl group yields lower adsorption
energy (91 meV/cell) than backbone (258 meV/cell), resulting in low adsorption energy in PPC-carbonyl
than PMMA-carbonyl. These results are consistent across different exchange-correlation functionals in the
DFT, including van der Waals correction schemes on PBE and LDA functional (see Extended Data Fig. 2e
and f). For PMMA, significant charge transfer occurs when the highly reactive carbonyl group is close to
MoS;, leading to strong adsorption. In PMMA, carbonyl group has two C=0 bonds involving charge
transfer and dipole moment, whereas PPC has a single C=0 bond in proximity to the MoS; surface. This
leads to stronger adsorption energy in PMMA than that of PPC. Insulating residues are known to increase
contact resistance in electrical devices. This increase carrier and phonon scatterings and introduce doping
effects in 2D materials®. Consequently, intrinsic 2D material properties such as electron mobility, thermal
conductivity, and threshold voltage degrade drastically upon device performances®. Furthermore, wrinkles
were significantly reduced in the PPC transfer process presumably due to higher Young’s modulus by one
order of magnitude stiffer than that of PMMA331:%2,



The insulating nature of residues was investigated by using conductive AFM (C-AFM) measurements. A
platinum-coated tip was used for contact mode scanning of monolayer MoS; transferred onto 50 nm-thick
Pt substrate. Residue-free PPC-transferred MoS, sample shows uniform current distribution (Fig. 2a),
which is in good contrast with the scattered spots (arrows) on PMMA-transferred MoS; (Fig. 2b). The mean
resistance (Rmean = 1.5 GQ) of PPC-transferred sample was lower than that (Rmean = 4.6 GQ) of PMMA-
transferred sample. The resistance profiles were extracted arbitrarily from PPC and PPMA (dashed lines)
samples to compare resistance variations (Fig. 2c). The PPC-transferred MoS; sample is rather uniformly
distributed and shows low resistance variations (red), suggesting residue-free uniform electrical properties.
In contrast, some spots with high resistance as high as ~95 GQ was observed on top of the PMMA residues.

Photoluminescence (PL) characterization was performed with three samples; i) as-grown MoS; (without
precursor cleaning), ii) PMMA-transferred MoS; (after precursor cleaning), and iii) PPC-transferred MoS;
(after precursor cleaning). The CVD-grown TMD materials inevitably introduce some remaining metal
precursors during CVD growth®*2, which can be removed after transfer®®**, PL spectrum of PPC-
transferred monolayer MoS; shows standard A-exciton near 1.88 eV and B-exciton near 2.02 eV under low
excitation power (135 pW) (Fig. 2d)®. By increasing excitation power to 10.5 mW (Fig. 2e), the PPC
sample exhibits significantly high PL intensity, ~20 times higher than the PMMA sample. Power-dependent
PL intensity was also plotted in Fig. 2f-h (and Supplementary Fig. 5) with different samples. PL peaks of
the as-grown sample emerged from excitation power of ~0.4 mW (Ps shown in Fig. 2f) and attributed to
the remaining precursors, as illustrated in AFM 3D topography (inset) and optical micrograph
(Supplementary Fig. 4a). Similar Py value was obtained from PMMA sample (Supplementary Fig. 4b).
Although precursors were removed during the transfer, the Py value remained same due to the emergence
of PMMA residue (Fig. 2g). In contrast, Py value from PPC sample was remarkably improved to 70 pyW
(Fig. 2h). The enhanced PL intensity was attributed to the absence of PPC residues (Supplementary Fig.
4c). In contrast, PL signal was reduced due to the absorption from precursors and PMMA residues.

Ultralow contact resistance

We next investigate electrical performances of residue-free MoS; FET using a top gate to elucidate the
effect of residues with PMMA and PPC (Fig. 3a). Five sets of device types were compared: i) PPC-
transferred Weyl semimetal Bi contact FET on h-BN substrate (Devicel, PPC-Bi: h-BN/MoSz/h-BN), ii)
that on SiO; substrate (Device2, PPC-Bi: SiO./MoS,/h-BN), iii) PPC-transferred Ti contact FET on SiO;
substrate (Device3, PPC-Ti: SiO»/MoS2/h-BN), iv) PMMA-transferred Bi contact FET on SiO; substrate
(Device4, PMMA-BI: SiO2/MoS,/h-BN), and v) PMMA-transferred Ti contact FET on SiO; substrate
(Device5, PMMA-Ti: SiO./MoSy/h-BN). Figure 3b shows contact resistance extracted from the
conventional transfer-length method (TLM) on monolayer MoS, FET*3%, The contact resistance in
Devicel was ~78 Q-pum at 15 K (Vg = 12 V), lower than ~92 Q-pm in Device2 with SiO; substrate
(Supplementary Table 1). Rc in Devicel was slightly increased to ~111 Q-um at room temperature, which
is the lowest among other devices. Similar behavior of contact resistance was also shown with Vg =0V,
although contact resistances of all the devices were slightly high due to low carrier density at Vq =0 V
(Extended Data Fig. 3). Such a low contact resistance is attributed to residue-free interfacial contact
between Weyl semimetal Bi and MoS; to overcome the Fermi level pinning, and h-BN substrate to
minimize substrate scattering.



PPC-Bi contact on SiO; substrate (Device2) shows a linear 13-V q relationship to a large drain voltage of up
to 2.5V, independent of the temperature, confirming Ohmic contact behavior (Fig. 3c, Supplementary Fig.
6 and 7a-c). The R-T shows non-linear metallic behavior (inset) similar to the previous report®. The
Schottky barrier height (®g) was extracted from a typical Arrhenius plot?°3¢ (Fig. 3d). PMMA-Ti contact
device shows a negative slope (®g = 33 meV) whereas, the PPC-Bi device shows a nearly constant ®g Slope
at low temperature (<50 K) and a positive slope at high temperature. This suggests the Arrhenius transport
model is inapplicable to Bi contact which is similar to the previous report?°. Furthermore, it does not satisfy
T2 transport (ideal thermionic emission model) shown in Supplementary Fig. 7d. The nonlinearity (N) can
be extracted from the 14-Vq which verifies zero SBH (N = 0)%°. At room temperature, nonlinearity was close
to zero for both Bi and Ti contact samples. The nonlinearity increased (N # 0) with decreasing temperature
in the PMMA-Ti sample (Device5), shown in Fig. 3e. Meanwhile, the PPC-Bi contact sample (Device2)
shows N=0 in all temperatures. This confirms Ohmic contact in the PPC-Bi device.

Figure 3f demonstrates the benchmark with the state-of-the-art Rc-nzp (2D carrier density) in different metal
contacts used in various semiconductor technologies for monolayer MoS,-FET¥1937  Bi MoS,-FET
(Devicel) exhibits the lowest Rc (~78 Q-pm) at 2D carrier density, nzp = 1.1x10* cm2 at 15 K. The contact
resistance was slightly decreased at higher n,p. All Bi contact devices show significantly lower Rc (yellow
region) compared to conventional metal contacts (grey region) used in this study (Ti) and literature®°, At
zero Vg (n2p =1.5%10' cm black arrow in Fig. 3f), Rc reached close to the theoretical quantum limit33%
(dashed line) of 66 Q-um.

Ultrahigh on/off ratio field-effect transistor

Figure 4a,b demonstrate the transfer characteristics (ls-Vy) of the Bi contact and Ti contact devices for
comparison. PPC-Bi contact FET on h-BN substrate (Devicel) showed an ultrahigh on/off ratio of 3.2 x
10° at 300 K (Supplementary Fig. 8). On/off ratio was slightly reduced in PPC-Bi contact FET on SiO;
substrate (Device2) due to the substrate-induced charge scattering. In contrast, in PMMA-Bi FET on SiO;
substrate (Device4), on/off ratio was significantly reduced to 2.2 x 10° by three orders of magnitude (Fig.
4a, Supplementary Fig. 9) due to the transfer-provoked PMMA residues. When Ti was used as a contact,
the contact resistance was as high as ~10° Q-um (Supplementary Table. 1). The effect of residues dominated
in the PMMA sample, nevertheless PPC slightly increases the on/off ratio of 10° (Fig. 4b and
Supplementary Fig. 10-11). Temperature-dependent transfer characteristics were compared for Bi and Ti
contact devices (Fig. 4c,d). The elevated current with decreasing temperature in the PPC-Bi FET device
(Fig. 4c) was similar to the previous report?®, and opposite to the PPC-Ti device (Fig. 4c inset) due to the
high contact resistance of Ti electrode®®*!. Interestingly, the residue-free PPC-Bi contact FET on the h-BN
substrate (Devicel) shows an ultrahigh on/off ratio ~10% at 15 K (Fig. 4d, Supplementary Fig. 8). The
temperature-dependent current variation (black arrow) in h-BN substrate (Devicel) sample was lower (Fig.
4d inset) than SiO, substrate sample (Device2) due to the reduced charge scattering and low contact
resistance. Figure 4e summarizes on/off ratios at two temperatures (15 and 300 K) for all Bi-contact samples.
At room temperature, the h-BN-based PPC-Bi device (Devicel) shows a consistently high on/off ratio
compared to SiO,-based devices fabricated with PPC transfer (Device2) as well as with PMMA transfer
(Device4). This trend is similar for PPC-Bi samples (Devicel) at 15 K but an ultrahigh on/off ratio of 1.4
x 10! was reached ( see Supplementary Fig. 6, 8, and 9).



Figure 4f compares two-probe (2P) mobility (pre) of MoS; FETs with Bi and Ti contacts. PPC-Ti-contact
device (black) showed the lowest mobility due to high Rc and SBH compared to Bi-contact devices. The
highest mobility was 19.2 cm?/Vs at 300 K in the PPC-Bi contact device on the h-BN substrate (Devicel).
The mobility was reduced marginally to 7.6 cm?/Vs in PPC-Bi contact (blue) on the SiO, substrate (Device2)
due to carrier scattering from SiO, substrate*>*3, PMMA-Bi-contact device (Device4) on SiO; substrate
exhibited much lower mobility due to the high Rc from the residues in the metal-TMD interface. The high
Rc effect on mobility became clear in the four-probe mobility measurements shown in Fig. 49. No
significant mobility difference was observed between four-probe and two-probe in the PPC-Bi device
(Device2), implying the low Rc effect. In contrast, two-probe mobility was lower than the four-probe
mobility attributed to the high Rc effect in the PPC-Ti contact device (Device3). In addition to four-probe
mobility, four-probe resistance was also examined for all devices (Extended Data Fig. 4). PPC-Bi device
(red) shows the lowest Rsp (~7.8x10° Q) followed by PMMA-Bi (~1.9x108 Q), PPC-Ti (~4.9x108 Q), and
PMMA-Ti (~8.7x10° Q) devices.

Benchmark with other semiconductor technologies

Figure 5a compares the on/off ratio with Rc of the semimetal Bi contact (PPC-Bi, PMMA-BI) with different
metal contacts including In, Ag, Au, Ni, and Cr in the literature (Extended Data Table 1). It was clear to
see that the reduction of Rc below 0.2 kQ-um sharply elevates the on/off ratio (yellow region). PMMA-BI
device (Device4) exhibited comparable device performance with the previous report?®. We note that the
FET device performance in previous report?® was limited due to PMMA residues between Bi and MoS,
leaving the charge scattering in the MoS; channel from the gate dielectric substrate (SiNx, SiO2) and open-
atmospheric effects. In contrast, Bi-contact MoS,-FET fabricated using the residue-free PPC wet-transfer
method (PPC-BI, Device2) gave rise to improving Rc (~112 Q-um) with nearly one order of magnitude
higher on/off ratio (~10°). The device performance was further improved in the state-of-the-art device
(PPC-Bi h-BN, Devicel) using low carrier scattering in an h-BN double-encapsulated MoS; channel at
room temperature and 15 K up to Rc ~78 Q-um with an on/off ratio of ~10**.

The maximum on-current (lon-max) Versus on/off ratio is a critical benchmark of high-performance FET
devices for signal processing***°. Figure 5b demonstrates lon-max-On/off ratio benchmark in different
semiconductors such as thin metal oxide (ITO), MoS,, metal oxides (IGZO, Zn0O), and black phosphorus
(BP)*46-62_ ppC-Bi contact device on the h-BN substrate (Devicel) shows an ultrahigh on/off ratio ~10%
(Fig. 4e, Supplementary Fig. 8) and lon-max = 1.4 mA/um at 15 K (see Supplementary Fig. 7b), superseding
all existing materials. The lon-max Slightly reduced in PPC-Bi on SiO; substrate (Device2) to ~1.2 mA/um at
15 K (Supplementary Fig. 7c). It should be noted that all Bi contact devices show Ohmic contact nature
(Supplementary Table 1) independent of the presence of residues. Nevertheless, FET device performance
was significantly limited in PMMA-BI Device4 due to the presence of carrier scattering from insulating
PMMA residues (Supplementary Fig. 12). Residue-free Bi-contact FETs based on other TMD (such as WS)
show Ohmic conduction (Supplementary Fig. 13) with a higher on/off ratio (~2.1x10°) compared to PMMA
residue-based WS,-FET (~107)?°. On the contrary, residue-free Bi contact MoS,-FET (PPC-Bi, Devicel
and Device2) exhibited ultrahigh FET device performance outperforming earlier reports (Fig. 5). These
results highlight that the residue-free monolayer MoS; FET performance can supersede other 2D and 3D
materials reported earlier.



Conclusions

In summary, our demonstrated MoS,-FETS establish a new benchmark with low R¢ of ~78 + 12 Q-um and
ultrahigh on/off ratio of ~10'%. Residue-free semimetal Bi contact with the top and bottom encapsulation of
monolayer MoS; results in such an ultrahigh FET performance. Moreover, this process was developed for
CVD-grown TMD for wafer-scale clean transfer (Supplementary Fig. 14-16) with low adsorption energy
of the PPC on the TMD surface (Extended Data Fig. 2, Supplementary Note 2, Supplementary Fig. 17) and
could be easily implemented for large-scale integrated circuit technologies.
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Figure Legends/Captions:

Fig. 1 | Residue-free PPC transfer vs traditional PMMA transfer. a,b,c, Schematic (top panel) and
optical micrograph (bottom panel) of a typical TMD heterostructure fabrication (a) before, (b) after the top
PMMA supporting-holder removal, (c) after PPC supporting holder removal (see Supplementary Fig. 1 for
complete process). Optically invisible PMMA residue stays between TMD1/TMD2 interface (for example,
WSe,/WSy), as highlighted by the black arrow. The top TMD?2 flake exhibits poor adhesion to the bottom
TMD1 due to the interfacial PMMA residue and suffers from crumbling and structural damage. In contrast,
TMD heterostructures fabricated using the PPC method show no structural damage, superior adhesion, and
good interfacial contact. d,e, Optical micrograph (d) and AFM topography (e) PPC-transferred monolayer
MoS.. f, High-resolution AFM topography (selected black box region in e) with negligible PPC residues
(coverage ~0.08%). g,h,i, Optical micrograph (g), AFM topography (h, i) of PMMA-transferred MoS; film.
The PMMA residue coverage was 35.2% on MoS; surface and 42.6% on SiO; substrate. j,k, AFM height
profiles (from dotted lines in f, i) for PMMA and PPC-transferred MoS; and SiO; substrate. The PPC-
transfer method (f) exhibits a flat height profile (RMS =~ 0.66 nm) compared to PMMA transfer (RMS ~
5.62 nm extracted from i).

Fig. 2 | Electrical and optical effect of the residues. a,b, Conducting AFM topography (top panel) and
current mapping of the monolayer MoS transferred by (a) PPC (Vbias = 0.1 V) and (b) PMMA (Vpias = 1
V) methods under atmospheric conditions. ¢, Average resistance (R) profile comparison on MoS; taken
from the colored dashed line in a, b. PMMA residues show high resistance peaks. The R peak highlights
the resistance increase (arrows) from the PMMA residues (black arrows in b) on the MoS; surface. In
contrast, the PPC transfer method results in uniformly flat resistance distribution. d,e, PL spectra of the
monolayer MoS, under low (d) and high (e) excitation power (532 nm) in as-grown, PMMA, and PPC
samples. Negligible residue in the PPC samples exhibited a very high PL intensity. f,g,h, Excitation power
dependent PL intensity mapping of the as-grown (f), PMMA (g), and PPC (h) transferred samples (identical
color scale). The presence of precursor residue (f-inset) in the as-grown and PMMA residue (Fig. 1h) results
in a similar power threshold (Pw) of ~ 0.4 mW. In contrast, the PPC sample shows a significantly low Py,
of ~70 uW under identical PL measurement conditions due to the residue-free PPC transfer method.

Fig. 3 | Ultralow contact resistance in monolayer MoS,. a, Schematic model of MoS, FET device
fabricated using PMMA (top panel shows residue in the metal-MoS; interface), compared to PPC (bottom
panel) methods. PMMA method leaves residues between metal contact and MoS; surface (black arrows),
resulting in device performance degradation. On the contrary, the PPC method exhibits negligible residues,
and device performance improves significantly due to the absence of transfer process-induced residue. b,
Rc extracted for Bi contact devices using transfer-length method (TLM) for Devicel, Device2, and Device4.
Device image (top inset) and magnified y-intercepts (2Rc in bottom inset) show the lowest Rc value (~78
Q-um) in Devicel at 15 K. ¢, Temperature-dependent output characteristics (I4-Vq) of Device2 (R-T plot
in the inset). d, Arrhenius plots of Bi and Ti contact devices. Bi contact (PPC-Bi, PMMA-BI) shows clear
ohmic contact behavior (®g = 0 at low temperature) compare to Schottky contact (®g = 33 meV) in Ti
contact device (PMMA-Ti). e, Nonlinearity (N = (d?l/dV4?)/2(dls/dVg)) for PPC-Bi and PMMA-Ti
contacts (Vq dependent N shown in the inset). N = 0 in the PPC-Bi confirms chmic contact between Bi and
MoS,%. f, Benchmark of Rc vs. nap in MoS, FET using different metal contacts for various semiconductor



technologies'®**%". The black dashed line represents the quantum limit of (Rc = 0.026 (n2p)°*) as calculated
in previous literature38%,

Fig. 4 | Ultrahigh on/off ratio in MoS; FET. a,b, Transfer characteristics (l4-Vg) comparison between (a)
Bi contact devices (Devicel, Device2, Deviced), Device performance was improved by using h-BN
substrate (Devicel) instead of SiO, (Device2). (b) Ti contact devices (Device3, Deviceb) at 300 K and Vs
=0.5V. c, Temperature-dependent l¢-Vg between Bi and Ti (inset) contacts. d, l4-Vg of the PPC-Bi device
on h-BN (Devicel) and SiO- (Device2, inset) substrates at the chosen temperature of T = 15 and 300 K. e,
On/off ratio vs. T plot for the Bi contact devices (PPC and PMMA). Bi contact device (Devicel) shows an
ultrahigh on/off ratio of 1.4x10"! at 15 K due to residue-free interfacial contact and low charge scattering
from the h-BN substrate. f, Two-probe field effect mobility (re) comparisons between Bi and Ti contact
devices (PPC and PMMA). PPC-Bi contact shows much higher pre. g, Two-probe and four-probe mobility
for Bi and Ti contact devices at 300 K. Almost similar e values between 2-probe and 4-probe suggested
insignificant R¢ effect.

Fig. 5 | Benchmark of ultra-clean large-area monolayer MoS,-FET. a, Benchmark of on/off ratio vs.
Rc in MoS; FET compared to different metal contacts used in semiconductor technologies0-1316:17.20.63-66,
b, Benchmark of the maximum on-current (lon-max) vS. on/off ratio of the MoS; FET (Lcw = 200 nm) for
PPC-Bi contact compared to black phosphorus (BP), MoS,, metal oxides, and thin metal oxides FETs
described in the literature*46-52, PPC-Bi contact on the h-BN substrate (Devicel) exhibited the highest
on/off ratio and lon-max @among all other devices.
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Methods
PPC and PMMA transfer methods for monolayer TMDs.

The CVD-grown monolayer MoS; was transferred by using the PPC (Sigma-Aldrich) and PMMA (Sigma-
Aldrich) by wet transfer method. First, PPC was spin-coated (6000 rpm, 1min) onto as-grown monolayer
TMD samples and subsequently baked in atmospheric condition at 90 °C on a hotplate for 1min., The films
were then released from SiO/Si growth substrate by etching in a concentrated hydrofluoric acid (HF)
solution at room temperature. The PPC/TMD stacks were picked up, rinsed with deionized water (several
times) and then transferred onto the target substrate. After transfer, the film was dried using an N2. Finally,
the sample was gradually immersed in a beaker of anisole (Sigma-Aldrich) for 10 min to remove PPC,
followed by rinsing in a beaker of acetone, IPA and ethanol. Afterward, the sample was allowed to dry in
N2 gas until complete solvent evaporation. For PMMA transfer, monolayer TMDs were transferred in the
same manner as PPC transfer for monolayer TMDs. PMMA was spin-coated at 3500 rpm for 1 min onto
the as-grown monolayer TMD sample. The sample was then baked in atmospheric condition at 150 °C on
a hot plate for 1 min. Finally, the PMMA support layer was dissolved by the gradual immersion in a beaker
of acetone for 20 min, followed by the gradual immersion in IPA, and ethanol.

PPC transfer methods for heterostructure TMDs.

The freestanding PPC/TMD stacks were picked up (after the above wet transfer) by a cleaned PET sheet
with a hole as shown in supplementary Fig. 1c. After that, the PPC/TMD stack was transferred to a dry
transfer holder (leaving TMD on the outside surface). Dry transfer holder with PPC/TMD film was placed
on the hot plate at 90 °C, for few seconds to dry excess moisture. Subsequently, two TMDs were aligned
and transferred at room temperature. The temperature of the sample stage was raised up to 90 °C for 2 min
to completely separate the PPC film from the metal dry transfer holder. Finally, the remaining PPC film is
removed by immersing in anisole for 5-10 min.

Device fabrication.

The standard electron-beam (e-beam) lithography was used to pattern the source/drain contacts with PMMA
e-beam resists (950 PMMA A4). An UHV sputter system was employed for depositing 20 nm Bi
(deposition rate 1 nm/min) and 50 nm Au capping layer (deposition rate 5 nm/min) at ~107 torr, followed
by a 10 — 20 min lift-off process in acetone at room temperature. Ti/Au (2/50 nm) electrodes were used for
the top gate electrode. We fixed channel widths (3 um) for all FET devices. The channel length (Lcn) was
varied from 200 nm to 1 pum for the TLM measurements. No chemical doping and annealing were



performed on all FET devices. All electrical transport measurements were performed in a vacuum (10 —
107 torr) in a Lakeshore cryogenic probe station by using a semiconductor characterization system
(Keithley 4200-SCS). h-BN (~15 — 20 nm) was used for top gate dielectrics in all FET studies.
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