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ABSTRACT

The interface properties and thermal stability of bismuth (Bi) contacts on molybdenum disulfide

(MoS>) shed light on their behavior under various deposition conditions and temperatures. The



examination involves extensive techniques, including X-ray Photoelectron Spectroscopy (XPS),
Scanning Tunneling Microscopy (STM), and Scanning Tunneling Spectroscopy (STS). Bi contacts
formed a van der Waals (vdW) interface on MoS; regardless of deposition conditions, such as
ultra-high vacuum (UHV, 3x107!! mbar) and high vacuum (HV, 4x10°® mbar), while the oxidation
on MoS> has been observed. However, the semi-metallic properties of Bi suppress the impact of
defect states, including oxidized-MoS, and vacancies. Notably, the n-type characteristic of
Bi/MoS; remains unaffected, and no significant changes in the Local Density of States (LDOS)
near the Conduction Band Minimum (CBM) are observed despite the presence of defects detected
by STM and STS. As a result, the Fermi Level (Er) resides below the conduction band of MoS,.
The study also examines the impact of annealing on the contact interface, revealing no interface
reaction between Bi and MoS> up to 300 °C. These findings enhance our understanding of
semimetal (B1) contacts on MoS,, with implications for improving the performance and reliability

of electronic devices.

Introduction

Molybdenum disulfide (MoSy) is a representative transition metal dichalcogenides (TMD)
material that has received considerable research focus in recent years due to its remarkable
mechanical, electronic, and optoelectronic properties. MoS> has demonstrated promising
electronic device performance, such as a near-ideal subthreshold swing (~60 mV/dec), high Ion/Iosr
ratio (>10%), and mobility (~200 cm?V-'s).!* However, there are still unsolved problems
regarding the intrinsic performances of opto- and electronic devices.’ In particular, contact

resistance is a crucial issue that has been studied from various perspectives. Notably, the Schottky



barrier height between contact metal and channel TMD materials does not always align with the
traditional Schottky-Mott theory, which typically defines the Schottky barrier height the difference
between metal contact work function and the Fermi level of semiconductor.®!> The possible
reasons for these inconsistencies are considered to underestimate the impacts of fabrication
conditions and process methods.'*!* The metal-induced gap state (MIGS) originates from the
penetration of the metal’s electronic wavefunctions into the band gap of the semiconductor.™ This
influences where the Fermi level becomes “pinned” within the band gap.'® Moreover, defect-
induced gap states (DIGS) are also known as determining the electrical contact properties at the
interface, which can determine the conductance type of semiconductor due to defects rather than
the contact metal’s work function.'>!” Recently, semimetal contacts have been suggested to avoid
the Fermi level pinning problem by suppressing MIGS and DIGS, and they have been reported to
have low contact resistance with high on-current density.!%!%!? It appears that work functions (Sn:
438 eV, Bi: 4.25 eV, Sb: 4.01 eV)? close to the conduction band minimum of MoS,, and the
density of states (DOS) saturates to zero where the Fermi level resides. This alignment plays a
significant role in achieving these excellent n-type contact properties. In addition, the thermal
stability of the contact interface assumes a significant role in metal contacts on Transition Metal
Dichalcogenides (TMD) due to the annealing process inherent in semiconductor fabrication.

During the back end of line (BEOL) fabrication, the annealing process reaches temperatures up to

400 °C.2""*? Consequently, a comprehensive understanding of interface properties under different

temperature conditions, up to 400 °C or lower, becomes imperative.

To comprehensively understand the contact properties, it is important to investigate the interface

chemistry and determine the role of interfacial chemistry, defects, MIGS, and the deposition



ambient with apparent device performance. In this work, XPS is employed to reveal the contact
interface reaction and the resulting band alignment between Bi and MoS», offering a macroscopic
view of the interface. Additionally, STM and STS are used to provide detailed insights at the

atomic scale between MoS» and Bi, both with and without the presence of defects.

Results

Interface chemistry

In the Bi/MoS; bulk system, the formation of strong interface bonding between Bi and MoS; is
found to be below the detection limit, regardless of the deposition ambient, as shown in Figure 1.
This observation implies that MoS, maintains its surface crystal structure without undergoing a
substantial reaction to the presence of Bi. Concerning the chemical state of MoS,, the full width at
half maximum (FWHM) of the Mo 3d peak is initially measured to be 0.53 eV before metal
deposition. Subsequently, the FWHMSs after deposition are recorded at 0.49 eV (UHV) and 0.57
eV (HV), respectively. Notably, these FWHM changes fall within 0.05 eV, the energy resolution
of the hemispherical analyzer of the monochromatic XPS, indicating that the insignificant changes
in the chemical bonding state are below the limit of detection. The FWHMs of the S 2p peaks
corresponding to MoS> states are detailed in Table S1 for both HV and UHV conditions before
and after Bi deposition, indicating no detectable change in the chemical state. These findings are
consistent with thermodynamic predictions by the Gibbs free energy, where AG%f p05, (-112.95
kJ/mol) is lower than AG% g; s, (-46.87 kJ/mol).?’

In the Mo 3d spectra of the HV-Bi/MoS; system presented in Figure 1(a), the presence of MoOx

bonding features is evident at a binding energy (BE) around 230 eV (orange peak fit), while MoOs

feature, between 232.1 to 233.6 eV?, is below the detection limit of XPS. In addition, oxidation



of the Bi to form Bi,03; bonding is also detected (BE = 159.2 eV, Figure 1(b)). Such oxidation
may be attributed to the water and -OH residues in the HV chamber or the subsequent exposure to
air during the ex-situ transfer process, potentially leading to the surface oxidation of bulk-MoS,.
Oxidation is plausible when considering that the activation energy barrier can be overcome,

particularly given the thermodynamically favorable bonding states of MoO2 (AG®f p00,=-226.50
kJ/mol) and MoO3 (AG®f mep,=-266.67 kJ/mol). The XPS analysis for the detection of such

oxidation is noted in the S 2p spectra, as shown in Figure 1(b), with detailed zoomed-in peak fitting

results in Figure 1(c).
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Figure 1 (a) Mo 3d, (b) Bi 4fand S 2p XPS reference spectra of the freshly exfoliated bulk-MoS,
sample, the bottom spectra are before metal deposition, and the spectra are after UHV and HV
metal deposition. (¢c) Zoomed-in XPS BE region 165.0-161.5 eV after HV-Bi deposition. The y-

axis of spectra was not normalized, but the HV metal deposition sample was multiplied 6 times to



show the evolution of spectra while the process progressed. The residuals of the peak fitting are

plotted underneath spectra as a gray curve.

The O 1s and C ls spectra also exhibit no discernible reaction products with MoS: or Bi, as
shown in Figure 2(a, b). The O 1s core level spectra of the HV-Bi sample in Figure 2(a) show that
reasonable oxide features are attributed to adventitious carbon/organic compounds and oxidized
Bi (Bi203) resulting from the ex-situ transfer process. However, the Mo-O bonding feature falls
below the detection limit of XPS when examining the O 1s core levels. It’s important to note that
the sensitivity factor (0.711) for O 1s is smaller than that for Mo 3d (2.867), and overlapping oxide
features further complicate their distinction. In Figure 2(b), the presence of adventitious carbon
species (C-C, C-O, and C=0) is evident, likely originating from the brief exposure of the sample
to air during the transition from exfoliation to placement within the cluster tool. Nevertheless, the
detection of carbon reaction products bonded with Bi and MoS; (with a BE region 282.0-283.2 eV

labeled as “M-C”) remains below the limits of detection for XPS.
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Figure 2 (a) O Ls, and (b) C 1s XPS spectra of the bulk-MoS, sample before and after Bi deposition
under UHV and HV conditions, (c) The Gibbs free energy plot of the possible interface reaction

products between TMD materials and Bi.

The surface morphology, as revealed by ex-situ AFM scanning, demonstrates the formation of
islands on bulk-MoS; following Bi deposition, as depicted in Figure 3. These findings are
consistent with the Volmer-Weber growth model, which elucidates island growth due to a weak
interaction between Bi/MoS: and is corroborated by the XPS results. While the quartz crystal
microbalance (QCM) indicated an equivalent Bi thickness of 1 nm across the unit surface area, the
ex-situ AFM revealed that the actual average thickness of the Bi islands reached 2.4 nm. It is
important to note that this measurement reflects Bi oxidation due to the ex-situ AFM process, as
shown in Figure S2, meaning that the XPS data includes information from the contact interface.
Furthermore, Supporting Information Section 2 illustrates that oxidation can occur during the ex-
situ transfer process through the exposed MoS» surface. In Figure S2, we identified distinguishable
features like MoS2, MoOxSy, and S-O bonding by analyzing oxidized Mo characteristics

corresponding to the previously reported.?* These results indicate that long-term air exposure can



partially lead to oxidation, specifically MoOxSy and S-O. Considering the HV sample’s relatively
short air exposure time, it becomes challenging to disregard the potential occurrence of oxidation
during the HV e-beam deposition for Bi contact on bulk-MoS» under typical device fabrication

conditions.

7.0 nm b)

[ ]
«—— van der

5.0
Waals

4.0

3.0

2.0

UHV deposition

0.0

Figure 3 (a) The AFM surface morphology analysis after UHV-Bi deposition. (b) The schematic

side-view draw after Bi deposition.

Device performance of (UHV and HV) Bi contact on 1L-MoS: field-effect transistors

The contact resistance of 1L-MoS2 field-effect transistors (FET) reveals a dependence on the
deposition ambient for the same contact metal, as reported in several studies for other contact
metals on TMDs.2>2® This dependency is partially attributed to the degradation of metal properties
caused by the specific conditions of the deposition ambient, demonstrating sensitivity to both the
deposition ambient and the fabrication process for MoS;-based electrical devices. Despite this,
MoS: field-effect transistors exhibit commendable device performance irrespective of the Bi
deposition ambient. The Experimental Methods section below provides details on the device

fabrication.



Figure 4 shows the transfer and output characteristics of Bi contacted 1L.-MoS> FETs, deposited
at different vacuum conditions. Figure 4(a) presents a set of HV-Bi contacted 1L-MoS, FETs with
different channel lengths. A clear channel length dependent Ips is observed. A similar behavior
also is observed at UHV-Bi contacted ML MoS, FETs, as shown in Figure 4(b). Because the
thickness of dielectric layers is different between HV-Bi and UHV-Bi contacted ML MoS» FETs,
we compare the output curves of HV-Bi and UHV-Bi at a similar carrier density in Figure 4(c).
The carrier density is calculated from the dielectric layer and air gap between 1L-MoS> and the
dielectric layer?®. As shown in Figure 4(c), the HV-Bi and UHV-Bi contacted 1L-MoS, FETs
present a similar current level in the output curves. After the contact resistance extraction through
the Transfer Length Method (TLM) structure of HV-Bi and UHV-Bi contacted ML MoS; FETs,*
we plot the contact resistance versus carrier density in Figure 4(d). The HV-Bi and UHV-Bi both
present a similar contact resistance value versus carrier density. A detailed statistical study of the

device behavior is beyond the scope of this work and will be presented elsewhere.!
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Figure 4 Transfer characteristics and contact resistance of HV-Bi and UHV-Bi ML MoS: FETs.
(a) Transfer curves of a set of HV-Bi contacted ML MoS> FETs with different channel lengths,
from 65nm to 385nm. (b) Transfer curves of a set of UHV-Bi contacted ML MoS, FETs with
different channel lengths, from 85nm to 985nm. (c) Output characteristics of both HV-Bi and
UHV-Bi contacted MoS> FETs with L¢y ~ 85nm. (d) Contact resistance versus carrier density for

HV-Bi and UHV-Bi.

Band Alignment Study of Bi/MoS:2 System

Determining the Er of the bulk-MoS; substrate relative to the valence band edge involves
extrapolating the low binding energy (BE) tail of the valence band spectrum through linear
regression while accounting for the background noise level in the XPS spectrum.’?3* This

approach provides a constant energy difference between core levels and the valence band edge,
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making it suitable for studying Er shifting and band alignment. (See Supporting Information
section S3.) Consequently, the valence band edge serves as an indicator of the initial band
alignment in a semiconductor, assuming knowledge of the band gap. Shifts in core levels towards
lower or higher BE observed during material deposition correspond to equivalent changes of Er
towards the valence band and conduction band, as described in the supporting information. This
technique 1is valuable for determining the Er shifting in metal-semiconductor

heterostructures,®%!3-26:3433

as demonstrated throughout this study, and for assessing band
alignment in semiconductor heterostructures.

The initial Er of bulk-MoS, shows variations depending on the scanning areas, even if all
samples were exfoliated from the same bulk material, as shown in Figure 5. This is because defects
of bulk-MoS,, including vacancies (Vmo, Vs), can cause the Fermi level to shift due to the induced
electronic mid-gap states.>®*” Afterward metal deposition under UHV and HV conditions, the
shifts of the Er were analyzed. Interestingly, the Fermi level position formed after metal deposition
consistently lies just below the conduction band. In the case of Bi contacts on TMD semiconductor
materials, as shown in Figure 5, the Fermi level position remains relatively uniform and close to
the work function for Bi (¢wr= 4.25 eV)*. Even though the previous conventional metal contact
reports have highlighted the significant influence of Fermi level pinning due to interfacial

properties and reactions, irrespective of work functions,®11:39:40

this observation provides
evidence of the strong suppression of MIGS resulting from the d-orbital characteristics in the

valence band of MoS,, influenced by the semi-metallic nature of Bi.
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Figure 5 Band alignment of Bi contacts with bulk-MoS; before and after Bi deposition under UHV
and HV conditions. The Ers obtained from the initial valence band maximum and the TMD core
level shift after metallization in corresponding conditions. The Bi work function value is denoted

by the dash-dotted line in the schematic.

In order to gain a deeper understanding of the Er and electrical contact properties at the interface
between Bi and MoS: used in the device fabrication, a sample of 1L-MoS> was prepared for STM
and STS investigations. (see Supporting Information section S4.) The lattice constants of the
measured MoS were determined by STM to be 3.16 A, (see Supporting Information section S4)
aligning with the reported lattice constants of single-layer MoS,.2%*4? In addition, STS
measurements were performed to investigate the electrical properties of the Bi/MoS; system. By
analyzing the first derivative of the current-voltage (I-V) curve, denoted as dI/dV, it could

quantitatively assess the local electron density of states (LDOS) on the surface.*** Figure S5
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shows the different LDOS of each location, but the conduction band minimum is close to the Er.
Additionally, (110) and (111) surface orientations of the Bi are detected. Figure 6 presents STM
and STS results for various defects at room temperature. The data acquisitions were conducted at
room temperature to elucidate the contact interface properties under actual device operation
temperature. The STM image showcases the MoS; structure on the Bi (110) surface, with a few
defects circled in red. Subsequently, four STS measurements were performed along the red line

indicated in Figure 6(a), as shown in Figure 6(b).
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Figure 6 (a) an STM image taken from 1L-MoS> on a Bi film (Thickness = 50 nm). (b) STS spectra
were taken following the red line in the STM image, and (c) STS spectra were taken following the
blue line in the STM image. Image obtained at 0.4 V sample bias, 0.5 nA tunneling current. The

inset figure (b) shows the STS spectra in logarithmic.

As the scanning spot approaches a defect on the sample surface, a distinct defect state emerged
in the STS spectra at -1.25 V. This defect state corresponds to Molybdenum vacancy (Vwmo), an

unfilled state formation, as shown in Figure 6(a) under positive sample bias. Figure 6 (b, c) show
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that the position of the defect state (indicated by the gray arrow) in the STS agrees with the reported
results from low-temperature (77 K) STM measurements and the DFT calculations, which assume
0 K ground state conditions, were close to the VBM.?"#>#7 Despite the presence of this defect, it
appears that the n-type characteristic of Bi/MoS; is not significantly influenced. There are no
discernible alterations in LDOS formation near the CBM, irrespective of the proximity to the
defect. The inset of Figure 6(b) presents the STS in a logarithmic scale for a more apparent
observation. The lowest dI/dV value remained constant at -0.05 V without shifting while the p-
type defect state appeared.

To summarize, this portion of the study investigated the relationship of surface/interface
properties and electrical contact properties of the semi-metallic Bi and MoS: interface at room
temperature. Valuable insights, by XPS, were gained into Er shifting and band alignment in
semimetal-semiconductor heterostructures. The initial Er of MoS; exhibited variations attributed
to defects. After metal deposition under UHV and HV conditions, the Er is consistently positioned
just below the conduction band, indicating the strong suppression of MIGS due to Bi’s semi-
metallic nature. Further investigation using STM and STS on 1L-MoS»/Bi revealed consistent Er
locations and electrical properties at the MoS»/Bi, regardless of defects. Despite the presence of p-
type defect states, the n-type characteristic of MoS; on Bi remained unaffected, with no discernible
alterations in LDOS near the CBM. These findings highlight the robustness of the electrical
properties and band alignment at the Bi/MoS; interface, which could pave the way for the

development of advanced electronic devices.

Thermal stability
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The contact interface undergoes significant changes depending on the temperature.*®* Bulk-
TMD materials purchased from HQgraphene,’® are meticulously placed on a titanium sample
holder. MoS; is securely affixed using stainless steel screws and thoroughly cleansed with nitric
acid to prevent contamination during annealing. This cleaning method ensures that the samples
can undergo annealing without the risk of contamination from materials such as carbon tape or
residues from unclean screws. Thermal stability evaluations were conducted before and after
annealing to investigate the interface properties of Bi contacts utilizing an in-situ UHV cluster
system. The UHV base pressure level was below 3x10!'! mbar throughout the process, and the
UHV system remained fully isolated once the samples were loaded to inhibit potential
contamination. The vacuum conditions during the annealing process were kept below 3x10” mbar.
This setup allowed for a detailed examination of the evolution between the metal and TMD at
various annealing temperatures.

Figure 7 illustrates the XPS spectra of the Bi/bulk-MoS, sample, providing insights into the
surface and interface chemistry. Prior to metal deposition, the MoS; states were detected in both
Mo 3d and S 2p core level spectra, with no observable oxidation features on the MoS» surface
post-exfoliation (Figures 7(a,b). The interface bonding chemistry between Bi and MoS,, following
Bi deposition, is below the detection limit of XPS, as shown in Figure 1 and Figure 7. Figure 7(c,
d) shows the spectrum of carbon and oxygen originating from adventitious carbon.’! This indicates
that these incidental contaminants play an insignificant bonding role at the Bi/TMD interface and
remain inert with Bi and MoS,. It is also noteworthy that weakly bonded adventitious

carbon/organics were vaporized at temperatures of 200 °C or higher.
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Figure 7 XPS spectra of the bulk-MoS> crystal before and after the corresponding fabrication
process, (a) Mo 34, (b) Bi4f, and S 4p, (c) C 1s, (d) O 1s core levels, (¢) AFM image after annealing
at 300 °C, and (f) schematic structure of Bi/TMD after Bi deposition (left) and annealing at 300

°C for 1 hour (right).

In Figure 7(b), the Bi 4f spectra exhibit a distinct metallic feature, with the intensity diminishing
as the annealing temperature increases. Following annealing at 300 °C, the Bi intensity approaches
the noise level of XPS spectra, and no detectable reaction products between Bi and MoS,, such as
Bi2S3, MoBixSy, or MoSy, emerge in the XPS spectra. This reduction in intensity can be attributed
to the elevated vapor pressure of Bi, which exceeds ~6x10" mbar at 300 °C, causing the desorption
and vaporization of Bi under the UHV conditions.’>> The rapid change in chamber pressure
observed during annealing further supports the Bi evaporation. Although the possibility of Bi
diffusion into the MoS; substrate cannot be entirely ruled out, the evidence strongly suggests that

evaporation is the primary factor contributing to the disappearance of Bi in this study. This result
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demonstrates the need for capping (encapsulating) the Bi contact for better thermal stability in
device fabrication. As noted previously, the devices typically incorporate a Au capping layer
accordingly.’!

The surface morphology of Bi/MoS; systems has been studied by room temperature AFM after
300 °C anneal under UHV. In the preceding sections, we established that Bi tends to form islands
on all MoS> due to their weak interaction. After 300 °C anneal in UHV, Bi islands disappeared,
and an atomically flat surface was observed, measured as 0.07 nm of RMS roughness. This result
is congruent with the observation from XPS analysis that there is no detectable reaction or
deformation of MoS, during Bi sublimation. These results suggest that the persistence of weak
vdW bonding at the Bi/MoS; interface is present regardless of thermal treatment; Figure 7(f) is the
schematic image before and after the annealing process. It is also clear that, in the context of device
fabrication thermal budgets, contacts incorporating Bi may be problematic if not capped to inhibit

desorption/vaporization.?>!

Conclusions

In conclusion, this comprehensive study delves into the interface properties and thermal stability
of Bi contacts on MoS,, with device measurements indicating minimal differences between UHV
and HV deposition conditions, supported by detailed characterization showing consistent chemical
states and interface quality under both conditions. The key findings include the effective
suppression of DIGS without MIGS at the interface of Bi/MoS», evidenced by Er aligning below
the conduction band following Bi deposition. STM and STS analysis reveals that Er is unchanged
despite the presence of defects. The subsequent study extends this work to examining the thermal

stability of the Bi contact interface up to 300 °C. A thermally stable interface was observed while
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Bi was sublimated and vaporized under UHV conditions. This study offers a comprehensive and
fundamental understanding of the interplay between processing conditions, interface chemistry,
and electrical contact properties, providing valuable insights that can be harnessed in optimizing
device design and performance for practical applications. It offers a pathway to achieve optimal
device performance consistently, particularly in the context of semi-metallic contacts on TMD

systems.

Experimental Methods

Bulk-MoS:2 sample preparation

Bulk-MoS;, purchased from HQgraphene,*® is prepared by locating on a sample holder, a metal
plate made of titanium, and the top layers of MoS, were exfoliated by the scotch tape just before
loading the sample into the chamber, then the pressure reached a HV condition in less than 1 min.
It was noted that these bulk-MoS, materials can provide high-quality crystallinity compared to the
grown few layers of MoS,, which therefore provides a fundamental understanding of the interface
chemistry in an ideal situation.

1L-MoS: sample preparation

For the contact resistance and interface characteristics of monolayer MoS; (1L-MoS), chemical
vapor deposition (CVD)-grown 1L-MoS; was purchased from 2dsemiconductors.’* The CVD-
grown 1L-MoS, was transferred to HfO, substrates using polymethyl methacrylate (PMMA).
Samples for device and interface characterization were prepared accordingly. The metal (contact)
deposition was performed under UHV and HV conditions by the different e-beam evaporators at
UT-Dallas. The contact chemical characteristics between the metal and MoS; were examined using

monochromatic x-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM),
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scanning tunneling microscopy (STM), and subsequent field effect transistor (FET) measurements
at Purdue.

1L-MoS: FET fabrication and measurement

1L-MoS, was wet transferred onto the local bottom gate substrates at Purdue.?® The local bottom
gate substrates consist of a stack of Cr/Au (2/13nm) as gate metal, 5.5nm HfO, as a dielectric layer
grown by ALD. After the wet transfer process, the sample is annealed at a pressure of ~7x1078
mbar at 200 °C for 2 hours. Optical microscopy is used to identify flakes located on local bottom
gates, and the sample is spin-coated with photoresist PMMA and baked at 180 °C for 5 mins. Next,
source/drain contacts are patterned by a JEOL JBX-8100FS E-Beam Writer system at Purdue and
developed in an IPA/DI solution. This pattern process is then followed by e-beam evaporation of
20nm Bi and 50nm Au as a contact metal structure, with the Au layer utilized as a capping layer
to protect the Bi from spurious oxidation. These contact metal deposition processes were done
under UHV or HV conditions at UT-Dallas as described below: Bi/Au (20/50nm) contacts were
deposited sequentially in the respective vacuum chamber.’>*® Next, the sample undergoes a lift-
off process at Purdue for subsequent electrical characterization.

A Lake Shore CPX-VF probe station and Agilent 4155C Semiconductor Parameter Analyzer are
used to perform the electrical characterization at room temperature in high vacuum (=10 mbar).
Standard DC sweeps are used in the electrical measurements for all devices. All devices are
measured as fabricated at Purdue.

Metal deposition under UHV and HV conditions.

A titanium sample plate (4-inch diameter) was loaded into the analytical chamber for in-situ

XPS characterization to study the surface before metal deposition. Samples (10mm x 10mm) with

the interfaces of interest were mounted on the plate. Bismuth films of approximately 1 nm
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thickness were deposited on both bulk-MoS, crystal and 1L-MoS> film samples for XPS
measurements. The thickness of the deposited Bi was monitored using a QCM, which was
regularly calibrated to ensure accuracy by measuring the thickness on a flat Si substrate using
AFM and a step profilometer. The deposition was carried out using an ex-situ high-vacuum (HV)
e-beam evaporator (base pressure ~4x10°° mbar) and an in-situ ultra-high-vacuum (UHV) e-beam
evaporator (base pressure ~2x10!'! mbar). For the HV deposition, the sample after the metal
deposition was exposed to air for 5 minutes until reaching a HV (~1x10"® mbar) environment in
the load lock for subsequent XPS characterizations. In the case of UHV (HV) metal deposition,
the process involved using an acceleration voltage of 9 (9) kV, an e-beam current of approximately
39 (45) mA, resulting in a deposition rate of 0.2 (0.2) A per second for Bi. The substrate was
consistently maintained at room temperature throughout the deposition process, and the
temperature was continuously monitored using a thermocouple. For the films deposited under
UHV, the associated samples were transferred under UHV conditions (~2x107!! mbar) to the
analytical chamber through a transfer tube, a backbone interconnecting each chamber. >3-’

For device contacts, the deposition process, including the deposition rate, base pressure, and
acceleration voltage, was maintained identical to that of the XPS-measured sample. The thicker
(20nm) Bi layers were deposited e-beam evaporation followed by 50 nm Au for capping and
contact purposes in the same chamber.

Monochromatic XPS

XPS characterization was performed using a monochromatic Al Ka X-ray source with an energy
of 1486.7 eV and an Omicron EA125 hemispherical analyzer.’® Standard ASTM procedures were
followed to ensure accurate calibration of the EA125 energy analyzer.’® This involved attaching

sputter-cleaned Au, Ag, and Cu foils to the manipulator for convenient calibration as needed.*
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XPS core level scans were carried out both before and after the deposition of metal contacts,
utilizing a take-off angle of 45° and a resolution of 0.05 eV. The AAnalyzer peak fitting software
was employed to analyze all obtained features, ensuring precise spectral fitting.®® In this process,
uniformity was maintained across all spectra parameters for each feature. This encompassed the
background function, peak shape, and peak width, contributing to the accuracy of the analysis.

Scanning Tunneling Microscopy/Spectroscopy.

Samples were prepared using an exfoliation process to facilitate STM/STS and XPS
measurements as described in the Supporting Information, section S4. The STM images were
acquired using an Omicron VT-STM/AFM system with the constant current mode at room
temperature.*” Each STS spectrum is averaged from at least 15 repetitions to enhance the signal-

to-noise ratio. The STM images were processed using Gwyddion software. !
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