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conductors with high current-carrying
capacity and strong spin-orbit interaction

Seunguk Song,1,3 Inseon Oh,1,3 Sora Jang,1 Aram Yoon,1,2 Juwon Han,1 Zonghoon Lee,1,2 Jung-Woo Yoo,1,*

and Soon-Yong Kwon1,4,*

SUMMARY

High-performance van der Waals (vdW) integrated electronics and spintronics
require reliable current-carrying capacity. However, it is challenging to achieve
high current density and air-stable performance using vdW metals owing to the
fast electrical breakdown triggered by defects or oxidation. Here, we report
that spin-orbit interacted synthetic PtTe2 layers exhibit significant electrical reli-
ability and robustness in ambient air. The 4-nm-thick PtTe2 synthesized at a low
temperature (�400�C) shows intrinsic metallic transport behavior and a weak
antilocalization effect attributed to the strong spin-orbit scattering. Remarkably,
PtTe2 sustains a high current density approaching z31.5 MA cm�2, which is the
highest value among electrical interconnect candidates under oxygen exposure.
Electrical failure is caused by the Joule heating of PtTe2 rather than defect-
induced electromigration, which was achievable by the native TeOx passivation.
The high-quality growth of PtTe2 and the investigation of its transport behaviors
lay out essential foundations for the development of emerging vdW spin-orbi-
tronics.

INTRODUCTION

In the past decade, there has been considerable advancement in two-dimensional (2D) van der Waals

(vdW) materials, which have high potential to be used in next-generation electronics and spintronics

because of their distinct physical and chemical characteristics (Song et al., 2020; Sung et al., 2017). Metallic

transition-metal chalcogenides (TMCs) have recently attracted considerable attention because they show

various quantum phenomena, such as topological phases (Amit et al., 2018), large magnetoresistance (MR)

(Ali et al., 2014; Zhang et al., 2020), and charge density waves (Neal et al., 2014). Nevertheless, as it is diffi-

cult to synthesize TMCs with large areas and high quality, particularly vdW metallic tellurides (Song et al.,

2020; Sung et al., 2017), new synthesis techniques are being extensively investigated. Most methods for

synthesizing metallic TMCs (e.g., TaSe3 (Empante et al., 2019), ZrTe3 (Geremew et al., 2018), and WTe2
(Song et al., 2019)) provide random small flakes on a substrate. Therefore, they are not scalable for conven-

tional lithography techniques in on-chip applications. Furthermore, metallic TMCs are typically vulnerable

to oxidation in ambient air (Lee et al., 2015; Pace et al., 2021; Stolyarov et al., 2016; Ye et al., 2016), which

initiates the degradation of atomic structures within a fewminutes, particularly for group-VI tellurides (Pace

et al., 2021; Ye et al., 2016). Hence, it is highly desirable to fabricate a high-quality vdWmetal in a 2D planar

form and investigate its air stability for the versatile use of 2D metals.

PtTe2 vdW crystal in a trigonal (1T) structure is an intriguing metallic TMC candidate because it has tilted

topological surface states with spin-momentum locking, namely, type-II Dirac fermions (Amit et al., 2018).

PtTe2 provides high spin-charge conversion efficiency with strong spin-orbit coupling (SOC) and high elec-

trical conductivity, which results in high spin-orbit torque (SOT) efficiency (Xu et al., 2020). Achieving a high

current density of PtTe2 (Ma et al., 2018a) can support the more effective generation of spin-transfer torque

via the spin Hall effect, thereby providing a valuable platform for its use in spintronic devices. Furthermore,

as it is essential to develop sharp and defect-free heterointerfaces for high-performance spintronics,

metallic TMCs with vdW interfaces and efficient spin-charge conversion can be promising spintronic

components to enhance spin injection instead of heavy 3D metals (e.g., Pt (Chen et al., 2021)) (Sierra

et al., 2021; Zhang et al., 2021b). However, the spin-orbit scattering length of few-layered PtTe2 has not
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been investigated in detail, although it is necessary to understand carrier scattering and the SOC effect in

conformally fabricated vdW thin films. Moreover, the high-field electrical transport and current-carrying ca-

pacity of PtTe2 thin films (except irregular small flakes (Ma et al., 2018a)) have not been explored; these are

crucial parameters for reliable operation and spin current generation in device applications.

In this study, we synthesize electronic-grade PtTe2 thin films with controllable thickness and position at a

complementary metal-oxide-semiconductor (CMOS)-compatible growth temperature of �400�C. The

4-nm-thick PtTe2 thin film exhibits intrinsic metallic transport without disorder-induced weak localization

(WL) or the Kondo effect at low temperatures owing to the high-quality synthesis. A magnetoconductance

study proves that 2D electron-electron interaction and weak antilocalization (WAL) occur in the presence of

SOC, supporting the realization of a truly 2D confined quantum system. Furthermore, the PtTe2 device can

sustain a significantly high current density (�31.5MA cm�2) in ambient air, which is the highest value among

air-exposed vdW TMCs until now. The result obtained using heat dissipation models suggests that the self-

heating of the channel, rather than defect-induced electromigration, facilitates electrical robustness. Addi-

tionally, breakdown behaviors are similar regardless of the exposure of the device to air. Consequently, this

study proposes the potential use of PtTe2 in interconnects in integrated circuits or SOT devices with high

reliability against oxidation-related degradation.

RESULTS AND DISCUSSION

Synthesis of PtTe2 thin film with an ideal stoichiometry

The PtTe2 thin film was produced using the powder-based tellurization of a Pt precursor (Figure 1A). The Pt

precursor was deposited on the desired substrate (SiO2/Si) located close to the Te powder at the center

of a horizontal furnace. Then, it was heated to �400�C under an H2 atmosphere at a pressure of �10

Torr. Vaporized Te formed an intermediate, i.e., H2Te (heat of formation z �146.4 kJ mol�1 (Zhou

Figure 1. Position-controlled synthesis of vdW PtTe2 thin films at CMOS-compatible low T

(A) Schematic of the growth of PtTe2 layers on SiO2/Si, where the powder-based vaporization of Te was conducted in a horizontal furnace at T = 400�C. The
conformal PtTe2 layers were created by tellurizing a Pt precursor patterned by conventional photolithography.

(B) Representative AFM image of an as-grown PtTe2 film, showing a thickness (H) of �4 nm. The inset shows the OM image of patterned PtTe2 (scale bar:

200 mm).

(C) Summary of H and roughness (Ra) for PtTe2 depending on H for pre-deposited Pt.

(D) Representative Raman spectrum of as-grown PtTe2 thin films depending on H. Degraded PtTe2-x was obtained at T = 750�C.
(E) Atomic-resolution TEM image of the PtTe2 thin film (inset: the corresponding fast Fourier transform patterns).

(F) TEM-EDS spectrum of the PtTe2 thin film, showing the strong signals of Pt and Te with an almost perfect atomic ratio for PtTe2 (at.% of (Te/Pt) z 1.98).

(G) XRD pattern of PtTe2 with distinguished (00ll) peaks.
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et al., 2017)), which reacted with the Pt precursor film while providing a relatively reactive environment

compared to an Ar atmosphere. The low synthesis temperature (�400�C) allowed for the direct preparation

of PtTe2 on diverse substrates with minimal thermal degradation and compatibility with the CMOS technol-

ogy. The microscopic morphology of PtTe2 was determined by the photolithographic patterning of the

pre-deposited Pt. This ensured the versatility of the position-controlled growth method. Atomic force mi-

croscopy (AFM) (Figure 1B) and optical microscopy (OM) (inset of Figure 1B) images indicated that the

PtTe2 thin film grown on SiO2/Si had a uniform and flat surface. The thickness (H) of PtTe2 linearly depended

on the thickness of the Pt precursor owing to the volume expansion of Pt via tellurization (Figures 1C and

S1). The 1-nm-thick Pt precursor was tellurized to form a PtTe2 thin film with a uniform thickness of �4 nm

(roughness Ra z 0.47 G 0.02 nm). This was the thinnest film that was obtained, and it was used for most of

the characterization in this study.

Raman spectroscopy showed the characteristic peaks of the crystal close to �110 and �157 cm�1, which

corresponded to the Eg and A1g modes (Ma et al., 2018a), respectively (Figure 1D). This showed that

PtTe2 was successfully grown. The difference between the Eg and A1g peaks increased with H (D z

44.3 and 47.2 cm�1 for H z 4 and 16 nm, respectively). The Raman signals for non-stoichiometric

PtTe2-x were absent for the as-grown thin film, whereas the film grown at 750�C showed the vibrational

modes of PtTe (not PtTe2) (Mc Manus et al., 2020; Zhang et al., 2021a) (the darkest spectrum in Figure 1D).

As the vibrational mode of the PtTe crystal is frequently observed in the previous studies of synthesized

few-layered PtTe2 (Li et al., 2021; Ma et al., 2018a; Mc Manus et al., 2020; Zhang et al., 2021a), the lack of

PtTe Raman peaks indicated the high crystallinity of the as-grown PtTe2 film. In addition, Raman mapping

was performed at four different areas (�12 3 12 mm2) along the PtTe2 film, which confirmed the film uni-

formity at the macroscopic scale (Figure S2). Figure S2B shows the Raman spectra captured at 1,600

different positions with a 300 nm interval, among which, one set was used for the Raman mapping

(Figures S2C and S2D). The consistency in the peak positions and the intensity of Eg and A1g modes indi-

cate the spatial uniformity and high crystallinity of PtTe2 across the measured area (�12 3 12 mm2).

Moreover, the Raman mapping images (Figures S2C and S2D) captured at positions 1–4 in the sample

show comparable mapping contrasts.

Furthermore, transmission electron microscopy (TEM) analysis confirmed the high-quality growth of PtTe2.

The high-angle annular dark-field scanning TEM (STEM) image shown in Figure 1E demonstrated the

distinctive hexagonal atomic arrangement of the 1T phase (Ma et al., 2018a) and lattice spacings of 0.20

and 0.35 nm for the (110) and (100) planes of PtTe2, respectively. The TEM-energy-disperse spectroscopy

(EDS; Figure 1F) and elemental mapping images of PtTe2 (Figure S3) indicated almost ideal stoichiometry

(at.% of (Te/Pt) z 1.98) and the homogenous distribution of Pt and Te atoms. Furthermore, the cross-

sectional STEM-EDS characterizations indicated the complete the tellurization of the Pt precursor and

layer-by-layer growth of PtTe2 (Figure S4). The layer-by-layer structure of PtTe2 is clearly visible even

near the PtTe2/substrate interface in the HAADF-STEM image (near location A in Figure S4A). Furthermore,

the EDS mapping images of Pt and Te show uniform distributions of the elements across the thin film

(Figures S4B and S4C). The EDS spectra in Figure S4E show strong Te and Pt signals in the PtTe2 film (Fig-

ure S4E). The EDS line profile of each element and the calculated atomic ratio between Te and Pt (at.% of

(Te/Pt)) are presented in Figures S4F and S4G, respectively. The averaged at.% of Te/Pt was 1.75 G 0.11

(mean G standard deviation) without any evident stoichiometric change along the PtTe2 thickness. The

slight Te deficiency compared to its ideal stoichiometry (at.% of Te/Pt of 2.0) was caused by the FIB, which

damaged the PtTe2 during the cross-sectional sampling.

Moreover, the X-ray diffraction (XRD) pattern comprised the diffraction peaks of the (001L) planes of PtTe2,

indicating that the preferred orientation of the thin film in the direction normal to the substrate (Figure 1G).

The XRD pattern did not exhibit any traces of Pt (111) or Pt (200) from the Pt precursor, which confirms the

complete tellurization of Pt. We proposed that the uniform layer-by-layer growth of PtTe2 through powder-

based tellurization occurred because of the decreased flow rate of the carrier gas and low temperature. The

slow reaction caused by the small Te flux prevented high nucleation densities (Kim et al., 2019) and/or the

formation of a strained structure (Choudhary et al., 2018), which might have promoted the formation of

vertically oriented 2D crystals at the initial growth stage (Choudhary et al., 2018; Wang et al., 2020). A

high reactor pressure and high Te flux resulted in the aggregation of crystals and the production of mi-

cro-voids along the thin film (Figure S5).
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Self-passivated PtTe2 surface under exposure to air

We examined the surface chemistry and oxidation behavior of as-grown PtTe2 through X-ray photoelectron

spectroscopy (XPS) (Figure 2A and 2B). The XPS spectra of as-grown PtTe2 showed distinct peaks related to

the chemical bonding between Pt and Te in the Pt 4f and Te 3d scans, and the measured peak intensities

revealed the highly stoichiometric nature (at. % of (Te/Pt)z 1.98) (red curves in Figures 2A and 2B). On the

contrary, the sample exposed to ambient air at room temperature for 7 days showed an increase in Pt-Te

(4f5/2 and 4f7/2) and Te-Pt binding energies (3d3/2 and 3d5/2) (blue curves in Figures 2A and 2B). The

apparent oxidation features (Te-O binding) were observed at binding energies of �576.3 and �586.6 eV

close to the Te-3days band (Figure 2B). In contrast, the core level for the Pt 4d scan in Figure 2A did not

show extra peaks related to oxidation. The absence of Pt-O binding in the Pt 4d scan suggested that

the main oxidation product of PtTe2 was TeOx, possibly because of oxidation at the top-most Te atomic

layer. Furthermore, the calculated stoichiometry of air-exposed PtTe2 was unaffected by oxidation (at.%

of (Te/Pt) z 1.98), indicating that most of the PtTe2 structure was not degraded. This might have been

because of the role of the native oxide as a passivation layer of TeOx on the top most surface. In addition,

Figure 2. Surface property of PtTe2 thin film under air exposure

(A and B) XPS spectra for the (A) Pt 4f and (B) Te 3d scans of PtTe2, where the as-grown sample (red) and the sample

exposed to air for seven days (blue) were characterized.

(C) Raman spectra of the PtTe2 thin films with the different air exposure conditions (blue: the sample that was air exposed

for seven days; red: as-grown sample). Inset shows the AFM images of the corresponding as-grown (top) and air-exposed

(bottom) PtTe2 thin films (scale bar: 1 mm). H and Ra did not change significantly after the air exposure.

(D–F) XPS analysis of air-exposed PtTe2 with an Ar sputtering time of 0–20 s. (D and E) XPS spectra and (F) summary of the

stoichiometry change depending on sputtering time. The dashed lines show the exact peak positions attributed to

binding between Pt and Te in the as-grown sample from (A) and (B).

(G and H) Tof-SIMS depth profiles of PtTe2 with different air exposure times, that is, (g) 7 days, and (H) 1.5 years, showing

the intensities normalized to the maximum values of each emitted ion concentration. The vertical red dashed lines

indicate the locations of the oxide layer formation, which were determined by comparing the concentrations of O2� and

O� ions with those measured in the pristine PtTe2 (Figure S5).
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the insignificant changes in the Raman spectroscopy (Figure 2C) and AFM images (insets of Figure 2C) de-

pending on air exposure supported the negligible structural degradation. In addition, we performed XRD

measurements of the as-grown PtTe2 and that exposed to air for 7 days (Figure S6). The XRD patterns did

not show a significant difference with respect to the (001l) peak positions and the full width at half maximum

(FWHM), indicating that the XRD measurement could not detect the effect of oxidation on crystal quality.

This oxidation behavior of PtTe2 is considerably distinct from that of other vdW tellurides (WTe2 (Ye et al.,

2016) and MoTe2 (Pace et al., 2021)), whose entire atomic structures are damaged within a few minutes of

exposure to oxygen.

We quantitatively investigated the formation of TeOx by performing XPS depth-profile characterization

while etching the oxidized PtTe2 (exposed to air ambient for 7 days) using the Ar ion bombardment tech-

nique (Figures 2D–2F). In the XPS spectra, the Te-O binding at�576.3 and�586.6 eV disappeared within 5 s

of etching, and the peaks related to PtTe2 shifted to lower energies (Figure 2E). The oxidized sample

etched for 5 s showed a lack of Te (at.% of Te/Pt changed from 1.99 to 1.90 in Figure 2F), implying that

Ar sputtering removed TeOx instead of the atomic dissociation of O from the surface. In contrast, the

as-grown sample sustained its ideal stoichiometry even after the initial sputtering for 5 s (red squares in

Figures 2F and S7). The at.% of Te/Pt was maintained despite the change in the stoichiometry of oxidized

PtTe2 caused by the first sputtering. This suggested that the TeOx structure caused relative structural

vulnerability against the Ar etching. As further Ar sputtering was continued for more than 10 s, the at.%

of (Te/Pt) decreased gradually because Ar sputtering typically results in preferential etching of chalcogen

from a TMC crystal owing to its relative volatility (Baker et al., 1999). In addition, the rates of change in the

atomic ratio (‘‘at.% of Te/Pt’’ per sputtering time) for pristine and air-exposed PtTe2 became almost com-

parable because the structural instability of each sample became similar after the top-most Te or TeOx

layers were etched. The XPS peak of oxidized PtTe2 shifted under sputtering for more than 10 s because

of Te shortage (Figure 2D); this was also observed for pristine PtTe2 (Figure S7). Consequently, we deduced

that the oxidation of PtTe2 preferentially occurred on the uppermost surface because the TeOx passivation

layer was created. On the contrary, negligible oxidation occurred on the underlying surface. The retarded

oxidation by TeOxmay be beneficial for sustaining the intrinsic properties of PtTe2 in air, as described in the

following sections.

To investigate the oxidation behavior of PtTe2, we performed time-of-flight secondary ion mass spectros-

copy (ToF-SIMS) depth profile measurements for different PtTe2 thin films depending on the duration of

exposure to air, that is, 7 days and �1.5 years (Figures 2G and 2H). A comparison of the depth profile of

the pristine PtTe2 film (Figures S8A and S8B) with that exposed for 7 days (Figures 2G and S8C) indicated

that the major difference in O� and O2� concentrations occurred at the surface, which corresponds to the

layer sputtered for 3 s. We estimated the thickness of this layer as �0.19 nm, based on the measured

etching rate of the film (�0.62 G 0.01 Å/s up to 18 s sputtering). As the SIMS-extracted oxide thickness

(�0.19 nm) was similar to the atomic radius of Te (�0.14 nm) or O (�0.15 nm), oxidation possibly occurred

only in the top-most Te layers in PtTe2 during its 1-week exposure to air. This is consistent with the results

from the XPS characterizations of the air-exposed PtTe2, which show a peak of TeOx rather than PtOx

(Figures 2A and 2B). The negligible change in the thickness could not be detected via AFM at room tem-

perature (Figure 2C), which further confirms the consistency of these results.

Moreover, the oxide layer thickness produced on the film via exposure to air for �1.5 years was �1.25 nm,

because of the relatively highO� andO2� ion concentrations up to 20 s of sputtering in the ToF-SIMS depth

profile (Figures 2H and S8D). The oxidation rate of the sample exposed to air for�1.5 years was significantly

low (�0.02 Å/day), and was 10 times smaller than that exposed for 7 days (�0.27 Å/day), suggesting that the

surface passivation by oxide played a critical role in retarding further oxidation of the underlying PtTe2. For

the first 3 s of sputtering of PtTe2 that was exposed to air for �1.5 years (Figure 2H), the concentrations of

O� and O2� were higher than those of Te� or Pt�; thus, the outermost surface of oxidized PtTe2 was

covered with oxygen up to the thickness of 0.19 nm, which is close to the atomic radius of O (�0.15 nm).

Below the oxygen layer, the oxide penetrated the PtTe2 bilayer (�1.06 nm) and formed a thin film.

We performed cross-section STEM imaging and spectroscopy analysis of the air-exposed PtTe2 to inves-

tigate the produced oxides (Figures S4 and S9). However, it was impossible to accurately observe and

distinguish the oxide structure produced by exposure to air via cross-sectional TEM because of the surface

damage caused by the Ga ion beam during the focused ion beam (FIB) sampling used in the experiments

ll
OPEN ACCESS

iScience 25, 105346, November 18, 2022 5

iScience
Article



(See STAR methods section for detail). Nevertheless, no peaks corresponding to oxygen were observed in

PtTe2 under the FIB-damaged interface in electron energy loss spectroscopy (EELS) (Figure S9B) and EDS

spectra (Figure S4E; labeled as C). This implies that the oxidation of PtTe2 occurs layer by layer and grad-

ually, which is consistent with that characterized via ToF-SIMS (Figures 2G and 2H).

Magnetoconductance of PtTe2 with spin-orbit interaction

This section describes the low-temperature electrotransport and magnetotransport studies of as-grown

4-nm-thick PtTe2 (Figure 3). Owing to the large-area and spatially controlled growth mode of PtTe2, the

transport study was conducted on a Hall bar device with a long channel length of�1.7 mm fabricated using

a conventional photolithography technique (Figure S10A). The temperature dependence (R–T) of the chan-

nel resistance shown in Figure 3A suggests a positive residual resistance ratio (RRR = R300K/R2K) of�1.39 (at

T > 13 K). This indicated the conducting mechanism of PtTe2 is band transport as the temperature depen-

dence of the conductivity of PtTe2 exhibits metallic behavior without signatures of activations and/or hop-

pings. Hall measurement of the PtTe2 thin film was performed at T = 2–30 K (Figures S10B and S10C). The

Hall coefficient was positive (�2.03 10�10 m3A�1s�1), indicating that most carriers in the material are holes

in PtTe2. The estimated carrier density (n3D) and the Hall mobility (mHall) were �3.13 3 1022 cm�3 and

�2.06 cm2V�1s�1 at T = 2 K, respectively. We compared the extracted n3D and mHall values with those in pre-

vious reports on PtTe2 in Table S1. The mHall of as-synthesized PtTe2 was higher than those reported for

chemically synthesized PtTe2 with similar thicknesses (Hao et al., 2018; Ma et al., 2018a), indicating the

high quality of our PtTe2 crystal. Although the grain boundaries (GBs) of polycrystalline PtTe2 can reduce

its electrical mobility by the GB scattering mechanism (Ma et al., 2017), the comparable mHall of our PtTe2
(�2.06 cm2V�1s�1) to those of CVD-grown single crystal (�0.46–1.06 cm2V�1s�1) (Ma et al., 2018a)

Figure 3. Low-temperature electrical transport of PtTe2 under the applied magnetic field

(A) Four-probe resistance (R) vs. T plot showing a RRR (�1.39) for 4-nm-thick PtTe2.

(B) Thermal resistance coefficient (1/R$dR/dT) as a function of T, indicating the minimum value of R in (A) was obtained at

around �13 K.

(C) Temperature dependence of Rmeasured at different magnetic fields (0 < B < 7 T), where B was applied perpendicular

to the plane of the film. The data were fitted well to the expression for electron-electron scattering (Liu et al., 2019a).

(D) MR of PtTe2 as a function of B at T = 2 K and Ids = 100 mA. Bz and Bx indicate the magnetic field applied perpendicular

to the plane of the film and parallel to the electrical field, respectively.

(E) Magnetoconductance (Dsxx(B)) measured at T = 2 K and Ids = 100 mA displaying the WAL behavior.

(F) l4 and lso as a function of T extracted by using the HLN relation for WAL. Theoretical predictions suggest that

dephasing from electron-electron interactions occurs at l4 = T�g, where g is 1.0 in 3D systems (indicated by the gray

dashed curve for comparison) and g is 0.5 in 2D systems (Hikami et al., 1980). The extracted l4 in our PtTe2 was fitted well to

l4 = T�0.60 with an R-square value of 0.94 (red curve) and lSO was almost independent of temperature (i.e., lSO = T�0.14)

(blue symbols).
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demonstrated the GB scattering effect was minor in our polycrystalline PtTe2 thin film. The negligible GB

scattering effect might be attributed to the more than 10 times wider grain size (�30–50 nm in Figure S3)

than its thickness of PtTe2 (�4 nm), which results in the almost negligible increase (<10%) in the resistivity by

GB scattering (Adelmann et al., 2014; Gall, 2020; Steinhögl et al., 2002; Zhou and Gall, 2018).

In Figure 3B, a negative dR/dT was observed below 13 K, which could be attributed to the defect-induced

Kondo effect, WL, or electron-electron scattering (Liu et al., 2019a, 2019b). We validated the exact trans-

port mechanism at T < 13 K by investigating the R-T behavior for different magnetic fields (0 < B < 7 T)

applied perpendicular to the plane of the film (Ids) (Figure 3C). The negative dR/dT (i.e., resistivity upturn

in Figure 3C) was not suppressed by the magnetic field; this suggested that the Kondo effect and WL did

not occur (Liu et al., 2019b). Instead, electron-electron scattering occurred in the high-quality crystal (Liu

et al., 2019a), as expected, and it fitted well (R-square > 0.99) to the curves shown in Figure 3C, as follows

(Liu et al., 2019b):

rðTÞ = r0 +BT3 � ClnðTÞ � DT
1
2 (Equation 1)

where r0 is the residual resistance, B is the parameter contributed by electron-phonon scattering, and C

and D are attributed to 2D and 3D electron-electron interactions, respectively. C (�5.83) was larger than

B (�0.002) and D (�0.92) (Figure S10D). This implied nontrivial quantum interference effect resulted from

2D electron-electron interactions in the high-quality PtTe2 thin film rather than 3D transport or disorder-

induced scattering.

Figure 3D shows the MR of the PtTe2 thin film. Under a strong magnetic field (>7 T), the MR linearly

increased with B. The MR reached �0.4% and �0.2% for the magnetic fields that were perpendicular

to the plane of the film (Bz) and parallel (Bx) to the Ids direction, respectively. The linear and anisotropic

MR was similar to that of a bulk PtTe2 single crystal with a tilted Dirac dispersion (Amit et al., 2018). This

indicated that a similar band structure was maintained for the patterned PtTe2 with a thickness of �4 nm.

A strong WAL signal was observed, which was indicated by the shape of the cusp under a weak

magnetic field (<2 T). This WAL could be induced by the elastic scattering of carriers in the presence

of SOC.

We further examined the WAL behavior of the magnetoconductance measured at various temperatures

(3 < T < 30 K; Figures 3E and S10E–S10G) by fitting to the Hikami, Larkin, and Nagaoka (HLN) theory for

a 2D single-band system in the presence of SOC (Hikami et al., 1980):

DsðBÞ = sxxðBÞ � sxxðoÞ = � e2
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Here, B4 = Z
4Det4

= Z
4el24

, BSO = Z
4DetSO

= Z
4el2

SO

, jðxÞ is the digamma function, B4 is the dephasing magnetic

field determined by the phase coherence time (t4) or phase coherence length (l4), and BSO is the spin-orbit

scattering field determined by the spin-orbit scattering time (tSO ) or spin-orbit scattering length (lSO ). Our

results also fit well with the reduced HLN expression (shown in Figure S10F), suggesting a dominance of the

2D scattering mechanism. The temperature dependence of l4 and lSO was investigated within a power law

(Hao et al., 2018): l fT�g (Figure 3F). The fitted g values for l4 was�0.60, which was comparable to the ideal

value of�0.5 for the dephasing induced by 2D Nyquist electron-electron scattering, and the lSO was nearly

independent of temperature (i.e., lSO = T�0.14). As l4 was larger than lSO (tSO/ t4 < 1), spin-orbit scattering

occurred in phase-coherent transport, which resulted in positive MR and WAL in the 2D system (Liu et al.,

2019a; Zhang et al., 2020). The dephasing length (l4z 83.5 nm at T= 2 K) wasmuch larger than the thickness

(�4 nm) of PtTe2 at the T regime of 2–20 K, suggesting that the transport occurred in the truly 2D quantum

diffusion system (Altshuler et al., 1982; Zhang et al., 2020). The extracted l4 (�83.5 nm) was larger than the

coherence length of 2D TMDs with large atomic numbers (�40 nm at 2 K in WTe2 (Naylor et al., 2017),

�50 nm at 1.9 K in VSe2 (Liu et al., 2019a), and �50 nm at 400 mK in MoS2 (Neal et al., 2013)). However,

lSO (�12.7 nm) was comparable to the spin diffusion length of Pt (�12 nm) (Niimi et al., 2013), which is widely

used in the calculation of the spin Hall effect. This result indicates that the synthesized vdW PtTe2 thin film is

a promising candidate for application in future spin-orbitronic devices with strong SOC.
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Electrical breakdown of PtTe2 under high bias

We evaluated the electrical reliability of PtTe2 under a wide range of bias conditions, which should be

considered for its potential application in spin-transfer torque devices. We facilely fabricated the devices

using a transfer-length method (TLM) by depositing Pt contact electrodes (�40 nm) on the spatially aligned

PtTe2 line patterns with a width (W) of �18.4 mm and H = �4 nm (Figure 4A, S11A, and S11B). For a system-

atic characterization under vacuum and air exposure, we fabricated two groups of on-chip devices by simul-

taneously growing and fabricating PtTe2 devices (see STAR methods for more details). A linear Ids-Vds plot

was obtained under a low bias (Vds < 0.3 V), indicating the realization of an ohmic contact (Figures 4B and

S11C). The current varied with the channel length (L). This allowed for the extraction of the sheet resistance

(Rs) and contact resistance (Rc) of PtTe2 from the TLM plot (Figure 4B). The PtTe2 layers under vacuum ex-

hibited Rs =�765G 36U/sq (z0.37G 0.01 mU cm) and Rc =�0.85G 0.08 mU cm, which were measured in

at least six different TLM groups. Furthermore, there were minor variations (�4–9%) among the TLM

devices.

We conducted the same electrical measurement in ambient air to investigate the carrier transport during

oxidation for different TLM device sets fabricated on another chip. Notably, Rs and Rc values were almost

unchanged under air exposure; for example, Rs = 779G 20U/sq and Rc = 0.81G 0.03mU cmwere obtained

under air exposure (Figures S11D and S11E). Because the Pt contact electrodes were already deposited on

Figure 4. Electrical characterization of PtTe2 in vacuum and ambient air at room temperature

(A) Schematic of the PtTe2 device with Pt contact electrodes consisting of TLM patterns with different channel lengths (L).

(B) Representative two-probe Ids-Vds plot of PtTe2 (H z 4 nm). The channel width (W) was �18.4 mm (Figure S7).

(C) TLM plots for the corresponding PtTe2 devices, measured in air (blue) and vacuum (red). The six sets of TLM devices

were averaged, and the error bars indicate each standard deviation. The same linear fits for the plot measured under each

condition demonstrate considerably similar values of Rs and Rc. (inset: constantly measured Ids depending on t, without

any decrease in Ids under air exposure. Vds = �0.3 V was applied during the measurement, which corresponded to a

current density (J) of �2 MA/cm2.

(D–F) Electrical breakdown investigation of the PtTe2 devices under a high-bias field (F). (D) Representative J-F plot for the

devices with different values of L measured under vacuum. The abrupt decrease in J was attributed to the device

breakdown caused by the high-bias stress, where themaximum value of J corresponded to the breakdown current density

(JB). (E) The average value of JB depending on L in air and vacuum. The dashed linear fit is shown as a visual guide. (F)

Benchmark plot for JB and rB measured in air. PtTe2 showed the highest value of JB and a low value of rB compared to

other materials such as graphene (few-layer (FL-Gr) (Lee et al., 2011) and monolayer (1L-Gr) (Kang et al., 2011)), TMCs

(TaSe2 (Neal et al., 2014), TaSe3 (Stolyarov et al., 2016), TiS3 (Molina-Mendoza et al., 2017), and WTe2 (Song et al., 2019)),

and conventional interconnect materials (Cu (Rathmell and Wiley, 2011)).
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top of PtTe2 prior to air exposure, the oxidation of PtTe2 beneath the electrode-contacted area was further

delayed, resulting in a minor change in interfacial Rc (�4.7% in Figures S11D and S11E). Even under elec-

trical stress in air, two-terminal Ids at a constant bias of 0.3 V did not noticeably degrade with the measure-

ment time (t) of�10 h, as shown in the inset of Figures 4C and S11F. However, it showed a slight Ids increase

(�3.9%), which may be attributed to the p-type doping by the absorbed oxygen molecules (Liang et al.,

2020). Because the major carriers of PtTe2 are holes, as characterized by Hall measurements in Figure S10B,

the conductivity increases owing to the charge transfer between the absorbed oxygen and PtTe2. More-

over, the migration of oxygen ions along the oxidized surface triggers conductivity variation, which is

similar to the behavior observed in the endurance test for oxide-based resistive memory devices (Kim

et al., 2010). Nevertheless, the insignificant change in Ids (�3.9%) in an oxygen-rich atmosphere is typically

not expected for nanomaterials (e.g., Cu nanowires (Rathmell and Wiley, 2011), MXene (Lipatov et al.,

2016), WTe2 (Song et al., 2019), and phosphorene (Island et al., 2015)), implying the considerably high

air stability of PtTe2. Based on the XPS results of air-exposed PtTe2 (Figure 2), the electrical properties

of PtTe2 may be attributed to the passivation layer of TeOx on the surface.

In addition to the low-field electrical study, high-bias characterization showed the electrical robustness of

surface-oxidized PtTe2 (Figures 4D–4F). Figure 4D shows the typical current density (J) vs. electrical field (F)

curves for PtTe2 with different values of L. The curves were obtained up to the electrical breakdown, where J

decreased abruptly. The maximum breakdown current density (JB) approached �44 MA/cm2 at 30 K and

�38.6 MA/cm2 at 298 K for the devices with L = 2.5 mm under vacuum (Figures 4D and S12). These values

were almost two orders of magnitude higher than those of conventional interconnect metals (�several MA/

cm2) (Rathmell and Wiley, 2011). Remarkably, JB measured under air exposure (31.5 G 2.1 MA/cm2 on

average) was almost the same as the pristine current-carrying capacity, as depicted in Figure 4E (and

Figures S13A and S13B). This implied that the air stability of PtTe2 was maintained even under high-bias

tests. It is worth noting that the averaged JB in air (�31.5 G 2.1 MA/cm2) for PtTe2 is the highest reported

value among vdWmetals (e.g., Graphene (Kang et al., 2011; Lee et al., 2011), TaSe2 (Neal et al., 2014), TaSe3
(Stolyarov et al., 2016), WTe2 (Song et al., 2019), and TiS3 (Molina-Mendoza et al., 2017)) and 3D conven-

tional interconnect materials (e.g., Cu (Rathmell and Wiley, 2011)) in an oxygen-rich atmosphere

(Figures 4F and Table S2). Combined with the comparatively low resistivity (rz 0.26 mU cm), the high value

of JB indicates that PtTe2 can be used as an on-chip conducting element in air. Furthermore, the high cur-

rent-carrying capacity of PtTe2 with the spin-orbit interaction (Figure 3) suggests its potential for use in vdW

spin-torque devices. For example, SOT-driven magnetic randommemory requires a high current density of

20–40 MA/cm2 during its writing process (Fukami et al., 2016; Shi et al., 2018); therefore, 2D PtTe2 can be

used as a reliable conducting element in 2D integrated SOT devices.

Investigation of electrical breakdown mechanism

We further analyzed the electrical breakdown mechanism using scanning electron microscopy (SEM) and

EDS analysis of the PtTe2 devices after electrical stress in air (Figures 5A–5C). The different contrast in

the SEM image of the PtTe2 channel represented the breakdown location (Figure 5A, left), which was indi-

cated by the darker contrast caused by the backscattered electron (BSE) mode (i.e., BSE signal f atomic

number, Z) (Figure 5A, right). The SEM-EDS spectra were confocally obtained close to the micro-voids, and

they are shown in Figure 5B. Te (black) element was not detected at themicro-voids, in contrast to the areas

at a distance from the micro-voids (red). This implied that the atomic displacement was more severe for Te

compared to Pt. The absence of Te suggested that its electrical breakdown occurred owing to the atomic

evaporation of Te via self-heating, as a high electrical field can typically induce the instability of chalcogen

atoms in TMCs (Song et al., 2019; Stolyarov et al., 2016). Particularly, the electrical breakdown of PtTe2 can

be a result of the applied forces; i.e., (i) self-heating effects and (ii) electron wind force, as depicted in Fig-

ure S13C. These processes may take place almost simultaneously during the electrical failure while

affecting each other. Since the heat generated at the center of the device and transported underneath

heat sink and electrodes, the failure possibly located at the middle point of the PtTe2 channel if the break-

down is solely relies on Joule heating. This implies that fast heat dissipation through the contacted inter-

face/substrate is important to sustain high current density in PtTe2. On the other hand, momentum transfer

by electron-wind force (Fwd) can dominate the electrical failure, which results in the atomic flux appearing

between the cathode and anode driven by Fwd, leaving behind voids near the cathode close to the self-

heated region, but not at the exact center of the channel. Both elevated diffusivity (D) by thermal effect

and high Fwd results in electromigration, which breaks the Pt-Te bond at the lattice and transport atoms

(Jatom) to anode leaving behind vacancies (Jvacancies) (Nguyen et al., 2004) if an electrical breakdown is
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mainly caused by electromigration. In our experiments for 26 devices, we found that the failure locations

were rather near the center of the channel (�48.9 G 25.5%), not at the contacts (0 or 100%), as displayed

in Figure S13D. This indicates that the behavior was not dominantly dependent on the Fwd. We suppose

that the Joule heating-related electrical breakdown happens primarily since the synthetic PtTe2 did not

have severe defects to trigger defect-induced electromigration.

The ambient temperature of the measurement (T0) affected the maximum input power up to failure

(PB). For instance, the average value of PB was 167.3 G 66.0 mW at room temperature. It increased to

262.3 G 98.6 mW as T0 decreased to �30 K (Figure 5C) because a lower value of T0 increased Joule

heating until material breakdown. Furthermore, PB increased linearly with the contact area of the sub-

strate (WL0.5). This indicated that the electrical breakdown behavior followed the trend of self-heating,

expressed as the following heat dissipation model (Liao et al., 2010; Mleczko et al., 2016; Song et al.,

2019):

PBzgðTB � T0ÞL (Equation 3)

Here, TB is the maximum temperature affected by Joule heating at the breakdown and g is the interfacial

thermal conductance of PtTe2, which is the parallel combination of the thermal resistance of the oxide (Rox),

the thermal resistance from the oxide to Si (Rsi), and the thermal contact resistance between the channel

and oxide interface (RCox). g was proportional to (W/L)1/2 for the dimensional constraints of PtTe2

Figure 5. Investigation of electrical breakdown mechanism

(A) SEM images of a representative device obtained in the SE (left) and BSEmodes (right). The SEM images were obtained

after the electrical breakdown of the device in air. As Pt and Te are relatively heavy atoms, PtTe2 showed a brighter

contrast compared to other elements, allowing for the identification of failure locations in the BSE-SEM image (indicated

by white arrows).

(B) SEM-EDS spectra measured for the remaining PtTe2 channel under high bias, marked as red and black crosses in (a),

respectively.

(C–F) Self-heating-induced electrical failure investigated using the thermal dissipation model. (C) Applied electrical

power up to failure (PB) vs. channel area in contact with the substrate ((WL)0.5) measured under different conditions

(vacuum and air) and values of T0 (30 and 298 K). The data were fitted well to the heat dissipation model (linear lines).

(D) Dependence of the calculated Joule-heating-induced breakdown temperatures (TB) on the thermal boundary

conductance between PtTe2 and oxide layers (GCox) at different ambient temperatures (T0) for L = 2,500 mm. The curves

were fitted to the heat dissipation law as a function of GCox. As TB is an intrinsic property of a material (does not depend

on T0), we extracted the ‘‘true’’ values of TB and GCox at the intersection point of the two modeled curves. (E) Summary of

TB and GCox characterized under vacuum depending on L. The average value of TB was �769 G 66�C, and GCox was

�2.7 G 0.7 MWm�2K�1. (F) Comparison of TB for each device under different ambient conditions and values of T0. The

colored dashed lines show the average value of TB for each condition; these values are similar.
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(Figure S14), indicating a well-fitted self-heating model for our data (see STAR methods sections for details

on the heat dissipation model). Note that the lateral heat dissipation from PtTe2 to the Pt contact elec-

trodes is not included in the above thermal model because the thermal healing length (LH z 45–

100 nm) is significantly smaller than the channel length (�2.5–10 mm); hence, its contribution is negligible

(Figures S9B and S9C).

The value of PB measured in air (z183.4G 75.3 mW) was analogous to that in vacuum (z167.3G 66.0 mW)

in Figure 5C, indicating that the oxidation of PtTe2 did not alter the reachable value of TB or the electrical

failure mechanism. We estimated an appropriate value of g to extract TB using Equation 3 (Figures 5D–5F).

In principle, g was estimated by arbitrarily assuming GCox (1/RCox) in the range of �1–10 MWm�2K�1 and

using the dependence of Rox (Cappella et al., 2013) and Rsi (Song et al., 2019) on T. This allowed for the

extraction of TB by applying Equation 3 to the value of PB obtained at different values of T0 (see details

in STAR methods sections)Figure S14. Figure 5D shows the values of TB obtained for different values of

GCox at T0 = �30 and �298 K using the data for the PtTe2 devices with L = 2,500 mm in a vacuum. As TB
is an intrinsic material property (not affected by T0), the intersection point of the two different curves fitted

to the reduced heat dissipation model denoted the ‘‘true’’ values of TB and RCox. The PtTe2 devices in vac-

uum showed similar values of TB and GCox regardless of L (Figure 5E). The average value of TB was 769 G

66�C, and GCox was 2.7 G 0.7 MWm�2K�1. GCox was similar to those for the interfaces between vdW ma-

terials and oxides (Table S3), indicating the accuracy of our inference using a heat-dissipation model. TB =

�750–825�C corresponded to the temperature at which the destructive loss of Te started on the surface of

PtTe2 (�750�C) (Mc Manus et al., 2020); this supported our hypothesis of self-heating-induced electrical

breakdown.

For GCox = �2.7 MWm�2K�1, the average value of TB for air-exposed PtTe2 with different values of L was

calculated to be �797 G 152�C (Figure 5F). The similar values of TB obtained under different conditions

suggested that ambient air had a negligible effect on thermal degradation. This phenomenon is different

from other vdW metals; for example, self-heating by high bias typically accelerates oxidation at

defect sites (Kang et al., 2011; Song et al., 2019), resulting in smaller values of TB, PB, and consequently

JB in air. We propose that the high quality of our synthetic film without impurities can prevent fast

atomic displacements triggered by defects. Moreover, as the oxide layer partially formed at the top-

most surface of PtTe2 (Figure 2), further oxidation could be retarded to obtain a high current-carrying

capacity in an oxygen-rich atmosphere. Therefore, the use of self-passivated high-quality PtTe2 may

provide highly reliable performance for vdW-integrated devices for electronics and spintronics under

high bias.

Conclusions

We studied the air-stable electrical-transport behavior of a vdW PtTe2 thin film with spin-orbit interaction.

We introduced the position-controlled and thickness-controlled growth of a high-quality PtTe2 thin film at a

centimeter scale, demonstrating a highly stoichiometric nature and high electrical conductivity. The XPS

study and ToF-SIMS depth profile of air-exposed PtTe2 showed that the binding between Pt and Te was

sustained even under surface oxidation for 7 days, which was attributed to delayed oxidation of layer by

the top-most TeOx passivation. Low-temperature electrotransport and magnetotransport studies of

PtTe2 revealed the quantum interference effect caused by 2D electron-electron interaction and the short

spin-orbit scattering length (lso z 12.7 nm), which was comparable to that of Pt. This may be extensively

utilized for the effective spin-charge conversion in various vdW spin-orbitronic devices. Furthermore,

PtTe2 showed a high current-carrying capacity regardless of exposure to air. JB was �31.5 MA/cm2 under

air at room temperature and �44 MA/cm2 at 30 K under vacuum. The electrical breakdown followed the

ideal pattern of heat dissipation, which indicated that the primary failure mechanism was the self-heating

of PtTe2 of up to �750�C rather than defect-induced electromigration.

Our study demonstrates the reliability and versatility of vdW PtTe2 conductors for use in next-generation

electronic and spintronic applications. For example, developing a novel and reliable 2D conductor

compatible with a 2D semiconductor is critical considering the requirements of the semiconductor indus-

try. According to the International Roadmap for Devices and Systems (IEEE, 2021), 2D semiconductors are

being actively considered to replace Si in transistors for sub-1.5 nm node technology from 2028. Investiga-

tion of 2D metals as contact electrodes and interconnects is important because they are more compatible

than bulk 3D metals in 2D circuits in terms of interface engineering (Song et al., 2020). In particular, the
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advent of 2D transistors with a high current density (e.g., a MoS2 transistor with an on-state current density

of 110 MA/cm2 (McClellan et al., 2021) requires reliable metallic conductors for scalable logic applications.

Ferroelectric tunnel junctions in emerging memory devices require a higher current density increase in a

low-resistance state to maintain readability in massively parallel memory architectures as these devices

are scaling (IEEE, 2021), which necessitates the realization of reliable, high current-carrying interconnects

for crossbar arrays. SOT-driven memory devices also require a high current density for the switching of

magnetization during the writing process. Despite the efforts to minimize the current density required

for switching, it has been reported that a current density of 20–40MA/cm2 is typically required in SOTmem-

ory devices (Fukami et al., 2016; Shi et al., 2018). In addition, high-SOC PtTe2 layers can be integrated with

other vdW ferro- or antiferro-magnets (e.g., CrGeTe3, CrI3, andMnPS3) (Chen et al., 2021; Onga et al., 2020)

to develop high-performance stacked vdW spintronic nanodevices.

Limitations of the study

Evaluation using ToF-SIMS may contain unavoidable artifacts and measurement errors. For example, the

depth resolution in our measurement system (�10 nm) exceeds the PtTe2 film thickness, resulting in the

inclusion of chemical information in the depth profile of the AlOx substrate. Monatomic ions used for sput-

tering compound semiconductors can result in preferential sputtering of volatile components of the

compound and changes in the chemical state and surface structure (Kubo et al., 2021; Yufit et al., 2008).

Furthermore, the transport studies of PtTe2 were conducted only for the 4-nm-thick polycrystalline films.

The current-carrying capacity can be varied depending on its thicknesses and grain sizes. For example,

the high-quality single-crystal PtTe2 may exhibit even larger JB owing to the prevention of grain boundary

migration.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources, measurement procedures and data can be directed to the

lead contact, Dr. Soon-Yong Kwon (sykwon@unist.ac.kr).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study does not use experimental methods typical in the life sciences.

METHOD DETAILS

Synthesis of patterned PtTe2 thin films

The PtTe2 thin films were grown using a conventional horizontal furnace system. A Pt thin film precursor

(�1 nm, 99.9% purity pellet) was deposited using an e-beam evaporator (Temescal FC-2000) on dielectric

substrates (e.g., SiO2/Si or AlOx/Si). Te powder (�0.1 g) was placed in a horizontal furnace at a distance of

�1 cm from the pre-deposited Pt thin film inside a quartz boat. Under a low pressure (0.1 Torr) at �400�C,
the evaporated Te vapor reacted with the Pt precursor, resulting in a homogenous and uniform PtTe2 layer

with a thickness of �4 nm. The thickness of the as-grown thin film was controlled by modulating the thick-

ness of the Pt precursor. To control the position, the shape of a desired pattern was defined using photo-

lithography (MIDAS MDA-400S) with a photoresist with an undercut profile (DPRi-1549), followed by Pt

deposition and lift-off. The shaped Pt precursor was tellurized using the same method as that for the

thin film, resulting in the successful growth of PtTe2 patterns.

Structural characterization

Micro-Raman measurements were performed using a 532 nm laser (Thermo Scientific DXR2 Raman Micro-

scope) with a wavenumber precision of %0.066 cm�1. Raman mapping (Figure S2) was performed using a

Horiba LabRam HR Evolution confocal microscope with a 633 nm excitation laser. XRD patterns were ob-

tained using a Bruker AXS D8 instrument with a Cu Ka source. AFM images were obtained using a Bruker

Dimension AFM instrument in the tapping mode. XPS and ultraviolet photoelectron spectroscopy mea-

surements were performed using an ESCALAB 250XI system (Thermo Fisher K-alpha) equipped with an

Al X-ray source under ultrahigh vacuum conditions. The XPS system was calibrated by aligning the C 1s

spectrum (binding energy of 284.5 eV).

High-resolution STEM images, selected area electron diffraction patterns, and EDS results were obtained

using aberration-corrected FEI Titan3 G2 60–300 with at an acceleration voltage of 200 kV. The noise in the

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Platinum (Pt) target source TASCO (Seoul, Republic of Korea) CAS: 7440-06-4

Tellurium (Te) powder TASCO (Seoul, Republic of Korea) CAS: 13494-80-9

Software and algorithms

OriginPro 2019 Origin Lab https://originlab.com
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high-resolution STEM images was subtracted using a Wiener filter. EELS was performed using a Gatan

Quantum 965 dual EELS system with an energy resolution of 1.0 eV and an acceleration voltage of

200 kV. Specimens for the cross-sectional TEM analysis were prepared via an FIB (FEI Helios Nanolab

450HP) using a thick protective layer of amorphous carbon to minimize damage during the process. How-

ever, the surface damage caused by the Ga ion beam during FIB sampling was unavoidable in our exper-

iments because an amorphous interface was observed between the protective layer and the layered PtTe2
in the high-resolution STEM image (Figure S9A). As oxygen vacancy was easily induced by the Ga ion beam

during the FIB sampling, the PtTe2 surface had an interfacial layer of �2 nm, with simultaneously detected

signals from Te and O atoms in EELS analysis (Figure S9B).

The ToF-SIMS depth profiles were obtained using a ToF-SIMS 5 system (ION-TOFGmbH) in the dual-beam

mode, with a Bi+ ion source for collecting spectra and a Cs+ ion source for sputtering. Considering the elec-

tronegativities of Pt and Te, the negative ionmode was selected to accurately detect oxygen ions. A pulsed

25-keV Bi+ beam was used as the analysis source with a target current of 1.00 pA to scan crater areas of

�503 50 mm2. The sputter gun was a 0.5-keV Cs+ ion source with a target current of 39 nA, and an incident

angle of 45� to the surface was used to obtain a sputtering area of �250 3 250 mm2.

Device fabrication and measurements

The low-temperature electrotransport andmagnetotransport characterizations of the PtTe2 four-probe de-

vice were conducted using Quantum Design-PPMS with a Keithley 2636A current source meter and a 2182

A nanovoltmeter at T= 3–300 K, where the carriers are injected through the wired Cu with indium dot on the

PtTe2 film with a Hall bar geometry (Figure S10A). The MR was measured at a constant current (I = 1 or

10 mA) depending on the applied magnetic field (�9 T < B < 9 T) at T = 3 K. Two-terminal electrical char-

acterizations were performed using a Keithley 4200-SCS detector in a probe station (Lakeshore CRX-4K)

under high vacuum (�10�6 Torr). PtTe2 devices were fabricated on an AlOx/Si substrate using a typical

photolithography process and the e-beam evaporation of Pt (�40 nm) for contact electrodes. For a reason-

able comparison of the PtTe2 devices under air and vacuum, two groups of devices were fabricated simul-

taneously to ensure identical channel quality. Immediately after synthesizing the patterned PtTe2 layers on

the AlOx/Si substrate with an area of 1 3 2 cm2, they were cleaved by two pieces of chips. We then simul-

taneously fabricated the two devices to ensure that the systematic investigation of the electrical properties

was independent of the microstructure. During device preparation, the samples were maintained in a

vacuum desiccator whenever possible to minimize air exposure; however, a �15-min air exposure was

necessary. After the devices were fabricated, they were stored in an UHV chamber and measured under

air exposure and vacuum conditions. Annealing was not performed after the device fabrication to prevent

thermal budget effect. The voltage sweep rate for the electrical field up to device failure was 10 mV s�1. An

electrical voltage of 0.3 V was applied every 10 s for the resistance sampling mode. The two-terminal Rc of

the Pt/PtTe2 interface was considered in the TB calculations in Figure 5. For example, the electrical power

(PB) that induces Joule heating is obtained as PB = Ids
2(Rtotal-2Rc) = gðTB �T0ÞL (See Equation 3).

Extraction of decoherence length using the reduced HLN theory

The HLN theory (in Equation 2) can reduce to the following expression;

DsðBÞ =
ae2

ph

�
ln

�
BF

B

�
� j

�
1

2
+
B4

B

��
(Equation 4)

Figures S10E–S10G indicate that the HLN theory agrees well with the experimental data even for the

reduced form in Equation 4. The calculation using Equation 4 allows extracting the phase decoherence

length lF (=(h/(8peB4))
1/2) depending on T, which reveals the relation of T�g (Figure S10G). We found

that the value of g is �0.39 G 0.06, implying the electron dephasing could be attributed to electron-elec-

tron interactions (g = 0.5) compared to electron-phonon interactions (g = 1). This conclusion concurred with

that deduced from Equation 2.

Heat dissipation model for the estimation of GCox and TB

In heat dissipation model in Equation 3, g is the parallel combination of spreading thermal resistance in the

Al2O3 (Rox), the thermal resistance from oxide to Si (Rsi), and thermal contact resistance at the PtTe2/oxide

interface (RCox) as follows (Behnam et al., 2012; Liao et al., 2011);
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Here, tox is the thickness of Al2O3,WeffzW + 2tox is the effective width of the heated region at the Al2O3/Si

interface by the fringing effect (Behnam et al., 2012), kox is the thermal conductivity of Al2O3 (�1.5–2.0

Wm�1K�1 depending on the temperature of the oxide, Tox z (TB + T0)/2) (Cappella et al., 2013), and

ksi z 24,000/T0 is the Si thermal conductivity, where T0 is the ambient temperature of the measurement.

In a simplified form, the g is affected by the dimensions of a device channel (i.e., g f (W/L)1/2). Because

the channel is ‘long’ enough to transport most of the heat vertically rather than laterally, the heat dissipa-

tion model utilized in this study (Equation 3) does not account for thermal contact resistance (RT) at the

channel-metal contact interface. To be specific, heat conduction with a finite RT is expressed (Behnam

et al., 2012; Pop, 2008) as;

PB = gðTB � T0ÞL3
cos h
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L

2LH

�

cos h



L
2LH

�
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L

2LH

�
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(Equation 6)

Here, LH = (kchannel/g)
1/2 denotes the thermal healing length along the channel and RT =[LHm/(kmtm(W+2-

LHm))], where kchannel is the lateral thermal conductivity of PtTe2 and LHm (= (kmtoxtm/kox)
1/2) is the thermal

healing length of heat propagating into the metal contacts, km is thermal conductivity of metal contact (i.e.,

Pt), and tm is thickness of contact. If the L is much longer than LH, Equation 6 reduces to PB = gðTB �T0ÞL (by
considering sinh(x) = cosh(x) = exp(x)/2 for x >> 1), which is equivalent to Equation 3. Therefore, for a long

device (L >> LH), it is permissible to ignore the impact of RT on heat conduction (RTz 0), as most of the heat

sinks vertically through the underlying Al2O3. In our PtTe2 devices, the LH can be in the range of 73–140 nm

on average at RT, considering our kchannel (�2.2 W m�1K�2 calculated by the Wiedemann-Franz law for our

PtTe2 thin film (Figure S14C), whereas the simulated value approaches �7.9 W m�1K�2 (Guo and Wang,

2017)). Since the L for our measured devices was �1.5–10 mm, which is more than ten times longer than

the LH, the simplified version of the heat dissipation model (Equation 3) is applicable.

QUANTIFICATION AND STATISTICAL ANALYSIS

Figures represented averaged or representative results of multiple independent experiments. Analyses

and plots were performed with Origin.

ADDITIONAL RESOURCES

There are no additional resources needed to be declared in this manuscript, additional requests for this can

be made by contacting the lead contact.
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