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Abstract

Pallad ide (PdTe;) is a novel transition-metal dichalcogenide exhibiting type-II
Dirac fermions and topological superconductivity. To assess its potential in technology, we
have investigated its chemical and thermal stability by means of surface-science techniques,
compleme density functional theory, with successive implementation in electronics,
specifically itgma millimeter-wave receiver. While water adsorption is energetically
unfavoram temperature, due to a differential Gibbs free energy of ~+12 kJ/mol, the
presence Ofghgglticancies makes PdTe; surfaces unstable toward surface oxidation with the
emergence, O; skin, whose thickness remains sub-nanometric even after one year in
air. Corr‘pondingly, the measured photocurrent of PdTe,-based optoelectronic devices
shows hanges (below 4 %) in a timescale of one month, thus excluding the need of
encapsWe nanofabrication process. Remarkably, the responsivity of a PdTe,-based
millimeter=wave receiver is 13 and 21 times higher than similar devices based on black
phosphor: aphene in the same operational conditions, respectively. We also discover
that pristi 5 is thermally stable in a temperature range extending even above 500 K,
thus paving the yay toward PdTes-based high-temperature electronics. Finally, we show that
the TeO ormed upon air exposure, can be removed by thermal reduction via heating in
vacuunt
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and

Transitionmichalcogenides (TMDCs) are attracting a considerable attention'', for their

intriguing ations capabilities in optoelectronics %), catalysis !, gas separation

desalinatiWsing from their peculiarities, often complementary to those of graphene [,

Chemical @’mal stability represent crucial bottlenecks in the prospect of technological
exploitatio aterials “beyond graphene””). Definitely, chemical instability is usually
associate chemical reactivity of the surface ™ and to presence of intrinsic * or
extrinsic ts. These aspects discriminate between materials with rapid surface
degradations-2-or ambient-stable '),

Usually, as-c d surfaces of TMDCs have a surface termination constituted by an atomic

layer of chalcogens!''“). The lone pair electrons of chalcogen atoms play a pivotal role in
surface s&ilitym]. Correspondingly, the minimized amount of chalcogen vacancies is

important face protection from unwanted reactions with environmental species,

especially s ¢ oxidation e 3.

Thermal sfability is also crucial for industrial use of TMDCs, considering that TMDC-based
electrow will be subjected to heating caused by current flow, light absorption, etc.
In particular, thefinal stability is evidently essential for high-temperature electronic devices,

which are present in combustion systems, air stagnation points in supersonic aircraft, vehicle

= 1

brakes, nuclear reactors, and industrial processes (4], Furthermore, thermal stability is
|

mandatory for successful use in (i) distillation for seawater desalination ! (ii)

[16

crystallization processes!'” and (iii) thermoelectricity ['”. Nevertheless, in many cases
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TMDCs are thermally unstable with heating-induced modifications in the electron mobility

(8] self-healing of vacancy defects !'! or loss in stoichiometry, due to the desorption of

chalcogen at temperature as low as 470 K for MoS,"".

Recently, thin layers of PdTe, " were proposed as thermoelectric materials with
predictczi MS as high as 1.18 !, comparable with values for state-of-the-art thermoelectric
materials as Bi,Tes (221 Moreover, PdTe; has also attracted great interest in consideration of
the presenH)e-H Dirac fermions %! and for the observation of superconductivity %% %,
PdTe; ¢ zgdn the Cdl, -type trigonal (1T) structure with P-3m1 space group (No. 164),
sketched in Fig."§, panels a-b. Each Pd atom at the basal plane is surrounded by six Te atoms,
forming Pd ahedra.

Herein, studied the chemical and thermal stability of PdTe, through density

functionam (DFT) and experiments by high-resolution electron energy loss

spectr EELS), X-ray photoelectron spectroscopy (XPS), and atomic force

microscopy ). We find that the as-cleaved surface has a Te termination that evolves
into a TeO, skin 1n oxygen environment and in air. The thickness of the TeO, surface layer
remains s@b-nanometric even after one year in air. Surface tellurium-oxide phases can be
thermally via heating. Ambient-stable PdTe, was employed to fabricate millimeter-
wave receivers, which show negligible changes in responsivity in a timescale of one month,

even withgz encapsulation of the active channel. Moreover, PdTe;-based millimeter-wave

receiveiwaigher performance and responsivity than similar devices based on black

phosphorus and saphene.
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Figure 1: Side and (b) top views of the atomic structure of PdTe,. Blue balls denote Pd

atoms, th balls represent Te atoms. Panel (c) reports the LEED pattern of PdTe,,

measured a primary electron beam energy of 68 eV. For the same surface, the

vibrationﬁ:;;ectrum with infrared-active optical phonons measured by HREELS with a

primam beam energy of 4 eV is reported in panel (d) (after background

subtraction). We sdopted for phonons the nomenclature in Ref. 1"/, Panel (e) shows the XRD
pattern of si rystals of PdTe,, taken with Cu K, The inset shows the photo of grown

single-cry. les.
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2 Results and discussion

2.1 SurWal reactivity and chemical stability

Q.

N
As-cleave!samples show a low-energy electron diffraction (LEED) pattern with sharp spots

against a lmground, indicating high crystalline quality of the as-cleaved surface (Fig.

1c), which exXfiibits (Fig. 1d) optical phonons I'** (15 meV) and I'*" (23 meV), in agreement
with the ¢ phonon density of states reported in Ref. ). Crystalline quality was also

assessed by X—raniffraction (XRD, Fig. 1e and Fig. S1 in Supporting Information).

The analy§IS of core-level spectra measured with XPS is crucial in order to assess surface

stability an jvity of PdTe,. From the analysis of Te-3d core levels (Fig. 2a), at binding
energies O nd 583.5 eV (Fig. 2a), we infer that the as-cleaved surface is not affected
by sur tments (O, dosage at room temperature at doses as high as 10° L, with 1 L=10"

% Torr- ing energies of Te-3d core levels are consistent with the case of the parental
compound PtTe, ). Only air exposure induces the emergence of components at 576.0 (Te-

3dsp) andh (Te-3dsp), arising from TeO, formation *”), similarly to the case of PtTe,

(] The @ mplitude of TeO, components is higher in defected samples (PdTe; 7), thus

pointinﬂole of Te vacancies in surface oxidation.

By meaMitative analysis of XPS data **!, we have estimated the thickness of the
TeO, skin aEerS exposure to be (i) 2.2+0.4 A after ten minutes in air and (ii) 8.8+0.5 A
after one year ipgair. No substantial differences are found in PdTe, 7, except a faster oxidation

kineticS? atter of fact, after ten minutes in air, the TeO, skin is already ~5.8 A thick.
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Surface treatments do not induce any change in Pd-3d core levels. The Pd-3d doublet (Fig. 2)

is observed at binding energies of 336.7 (3ds) and 341.9 (3ds,) eV, respectively. A core-

level shift o eV exists compared to Pd (100) *°!, while similar values of the binding

energy foy reported for Pd-S alloys 1 and for thin films of PdTe, grown by
H [31]

molecularSeam epitaxy " .

Notably, We findthat water does not adsorb on PdTe, at room temperature, as evidenced by

C

the absenmnges in the Te-3d and Pd-3d core levels (Supporting Information, Fig. S2).
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Figure 2: el) Te-3d and Pd-3d core levels for pristine, as-cleaved surface of PdTe,
g p

and for itsfiodification upon O, dosage (10° L) and air exposure. The bottom panel reports

the Samefir defe'ted PdTe; (PdTe; ;). The photon energy is 800 eV.

-

Vibratig ctra represent an ideal complement to XPS studies, in consideration of the

high surface s ivity of HREELS %!, The vibrational spectrum of the air-exposed surface

probed by HREELS exhibits a single band with two components at 80 and 92 meV, which
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are ascribed to optical phonons of TeO, phases 33 On the other hand, the PdTe, surface does
not show any H,O-derived vibrational mode even after prolonged H,O dosage at room

temperatureito a total dose of 10° L). Especially, the absence of O-H stretching at 410-

420 and 4 e Ref. ¥ for a review on vibrational spectroscopy of water on solid
H . .
surfaces) gemonstrates the absence of H,O and OH in over-surface adsorption sites,
respectivelys Similarly, the absence of C-O stretching at 210-260 meV in the vibrational
spectrum ( rting Information, Fig. S5) indicates that PdTe; is not affected by CO

poisoning

q
oxidized PdTe,

70 80 90 100 110
Energy Loss [meV]

Intensity [Arb. Lnits]

H,O-dosed

100 200 300 400 200
Loss Energy [meV]

F igure@nal spectrum of oxidized PdTe,, obtained after air exposure of a PdTe;
surfacewe), and of H,O-dosed PdTe; (red curve, taken after a water exposure of

10° L at room te;erature). The primary electron beam energy is 4 eV.

Experimental results in Figs. 2-3 have been supplemented by a theoretical model aimed at

unveiling the surface chemical reactivity of PdTe,. Explicitly, we modelled physical
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8

85U01 SUOLULLIOD BAIERID 3|qedtjdde au Ag pauLRA0B 2k SAP e WO 8SN JO SN 40} Aiq1 T UIIUO AS|IA UO (SUONIPLOD-PUR-SWLBW0D" AB | 1M Aol 1pU 1 |UO//:Sd1Y) SLO NIPUOD PUe SULB 1 34} 885 *[S202/€0/90] UO Aleiqiaujuo A8|IA *,IPPeZUBIdS 1p 0IMIIS| || dNOYD ¥ND AJ 955906T02 WPe/Z00T OT/10p/LL0d" A3 | 1M Akeid Ul |UO"paoURADe// SNy WOy papeojumod ‘S ‘0202 ‘820€9ToT



adsorption (Fig. 4a) and further decomposition (Fig. 4b) of water, carbon monoxide and
oxygen molecules. Theoretical results (Tab. 1) demonstrate that, at room temperature,

physical agﬁion of molecular oxygen is energetically favorable (differential Gibbs free

Te vacancy

Nl Sadd

J NV

£ NS X
Nl gl

7/

energy A .49 kJ/mol), while adsorption of water and carbon monoxide is energetically

unfavorable +11.92 and +9.45 kJ/mol respectively).

This article is protected by copyright. All rights reserved.
9

25UBD1] SUOLWILIOD BAIERID 3ea! ke 3L} A PeLIBAOB 312 SOILR O ‘88N J0 SBINU 0y ARei]172UIIUO AB|IA UO (SUO R IPUCO-PUE-SULBYLI0D" A 1M ARiq]1[oU 1 UO//'Sci) SUORIPUOD PUR SULR L 83 885 [S202/80/00] U0 ARIqIT2UIIUO ABIIA '[P BZIBIS 1P 0INIIIS] 11 dNOED YND AQ 955006T0Z LLIPR/Z00T OT/I0P/LI0D" 3] 1M:Aeic)1jou UO"PaoURADe//Saiy LU0} papeojumod 'S ‘0202 ‘82089T9T



Figure 4: Optimized atomic structure of (a) water physically adsorbed on pristine PdTe; and

(b) oxygen molecule decomposed in the nearness of one Te vacancy. Panel (c) depicts a total

{

uniform ox tion of the surface Te termination, while panel (d) illustrates the formation

of a TeO, on the surface. Green, blue and red balls denote Te, Pd and O atoms,
N

respectivegy.

Table 1. @Differ@ntial enthalpy AH and differential Gibbs free energy AG (at room

SC

temperatu physical adsorption and differential enthalpy of decomposition (all in

U

kJ/mol) o

lar oxygen and water on PdTe, and PdTe, ss surfaces. In the case of oxygen

decomposigion, we also report, in parenthesis, the differential enthalpy for the formation of

A

(i) an oxy surface and (ii) a TeOy-like layer.

d

Surfa mical Physisorption Decomposition
species
AH [kJ/mol] AG [kJ/mol] AH [kJ/mol]
PdTe, 0O, -66.79 -55.49 -94.40 (-32.98 / -295.27)
£10) -19.38 +11.92 +131.49
O -9.90 +9.45 ---
PdTe, g3 O, -53.74 -52.44 -92.28 (-39.11 / -336.44)
,0 -20.25 +11.05 +167.68
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CO -9.41 +9.94 -

-66.91 -55.61 -85.25 (-27.31/-298.41)
-22.34 +8.96 +158.99
-7.48 +11.87 -

Decomposition 0f the adsorbed molecule is favorable for the case of oxygen and unfavorable

Ul

for water at the presence of Te vacancies in the surface layer only provides slight

i

changes i rgetics of chemisorption/decomposition of ambient gases. Additionally, we

checked the ¢ @ etics of the oxygenation of whole Te surface termination, finding that this

a

proces rgetically favorable than the decomposition of the first oxygen molecule on

the pristine ce, although it remains exothermic (differential enthalpy AH=-32.98

M

kJ/mol). The presence of Te vacancies favors the complete oxygenation of the surface (AH=-

39.11 kJ/rSI in PdTe, gg). Notably, the evolution of the oxygenated surface (corresponding to

[llc

TeO) into@ skin (Fig. 4d) is a particularly favorable process (AH=-295.27 kJ/mol).

Note that, 11 eontrast to the case of PtTe, ') the presence of Te vacancies only provides a
slight i&the chemical activity, due to the minimization of the local distortion of
atomic Mear the defect (see Fig. 4b). To evaluate the effect of a larger concentration
of vacancies, w§considered two Te vacancies in the top layer (PdTe; 73). We considered
various locati f the second Te vacancy, finding that the most energetically favorable (~
17 kJ/mo ition is in the nearness of the first vacancy. The presence of double Te vacancy

decreases the differential Gibbs free energy for physical adsorption of oxygen to -58.61

kJ/mol with higher favorability for decomposition (-106.42 kJ/mol). Therefore, both defected
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and undefected PdTe, surfaces are subjected to oxidation, although defected surfaces are
more prone to oxidation. Correspondingly, the TeO, component in Te-3d core levels is higher

in air-expos fected surface compared to air-exposed undefected PdTe, (Fig. 2¢).

We also extende

our model to the case of the single layer of pristine PdTe,, finding (see
H

Tab. 1) ne@higible (within a few kJ/mol) changes in the chemical reactivity of PdTe;.

To assess ubility of PdTe, for catalysis, we modelled oxygen and hydrogen evolution
reactions Md HER) over pristine and defected surfaces of bulk PdTe,, before and after
oxidation. ted values of free energies for HER (Fig. 5a) evidence unsuitability of
pristine P: this reaction. Surface oxidation slightly decreases the energy cost of the
reaction (§17 eV). Conversely, the presence of the defects in both pristine and oxidized
surfaces si tly decreases the free energy for HER (0.33 and 0.21 eV, respectively) but
the magnimtill quite larger than for Pt(111) surface (about 0.1 eV), usually taken as
standard re . Obtained results well match with the recent reports about the poor
catalyt nce of bulk PdTe, [35], which however is increased after exfoliation in
nanosheets, as demonstrated for the case-study example of ethanol oxidation reaction (EOR)

361 In the f OER, pristine bulk PdTe, exhibits catalytic efficiency comparable to Pt

O

(Fig. 5b). oxidation induces an increase of the energy cost of the last step of OER.

Auth
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Figure 5 energy diagrams for (a) HER and (b) OER on various surfaces of PdTe;.

M

Values for Pt (111) are from Ref. ", The simbol “*” corresponds to the substrate.

Or

We have cked the influence of the oxidation on electronic structure of PdTe, and

PdTe; g by analyzing the density of states (DOS, Fig. 6). The presence of Te vacancies in

g

PdTe; g i almost no changes in occupied bands, while weak features appear in

unoccupie -Ad bands (about 3 eV above the Fermi level, see Fig. 6a). Dissociative

ut

adsorption of gen (Fig. 6b), full oxygenation (Fig. 6¢) and TeO, formation (Fig. 6d)
involv rease of the number of states between -4.5 and -1.0 eV, although the most
evident change in DOS is associated to the appearance of a band around -18/-19 eV (see Figs.

6¢c-¢ and 7). These changes correspond to the formation of O-2p and O-2s bands, respectively
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(see partial DOS in Fig 6e). Oxidation also provides visible changes in unoccupied parts

corresponding with the higher amplitude of the peak at ~ +4 eV, due to the contribution of Te

atoms fro& layer (Fig. 6e). Correspondingly, also Pd-derived states are changed

after oxid igm 06¢). These findings are in qualitative agreements with experimentally

N . ) e
observed ghanges in valence-band spectra (Fig. 7). Especially, upon oxidation we observe the

appearancﬂUnode at a binding energy of ~18 eV, due to O-2s states in TeO,. Such a

(a)

(b)

Density of States [Arb. Units]

Te

b

20 15 10 5
Energy [eV]

feature is observed as a weak component after a
short-term exposure (10 minutes) to air (blue curve
in Fig. 7) and becomes an intense peak only in aged
samples (kept in air for one year, green curve in Fig.

7).

Figure 6: Total densities of states (DOS) for PdTe,
(red curve) and PdTe;ss (blue curve): (a) pristine
surfaces; (b) after decomposition of a single oxygen
molecule (see Fig. 4b); (c) after oxygenation of
whole Te surface layer (see Fig. 4c); (d) after
formation of a TeO;-like surface layer (see Fig. 4d).
On panel (e), partial DOS for oxygen (green curve),
tellurium bound with oxygen (black curve) and
palladium atoms (magenta curve) for the totally

oxidized layer is shown. Fermi energy is set as zero.
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Valence Band

1 year in air
10 min in air
O,-dosed
as-cleaved

Intensity [Arb.Units]

L DL L |
20 10 0
Binding Energy [eV]
Figure 7.'w—band spectra for the as-cleaved PdTe; surface (black curve) and for its
modificati @ O; dosage (10° L at room temperature, red curve), air exposure for 10

minut&ﬁve) and aging of one year in air (green curve), respectively. The photon

energyi

To evaluate nvironmental stability of PdTe,, the time evolution of AFM images of

mechani foliated flakes (Figs. 8a-b) was followed on a timescale extended to one

Aut

month. AFM results demonstrate that exposure to ambient atmosphere does not change the

morphology of the flakes, as confirmed by the height profile along a specific direction
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remaining constant with exposure (Fig. 8c).

150 nm

— gs-cleaved

@) ECE e
_ as-cleaved I 100+ men
2 g 80
w g,
+— 60+
100 -
)
90 a 40 -
s L
70 20 __J
* L O L
* 0.0 0.5 1.0 15
20 Distance [pum]
Figure 8: lution of AFM images of a ~100 nm thick flake of PdTe,. Panel (a) shows
the flake i ately after exfoliation, while panel (b) displays the same flake after one

month in d. The dotted white lines in panels (a) and (b) indicate the path of the height

B

profile re panel (c).

a

The prove ability of PdTe, TMDC can be exploited to devise a nanodevice without

V]

encapsulating the active channel. Especially, high-frequency tests are particularly suitable to

[38]

evaluate eration-recombination noise associated with material degradation™™".

1

Therefore @ ed the suitability of PdTe, for high-frequency electronics and, specifically,

for the buil the next wireless communication network at a high data rate. Explicitly, we

n

design ufactured a PdTe,-based millimeter-wave receiver, shown in the optical

t

micrograph 1n F1g. 9a and sketched in Fig. 9b. The device was subjected to electromagnetic
radiation (:outEu;aower of 30 mW) at a 40 GHz carrier-wave frequency, which has been

proposed obal Mobile Supplier Association !

as the hotspot for the next
interconnec munication system.
We studied the response characteristics of PdTe,-based devices with a direct comparison with

similar devices fabricated with black phosphorus and graphene (Fig. 9c-d). It is also worth

This article is protected by copyright. All rights reserved.
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noticing that other TMDCs, including MoS, and WS,, effectively work at frequency lower
than 10 GHz, because of their low mobility achieved in experimental studies (few tens of

em2V-! #—1 40]

] hich represents a serious hurdle for their usage in high-frequency electronics
. Nota ased millimeter-wave detectors are more sensitive than similar devices

N — . .
based on plack phosphorus and graphene (Fig. 9c-d). Specifically, photocurrent values are

[41]

higher in m even an order of magnitude compared to black phosphorus and graphene,
as it can b ed from the behavior of the power-dependent photocurrent (Fig. 9c). By

comparinw.%wior of the photocurrent as a function of the bias voltage (Fig. 9d), it is

also eviden the PdTe,-based device possesses larger dynamic regime than black
phosphorus- raphene-based devices for carrier-frequency conversion. Specifically, the
dynamic i defined as the ratio between the photocurrent at 100 and 0 mV, i.e.

20log(In o % omv), 18 35 dB for PdTe,, 12 dB for graphene and 6 dB for black

phosp icitly, under the same operational conditions (/=40 GHz; V;=100 mV, P=30

mW), the res vity of the PdTe,-based millimeter-wave receiver (6.4 A/W) is 23 and 13

times greater than that of similar devices based on graphene and black phosphorus,

respectives.

Furthermd @l pr-based devices also exhibit excellent air stability. As shown in Fig. e, the

variation ] signal for PdTe,-based devices within one-month air exposure is below
~4%, t&ing PdTe, as a promising candidate for micro- and nanoelectronics. The
output of icated device shows good repetition ability with sharp rise/fall times, closely
following d digital signal (Fig. 9f). The signal exhibits especially good repeatability
withou even after a one-month exposure to the ambient environment, thus elucidating
the superb sta of a PdTe, device working at a frequency above the cut-off frequency (12

GHz) of a transistor with a micrometer-long channel 421, Therefore, PdTe, could be an ideal

This article is protected by copyright. All rights reserved.
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platform for engineering devices for next-generation communication and optoelectronic

applications.
(a)
10{(c) 10
< z
= = ——PdTe,
E 13 o black phosphorus
E = raphene
: 1 -/g‘p/_
o} 2
o s}
i 0.1 . F’dTe2 & //_-
+ black phosphorus
= graphene 0.1
5 10 15 20 25 30 0 25 50 75 100
Power [mW] Drain Voltage [mV]
(e) (f) Day 1 Day 30
= Day1
51 & Day30 "
- . ] S
£l A |
= 101 " . =
E " . E i L—
- n m T T 1
§ 5 i o _% e fReinapon rhl-n-
; - :
B ks . S
0 20 40 60 80 100 0 1 2 3
Drain Voltage [mV] Time [ms]

Figure 9: ;a; ;; tical micrograph of the PdTe,-based device; (b) architecture of PdTe;

millim e receiver, (c) power dependence of PdTe,- (black curve), black phosphorus-
(green curve) and graphene-based (red curve) devices, (d) bias dependence of PdTe,- (black

curve), black phosphorus- (green curve) and graphene-based (red curve) devices; (e)
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photosignal of the as-fabricated PdTes- device (black squares) and after one month in air

(blue squares), (f) time-resolved response of the as-prepared PdTe, millimeter-wave receiver

{

P

(black curv after one month in air (blue curve).

2.2 The ty

Cr

We also assessg the thermal stability in vacuum of the PdTe, surface, with a particular care

3

to the pos ipfluence of surface TeO, phases. Fig. 10 shows the evolution upon heating of

Pd-3d and¥'Te-3d core levels measured for (panels a,b) the as-cleaved, undefected PdTe,

£

surface and s c-d) in the presence of the surface TeO, phase, respectively. We focused

&

on the evolgt f Te-3d core levels upon annealing for the case of the oxidized surface, as
compa ectra acquired for pristine PdTe,. The temperature increase induces notable

change e intensity of the oxide component of the Te-3d core-level spectra. Specifically,

M

the relative weight of the oxide component in Te-3d core levels decreases with increasing
heating tehe. We attribute the modification of the core-level spectra to the thermal

reduction @

procedlm final reduction of the oxide component to 62 % with respect to the initial
value, after thermalization at room temperature.

Conversely, no Sange is found for Pd-3d core levels for both (i) pristine, undefected PdTe,
and (ii) the oxidiged surface after the heating/cooling process.
The analysi e valence band could provide further insights on the influence of TeO,

phases and their thermal reduction on the electronic properties. In Fig. 11, the valence band

fdce TeO, phases. The reduction process also continues during the cooling
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of the pristine and oxidized PdTe, is reported for different heating temperatures with
subsequent cooling. Valence band for as-cleaved pristine surface is unmodified by the
annealing !r ent, confirming that the pristine surface is thermally stable. Contrariwise, the
valence bazed PdTe; displays a different behaviour. Specifically, the broad peak at
6-7 eV (aﬁmated to O-2p states, according to partial DOS in Fig. 6e) decreases its intensity

when te"w increases from 300 up to 540 K. During the cooling procedure, the

intensity o cature remains constant.

Author Manus
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(b)
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Figure 1 -3d and Te-3d core levels taken for (a) the pristine PdTe, surface and (b)

oxidized *T ey iore-level spectra were acquired at different heating/cooling temperatures.

Theph0t03 is 800 eV.

<
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Figure 11: Valence-band spectra normalized to the Fermi edge for (a) as-cleaved and (b)

oxidized e photon energy is 400 eV.

The thety of PdTe, is further verified by the thermal gravimetric analysis (TGA).
The w is negligible in the TGA curve up to 680 K (Fig. 12) and,

correspongi , the differential thermal gravimetry (DTG) curve in inert atmosphere is flat
(see Supporting Information, Figure S6 for the case of a reactive atmosphere). These
evidencesh a nearly zero thermal expansion coefficient for PdTe,, as previously

N 3
reported for other layered materials **!.
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Figure 12: TGA (blue) and DTG (red) curves for PdTe; in the 300-680 K range, measured in

an inert atmosphere (N,).

Q.

3 Condhisionsmmm

We have om§grated that the oxidation of PdTe, proceeds via the formation of a surface
TeO, skin, ¢ thickness remains sub-nanometric even after one year in air. On the other
hand, no vidy toward water at room temperature is found. We have also shown that

undefecte@s thermally stable in the temperature range usually employed for most
applicatio above 500 K). Conversely, surface TeO, phases are thermally unstable,
due to te -induced reduction, which also implies changes in the electronic

propertiesmrmal reduction of surface TeO, phase should be kept into account when

analyzi erature-dependent effects in Te-terminated TMDC.

The ca activity of bulk PdTe; is rather limited, although exfoliation in nanosheets

increases the number of active sites.

[

Correspondingly, devices with PdTe;-based active channels exhibit good air stability even

without encapsulation. We devised a PdTe,-based millimeter-wave receiver, exhibiting both

fast response data rate at 40 GHz, high sensitivity (responsivity of ~6.4 A/W) and dynamic
men—
regime of 35 dB, with negligible changes in its performances (below 4%) after air exposure
RELE )

for one month. The high-frequency receiver is able to detect carrier frequencies higher than

L

cut-off frequency of other van der Waals semiconductors, thus paving the way for the use of

T

PdTe, for future communication or imaging systems.

=
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4. Methods

4.1 Experimental methods

Single c-rysta SO e, were prepared by the slow cooling method. High-purity Pd (99.9%)

1

sheet and er (99.9999%) were mixed in the ratio of 1:2 and sealed under vacuum in a

cone-shap€d quaiz tube. The quartz tube was heated to 900 °C, dwelled for 24 hours, and

¢

slowly coqled, rate of 3-5°C/h to 450 °C. The resulting crystals, with typical dimensions

of 10x10x (Fig. 1e) with the c-axis perpendicular to the plates, can be easily cleaved

and show su;erbs atness.

The struc!re of the grown crystals was examined by X-ray diffraction (Bruker D2

PHASERmu K a radiation and Laue diffraction (Photonic Science) at room
S

temperaturc. harp lines in the XRD pattern and clear spots in the Laue pattern suggest
high crysta ality (Fig. 1e). Samples were exfoliated in situ by adhesive tape. In
Suppo ation, Fig. S1 we also report the XRD pattern of powdered single crystals.

XPS exper?ments were performed at the High-Energy branch of the Advanced Photoelectric
Experiments beamline (APE-HE) of the Elettra Synchrotron, Trieste, Italy. XPS spectra were
acquired with an Omicron EA125 hemispherical electron energy analyzer, with the sample at
room temperature and in normal emission condition. The linearly polarized light impinged on
the sample forming an angle of 45 degrees with respect to the normal to the surface. Energy
resolution is 0.1 eV. Under our experimental conditions, we had any evidence of beam-
induced damage even after long-time exposure to synchrotron light.

HREELS experiments were carried out with a Delta 0.5 spectrometer by Specs GmbH,
Germany. The impinging energy is 4 eV. Spectra were recorded in specular direction, with an

incidence angle of 55° with respect to the sample normal.
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AFM experiments were performed by means of Dimension ICON microscope from Bruker,
USA.

The PdTe;-based millimeter-wave detector was fabricated by electron beam lithography and
electron beam evaporation. Photocurrent experiments were performed by using a lock-in
amplifier (LIA) after a low-noise voltage preamplifier. The radiation frequency and the
power were 40 GHz and 30 mW, respectively. The current-voltage characteristics were
measured by using B2912A Semiconductor Analyzer.

TGA analysis was carried out with a NETZSCH STA 449 F3 instrument in N, atmosphere.
Around 23 mg of powders were gradually heated from 300 to 673 K at a heating rate of 5

K/min.

4.2 Theormthods

omic structure and energetics of various configurations of various gases on
PdTe, died by DFT using the QUANTUM-ESPRESSO code ** and the GGA-PBE
+ van der Waals (vdW) approximation, feasible for the description of the adsorption of

moleculeshlces %3] We used energy cutoffs of 25 and 400 Ry for the plane-wave

expansioave functions and the charge density, respectively, and the 4x4x3

Monkhx-point grid for the Brillouin sampling *®!. For the modelling of the surface

of PATES; a slab of three layers (Fig. 4). We also considered the presence of the Te

Vacanciejﬁp layer. The formation of the single vacancy corresponds to PdTe gg for

the oute ace layer.
rption enthalpies were calculated by the standard formula:

Athys = [Ehost+m - (Ehost+ Emo])],
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where Ej 1S the total energy of pristine surface, and Ey, is the energy of the single

molecules of selected species in empty box. In the case of water adsorption, we only

considere! seous phase. Chemisorption energy is defined as the difference between the
total ener tem with adsorbed molecule and the total energy of same system after

N : .
decomposslon of the same molecule on the surface. For the case of physisorption, we also

evaluated @ial Gibbs free energy by the formula:
AG = AH - )

where T inerature and AS is the change of entropy of adsorbed molecule, which was
estimated consid@ring the gas—liquid transition by the standard formula:

AS = AH,apoisasionl T,

where AHﬁ is the measured enthalpy of vaporization. All formulas and technical

details fo@ulaﬁons of HER and OER are the same used for modelling these reactions

over PSN&G 1371 The value of overpotential U = 1.23 eV was used.
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