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ABSTRACT: Motivated by a recent study on the air stability of PdSe,, which also reports the or 0 0=

metastability of the PdO, monolayer [Hoffman, A. N. et al.. npj 2D Mater. Appl. 2019, 3(1), 50.],
in this work, we use density functional theory (DFT) to further explore the thermal, dynamic, and
mechanical stability of monolayer PdO, and study its structural and electronic properties. We
further studied its vertical heterojunction composed of 1T-PdO, and graphene monolayers. We
show that both the monolayer and the heterojunction are energetically and dynamically stable with
no negative frequencies in the phonon spectrum and belong to the vdW-type. 1T-PdO, is an
indirect-band-gap semiconductor with band-gap values of 0.5 eV (GGA) and 1.54 eV (HSE06).
The interface properties of the heterojunction show that the n-type Schottky barrier height (SBH)
becomes negative at the vertical interface in the PdO,/graphene contact, forming an Ohmic
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contact and mainly suggesting the potential of graphene for efficient electrical contact with the

PdO, monolayer. However, at the same time, a negative band bending occurs at the lateral
interface based on the current-in-plane model. Moreover, the optical absorption of the PdO,/

(b) Schematic diagram of CIP model and band alignment in the
PdOy/Graphene heterojunction

graphene heterojunction under visible-light irradiation is significantly enhanced compared to the situation in their free-standing

monolayers.

1. INTRODUCTION

Transition-metal dichalcogenides (TMDs) have captured the
attention of researchers due to their remarkable progerties and
their potential applications in electronic devices,' ™ optoelec-
tronics, ™’ valleytronics,(”7 light-emitting diodes (LEDs),g solar
cells,” field-effect transistors (FETs),” o tical-light elimina-
tors,"' modulators,'* laser accessories,> and catalysis.14
Generally, TMDC monolayers exhibit two common poly-
morphs, namely, trigonal prismatic (H-phase) and octahedral
coordinated (T-phase).””~'” The H-phase belongs to the Dy,
point group having the P6m2 space group, and the T-phase
belongs to the Ds; point group having the P3m 1 space
group.' ' Both experimentally and theoretically, it has been
found that the arrangement of chalcogenide atoms significantly
alters the properties of those monolayers.'”*’ Very recently,
Hoffman et al,, while studying the air stability of monolayer
PdSe,, reported the formation of PdO, on the surface due to the
chemisorption of the O, molecule, where oxygen atoms replace
the Se atoms.”’ Monolayer PdO, refers to a single layer of
palladium oxide (PdO,) atoms arranged in a two-dimensional
(2D) structure. Palladium oxide is a compound composed of
palladium and oxygen and is a well-known catalyst used in
various chemical reactions. The unique properties of monolayer
PdO, make it an attractive material for use in catalysis,
electronics, and other applications.””** Researchers are actively
studying the properties and potential applications of monolayer
PdO,, including in electrocatalysis, hydrogen storage, and
sensing.”>** The development of monolayer PdO, has opened
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up new possibilities for the design of advanced materials with
unique properties and improved performance.

Graphene, a two-dimensional (2D) material composed of a
single layer of carbon atoms, has attracted significant attention
due to its exceptional electrical, mechanical, and thermal
properties.”* However, its zero band gap and high electrical
conductivity limit its applications in electronic devices such as
field-effect transistors (FETs). To overcome this challenge, the
band-gap opening in graphene has been a subject of intense
research.”>~>” One approach is to form a van der Waals (vdW)
heterojunction with another 2D material, such as transition-
metal oxides, to open a band gap in graphene. The rapid
advancements in two-dimensional (2D) materials and their
heterostructures have led to the emergence of truly 2D physics
with unique phenomena. These developments have also given
rise to innovative heterostructure devices like tunneling
transistors and light-emitting diodes. Therefore, innovation of
new 2D vdW heterojunctions based on novel 2D materials is
scientifically desirable to develop environment-friendly and
energy-efficient optoelectronic applications.' >

Received: February 9, 2024
Revised:  June 8, 2024
Accepted: June 11, 2024
Published: June 20, 2024

https://doi.org/10.1021/acsomega.4c01305
ACS Omega 2024, 9, 28176—28185


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Yar+Khan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arzoo+Hassan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abdus+Samad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abdullah+Al+Souwaileh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c01305&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01305?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01305?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01305?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01305?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/26?ref=pdf
https://pubs.acs.org/toc/acsodf/9/26?ref=pdf
https://pubs.acs.org/toc/acsodf/9/26?ref=pdf
https://pubs.acs.org/toc/acsodf/9/26?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c01305?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

Here, we report on the stability as well as electronic and
mechanical properties of monolayer PdO,. We show that the
monolayer is energetically stable in the 1T phase rather than in
the 2H phase. Furthermore, the phonon dispersion mode for the
monolayer confirms the dynamic stability. The energy band gap
lies within the semiconducting range and can be further tuned
for nanoelectronic applications. The energy band-gap calcu-
lations show a band-gap opening in graphene by forming a vdW
heterojunction with the 2D-PdO, layer. Our results showed that
the graphene-PdO, vdW heterojunction exhibited an n-type
Ohmic contact with a low resistance of about 1 kQ.
Furthermore, we found that the band-gap opening in graphene
is induced by the formation of a vdW heterojunction with the
monolayer PdO,. The band-gap opening is confirmed by the
observed shift in the Dirac point in the graphene’s density of
states. The magnitude of the band-gap opening is found to be
proportional to the thickness of the PdO, sheet, which confirms
the effectiveness of the vdW heterojunction in opening a band

gap in graphene.

2. COMPUTATIONAL METHODS

All of our calculations are performed using the density functional
theory (DFT) implemented in the Vienna ab initio simulation
package (VASP).”> The generalized gradient approximation
(GGA) with the parametrization scheme of Pardew—Burke—
Ernzerhof (PBE) is applied for the electron exchange correlation
processes, whereas the electron—ion interactions are processed
by the projector augmented wave (PAW) method.*® However,
the Heyd—Scuseria—Ernzerhof (HSE06) hybrid functional,®***
which includes the Hartree—Fock exchange energy and the
Coulomb screening effect, is used to calculate the electronic and
optical properties.”® A cutoff energy of 500 eV is chosen for the
plane-wave expansion of the electronic Eigen functions for the
monolayer PdO,. The force criterion for the atomic relaxation is
chosen as 0.001 eV/A. The periodic images of monolayers of
PdO, are separated by a distance of 20 A so as to bypass the
interlayer interactions. K-point sampling with a 6 X 6 X 1 mesh is
used for the integration of the Brillouin zone (BZ). The finite
difference method is used to calculate the elastic constants.’”
The displacement step size is selected as 0.015 A using
displacement for each ion in the x and y directions. Phonon
calculations are performed using the finite displacement method
as implemented in the Phonopy program.*® A dipole correction
is added to compensate for the dipole interactions.*” In addition,
the van der Waals density functional of optB886-vdW is
considered for all of the calculations to describe the effect of
vdW interactions.””*" A § x § X 1 supercell is considered for ab
initio molecular dynamics (AIMD) simulations at 300 K with
each time step of 1 fs to test the thermal stability of the
monolayer PdO, at room temperature.**~** All optical proper-
ties can be deduced from the complex dielectric function (&)

() = &(w) + iey(w) 1)

The real (¢,(w)) and imaginary (Img.) (&,(®)) parts of the
dielectric function are associated with electronic polarization
and absorption of the crystal structure. The imaginary part of the
complex dielectric function can be evaluated by momentum
matrix relations between occupied and unoccupied wave
functions, and &,(w) can be calculated from &,(®) by using
Kramer—Kronig expressions4‘

2e%n oA v c v
ex(@) = 5= 7 Kula X rlyg) ) 6(E{ - B — )
€0 ke ()
72 ’
2 © ’ [ gl(w )
glw)=1+1|= / do'————=
(@) (ﬂ) 0 w? -’ (3)

In the above equations, 4, ¢, Y4, and ;. denote the vectors that
describe the polarization of the incident electric field, electronic
charge, and the wave functions of the conduction band (CB) and
the valence band (VB), respectively. Therefore, all other optical
constants including the absorption coeflicient a(®), reflectivity
R(w), energy loss function L(w), and the real part of optical
conductivity 6(w) can be evaluated by the function of &(w)
using the following formulas

a(w) = \/Ew[ el(w) + &) (w) — el(cu)]2
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3. RESULTS AND DISCUSSION

3.1. Structural and Electronic Properties of PdO,. The
top and side views of the 1T phase of monolayer PdO, are

Figure 1. Top and side views of a portion of the 1T phase of the
monolayer PdO,; the teal, red-colored solids spheres represent the Pd
and O atoms, respectively.

Table 1. Comparison between Different Parameters of the 1T
and 2H-PdO, Monolayers”

ML PdO,
1T 2H
a=b(A) 3.101 A 3.048 A
E, (eV) —16.0723 —13.726
E; (eV) —11.5384 —9.1925
Pd-0O (A) 2.044 2.136

“Here, a and b represent the calculated lattice parameters, E; and E¢
represent the total energy and formation energy, and Pd—O
represents the bond length of the monolayer PdO,.

shown in Figure 1. Most of the results have been calculated using
the ABC structure of the PdO, monolayer. The atomic position
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Figure 2. (a) Thermodynamic stability, (b) phonon dispersion modes, (c) top and side views of charge density difference (the yellow color indicates
electron gain, while the light-blue color shows electron loss at the isosurface of 5§ X 107> e/A% and (d) band structure and projected density of states for

the 1T phase of ML PdO,.

Table 2. Comparison between In-Plane Young’s Moduli (Y),
Poisson’s Ratio ('), and Elastic Moduli (C,; and C,,) for
Monolayers of Graphene, MoS,, and PdO,

monolayers Y(Nm™) v Cy(Nm™) C,(Nm™)
graphene™ 340.8 0.178 352.0 62.6
MoS, monolayer®® 120.1 0.254 1284 32.6
PdO, 108.116 0234 114.3855 26.78

and lattice vectors are optimized in order to study the strain
effects on the electronic structure of the PdO, monolayer. The
optimized lattice parameters and bond lengths of the monolayer
with 1T and 2H phases are listed in Table 1.

The formation energy per atom (E;) for the monolayer PdO,
is defined by the relation E; = Ep4o, — Epg — 2Eq, where Ep4q, is

the total energy of the unit cell of a monolayer PdO, and Eq and
E are the energies of an isolated atom of Pd and O, respectively.
According to this equation, the E; energies for monolayers are
—11.54 and —9.19 eV/atom for 1T and 2H phases, respectively.
These results reveal that thermodynamically the 1T phase of
monolayer PdS, is more favorable than it 2H-phase, as shown in
Figure 2a.

To evaluate the dynamic stability, we calculated the phonon
dispersion of the monolayer PdO,, as shown in Figure 2b. There
are no imaginary modes in the entire Brillouin zone, depicting
that monolayer PdO, is dynamically stable. Three acoustic
modes and six optical modes are found in the phonon
dispersions. The acoustic modes include a transverse acoustic
mode, a longitudinal acoustic mode, and a flexural acoustic
mode. The flexural mode has a quadratic shape near the I'-point,
while the TA and LA modes are linear. This behavior of the
acoustic modes is well-matched with other previously reported
monolayers such as MoS,, WS,, W,C, and SnS, **~° Further, to
determine the mechanical stability of monolayer PdO,, the finite
displacement method is used. To calculate its elastic tensor, the
elastic constants C; are noticed to be equal to C,,, whereas C,
= C,, due to the hexagonal symmetry. The mechanical stability
of these monolayers is guaranteed by Born stability criteria, i.e.,

28178

Cyy + Cy — 2Cy, > 0 and Cyy, Cyg and Cyy > 0.°" The in-plane
Young’s modulus (Y) is defined as Y = (C,,> — C1,?)/C;;. The Y
value thus calculated for PdO, (108.116 N/m) is well
comparable to other monolayers like SnS, and phosphor-
ene.’”*® The Poisson’s ratio (v) is defined as v = C,,/C,,, and
the calculated value is 0.234. The lower value of Young’s
modulus for PdO, compared to PdS, (116.4 N/m) and PtSe,
(115.9 N/m) comes from the fact that they have different
structures. While Pd is 4-fold coordinated in the PdS,/PdSe,
structures, it is 6-fold coordinated in the PdO, structure. The
elastic moduli results are summarized in Table 2, where a
comparison with other well-known 2D materials is also
presented. The charge density difference (Ap) is defined by
Ap = ppao, — Pra — Po, (in units of e/ A®). These bonding charge
distributions clearly show the electron accumulation in O and
depletion in Pd, and the amount of charge localized in this
region qualitatively indicates the strength of the PdO, bond; see
Figure 2c. The band structure along high symmetry points and
density of states for the PdO, monolayer are shown in Figure 2d.
It is evident from Figure 2d that the monolayer of PdO, has an
indirect band gap. Our calculations result in band gaps of 0.50
and 1.54 eV with the GGA and HSE06 functionals. The HSE06
functional is more accurate. Although it provides qualitatively
similar descriptions of band structures of these materials, due to
addition of direct exchange, the band gaps increased
considerably. The band gap for the PdS, monolayer using the
HSEO06 functional is reported as 1.6 eV, which is higher than
PdO,.>" Usually, the decreasing band-gap trend is found in
TMD down the group of chalcogen atoms. However, here, PdO,
and PdS,/PdSe, have completely different geometries. In PdO,,
the Pd atom is 6-fold coordinated with the O atom, whereas in
PdS,/PdSe,, it is 4-fold coordinated. PDOS analysis (Figure 2d)
reveals the nature of the bonding in these materials. In general,
the valence band is dominated by hybridization between Pd and
O’s p states, while the conduction band is mostly populated by
the states of O atoms.

https://doi.org/10.1021/acsomega.4c01305
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Figure 3. (a) Top and side views of a 2X \/ 3 supercell of free-standing PdO, monolayer. (b) Top and side views of a 2X \/ 2 supercell of graphene. (c)
Schematic diagram with side and top views of the PdO,/graphene heterojunction. Teal, red, and gray spheres indicate palladium, oxygen, and graphene

atoms, respectively.

Total Potential Energy (eV)

T T T
4000 6000 8000

Time (fs)

T
2000

10000

'
=]
1

w
<
1

[

Frequency (THz)

Wave vector

Figure 4. (a) Total potential energy fluctuation at 900 K up to 1 fs using AIMD simulation. (b) Phonon spectrum of the PdO,/graphene

heterojunction.

Figure S. (a) Top and (b) side views of the 3D plot of the charge density difference, where yellow and blue regions show charge accumulation and

charge depletion.

4. PDO,/GRAPHENE HETEROJUNCTION

4.1. Geometry and Stability. A heterostructure of
monolayer PdO, with metallic graphene is designed to study
its electronic properties. We construct the PdO,/graphene
heterojunction by vertically stacking the two monolayers.
Monolayer PdO, and graphene both have a hexagonal geometry,
but they differ in lattice constants, which leads to unacceptable
lattice mismatch. To reduce this lattice mismatch to an
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acceptable value, we combine a 2 X \/ 3 supercell of monolayer
PdO, with a 2 X \/ 2 supercell of graphene, as illustrated in
Figure 3. Thus, the lattice mismatch is reduced to less than 1%
with the least possible number of Pd, O, and C atoms. The
relaxed configuration is shown in Figure 3c. We note that after
optimization, both the PdO, and graphene layers remain intact
without any obvious geometric changes, implying that the lattice
strain is negligible in this heterojunction. To examine the

https://doi.org/10.1021/acsomega.4c01305
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Figure 6. (a) Total band structure, (b) projected band structure of PdO, (red bands), and (c) projected band structure of graphene (green bands).
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Figure 7. (a) Projected density of states (PDOS) and (b) electrostatic potential profile of the PdO,/graphene heterojunction. The Fermi level was

shifted to zero energy.

stability of PdO,/graphene, we calculated its binding energy E;,
defined by E;, = (Epgoa/G — Epaoz — Eg)/A, where Epgoyq is the
total energy of the PdO,/graphene heterojunction, Epyo, is the
total energy of the individual monolayer PdO,, E; is the total
energy of graphene, and A is the area of the heterojunction. The
calculated binding energy (E,) is ~ —480 meV/A® The
obtained E, has a comparable magnitude as that of other vdW
heterojunctions such as pentagraphene/graphene,”” SnSe/
graphene,ss’59 graphene/ phosphorene,60 and GeSe/SnSe®"®*
heterojunctions, implying that the PdO,/graphene hetero-
junction can be classified as a vdW heterojunction.

To further validate the stability of the PdO,/graphene
heterojunction, we applied ab initio molecular dynamics
(AIMD) simulations using a canonical (NVT) ensemble to
study the thermal stability of the PdO,/graphene heterojunction
and phonon calculation to find the phonon stability; see Figure
4a. We first perform the simulation at 300 K for 10 ps with a time
step of 1 fs and increase the temperature to 600 K and then to
900 K. The fluctuations of the total energy with simulation time

28180

at 900 K are plotted in Figure 4a. After 10,000 steps, no
permanent distortions in geometry or the total energy were
observed, which confirms its thermal stability. As shown in
Figure 4b, the phonon dispersion curves along the entire
Brillouin zone (I'-M-K-I') of the PdO,/graphene heterojunc-
tion have no imaginary frequency mode, indicating its dynamic
stability. To investigate the interlayer coupling between the
PdO, monolayer and graphene, we also calculated the
differential charge density between them [see Figure S]. The
xy-plane-averaged differential charge density is defined accord-
ing to the equation A9 (2) = Prion/gughene (2) — Pgaphene () —
Praoz(2), where PPd02/graphene (2), Pgraphene (2), and ppyo,(2)
represent the averaged plane charge densities of the PdO,/
graphene heterojunction, graphene, and free-standing PdO,
monolayers, respectively. The top and side views of the three-
dimensional (3D) charge density plot are given in Figure S,
which shows the charge density redistribution in the form of
electron-rich and hole-rich regions in the heterojunction.
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ACS Omega 2024, 9, 28176—28185


https://pubs.acs.org/doi/10.1021/acsomega.4c01305?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01305?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01305?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01305?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01305?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01305?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01305?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01305?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01305?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

‘ Pd ‘ (0] o Graphene
A

vdW contact

Source Drain
) SR, —
z D E

’I Substrate

Figure 8. On the left side: a typical illustration of the PdO,/graphene heterojunction. A, C, and E represent the three regions, whereas B and D are the
two distinguished interfaces. The black arrows show the pathway of an electron or hole moving from the metal electrode to the PdO, channel (A to B to
CtoD to E). ®vis the Schottky barrier, and AE is the band bending. The inset on the right side shows the schematic of a typical field-effect transistor

(FET), with source and drain contacts, and the channel region.

5. ELECTRONIC PROPERTIES

To clearly understand the electronic properties of the stacked
system, the band structure is calculated as shown in Figure 6a,
and the band structures of ML PdO, and graphene are well-
preserved upon forming the heterojunction, consistent with the
important feature of vdW contacts. From Figure 6b,c, we obtain
two results: (i) the Fermi level has moved into the conduction
band of the heterojunction, leading to an n-type Ohmic contact;
and (ii) a band-gap opening in graphene at the Dirac point of
~0.10 eV can be observed, which is because the TMDs
introduce an asymmetry in the crystal lattice structure, leading to
a breaking of the inversion symmetry in the combined material
as reported on combination with MoS,, WS,, PdS,, etc. This
band-gap opening is significant because it allows the combined
material to exhibit a semiconductor-like behavior, which is
essential for developing electronic devices such as transistors
and sensors. The size of the band gap can be controlled by
varying the thickness of the TMD layer, which can lead to the
development of devices with tunable electronic properties as
reported in other studies.”® To further study the band offset
nature of the PdO,/graphene heterostructure, the total density
of states (TDOS) and the orbital resolved projected density of
states (PDOS) are also studied as shown in Figure 7257 As
shown, the valence band maximum (VBM) has contribution
made by both graphene and PdO, electrons, and there is no
density of states between —1.18 and —0.10 eV of PdO,
maintaining its band gap, which agrees well with the electronic
band structure, and the Fermi level has also moved into the
conduction band. The conduction band maximum (CBM) as
shown is, however, mostly dominated by the electrons of PdO,.

The electrostatic potential profiles (Figure 7b) of the PdO,/
graphene heterojunction along the z direction reveal the
existence of a tunneling barrier between the stacked systems.
From Figure 7b, we can see that there is a large potential drop of
3.02 eV at the interface of the PdO,/graphene heterojunction,
implying that electrons are transferred from graphene to PdO,
and form an internal electric field at the interface. This large
potential drop shows that there will be a low rate of electron—
hole pair recombination, making it a potential candidate for
photoelectric device applications. We also evaluate the tunneling
possibility (Tp) of the PdO,/graphene heterojunction based on
the Wetzel—Kramer—Brillouin (WKB) approximation®®

2mAV ]
—— X wy
h

T, = exp( -2
(8)

where AV and wyg represent, respectively, the height and width of
the tunneling barrier potential, m denotes the effective mass of
the free electron, and 7 is the approximate Planck’s constant.
From the electrostatic potential profile (marked by the blue
rectangle in Figure 7b), the calculated AV and wy are 3.97 A and
23.4 eV, respectively, which lead to a T} of 79.5% in the PdO,/
graphene heterojunction. Compared to PdSe,/Pb (9.18%) and
PdSe,/Au (18%),% the relatively high T}, of the PdO,/graphene
heterojunction enables efficient charge transport across the
heterojunction for high-performance FET devices.

6. EXTENDED APPLICATION

To enable the movement of charge carriers from the electrode to
the channel material in a device, two types of barriers must be

A

PdO,/Graphene

PdO, Channel

o Wy=5.56 eV
<
ar | CBM
E rZ ; R L S N Wpgo: =6.91 €V
= AEg=-135eV
®.~—0.045eV F ¢
Epmm - - - - - - — VBM
A 4
®,-1.36 eV

Figure 9. Schematic diagram of the CIP model and band alignment in
the PdO,/graphene heterojunction, where Wy and Wy, are the work
functions of the PdO,/graphene heterojunction and the noncontacted
PdO, monolayer, and Eg is the Fermi-level energy. The black, green,
and purple dashed lines show the interface between the PdO,/graphene
heterojunction and the noncontacted PdO, channel, E,,, and Eg,
respectively. The blue solid lines indicate the CBM and VBM regions of
the PdO,/graphene heterojunction and the noncontacted PdO,
channel.

overcome: (i) the Schottky barrier (®gg), which governs the
charge transfer between the metal and the semiconductor at the
vertical interface; and (ii) the band bending AEg, which occurs
at the lateral interface between the electrode and the channel
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Figure 10. (a) Absorption coefficient, (b) optical conductivity, and (c) reflectivity percentage for the graphene/PdO, heterojunction and graphene

and PdO, monolayers.

interface. A typical illustration of the PdO,/graphene hetero-
junction for the FET device is shown in Figure 8, where the
PdO,/graphene heterojunction acts as an electrode and the free-
standing PdO, monolayer as a channel region. The Schottky
barrier between the two materials is the most critical parameter
in determining the contact resistance. The Schottky barrier
height (SBH) can be calculated using the Schottky—Mott rule,””
which defines it as the energy difference between the Fermi level
(Ep)? of the heterojunction and the energy band edges of the
semiconductor, namely, the conduction band minimum (CBM)
and the valence band maximum (VBM), identified from the
projected electronic band structure [Figure 6b].%%%%

O, = Ecgm — Epy @sp_p = Ex — Eypu

€)

where ®g;_, and Dgp p are the n-type and p-type SBHs,
respectively.

To minimize contact resistance in device applications, a low
Schottky barrier height (®gz-e or @gg-h) is desirable. Following
the Schottky—Mott rule,”” a Schottky-barrier-free contact is
achievable when the Schottky barrier height becomes zero or
negative, allowing for spontaneous carrier infusion from the
stacked system to the PdO, channel. In the PdO,/graphene

contact, the @gz-n is —45 meV and the Pg-p is 1.36 €V,
indicating the formation of an Ohmic contact and demonstrat-
ing graphene’s potential as an efficient electrical contact with
(ML) PdO, with high charge carrier efficiency.

The band alignment of the PdO,/graphene contact is also
important in designing new materials and devices and can be
estimated by using the vacuum level as the common energy
reference. A current-in-plane (CIP) model is used to estimate
the band bending in the PdO,/graphene contact. The band
bending is determined by the Fermi-level difference denoted as
AEg; at the lateral interface, “D” is estimated as AE; = Wy —
Whgo2 = —1.35 eV, indicating that electrons are the major
carriers making the channel n-type, similar to the case of the
MoS,/graphene-based device. Figure 9 shows the PdO,/
graphene heterojunction on the left and the free-standing
PdO, sheet on the right.ég’69

7. OPTICAL PROPERTIES

The optical response of the 1T-PdO,/graphene vdW hetero-
structures tends to improve due to the interfacial interactions
between its layers. This improvement in optical response has a
considerable effect on the optoelectronic device’s performance,

28182 https://doi.org/10.1021/acsomega.4c01305
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Figure 11. Absorption coefficient of the PdO,/graphene hetero-
junction.

such as solar cells and photodetectors, as it enhances their
efficiency and sensitivity to light. In this study, we determine
both the real and imaginary components of the dielectric
function for 1T-PdO,/graphene vdW heterostructures. Using
the concept of optical properties, we derive the absorption
coefficient, optical conductivity, and reflectivity percentage. The
optical absorption coefficient is a measure of how strongly a
material absorbs light of a particular frequency or wavelength,
denoted by w. In Figure 10a, we observe several strong
absorption peaks at 0.18, 0.4, 1.56, and 2.36 eV, hence providing
many channels for dipole transitions. This is due to internal
photon scattering within the atomic particles. As for optical
conductivity, the PdO,/graphene heterojunction exhibits a
substantial conduction in the visible region and the near-
ultraviolet region (see Figure 10b). In particular, we find several
peaks at 0.25, 1.59, 2.28, and 6.09 eV that are missing from both
graphene and monolayer PdO, with corresponding optical
conductivities of 4.78 X 10°, 8.89 X 10°, 5.62 X 10°, and 2.57 X
10° cm ™, respectively. The reflectivity percentage of the PdO,/
graphene heterojunction as shown in Figure 10c is increased
significantly compared with those of the free-standing PdO, and
graphene. The maximum reflection of the PdO,/graphene
heterojunction is observed around 29% in the visible region,
which rapidly drops to 18% from 0 to 0.60 eV. It again starts to
increase toward higher energy ranges, and a maximum reflection
of around 84% is observed between energy ranges from 2.5 to §
eV in the UV region. It is worth mentioning that the electron—
hole interaction is not considered while calculating the optical
properties of PdO,, graphene, and PdO,/graphene hetero-
junction in this study. The GW approximation combined with
the Bethe—Salpeter equation (GW + BSE) can accurately
describe the optical response by introducing self-energy
corrections and capturing excitonic effects.”” However, it is
computationally too expensive for this system due to its large
size. We use the Kubo—Greenwood method to calculate the
dielectric tensor, where the imaginary part is the sum of
occupied and unoccupied bands of the dipole matrix elements.””
Our calculated results can provide a qualitative understanding of
the optical behavior of this system. It is obtained from the optical
characterization that these heterostructures show anisotropic
optical behavior [see Figure 11]. This anisotropic optical
property is very important in photonic devices, specifically in
photodetectors.

electronic properties, and the formation of a vdW hetero-
junction between graphene and 2D 1T-PdO, sheets results in an
n-type Ohmic contact and enhanced optical performance. This
work opens up new opportunities for the development of
graphene-based electronic devices, such as FETs and photo-
detectors, which require a band gap and low resistance for
efficient device operation. Furthermore, the vdW heterojunction
approach offers a scalable and cost-effective method for the
large-scale production of graphene-based electronic devices as it
does not require high-temperature processing or complicated
patterning techniques.
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