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Abstract: The thermoelectric transport properties of metal-ceramic interface based on Al and y-Al,0;
are explored by employing the non-equilibrium Green’s function formalism (NEGF) coupled with density
functional theory (DFT). However, to acquire the phonon thermal conductance, the parameterized
ReaxFF potential is utilized for computing the intrinsic force constants of propagating phonons across
the interface. Several interfacial electronic properties such as charge transfer, potential barrier, and
atomic orbital overlap are critically analyzed based on the DFT derived results of electrostatic difference
potential, electron density difference, and the spin-polarized density of states in the fully relaxed
structure of the interface. Within the NEGF framework, both the electron and phonon transmission
coefficients are estimated for the variations of bias voltage and temperature gradient across the
interface. The strong orbital overlapping and the scattering of electrons and phonons at the nanometer-
size interface suppress the lattice thermal conductivity significantly compared to the electron transport,
which in turn enhances the thermoelectric performance of the Al/Al,O; composite, in contrast to the
bulk material of Al. Moreover, a steep rise of power factor induced by increased transmission of charge
carriers with temperature improves the energy conversion efficiency of the material. The present

findings could pave the way for developing thermoelectric materials based on metal-ceramic composite.
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1. Introduction

The exploration of multilayered metal-ceramic interfaces as the potential candidates in modern
nano-transistors and electronic devices has stimulated great interest and intensive research on the
electro-thermal transport properties of Al/Al,0; interfaces *. For efficient thermal management and to
alleviate the self-heating effects in microelectronic devices, the quest for advanced materials exhibiting
higher electrical and thermal conductivities has gained attention of the researchers. Owing to the
unique electronic properties of Al/Al,O; interfaces such as higher mechanical strength, better electro-
statics, high thermal conductivity and corrosion resistance, much effort has been paid to employ the
Al/Al,O; composite as a promising material in a range of technological applications starting from
catalysis, sensors, corrosion protection, and thermal barriers to microelectronics, single-electron

transistors, and energy storage 410

The advent of AI/AlLO; interface has spurred to investigate the electronic structure and
properties of this metal-ceramic composite. By employing both the local density approximation (LDA)
and the generalized gradient approximation (GGA) based exchange-correlation functional, Siegel et al.
carried out quantum mechanical computations to predict the structure and adhesion properties of both
the O-terminated and Al-terminated Al (111)/a-Al,O; (0001) interface. Streitz and Mintmire *
explored the applicability of molecular dynamics (MD) simulation to estimate the surface energies as
well as determine the elastic properties of the Al/a-Al,O; interface by implementing interatomic
empirical potential associated with variable charge transfer between cations and anions. In order to
evaluate the critical temperature of nonwetting-wetting transition and investigate the structural,
energetic, and adhesion properties of Al/Al,O; interface, Zhang et al. % conducted MD simulation study
within the framework of reactive force field (ReaxFF) approach. Later, a detailed theoretical study has
been carried out by Pilania et al. ** with the recognition of macroscopic mechanical behavior of the
coherent and semi-coherent Al/a-Al,O; interfaces. In that study, they performed an anneal-and-quench

MD calculation by invoking a mixed metallic-ionic atomistic model derived from modified embedded

atom method (MEAM) potential and the charge transfer ionic potential (CTIP) model.

With the advancement of nanotechnology the synthesis and fabrication of multilayered metal-

ceramic nano-composites portraying significant enhancement in the mechanical strength become

16-19

feasible to be realized experimentally . Goswami et al. *® demonstrated the impact of annealing

technique to the escalation of mechanical strength of the sputter deposited Al/y-Al,0; multilayered
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composite having interlayer spacing of about 100 nm. The rise in hardness was found to be associated
with the precipitation of ultra-fine y-Al,O; in the Al layers. Furthermore, the formation of Al/Al,O;
interface is assessed by performing density functional theory (DFT) based calculations using Perdew-
Burke-Ernzerhof (PBE) exchange correlation functional and projector-augmented wave (PAW) based
pseudopotential. The predicted lower decohesion energy for the interaction between (001) surfaces of
Al and y-Al,0O; affirms the stability of the composite as well as the formation of strong bonding across
the interface. By exploiting atomic layer deposition and magnetron sputter deposition techniques,
Costescu et al. 2! fabricated the metal-ceramic interface of dissimilar materials of W/AL,Os; which is
indicated to be advantageous in attaining ultra-low thermal conductivity. Muliana and co-workers %
studied the thermo-mechanical properties of Al-Al,0; composites prepared by using powder metallurgy
method; and evaluated those parameters that control the elastic and thermal characteristics of

composites.

Albeit a number of theoretical as well as experimental research works have been devoted to
determine the structural and mechanical properties of Al/Al,O; interfaces, the electron and thermal
transport properties of the aluminum-alumina composite have not been widely studied. In order to
check the influence of interface geometry and the corresponding barrier heights and widths on the

I. 2 measured the differential conductance as

electron tunneling in Al/Al,Os/Al junctions, Koberidze et a
a function of applied bias voltage, and compared the results with those obtained from DFT based
calculations within the Wentzel-Kramers-Brillouin (WKB) approximation. The electron transport through
the Al/Al,O; tunnel barrier is predicted to be explicitly dependent on the atomic disposition and the
stoichiometry at the Al/ALO; interface. Apart from that, efforts are being paid to explore the
fundamental mechanism of thermal transport across the metal-ceramic interface. Hopkins et al. %
estimated the thermal boundary conductance for the Al/Al,O; interface at different temperatures from
300K to 500K applying the transient thermoreflectance (TTR) technique. The measurements anticipate
an anomalously high thermal boundary conductance at an elevated temperature, which exceeds the
probable maximum thermal conductance emanating from harmonic phonon transmission across the
interface. The experimental results are further compared with the theoretically computed values
derived from models dealing with phonon scattering such as diffuse mismatch model (DMM) and

phonon radiation limit (PRL). However, the proposed theoretical models could not satisfactorily explain

the anomalous high interface conductance due to the exclusion of inelastic phonon scattering at the
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interface. Very recently, the performance of thermoelectric energy generator based on Al,05/ZnO

superlattice thin films has been assessed by Park et al. .

By performing ab initio based calculations, Ching et al. 2® predicted that the y-Al,0; exhibits a
much larger thermal-expansion coefficient compared to a-Al,0;. The detailed comparative studies of
electronic properties of these two phases of alumina anticipate the existence of high degree of disorder
as well as enhanced anharmonicity in y-Al,0; structure. In addition, compared with a-Al,03, the y-Al,O;
possesses a reduced band gap, which can provide a well balance between the electrical conductivity and
Seebeck coefficient. The differences in elastic properties and densities of vibrational states between the
metal and ceramic materials generally impede the conveyance of vibrational states across the interface,
leading to a suppression of thermal conductivity, and thereby offering another degree of freedom to
optimize thermoelectric conversion performance. On the other hand, by using transmission electron
microscopy (TEM) and high-resolution electron microscopy (HREM), Yang et al. % identified promising
thermal stability of Al/Al,O; composite. The exceptionally high thermal resistance of the composite,
even above the melting point of Al, emanates from the wetting of the Al,O; network with liquid Al. The
supremacy of multilayered Al/y-Al,O0; nanocomposite 2° compared to their pristine bulk counterparts
thus motivates us to investigate the thermoelectric properties of metal-ceramic interface composed of
Al and y-Al,0;. Albeit a number of literature works addressing the mechanical and thermal stability of
Al/Al,O; interface have remained quite accessible, the thermoelectric performance of this composite is
seldom studied. The present study explores the thermoelectric conversion efficiency of a
microelectronic device of Al/y-Al,O; interface by performing first-principles based calculations using DFT
coupled with non-equilibrium Green’s function (NEGF) formalism. The heat transport mechanism is
critically analyzed by computing electrical conductance, Seebeck coefficient, as well as electronic and
phonon contribution to the thermal conductance at several temperatures. In order to further
investigate the electronic transport properties of the Al/ y-Al,O; composite, the current-voltage (I-V)
characteristics have been examined by evaluating the electrical current with the variation in the voltage

gradient across the interface.

2. Computational Details
To calculate the quantum transport properties of the Al/Al,O; interface within the NEGF

framework, we have adopted a two-probe model consisting of a finite central scattering region (C)
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which is connected to two semi-infinite periodic leads (L/R) as the electron or heat baths. Figure 1
displays the proposed atomistic model of the microelectronic device. The central region includes an
eight-layered metallic Al surface and a cubic cell of the oxide material (y-Al,03) with a thickness of about
0.81 nm, which could be sufficient for screening the effect of any surface related phenomenon ** 2% 2,
A large enough dimension of the central region with a length of about 3.2 nm has been considered to
accommodate both the voltage and temperature drop within itself. Apart from that, several attempts
have been made to obtain decent interface geometry where both strain mismatch and cell-size are
optimum. Prior to the calculations of carrier transport, all the model structures of bulk surface and
interface cells are optimized by employing PBE ? exchange correlation functional with a double zeta
polarized (DZP) basis set for both Al and O atoms, and a mesh cut-off energy of 150 Ry. All atomic
positions are relaxed until the maximum atomic forces become smaller than 0.05 eV/A.

As evident from previous experimental and theoretical studies ***

, the y-Al,O; has a cubic fcc-
like defected spinel structure, and the defective nature mainly arise from the presence of Al cation
vacancies that are distributed between octahedral and tetrahedral sites in the lattice. However, the
presence of octahedral holes is found to be energetically more favorable than tetrahedral holes. In the
present work, the models where the vacancies are located at the octahedral sites are considered.
Herein, we chose the (100) surface of y-Al,0;, as the (100) and (110) surfaces are predicted to be
dominant in y-Al,03 B Further, the efficiency and robustness of the model structure of (100) surface of
v-Al,O; are verified by comparing the estimated lattice parameter and band gap values with those of
earlier studies. The lattice constant for the proposed supercell model of y-Al,0; is computed to be 7.99
A, which corroborates well with the experimentally determined value of 7.90 A **. The calculated band
gap for y-Al,O; is about 4.25 eV, which corroborates well with the previous result reported by Ching et
al. 2. The DFT derived direct band gap is underestimated by about 4.0 eV compared to the experimental
result, and this is in well agreement with the previous theoretical predictions using DFT ***'. The fully
relaxed structures of Al and y-Al,O; are then utilized to construct the interface geometry by considering
all possible stacking orientations between these two materials. In order to make the surface cells
commensurate, we employ the lattice matching method * that seeks the plausible candidates by
considering convenient effects on the lattice constant in the direction perpendicular to the interface
plane i.e. the Poisson effect. The implemented method thus facilitates the identification of epitaxial
interface where both the strain and the area of the coincidence interface cell are minimized. During the

interface simulation, the DFT derived in-plane lattice constant of bulk Al, which is within 1% of the y-
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Al,O; lattice constant, is used. The resultant interface is comprised of Al,O; supercell with lattice
parameter (a =0.76 nm, b = 0.81 nm, c = 1.6 nm), and Al supercell with lattice parameter (a =0.77 nm, b
=0.81 nm, c = 1.6 nm). The predicted low-strain epitaxial interface, with a mean strain of 0.2%, is further
subjected to relaxation by DFT based method. The interface geometries are optimized by employing
LBFGS (Limited-memory Broyden Fletcher Goldfarb Shanno) algorithm. The k-points in the Monkhorst-
Pack grid are set to (4 x 4 x 4) and (4 x 4 x 1) for the relaxation of single-phase supercells and interface
cells, respectively. Moreover, during the structural relaxation a vacuum spacing of 20 A is added along
the “C” direction of the supercell to overcome the spurious interactions caused by periodic boundary
condition. The Poisson equation is solved using a Fast Fourier Transform (FFT) solver. Further, to solve
the Poisson equation, we assign periodic boundary conditions in A-B directions, and Dirichlet boundary
condition in the transport direction (i.e. the C-direction). The lowest energy structure of the Al/Al,O;

interface shows a strong resemblance to that obtained by Goswami et al. %°.

In order to calculate the linear transport properties of the two-probe model using DFT-NEGF
method as implemented in QuantumWise ATK software package *, the electron transport is assumed to
travel ballistically. Further, the quantum transport properties of this nano-structured device is computed
by employing LDA based exchange-correlation potential, and single-zeta plus polarization (SZP) basis
sets. The Brillouin zone of the whole structure is sampled with (1 x 1 x 100) Monkhorst-Pack k-mesh in

4 % the electron transmission coefficient which

the transport direction. Within the NEGF formalism
determines the probability of electrons transferring between the two semi-infinite leads can be
evaluated by
Te(E) = Tr[IL(E)GT (E)IR(E)G*(E)] (1)
where G7(E) represents the retarded Green’s function; G*(E) = (GT(E))Jr is the advanced Green’s
function; and I /r signify the coupling interaction with left/right lead. The retarded Green’s function is
calculated as
G"(E) = [EI — Hc — ¥ — XR]™* (2)
where H, is the Hamiltonian of the central region containing the interface, and | is the identity matrix.
Y7 and Y% denote the self-energy matrices for the left and right semi-infinite leads.

46, 47

Now, exploiting Landauer-Biittiker formalism , the electrical current can be computed as
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where factor 2 counts for spin degeneracy; h is the Planck’s constant; q is the electrical charge of carrier;
f (E, i) is the Fermi distribution function; i,  are chemical potentials of the left and right leads; and T,
indicates the transmission function per spin (considering up / down) derived from self-consistent DFT-
NEGF calculations. Apart from that, the applied bias voltage (V;) between the two leads is related to the

chemical potential as, (u;, — pug) = Vp Xq.

Deploying the concept of linear coherent transport, in the near equilibrium region, the physical

quantities related to the thermoelectric properties of the device viz. electrical conductance (G,),

Seebeck coefficient (S), and electrical thermal conductance (K,) can be obtained as **’
Ge = qZ X LO (4)
S=—x2a (5)
qT Lo
and
1 LZ
Ko==Xx(L,— 2 6
o= 1% (- 2) (6)
Where L,, is expressed as
2 4o af (B
Ln= 2 [*7T,(B) (- 22) (E - " dE (7)

The procedure for computing the phonon transmission using NEGF technique is the same as the

electrical transport after two substitutions *

El > w?M,
and
Hr - K¢

where w is the frequency; M, denotes the diagonal matrix having the elements describing the masses of
atoms; and K represents the dynamical matrix of the central region. Similarly, the self-energy matrices
of the two semi-infinite leads, and hence the retarded Green’s function are also computed as a function

of w. After that, the phonon thermal conductance can be evaluated by exploiting Landauer formalism **

48

o) 0 i
Ken(1) = 32 [y 0o T (@) x (Z527) do ®)

where B(w, T)[= (eh“’/"BT - 1)_1] is the Bose-Einstein distribution at average temperature T; and kg

is the Boltzmann constant. Tpy, (w) describes the phonon transmission coefficient.
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Now, in the linear transport regime, the temperature difference between the two leads is very

ho ehw/kpT

kpT? X (ehw/kpT— 1)2

small, i.e. AT = T, — T = 0; and thus we can replace the (%) with . Upon

substitution, the above equation can be expressed as *
ehw/kgT

hZ
(ehw/kBT_ 1)2

Zil'kBTz

Kpn(T) = (9)

f()oo w? TPh((‘)) X

It is noteworthy to mention that, the phonon thermal conductance calculations are carried out
in the absence of anharmonic phonon-phonon interaction. Moreover, the phonon transmission
coefficient is computed based on parameterization of ReaxFF potential ***° for Al and O as implemented

in ATK QuantumWise package.

Finally, the thermoelectric figure of merit of the microelectronic device is estimated by using the
following expression:

2
g7 = _GeS2T

"~ (Ket Kpp) (10)

3. Results and Discussions

In order to comprehend the impact of surface interactions between y-Al,0; and Al on the
quantum transport behavior of the microelectronic device, the electrostatic difference potential (EDP)
and electron difference density (EDD) are evaluated for the Al/Al,O; interface material. EDP refers to the
difference between the electrostatic potential of the self-consistent valence electron density and the
electrostatic potential derived from a superposition of atomic valence electronic densities. The EDP
value (AVy) is estimated by solving the Poisson equation where the charge density is extracted from the
electron difference density. The computed average EDP along the C axis of the device (as defined in
Figure 1) as well as the cut plane surface of EDP is depicted in Figures 2(a) and 2(b), respectively. The
higher the value of AV, the more difficult it is for charge carriers to cross the barrier. Figure 2(a) reveals
that there is a very small protrusion of the potential barrier for charge carriers at the Al/Al,O; contact
region as indicated by black arrow. This leads to the conclusion of strong covalent interaction between
the two surfaces. Further, the oscillations of EDP are relatively small in the metallic Al regions near the
electrodes, reflecting the self-consistent charge distribution is not considerably different from the
atomic valence charges in those regions. The surface map portrayed in Figure 2(b) manifests that the

AV is more positive around the site of interface, triggering a higher difference density or charge
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accumulation near the interface. To illustrate the charge re-distribution, we also emphasize on the
analysis of EDD obtained from difference between the self-consistent valence charge density and the
superposition of the atomic valence charge densities. A negative value of EDD signifies charge depletion,
while any positive value is indicative of charge accumulation. The small changes in EDD as rendered in
Figure 2(c) imply a prominent charge transfer across the interface, and there by suggesting strong
interaction between the two surfaces. Since the robust interaction between y-Al,0; and Al materials
furnishes enough electron density, which when subtracted from the initial or neutral electron density
leads to the lowering of EDD. To assess the binding strength quantitatively at the metal-ceramic
interface, the interface energy is calculated in the optimized structure of interface at the PBE/DZP level
of theory. The DFT derived energies of fully relaxed geometries of Al/Al,O; composite and the individual

Al and y-Al,0; materials are used to compute the interface energy:

SC S S
_ EAl/A1203 - Ej - EA1203
Einterface - 2

where EjﬁAlZ% refers to the electronic energy of the supercell of Al/Al,O; interface after relaxation. E3;
is calculated by optimizing the Al surface after eliminating all atoms associated with Al,O; in the
supercell, and Ejzzo3 is computed after removing all atoms corresponding to Al. The appearance of
factor of two in the denominator of the above expression accounts for the presence of two surfaces
within a supercell. A negative value of Ejpterface is indicative of favorable interaction between the two
surfaces. For the lowest energy structure of Al/Al,O; interface cell, the area normalized interfacial

energy is estimated to be -5.4 eV/A%.

To gain insight into the electronic properties of the edge contacts formed between Al,0; and Al
surfaces, we further examine the energy-position resolved local density of states (LDOS) of the device.
Figure 3 illustrates the LDOS map along with electron transmission in the energy range [-10, 10] eV
relative to the Fermi energy of the interface. In the LDOS diagram, the Z-distances correspond to the
channel regions of the two-probe device. The dark and colored bright regions in the LDOS map unveil
the absence and presence of the electronic states, respectively. The states of metal-semiconductor
interface are precisely portrayed in Figure 3, and the interface is identified to be located around 15 A. A
closer look at the vicinity of the Fermi level indicate that the right side of the device consisting of the Al
layers is metallic in nature, and the computed band gap of y-Al,O; is reproduced on the left side. There
are significant changes in the local densities of electronic states of Al atoms near the interface as

compared to those in depth. When the metal and the oxide material come in electrical contact, the two
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Fermi levels are forced to coincide, and electrons transfer from the oxide into the metal site. This leads
to the onset of an excess of negative charge on the metal surface and a negative charge depletion zone
in the Al,O3 near its surface. The excess charges create an interface dipole followed by an electric field
directed from the oxide to the metal. This electric field now corresponds to a gradient of the electrical
potential in the depletion layer. As revealed by the projected transmission spectra, the presence of
interface of two dissimilar materials gives rise to the formation of a potential barrier which in turn may
suppress the electron transport. To study the conductance behavior of the two-probe model of
multilayered Al/Al,O; interface, we also conduct the projected device density of states (PDDOS)
analyses. The PDDOS spectra estimated from spin polarization calculations at the interface region as
well as close to the Al,O; electrode are delineated in Figures 4(a) and 4(b), respectively. However, it can
be seen that the overall patterns of up and down DOS-components do not alter significantly, and
effectively remain the same for both cases. The comparison of PDDOS spectra clearly unveils that, due
to a strong coupling of outermost orbitals at the interface the band gap nature of y-Al,O; closer to the
Fermi level is completely diminished, and it acquires a mixed metal-semiconductor character. This is in
well agreement with the results obtained from the projected LDOS analysis. Moreover, it is important to

notice that the electronic structure adjacent to the Fermi level is mainly governed by the Al p-orbitlas.

In addition to the aforementioned investigations, we appraise the transmission spectrum that
characterizes the electrical behavior of the proposed two-probe device. As mentioned in the previous
section, electrical parameters such as conductance, thermal conductance, and Seebeck coefficient
contributing to the thermoelectric figure of merit can be uniquely determined from the transmission
coefficient. The computed transmission coefficients are plotted in Figure 5 as a function of energy, when
no bias voltage is applied. The Fermi level has been set to Er = 0 for simplicity. Transmission spectrum
demonstrates that the onset of electron transmission states takes place at about 5.9 eV. For the energy
value of 5.9 eV, the transmission coefficient is calculated as ~0.33. Further, the forbidden region for
electron transport with respect to the Fermi energy level is consistent with the band gap of y-Al,Os. This
band-gap characteristic is retained with increasing bias voltage, as substantiated by computed
transmission spectra at several bias voltages varied from -1.0V to +1.0V. However, the interface-induced

scattering appears to be more significant with the increase in applied bias voltage.

In order to explore the phonon thermal conductance properties of the metal-ceramic interface,

we subsequently delve into a quantitative analysis of phonon transmission by exploiting the dynamical

10
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matrix method within the NEGF framework. Since the size of the proposed Al/Al,O; composite is much

shorter than the mean free path of electrons in Al and Al,O; systems *" >

, the transport mechanism
turns out to be ballistic rather than diffusive in nature. In such cases, NEGF method coupled with first-
principles calculations can be utilized to explore the thermoelectric properties in the ballistic regime.
However, the usage of DFT based methods for the phonon transport simulation of a two-probe model as
illustrated in Figure 1 with a length of 3.2 nm and width of about 0.81 nm entails enormous
computational resources. To mitigate this constraint we employ classical force field based method.
Molecular dynamics (MD) based methods ** ** have been widely used to study the phonon thermal
conduction. It does not rely on any thermodynamic-limit assumption, and thus this MD method is
readily applicable to study the ballistic thermal conductance in nanoscale systems. Previously, the DFT-
NEGF approach followed by estimations of force constants of propagating phonons using MD has been
proved to be a reliable method to explore the electrical and thermal transport properties of Al-Si based
metal-semiconductor interface **. Moreover, the parameterized ReaxFF potential has been successfully
deployed by Zhang et al. ** to determine the structural, mechanical, and adsorption properties of
Al/AlLO; interfaces, and proved to be a reliable method in measuring the critical temperature of
nonwetting-wetting transition. Figure 6 portrays the computed phonon thermal conductance (Kpy,) for
the Al/y-Al,O; interface as a function of temperature. At room temperature, the predicted intrinsic
phonon thermal conductance in the quasi ballistic transport regime is about 0.08 nW/K. However, at the
higher temperatures (> 500 K), Kpy, is found to be constant over a wide range of temperatures, and it

reaches a value of 0.09 nW/K.

To examine the effect of Fermi level shift with temperature on the thermoelectric conversion
efficiency of the device, the ZT values are computed using equation (10) at several temperatures, and
compared. Figure 7(a) unveils the characteristics of ZT curves as a function of Fermi level position at
different temperatures. The characteristic double-peak structure of the ZT curve emanates from the line
shape of the Seebeck coefficient (Figure 7(b)). The asymmetry in ZT curve is attributed to the
contribution of valence and conduction bands at a given temperature, since ZT is a function of both
temperature and Fermi energy. The two main peaks in ZT correspond to valence band maximum (VBM)
and conduction band minimum (CBM), which are indicated by vertical dashed lines in Figure 7(a). As ZT
is directly proportional to temperature according to equation (10), the amplitude of ZT generally
enhances with the rise in temperature. Moreover, the enhancement of temperature broadens the Fermi

distribution, which in turn tends to populate the electronic states in energies higher than the Fermi

11
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level. These newly occupied states now contribute to both electrical and thermal conduction, and
thereby improve the thermoelectric performance of the device. A closer inspection of the ZT curves
indicate that the ZT value reaches maximum at a given temperature only when the Fermi level moves
into conduction band compared to when it moves into valence band. Next, we report the variations of
Seebeck coefficients at different temperatures with respect to the Fermi level position. Figure 7(b)
portrays the predicted antisymmetric characteristics of the temperature dependence of the Seebeck
coefficient. This is because the sub-band is symmetric and the transmission function is an even function
in equation (7), but L, is an odd function about (E — u). Further, the peak at an elevated temperature
is suppressed more compared to that obtained at 300 K. At higher temperature, the Fermi-Dirac
distribution function f(E, u) is smoother at the Fermi surface, leading to the smaller value of (3f/0F)
in equation (7) for L. As a consequence, the S value estimated from equation (5) decreases with the

increase of temperature.

To improve the thermoelectric conversion efficiency of the device, a detailed investigation of
temperature dependence of thermoelectric parameters of the Al/y-Al,O; interface has been performed
guantitatively. The alterations of electrical conductance and Seebeck coefficient with the rise of
temperature are distinctly shown in Figures 8(a) and 8(b), respectively; while Figure 8(c) describes the
temperature dependence of the power factor (G,S?) of the device. Owing to the enhancement of
electron transport in the conduction band the electrical conductivity increases with increasing
temperature. The temperature dependence of Seebeck coefficient is diametrically opposed to the
characteristics of electronic conductance. Due to the usual interdependence of transport parameters,
the augmentation of electronic conductance tends to suppress the Seebeck coefficient with the rise in
temperature. Nonetheless, looking into the plot of S as a function of T, it can be observed that the
magnitude of S increases up to 300 K, and then decreases with increasing temperature till 900 K. The
suppression of S values is strongly correlated with the thermal excitation process of electrons across the
band gap as well as the mobility of charge carriers. Since the holes carry the opposite charge from
electrons, the conduction of holes having higher mobility and smaller effective mass than the electron
carriers significantly reduces the S value. Further, the peak around 300 K in the curve of S(T) is
attributed to the maximum point of the electron-transmission-weighted average value of (E — ) in
equation (7) for L;. Next, we report the power factor of the device that quantifies the potentiality of a

material to produce the electrical power. As delineated in panel 8(c), the estimated power factor which

12
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depends on two contrasting terms G, and S? is found to monotonically increase beyond the

temperature 500 K.

To analyze the effect of temperature on ZT, we also calculate the thermal conductance (K) of
the device which is composed of electronic thermal conductance (K,) and phonon thermal conductance
(Kpp). In Figure 8(d), we report the variations of K, and Kpy, as a function of temperature (T). Because
the charge carriers are being the heat carriers, the K, value is found to gradually increase with the
increase of T. However, the estimated Kpj,, values attain a constant value corresponding to the classical
limit when T > 400 K. As the phonon thermal conductance calculations are performed within the
framework of ballistic transport, the non-linear effect of phonon-phonon scattering which reduces the
transmission coefficients at high temperature is absent in the present computational study. Albeit the
previous investigations of electronic structure and interband transitions of a-Al,O; using temperature-
dependent vacuum ultraviolet spectroscopy reveal that the electronic structure is linear upto 1700 K,
which emanates from the linear characteristic of the thermal lattice expansion and the vibrational
Debye-Waller factors . Therefore, the total thermal conductance is driven by the competition between
electrical and phonon conductances. Figure 8(e) delineates the characteristics of temperature
dependence of total thermal conductance (K, + Kpj) of the device. At low temperature the phonons
play the crucial role in thermal transport, whereas the electrons perform the leading role in thermal
transport at higher temperature. The thermoelectric performance of the Al/y-Al,0; interface under the
influence of temperature is attributed to the combined impact of all four quantities entering the figure
of merit expression. Figure 8(f) illustrates the integrated impacts from all of the four quantities. The
results clearly manifest that ZT increases monotonically with temperature. Thus, for the Al/y-Al,O;
interface, the temperature dependence of the magnitude of ZT is predicted to be strong and the
estimated ZT vales vary between 0.03 — 0.62 in the whole temperature range from 100 K to 1000 K. At
room temperature (T = 300 K), the estimated ZT value reaches at 0.1 for the Al/y-Al,O; interface, while
ZT is much smaller than 0.1 for the bulk material of Al **. It is noteworthy to mention that, the predicted
ZT of this metal-ceramic interface at T = 300 K is much higher than the previously reported value of

0.014 for the Al,03/Zn0 superlattice films having the same thickness of Al,O; layers (about 0.82 nm) %.

To gain insight into the electronic transport properties of the two-probe model, we additionally
report the current-voltage (I-V) characteristics of the metal-ceramic interface under non-equilibrium

conditions employing Landauer-Bittiker formalism. Figure 9 portrays the computed steady-state
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electrical current through the Al/y-Al,O; interface at different bias voltages. The applied bias voltage
(V) has been varied from -1.0 to +1.0 V. The current-flow from left to the right electrode refers to the
positive bias, while that from right to the left corresponds to the negative bias. As anticipated, the I-V
curves are asymmetric in nature in the positive and negative external bias voltages. This anomaly can be
explained from the comparison of projected LDOS analyses at forward and reverse bias voltages. Figures
10(a) and (b) depict the computed LDOS map at +0.7 V and — 0.7 V, respectively. In case of forward bias
condition, the chemical potential of the right lead (eg) is elevated compared to that of left lead (€;),
and thereby the net flow of electrons takes place from the right to the left lead, and the current
transmits in the opposite direction. However, the propagation of electrons is restricted by the presence
of a potential barrier induced by the depletion region across the interface, fostering the suppression of
current flow through the interface. Such type of potential barrier is absent within the bias window at —
0.7 V, as reflected by calculated LDOS map as well as projected transmission spectra under reverse bias

condition.

4. Conclusion

First-principle quantum transport calculations based on combined methods of DFT and NEGF are
performed to study the electro-thermal transport properties of Al/y-Al,O; interface. We carried out
detailed investigation of electronic properties of this metal-ceramic interface by employing the Kohn-
Sham density functional theory. The characteristics of interface charge transfer, potential barrier, and
atomic orbital overlap are determined from the analyses of electrostatic difference potential, electron
density difference, and density of states in the optimized interface geometry. The obtained results
unveil the strong interaction between the surfaces of two dissimilar materials. The stability of metal-
ceramic interface is substantiated by computed area normalized interface energy which is predicted to
be -5.4 eV/A? at the PBE/DZP level of theory. After that, the electron transport mechanism through the
two-probe model of Al/Al,O; interface has been explored in the ballistic transport regime by using the
NEGF approach. Later with the help of parameterized ReaxFF potential, the phonon transmission
coefficients are computed at several temperatures. The thermal conductance due to lattice vibration is

estimated to be 0.08 nW/K at 300 K.

Next, to assess the energy conversion efficiency of the Al/y-Al,O; composite, the magnitude of

thermoelectric figure of merit is evaluated with the variation of temperature gradient across the
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interface. The ZT value of proposed thermoelectric material based on metal-semiconductor interface
reaches about 0.1 at 300 K, and maximizes to 0.6 when the temperature approaches to 1000 K. The
augmentation of ZT with the enhancement of temperature emanates from the gradual increase of
power factor of the device as well as the suppression of lattice thermal conductivity compared to the
electronic conductance due to the scattering of phonons and electrons at the interface. Finally, the
current-voltage characteristics of the microelectronic device composed of Al/y-Al,O; interface have
been reported. The results clearly manifest that the magnitude of measured electrical current increases
with the rise of applied bias voltage. However, the current production shows significant improvement
only when the bias is applied to the metallic Al electrodes. The present findings could be helpful in
guiding the design and fabrication of Al-Al,0; composite for enhancing the thermoelectric conversion

efficiency of microelectronic devices.
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Figure Captions

Figure 1. Schematic representation of two-probe device model with channel region of metal-ceramic
interface constructed between (100) surfaces of y-Al,0; and Al.

Figure 2. (a) 1D projection of average EDP curve against the fractional C-coordinate of the device as
referred in figure 1; (b) Cut-plane image for EDP showing AV along the (B, C) plane across the interface;
and (c) Contour plot showing the spatial distribution of EDD across the interface.

Figure 3. Energy-position resolved LDOS diagram for the interface along with 1D projection of electron
transmission curve. The abscissa in LDOS diagram indicates the Cartesian coordinate of the central
region along the C-direction of the device; and the color bar denotes the DOS amplitude. The energy on

the Y-axis is relative to the Fermi energy of the interface.

Figure 4. Spin-resolved PDDOS spectra obtained from the analyses of DOS projected onto the atomic
sites of the device: (a) close to the interface, and (b) close to the Al,O; electrode.

Figure 5. Transmission spectrum of the Al/y-Al,O; interface at zero bias.
Figure 6. Plot of phonon thermal conductance as a function of temperature.

Figure 7. Variations of (a) thermoelectric figure of merit and (b) Seebeck coefficient with Fermi level
position at different temperatures.

Figure 8. The temperature dependence of (a) electrical conductance, (b) Seebeck coefficient, (c) power
factor, (d) electrical and phonon thermal conductance, (e) total thermal conductance, and (f)
thermoelectric figure of merit.

Figure 9. Current-voltage characteristic curve of two-probe device of Al/y-Al,O; interface.

Figure 10. Computed energy-position resolved LDOS diagrams along with 1D projection of electron

transmission curves under forward bias (V, > 0V) and reverse bias (I, < 0V) conditions: (a) + 0.7 V
and (b)-0.7 V.
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Figure 1

Figure 1. Schematic representation of two-probe device model with channel region of metal-ceramic
interface constructed between (100) surfaces of y-Al203 and Al.

Figure 1. Schematic representation of two-probe device model with channel region of metal-ceramic
interface constructed between (100) surfaces of y-Al203 and Al.

Figure 1. Schematic representation of two-probe device model with channel region of metal-ceramic
interface constructed between (100) surfaces of y-Al203 and Al.
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Figure 2. (@) 1D projection of average EDP curve against the fractional C-coordinate of the device as
referred in figure 1; (b) Cut-plane image for EDP showing AV_E along the (B, C) plane across the interface;
and (c) Contour plot showing the spatial distribution of EDD across the interface.
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Figure 3. Energy-position resolved LDOS diagram for the interface along with 1D projection of electron
transmission curve. The abscissa in LDOS diagram indicates the Cartesian coordinate of the central region
along the C-direction of the device; and the color bar denotes the DOS amplitude. The energy on the Y-axis

is relative to the Fermi energy of the interface.
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Figure 4. Spin-resolved PDDOS spectra obtained from the analyses of DOS projected onto the atomic sites of
the device: (a) close to the interface, and (b) close to the Al203 electrode.
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Figure 5. Transmission spectrum of the Al/y-Al203 interface at zero bias.
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Figure 6. Plot of phonon thermal conductance as a function of temperature
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Figure 7. Variations of (a) thermoelectric figure of merit and (b) Seebeck coefficient with Fermi level position
at different temperatures.
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Figure 8. The temperature dependence of (a) electrical conductance, (b) Seebeck coefficient, (c) power
factor, (d) electrical and phonon thermal conductance, (e) total thermal conductance, and (f) thermoelectric
figure of merit.
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Figure 8. The temperature dependence of (a) electrical conductance, (b) Seebeck coefficient, (c) power

factor, (d) electrical and phonon thermal conductance, (e) total thermal conductance, and (f) thermoelectric
figure of merit.
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Figure 9. Current-voltage characteristic curve of two-probe device of Al/y-Al203 interface.
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Figure 10. Computed energy-position resolved LDOS diagrams along with 1D projection of electron
transmission curves under forward bias [(V] _b >0 V) and reverse bias [(V] _b <0 V) conditions: (a) +
0.7 Vand (b) - 0.7 V.
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