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First-principle investigation of interface phenomena in hafnium-
based metal-insulator-metal diodes

Eleonora Pavoni?, Elaheh Mohebbi?, Pierluigi Stipa?, Luca Pierantoni?, Davide Mencarelli#, Mircea
Dragoman®, Martino Aldrigo®*, Emiliano Laudadio?*

Metal-insulator-metal (MIM) diodes are very interesting in many different applications exploiting environment-friendly
renewable energy solutions. Moreover, since the dimensions of such devices are at the nanoscale, the size and the
characteristics of their constitutive elements can drastically influence their macroscale performance. As it could be difficult
to describe in details the physical phenomena occurring among materials in nanoscale systems, in this work first-principle
calculations have been used to study the structural and electrical properties of three different hafnium oxide (HfO,)-MIM
diodes. These devices have been simulated at the atomistic level interposing 3 nm of HfO, between drain and source
electrodes made of gold and platinum, respectively. The monoclinic and orthorhombic polymorphs of HfO, have been
considered to model different types of MIM diodes, and the interface geometries have been optimized to compute the
current-voltage characteristics, reflecting the tunneling mechanisms occurring in such devices. The calculation of the
transmission pathways has also been carried out to remark the effects of the atomistic coordinates despite the use of the
same material. The results demonstrate the role of the Miller indices of metals and the influence of the HfO, polymorphs
on the MIM properties. From this study, the importance of the interface phenomena on the measurable properties of the

proposed devices has been investigated in detail.

Introduction

Nowadays, the radio frequency (RF) energy harvesting and
wireless power transfer (WPT) are concrete possibilities to
exploit environment-friendly renewable energy to supply low-
power devices and components in Internet-of-Things (loT)
networks, among others. This includes the ability to use
dedicated RF sources to remotely power wireless systems such
as small dust sensors? or implantable sensors?, whereas for the
RF energy harvesting approach, the ambient RF radiation is
scavenged to supply the right amount of energy to battery-less
electronic devices, without the need of a continuous monitoring
of their charging status. In both cases, a diode is always required
to rectify the input RF signal to extract a useful DC output.

Metal-insulator-metal (MIM) diodes work according to the
principle of electron tunnelling through a thin insulator
between two metals (ideally with different work functions34);
as such, they can be used without any bias voltage, but with the
requirement of maximizing the asymmetry and nonlinearity of
the current-voltage dependence. Moreover, these diodes can
be easily integrated with antennas to create the so-called
rectennas®. In this respect, they are today extremely attractive
for high-frequency applications where typical semiconductor-
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based devices cannot operate®. The reasons are various: for
example, MIM diodes have the high potential to operate in
zero-bias conditions, exhibit fast response times (in the order of
few femtoseconds) and can be manufactured using low-cost
additive technologies’.

The real advantage of MIM diodes relies on the achievement of
cut-off frequencies in the THz range, but their capability of zero-
bias rectification can also be highly beneficial for WPT and
energy harvesting applications at RF frequencies® and beyond,
up to hundreds of GHz (or even more). However, due to their
intrinsic tunnelling mechanism, they need a very thin insulator
(few-nm-thick oxide or ferroelectric material) to guarantee the
electron tunnelling. The latter aspect could represent a
bottleneck for the fabrication of reliable devices with
repeatable performance. This means that the nanoscale
dimensions play a fundamental role and differences of even a
few nanometres can lead to very different responses of
identical MIM diodes. Moreover, the real understating of the
states of metals, in term of the three-dimensional coordinates
and of the Miller indices is also crucial to fabricate a valid device
with the desired capabilities. This is true because the
phenomena characterizing the electrical properties of
nanoscale devices are strongly dependent on the interface
modelling: the transitions identification of bonding characters
at metal-oxide edges with dissimilar electronic structures at the
two sides is a decisive step in understanding how they are
coupled with the interfacial structural and compositional
variations.
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A fast response of MIM diodes is a key point for many
nanoelectronics applications; the tunneling phenomenon, which is
crucial for achieving high performance in these devices, is extremely
sensitive to the nanoscale structural and chemical quality of interface
regions. Dudek et al.° used different growing techniques to prepare
thin HfO, films on TiN electrodes and they investigated the charge
transport characteristics of HfO, MIM. The impact of the metal
electrode on the conduction mechanisms of HfO, thin films-based
MIM capacitors was investigated at different temperatures by El
Kamel et al.;1%in particular, they calculated the barrier heights, at the
metal-HfO, interfaces, by considering Al, Cr, and Au electrodes.
Furthermore, the review by Mitrovic et al.}! presents an overview of
MIM diodes focusing on a few crucial points, such as zero-bias
responsivity, zero-bias dynamic resistance, and asymmetry. Among
others, they consider HfO, as dielectric material, summarizing the
electron affinity, band gap, and permittivity. Moreover, they
investigated some typical metals used in MIMs (Ni, Al, Au, Cr, and Ti),
their skin depths, and their work function.

Having in mind the abovementioned issues, in this work
accurate first-principle simulations have been performed to
provide an in-depth insight into interface phenomena occurring
in MIM diodes. The aim is to demonstrate how an a-priori study
based on advanced computational tools and optimization
techniques can help predict the effective performance of such
nanoscale devices, hence offering a powerful method to choose
the right approach for the successive fabrication steps. In detail,
three different MIM diodes based on hafnium oxide (HfO,) have
been modelled from an atomistic point of view, and their
electronic transport properties have been investigated at the
atomistic level. The transmission functions have been evaluated
by simulating an electric field in two directions, i.e., from the
source (bottom electrode) to the drain (top electrode) and vice-
versa. Platinum and gold have been chosen as source and drain,
respectively, thanks to their low roughness and to their
different work functions, necessary to increase the asymmetry
and nonlinearity of MIM diodes, as explained before. Between
the two electrodes, a 3-nm-thick HfO, layer has been
interposed. We stress here that the low roughness is an
essential prerequisite to avoid defects when performing the
deposition of HfO,. More generally, HfO,-based thin films could
be prepared by using various deposition techniques such as
Atomic Layer Deposition (ALD), which is the most common,
chemical vapor deposition (CVD), chemical solution deposition
(CSD), pulsed laser deposition (PLD), RF sputtering, and physical
vapor deposition (PVD) 12714 Since Béscke et al.’®> reported
ferroelectricity in ALD deposited Si-doped HfO, thin films, many
other dopants, such as Y617 and Zr819, have been used to
induce the formation of orthorhombic crystals in HfO,. Indeed,
while bulk HfO, crystallizes in a monoclinic phase (m-phase;
space group: P2:/c), it is believed that the ferroelectric
behaviour in doped HfO, results from the formation of a non-
centrosymmetric Pca2,; orthorhombic phase induced by the
dopant?® However, a ferroelectric orthorhombic phase could
form also in undoped HfO, by tuning the grain size, which can
be controlled by thermal treatment and film thickness?, and
can be obtained by tuning the ALD deposition temperature, and

2| J. Name., 2012, 00, 1-3

for decreased film thicknesses.'®2%22. We stress here that-ALR
techniques have the advantage of providiAglesNformar/and
homogeneous surfaces apt for the tunnelling phenomenon.

As regards the metals used as electrodes, gold and platinum can
exhibit different Miller indices, generating different possible
interaction patterns. In this respect, for this work two different
Miller configurations have been chosen (100 and 110) for both
metal types, since these are the most stable configurations able
to generate interfaces?324,

Moreover, HfO, is known to adopt different polymorphs with
different structural and electrical properties!®2°. To investigate
the effects of polymorphs on device’s properties, monoclinic
P2,/c (m) and orthorhombic Pca2; (o) phases of HfO, have been
considered (Fig. 1), since the first is the most stable structure
and the second has an intrinsic ferroelectric behaviour?2.
Finally, due to asymmetry of the o-HfO, phase, two possible
interfaces can be generated, depending on the deposition
direction of the polymorph. From the technological point of
view, for example in ALD techniques, ferroelectric films can be
grown by using the corresponding precursors (i.e., Hf and Zr, Y,
Si, etc.) on the substrate surface, followed by their oxidation to
produce a homogeneous oxide. Hence, the proper engineering
necessary to grow different polymorphs is possible by a careful
deposition of the precursors during the ALD cycles (which are
typically performed at 200°C).
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Au Drai.n W |
" A"k, Y }a_y,jf L
N0 ’)’--.:J .-/ }""
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,") r NP
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Hf0, P2,/c (m) HfO,PCa
Pt Source , s SO
Pt (100) Pt (110)
Fig. 1. Schematic cross-section (left) and atomistic

representation (right) of the studied MIM diodes, made of two
different metals for the bottom (source) and top (drain)
electrodes and of two different HfO, polymorphs.

To assess all the possible combinations involving Au and Pt
Miller indices, and HfO, peculiarities, six HfO,-Au and six AfO,-
Pt interfaces have been modelled. The optimization of the
systems has been performed using density functional theory
(DFT) with the generalized gradient approximation (GGA) based
on the Perdew-Burke—Ernzerhof (PBE) exchange-correlation
(xc) functional, together with norm-conserving Pseudo Dojo
pseudopotentials to describe core electrons for each atom type.

This journal is © The Royal Society of Chemistry 20xx
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Considering the high number of d electrons involved in the
chemical bonds on the interfaces, corrective Grimme D3
potentials have been added to DFT. This approach, called DFT-
D326, offers the best trade-off between accuracy degree and
reasonable simulation time to detect interface phenomena.
Finally, the most stable optimized interfaces have been used to
model three MIM diodes and the GGA-PBE approach has been
used again to calculate the current-voltage (/-V) characteristics,
i.e., the first direct proof of the tunnelling behaviour of the
studied devices.

Results and discussion

The search for the most stable interfaces is crucial to maximize
the performance of the MIM diodes and to avoid artifacts. For
this reason, an extensive geometry optimization of the
interfaces has been performed before the calculation of the /-V
characteristics and the transmission pathways. As previously
reported, both gold and platinum atomic systems have been
considered with Miller indices equal to 100 and 110 in
association with m-HfO, and o-HfO,. Furthermore, because of
the asymmetry of the orthorhombic unit cell, both lattice
orientations have been included. Analysing the six interfaces
with Au (100), stable and relaxed structures have been obtained
in all cases, whereas the use of Au (110) led to distorted
structures with the formation of electronic vacuum regions
(Fig. 2). This was evident in the monoclinic form, whereas the
asymmetry of the orthorhombic polymorph allowed more
plausible interfaces although with certain intrinsic stress.
Regarding the systems with Pt, a similar trend has been
observed with respect to the Au interfaces, with more evident
distortion in all models including Pt (110) (Fig.3). An
explanation of the larger interface deformation induced by Pt
could be related to the stronger bonds formed by this metal
with respect to those created by Au: gold completely fills the d
orbitals involved in the chemical bonds with 10 d electrons,
whereas Pt has 1 d electron less than gold. Both have the same
number of orbitals; hence, the lack of one electron to complete
the d orbitals in Pt leads to stronger chemical bonds?’.
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Fig. 2. Optimized (A) Au (100)-P2,/c, (B) Au (100)->Pca2;, (C) Au
(100)¢-Pca2;, (D) Au (110)-P24/c, (E) Au (110)>Pca2; (F) Au

This journal is © The Royal Society of Chemistry 20xx
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(110)4-Pca2; (G) interfaces. The arrows indicate the direction of o-
polarization. Au, Hf, and O entities are colofed!iAG/ENBIL gréyOBRIE]
and red, respectively.

k) - -
Fig. 3. Optimized (A) Pt (100)-P2,/c, (B) Pt (100)->Pca2;, (C) Pt
(100)¢Pca2;, (D) Pt (110)-P24/c, (E) Pt (110)—>Pca2;, and (F) Pt
(110)¢Pca2; Interfaces. The arrows indicate the direction of o-
polarization. Pt, Hf, and O entities are colored in yellow, grey,
blue, and red, respectively.

To verify the intrinsic stress of the interfaces, the cohesive
formation energy values have been calculated (Table 1). The
adhesion of Pt was about 0.2 eV stronger than that of Au,
meaning that Pt resulted much more strongly bound to HfO,
with respect to Au. Moreover, since the o-HfO, polymorphs may
have two opposite orientations, it is worth noticing that the
adhesion cohesive energy was -1.54 eV when Pt was directly
bonded with O, and decreased to -1.12 eV when it was bound
to Hf. A similar trend has been detected for Au interfaces,
long-range
phenomena between different materials. The detection of

underlining the importance of short- and
positive values of cohesive energy for different interfaces
means that those interfaces are not possible, since they will be
completely unstable and, from an experimental point of view, a
separation between the materials should be expected. From a
computational point of view, the cohesive energy has been
calculated from electronic structure calculations and did not
consider thermal and zero-point energy terms (i.e., vibrational
contributions), but just considered optimizations in geometries.
This means that, forcing the interfaces to stay together, we are
sure about the reliability of the stable interfaces (i.e., those with
100 Miller indices), while those unstable (involving 110
orientation), have been completely discarded. For the reasons,
only the most stable systems based on Au (100) and Pt (100)
have been used to model three different MIM diodes. Each of
them comprises 3-nm-thickness of HfO, (i.e., one of the studied

polymorphs).

J. Name., 2013, 00, 1-3 | 3
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Table 1. The cohesive energy of different interfaces.

Interface with Au | Cohesive | Interface with Pt | Cohesive
Energy Energy
(100)-P2,/c HfO, | -2.64eV | (100)-P2,/c HfO, | -2.86 eV
(110)-P2,/c HfO, | 0.75eV | (110)-P2,/c HfO, | 0.94 eV
(100)—>Pca2, HfO,| -0.93 eV |(100)>Pca2; HfO,| -1.12 eV
(110)>Pca2; HfO,| 0.03eV |(110)->Pca2; HfO,| 0.25eV
(100)¢&Pca2, HfO,| -1.31eV |(100)¢Pca2; HfO,| -1.54 eV
(110)¢-Pca2; HfO,| -0.12 eV |(110)éPca2; HfO,| 0.11 eV

The thickness of the HfO, thin film has been chosen equal to
3 nm for two main concatenated reasons: HfO, acts as an
insulator layer between two metallic electrodes but, to obtain a
MIM architecture based on the quantum tunnelling effect, the
HfO, thickness should be not greater than 3-4 nm. Moreover, to
model the MIM systems, a large enough portion of metals must
be included on the right and on the left sides of the 3-nm-thick
HfO,. Regions in the range of 1.84 nm for both Au and for Pt
have been
previously described. For the electrodes, we do not need to

included following the optimized interfaces
increase more the dimensions, since we use Dirichlet conditions
simulating gradient potentials, and this allows to simulate the
effect of the electrodes avoiding an increase in the explicit size
of the system, thus maintaining high accuracy in the simulation
results and decreasing the required computational time. For all
these reasons, the dimensions of the modelled devices are as
follows: x=2.44nm, y=2.32 nm, and z=6.68 nm for the m-
MIM diode (Fig. 4A); x=2.16 nm, y =2.18 nm, and z=6.32 nm
for the “direct” o-MIM diode (i.e., polarization directed to drain,
Fig. 4B); x=2.16 nm, y=2.36 nm, and z=6.32nm for the
“inverse” o-MIM diode (polarization directed to the source,
Fig. 4C). In all cases, the geometry of the devices and their
principle of operation did not show distortional phenomena
when both metals were presents, meaning that the generated
reliable, and the modelled diodes are
reasonable to translate the computational situation to the

interfaces were

fabrication case. Moreover, no holes have been detected on the
interfaces between the constitutive elements, meaning that the
modelled atoms were correctly accommodated in the space and
adopted their best coordination mode. Hence, the obtained
configurations mimic very well the effective occurrences in the
manufacturing process of multi-component systems.

4| J. Name., 2012, 00, 1-3
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Fig. 4. MIM diodes based on (A) m-HfO,, (B) o-HfO, with
polarization directed to drain, and (C) o-HfO, with polarization
directed to the source.

Before simulating the electronic transport properties, the
calculation of the bandgap for m- and o- HfO, polymorphs has
been reported to quantify the effect of the thickness on the
bandgap values. To remark the differences, a comparison with
bulk systems is provided in Table 2.

Table 2: Bulk and 3-nm-thick HfO, bandgap comparison.

System Bandgap

Bulk m-HfO, 5.68 eV18
3-nm-thick m-HfO, 3.79 eV

Bulk o-HfO, 5.76 eV18
3-nm-thick o-HfO, 4.29 eV

The [-V characteristics of the three systems have been
computed following the previously described method, and the
results have been shown and compared between them
(Fig. 5A).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5: Calculated /-V characteristics (A) and
asymmetry ratio (B) of the three MIM diodes.

respective

For each simulation, 11 points have been considered in the
whole voltage range between -3 and +3 V, since an increase in
the number of points would make the simulations much heavier
(in terms of memory occupation) and time consuming. In fact,
the described computational method indicated together with
the k-points sampling and the number of points to be written in
the output require about 14 days for each MIM diode
configuration to obtain the presented simulations results.
While the monoclinic phase-based diode shows intermediate
current values from negative to positive voltages, more evident
differences have been observed in the /-V characteristics of the
two systems containing the orthorhombic phase. Higher current
values have been calculated for the system in which the
spontaneous polarization of the orthorhombic phase is oriented
towards the drain; on the contrary, lower values have been
obtained when the o-HfO, is oriented towards the source.
These results suggest how the exploitation of the ferroelectric
phase of HfO, could be beneficial for the optimization of MIM
diode’s performance for high-frequency detection and energy
harvesting applications.

It is valuable to notice that an efficient rectification requires a
large forward-to-backward current ratio. This ratio is referred
to as “asymmetry ratio” (AR) of the diode and some other
figures of merit (like the responsivity) also depend on the AR of
the I-V behaviour. To analyze the AR of the /-V characteristics for
different diodes, the ratio of the absolute value of current at
positive (+V) and negative (-V) voltages has been considered by
using the formula AR = |/(+V)/I(-V)]. The data obtained for the

This journal is © The Royal Society of Chemistry 20xx
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AR of the MIM diodes presented in Fig. 5A are showp, in Fig- 5B.
The results prove that the o-MIM to dP4ih 18icde/AttHing’ the
greatest AR value of 6.59 at a voltage | V,| = 0.6 V, while m-MIM
to drain and o-MIM to source diodes exhibit their maximum AR
of 1.63 and 0.4 at the same voltage, respectively. As one can see
in Fig. 5B, the AR at higher voltages indicates lower values of AR
for voltage values in the range (1.8, 2.4) V, and the curves have
increased AR for voltage values greater than 2.4 V28,

We also stress here that the considered voltage range for the /-
V curves have been already used in the literature for similar or
insulator’s thickness (see, for
example?3%). In any case, the corresponding maximum power

even lower values of
is in the order of 1-2 mW, which does not create any issues in
the experiments in terms of breakdown of the measured

devices.

To better understand the transport mechanisms of the three
modelled MIM diodes, local current components have been
investigated by extracting local transmission mechanisms at the
atomic scale. Local charge transmissions are expressed as lines
in the direction of the chemical bonds between the atoms, and
these lines are referred to as the transmission pathways. The
thickness and colour of these lines represent the magnitude of
the local charge transmissions.

The pathways have been calculated for the devices under
reverse bias (-3 V) and forward bias (+3 V). As expected, a linear
trend has been observed for the MIM diode with the monoclinic
HfO, phase (Figs. 6AB). This result is not surprising given the
symmetric shape of the /-V curve: the current detected by
applying a voltage between 0V and +3 V has the same values
(in terms of module) as the current recorded between 0 V and -
3V.

4
14
4
k]

il
e

Magnitude )
T
Fig. 6. Transmission pathways plots for the MIM diode under a
forward (A) and a reverse (B) bias voltage of 3 V calculated for
P2,/c HfO,.

Thus, identical current values correspond to identical applied
bias values (in terms of module), which remarks the capability

J. Name., 2013, 00, 1-3 | 5
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of this device to transport the current from platinum to gold,
and vice versa, despite the source and drain nature. From a
chemical point of view, the symmetry of the monoclinic
crystalline structure allows the electrons moving from the left
to the right direction as well as the opposite one with the same
magnitude. When the polarized Pca2; phase has been
considered, some important peculiarities have been found.
Under the forward bias case (Fig. 7A), intense transmission
pathways have been calculated allowing the forward
conduction of current from source to drain. On the other hand,
with the reverse bias case (Fig. 7B), an important decrease in
the local transmission has been registered, confirming that the
reverse conduction through the MIM diode is greatly
suppressed in presence of this orientation of the orthorhombic
phase.

AR R LY

Magnitude
0.26 2.7 5.1
Fig. 7. Transmission pathways plots for the MIM diode under a
forward (A) and a reverse (B) bias voltage of 3 V calculated for
Pca2; HfO, oriented towards the drain.

The opposite behaviour has been detected for the MIM diode
in which the spontaneous polarization of the phase is oriented
toward the source (Fig. 8), since the maximum transmission
pathways has been calculated with the reverse bias.

6 | J. Name., 2012, 00, 1-3
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Magnitude
e s
Fig. 8. Transmission pathways plots for the MIM diode under a
forward (A) and a reverse (B) bias voltage of 3 V calculated for
Pca2; HfO, oriented towards the source.

Methods

All simulations have been performed using the DFT approach
based on the Perdew—Burke—Ernzerhof (PBE)3! exchange
correlation (xc) functional with norm-conserving Pseudo Dojo3?2
pseudopotentials to describe core electrons for each atom type.
The optimization of the interfaces has been computed using
QuantumEspresso33. The single particle wave-functions have
been expanded in a basis of plane-wave (PW) functions, and D3
corrective terms3* have been added using periodic boundary
conditions (PBC) along all x and y axes. To simulate interface
phenomena, periodicity along z axis has been interrupted. The
energy cut-off has been fixed at 1200 eV, and the Brillouin-zone
integration has been performed over a 15 x 15 x 15 k-points
grid for the modelled interfaces. These parameters assure the
total energy convergence of 5.0 x 107® eV/atom, the maximum
stress of 2.0 x 102 GPa, and the maximum displacement of
5.0 x 10 A.

The modern theory of polarization3® and the Berry phase
operator method were used to obtain the polarization in the
respective polymorphs. The total polarization is the sum of the
electronic (P.) and ionic (P;) contributions. The electronic one
(P.) has been calculated as in Eq. (1):

2lelt M G
Pe=— (2n)3fA‘”7k 12 1f (ukm| o
0

LI )

where the sum runs over occupied bands and k, and the
directions of polarization are parallel to each other. The G term
is a reciprocal lattice vector in the same direction. The states
< Ui, > are the cell-periodic parts of the Bloch functions y;,
(r) = ugn (r) e*. The last integral is known as the Berry phase3®.

This journal is © The Royal Society of Chemistry 20xx
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The ionic contribution (P;) has been calculated using a simple
classical electrostatic sum of point charges, as reported in Eq.
(2):

el

Pi = szzfonrv (2)

where Q is the unit cell volume, 2%, is the valence charge, and
r' is the position vector of the v atom. The cohesive energy of
the modelled interfaces has been calculated from the total
energy of each system and the total energy of its constituent
parts follows Eq. (3):

Ec=E.— Z:E(x) 3)

where E. represents the cohesive energy between the individual
components x of each interface, and the E; is the total energy.
The -V characteristics and the transmission pathways have
been performed using the Quantum Atomistic Toolkit (Q-ATK)
software package3’ by maintaining the previously described
first-principle approach, with the only differences related to the
basis functions and the treatment boundary conditions (BCs). In
this case, the single-electron eigenfunctions have been
expanded in a set of finite-range atomic-like basis functions
following the linear combination of atomic orbital (LCAO)
representation. Then, the simulated /-V dependences have
been referred to the specific transversal width of the modelled
devices using periodic BCs along the x and y axes, whereas a
fixed potential has been generated along the z-axis using
Dirichlet conditions32.

In detail, PBC have been used along the x and y axes, whereas a
fixed potential has been generated along the z axis using
Dirichlet conditions. Once the self-consistent non-equilibrium
density matrix has been obtained, the electronic transport
properties have been calculated using Nonequilibrium Green’s
Function (NEGF) formalism. The device structures have been
constructed as the three regions, i.e., source, central region,
and drain (as it is displayed in Fig. 1), and coherent transport of
electrons has been assumed to occur between source and drain
contacts with Fermi levels s and gp (and vice versa) through
the central (HfO;) region. According to the Landauer formula,
the coherent current between the electrodes is given by Eq. (4):

1(V) = 5T ENFo(E — up) — fo(E —us)ldE  (a)

where T(E,V) is the transmission probability of incident
electrons with energy E from the drain (D) to source (S), fo(E —
Hsipy) is the Fermi-Dirac distribution function of electrons in the
source and drain, respectively, and V = (us— up)/e is the
potential difference between source and drain.

The transmission pathways have been calculated starting from
the Landauer approach3, which connects the external
electrode current /(V) to the summed energy-dependent
transmission probability T(E,V)*°. With the aim to describe the

This journal is © The Royal Society of Chemistry 20xx
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variation of coherent electron transport through,the system.
local current components have beenP@VEStigated\ 907t
atomistic level. Following the formalism in ATK, the total
transmission coefficient has been split into local bond
contributions, Tj, which are represented by lines along the bond
lengths, called transmission pathways. The relationship
between the total transmission coefficient and the local bond
contributions can be described by Eq. (5):

TEV)=X,ca jeslyEV) (5)

where A and B are pairs of atoms separated by an imaginary
surface perpendicular along the bond length. The total
transmission coefficient is the sum of the local bond
contributions between all pairs of atoms A and B. A negative
value of Tj corresponds to back scattered electrons along the
bond, while a positive value corresponds to transmitted
electrons.

This approach suggests that a quantitative computationally
inexpensive description of coherent transport in solid junctions
is readily achievable, enabling new understanding and control
of charge transport properties of atomistic-scale interfaces at
large bias voltages.

Conclusions

In this paper, the modelling of MIM diodes has been presented
focusing on interface phenomena among the various layers by
the application of first-principle methods, also including the
calculation of their electronic transport properties and their
transmission pathways. The outcomes of this work
demonstrate that both Au (100) and Pt (100) generate very
stable interfaces with the interposed HfO,. Moreover, the use
of monoclinic polymorph of the hafnium oxide system under
study allows modelling a device able to transport the current
from Au to Pt and vice versa, despite the source and drain
nature. Finally, the devices with the orthorhombic ferroelectric
phase have shown the highest and lowest current values when
the orientation of the spontaneous polarization was toward the
drain and the source, respectively. Altogether, the obtained
results remark the importance to investigate, at the atomistic
scale, local phenomena at the interface level and the impact of
different components on the measurable properties of the
devices. The final outputs represent a powerful and promising
approach for the preliminary study of such components in view
of their successive fabrication, which can greatly benefit from
the rigorous prediction of the best choice in terms of material
type and growth method.
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