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Abstract
In this work, we present ametal-insulator-metal (MIM) diode, based on quantum tunnelling
phenomena. Itsmodel is based on amultilevelmodelling approach consisting of atomistic and
continuum simulations, fully validated by extensivemeasurements. TheMIM structure comprises a
hafniumoxide (or hafnia, HfO2) dielectric layer, less than 4 nm thick and a square contact area of only
4μm2, placed between twometallic electrodes, namely platinum as the source and titanium as the
drain. The current–voltage (I–V) curve has been estimated byDensity Functional Theory (DFT)
calculations through an optimisation of the interfaces betweenmetals andmonoclinicHfO2. The
dielectric parameters arising from ab initio computations have then been used as inputs for the
successive circuit and electromagnetic simulations. Finally, themultilevelmodel has been validated
with great accuracy, firstmeasuring the I–Vcharacteristics by applying a drain-source voltage between
−1V and+1V, and then extracting the scattering parameters up to 40GHz, thus demonstrating that
DFT and circuit/electromagnetic simulationsmatch almost perfectly the experimental ones. These
outcomes represent the first study of such nanoscale devices investigated bymeans of a rigorous
atomistic-to-continuum approach, providing invaluable information in order to improve fabrication
and correctly assess themacroscale performance of nanoelectronics systems.

1. Introduction

Nowadays, the exploitation of new and environmentally friendly energy resources represents one of themost
important challenges for the health of the planet. In particular, the improvement, development, and exploitation
of environment-safe renewable energy, to supply low-power devices and components, are all together an
important concept and one of themain objectives inmany different research fields. In this context, radio
frequency (RF) energy-harvesting andwireless power transfer (WPT) offer tangible opportunities to be taken
into consideration, for remotely powerwireless systems, such as small dust [1] or implantable [2] sensors.
Collecting (‘harvesting’)RF signals regards the need to ‘recycle’ the otherwise lost RF energy generated by the
radio environment and exploit it in low-voltage electronic devices. The RF radiation is scavenged and
subsequently used to supply electronic devices. In this way, a new generation of battery free devices could be
conceived, that is of fundamental importance to reduce battery waste.

In this context, diodes aremandatory to rectify the collected RF signal and generate direct current (DC)
output voltage. In addition, these systems could be integratedwith antennas to create the so-called rectennas [3].
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Themetal-insulator-metal (MIM)diodes, whoseworking principle is based on the tunnelling effect, are
particularly appealing for high-frequency applications. As amatter of fact, at high frequencies, the typical
semiconductor-based devices cannot operate [4], whileMIMdiodes exhibit fast response times (in the order of a
few femtoseconds) and have low-costmanufacturing and additive technologies for production [5].Moreover,
other great advantages are related to the capability of theMIMdiodes to achieve cut-off frequencies in the THz
range and to their ability of zero-bias rectification, particularly useful forWPT and energy-harvesting
applications fromRF [6] up to hundreds ofGHz. From this perspective, it is essential to characteriseMIMdiodes
in awide range of frequencies. In order to accurately computemismatch losses and combineMIMdiodes with
RF components with propermatching, RF characterisation ofMIMdiodes bymeans of scattering (S-)
parametermeasurements for impedance performance is crucial [7]. However, due to their intrinsic physical
working principle, the bottleneck ofMIMdiodes ismostly connectedwith their fabrication, which requires an
ultra-thin insulator layer embedded into a vertical stack, posing serious repeatability and reliability problems. In
fact, the physical principle at the basis ofMIMdiodes is the tunnelling effect, where electrons cross the insulator
layer, positioned between twometallic electrodes, thus the insulator layermust be thin enough (i.e., in the order
of a few nanometres) to allow electrons to tunnel through. In other words, downsizing to the nanoscale
dimension is fundamental to this technology.

The production of fast-responseMIMdevices represents a key point formany nanoelectronics applications,
and at the same time is extremely sensitive to the nanoscale structural and chemical quality of interface regions;
Dudek et al [8] used different growing techniques to prepare thinHfO2films onTiN electrodes, and then
investigated the charge transportmechanisms of theHfO2-basedMIMdiodes. El Kamel et al [9] studied the
influence of the nature ofmetal electrodes, at different temperatures, on the conductionmechanisms of
HfO2-basedMIMdevices; in particular, they calculated the barrier heights at themetal-HfO2 interfaces, by
considering Al, Cr, andAumetal electrodes.Mitrovic et al [10]presented a review ofMIMdiodes considering a
few crucial points, such as zero-bias responsivity, zero-bias dynamic resistance, and asymmetry. In the same
work, evenHfO2was considered as oxide forMInMdevices, summarising the electron affinity, bandgap, and
permittivity; skin depths andwork-function characteristics of some typicalmetal electrodes, among themNi, Al,
Au, Cr, andTi, were also described.

Since the introduction by Intel in amanufacturing process in 2007,HfO2 is nowadays used as high-κ
material, thus revealing a full CMOS (complementarymetal-oxide-semiconductor) compatibility. HfO2 has a
relatively wide bandgap (5.6 eV) [11], large band offset with Si, i.e., less parasitic leakage, large coercive field (at
least 1MV cm−1), andmedium-high permittivity.Moreover, the absence of an interfacial dead layer inHfO2

makes thismaterial a promising candidate in thin-film technology, unlike perovskites-basedmaterial, and the
mid-range dielectric constant allows the switching at reasonable voltage values [12–15].

It is known thatHfO2 can adopt different crystal structures in the solid state, and the related chemical-
physical properties accordingly change [16]; among the possible polymorphs, themonoclinic structure, with
space group P21/c, is known to be themost stable one [16, 17].

Understanding the behavior of the involved physical phenomena from the atomistic point of view could be
of great interest and of great impact onmaterials science and nanotechnology engineering. The use of ab initio
simulations in order to predict the current–voltage (I–V) characteristic of aMIMdiode is rarely reported in the
literature because of the complexity of the requiredwork and because just a few software tools allow to apply the
quantummechanical approach to a configuration suitable for the simulation of devices at the atomistic level.
Previously, aDFT computation approachwas used to calculate the I–V curve of a diode based onHfO2 as the
insulator layer [18] between platinum and goldmetal electrodes. In detail, [18] focused only on theDFT
modelling of different hafnia polymorphs and on the interface effects at the simulation level. On the contrary,
the present study is centred around a real geometry andmaterial stack for theMIMdevice, concentrating only
on dielectric hafnia and providing, for the first time, a fullmodelling-simulation-experimental verification based
on a rigorous description of quantum tunnelling phenomena. Al-Dirini et al [19] showed a class of nanoscale
devices based on graphenemonolayer inMISFEDs (Metal–Insulator–Semiconductor Field-Effect Diodes)
configuration: in detail, they presented devices with excellent current–voltage characteristics that were also
characterised by quantummechanical simulations based on the ExtendedHuckelmethod andNonequilibrium
Green’s Function Formalism. Kang et al [20] reported a study ofmetal-TMD (transition-metal dichalcogenides)
contacts by ab initioDFT calculations, for CMOS technology applications, by considering contacts betweenAu,
Pd, In, or Ti, andmonolayers ofMoS2 orWSe2, and described the optimised geometries, partial density of states,
electron densities, and effective potentials. Among the side contacts, the author found the best contact between
MoS2 andTi, while forWSe2 themost suitable onewaswith Pd.Gong et al [21] used theDFT calculations to
understand the nature of the contact betweenmetal electrodes andmonolayerMoS2 pointing particular
attention to Schottky barriers and the Fermi level pinningmechanism. A paper fromYoshizawa et al [22]
reported theDFT characterisation of the electron transport properties inmolecular junctions, inwhich two
electrodes hadweak contact with a highly conjugatedmolecule, in terms of theHOMO–LUMOorbital.
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In this paper, we aim at going beyond the actual state-of-the-art by presenting a comprehensive and
multilevelmodelling of aMIMdiode, which consists of a dielectric layer ofHfO2 (with a thickness between 3 and
4 nm) between two differentmetals, i.e., platinum (Pt) and titanium (Ti), which are the source and drain
electrodes, respectively. The contact area of the Pt-HfO2-Ti structure is squared-shapedwith edges of 2μm (i.e.,
with a total contact area of 4μm2).

First, theMIMdevice was simulated using an ab initioDFT approach to provide an in-depth insight into
MIMdiode’s structure and conductionmechanism. Then, an electromagnetic (EM) high-frequencymodel has
been developed using the outcomes of theDFT calculations. Thismeans that ab initio simulations give not only
the characterisation of the device but also assist the EMmodelling by providing the parameter to be used, e.g.,
the dielectric constant and conductivity of thematerial at different frequencies. The proposedmethod exhibits
the best balance between accuracy and reasonable computational time, considering that ab initio simulations are
very cumbersome, since they do not take advantage of any a priorifitted parameters. After that, theMIMdiode
has been fabricated andmeasured to validate themultilevelmodelling approach.Making use of atomic layer
deposition (ALD) techniques and a state-of-the-art process to create the bridge for the top electrode, tens of
devices have been created on a high-resistivity silicon (HRSi) 4-inchwafer in a coplanarwaveguide (CPW)
technology. The latter choice was dictated by the necessity of having a reliable on-wafer characterisation using
standard probe tips. Finally, we performed detailedDC andRFmeasurements to fully assess the electrical
performance of the diodes. As reported infigure 1, the overview of the proposed approach regards a
combination of theoretical and experimental work interconnected andwithmutual verification. To the authors’
knowledge, this is the first computational platform aimed at simulatingMIMdiodes, through the seamless
integration of atomistic- withmesoscale-level computational tools. The former (atomistic), starting from the
atomic structure of the nanoscalematerial, provides and transfer phenomenological parameters/equations (e.g.,
constitutive relations) to the latter, thus allowing the correct assessment of the electromagnetic propagation in
thefinal device.

Themanuscript is structured as follows: before focusing on the entire device, an accurate overview of the
optical and electronic properties ofmonoclinicHfO2 is provided usingDFT computations. The bulk properties
calculatedwith thismethod have been comparedwith the data already reported in the literature [16, 23, 24].
Afterwards, Pt andTi electrodes have been considered separately and the interfaces withmonoclinicHfO2were
optimised using theDFT-D3 approach [25]. In such complex systems, the optimisation of the interface between
the electrodes and the oxide layer plays a key role: in fact, the phenomena characterising the electrical properties
of nanoscale devices are strongly dependent on the interface implementation.More in detail, the transitions and
the bonding characters atmetal-oxide edges, and the different electronic structures of both themetals andHfO2

are fundamental to understand how they are coupled at the interface.Moreover, Pt andTi electrodes could be
described by diverseMiller indices, thus generating different possible interaction patterns. In this respect, for
this work the (100)Miller configurations have been chosen for bothmetal types, since these are themost stable
configurations apt to generate interfaces [26, 27]. After this step, the optimisedmetal-HfO2 interfaces were used
tomodel the entireMIMdevice, then the I–Vcurvewas properly calculated, as well as the dielectric constant and

Figure 1. Schematic of the proposedmultilevel approach to validate the experimental characterisation of theMIMdiode.
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conductivity necessary to electromagnetically characterise the diode. Regarding the latter issue, theMIMdiode
has beenmodelled as a lossy capacitive element inserted in series with a CPW line. The dielectric parameters
used tomodel theMIMdevice have been taken from the atomistic characterisation, as well as from the simulated
I–Vcharacteristics. Then, details of the fabrication of the hafnia-basedMIMdiodes are provided. The
geometrical, optical, and electronic properties ofmonoclinicHfO2 serve as the basis for the assessment of the
metal-HfO2 interfaces and I–Vcharacteristics, which represent the preliminary step for the circuit and EM
simulations. Finally, an accurate experimental characterisation and a thorough comparisonwith themultilevel
modelling is offered, thus confirming the correctness of the latter and overcoming the problemof translating
nanoscale phenomena intomeso- andmacroscale observations.

2.Method

2.1. Theoretical background
The physical principle onwhich aMIMdiode relies is the quantum tunnelling of electrons, and this
phenomenon occurs in about 10−12

–10−15 s, thus enabling ultra-fast devices with high cut-off frequency. One
needs to consider that the tunnelling probability falls exponentially as a function of insulator’s thickness and
electrons can be emitted above the barrier also due to thermal excitation. Nonlinearity and asymmetry can be
increased by using differentmetals for the electrodes (hence,metals with dissimilar work-functions—the bigger
the difference, the bigger the nonlinearity and asymmetry) andmultiple thin insulators, sometimes also
interposing intermediatemetallic layers. Unfortunately, the latter solution is challenging from the technological
point of view and expensive if one aims at enhancing electron tunnelling at low power levels. The physical
equations governing the quantum tunnelling in aMIMdiode provide (with a reasonable approximation) the
total current density JMIM that accounts for twomain contributions: (1) the thermionic emission-limited
current Jth and (2) the tunnel-limited current J ,tun which can also include the image force impact on the potential
barrier in the so-called ‘composite Simmonsmodel’ that is described as follows (more details can be found in
[28]):

J A T e e1 1th th
k T qV k T2 B B1 ( ) ( )/ /= -j- ¢ -

J J e qV e 2tun
A A qV

0
tun tun( ) ( )F F= - +F F- - +⎡⎣ ⎤⎦

J J J . 3tot th tun ( )= +

where A mqk h4th B
2 3/p= is Richardson’s thermal constant, J q h s2 ,0

2[ ( ∆ ) ]/ p a= A s h m4 2 ,tun ( ∆ )/pa=
and x dx.

s s

s1

1

2 ( )
∆ òF j= We stress here that the total potential in the insulator is given byVtot=j(x)+

(−0.288t)/[εx(t—x)], wherej(x) is the potential energy between the electrodes, x identifies the position inside
the insulator, ε is insulator’s permittivity, and t is insulator’s thickness. Vtot takes into account the image
potential between the two electrodes, which has a significant impact on the accuratemodelling of J ,th as it lowers
the potential barrier. However, thismathematical approach does not consider themetal-insulator interface
phenomena, as well as defect assisted tunnelling in the insulator.Hence, aDFT simulation approach has been
deployed to better describe the quantum tunnelling in hafnia-basedMIMdiodes, thus providing an accurate
estimation of themacroscopic performance, as explaind in the following.

2.2.DFT simulations
All simulationswere performed using theDFTmethodology. Specifically, bymeans ofQuantumAtomistic
Toolkit (Q-ATK)we simulated theHfO2 properties and the I–Vcharacteristics [29] bymaking use of the
Perdew–Burke–Ernzerhof (PBE) [30] general gradient approximation (GGA) [31] density functional for the
electron exchange–correlation (xc) energy, in combinationwith norm-conserving (NC)PseudoDojo [32]
pseudopotentials for the description of the core electrons of each atom. Pt andTimetals have been considered
separately during the formation of the interfaces withmonoclinicHfO2, and then they have been optimised
usingDFT-D3 [33] throughQuantumEspresso (QE) [34].

To calculate the geometrical parameters, the optical, and the electronic properties ofmonoclinic (P21/c)
HfO2, the periodic boundary conditions (PBC) have been applied to all the three x, y, and z axes, to avoid
complications produced by the finite size and tomoderate the calculation timewhilemaintaining a high
accuracy. The energy cut-off used in the calculationswas 1200 eV, and the Brillouin-zone integrationwas
performed using a 15× 15× 15 k-points grid. These parameters were chosen to ensure the total energy
convergence of 5.0× 10−6 eV/atom, amaximum stress of 2.0× 10−2 GPa, and amaximumdisplacement of
5.0× 10−4Å. The linear combination of the atomic orbital (LCAO)methodology has been used as electron basis
set forHf andO entities [35]. The 5d2 and 6s2 electrons ofHf and 2s2 and 2p4 electrons ofOhave been explicitly
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treated as valence. Correct on-site repulsion values have been calibrated, then theHubbard (U) values of 5.8 eV
and 4 eV forHfd andOp valence electrons have been chosen, respectively, to better treat the chemical bonds in
which d electrons are involved.WhenUvalues are included, the description of the charge density of the core
region could overlapwith valence density; hence, the choice of the correct NCPDj becomes very important. As a
matter of fact, the charge density of the electron core has been reproducedwithin a short cut-off radius, thus
avoiding an underestimation of the xc energy.

The interfaces betweenHfO2 and the two Pt andTimetals, bothwith aMiller index (100), have been built
and optimised usingQE. To study the interfaces thatHfO2 creates with bothmetals, the single-particle wave
functions have been expanded on a basis of plane-wave (PW) functions, andD3 corrective terms have been
added using PBCs along x and y axes. In particular, the corrective three-dimensional termD3 is essential to
consider the phenomena at thematerial interfaces, both as short- and long-range interactions. Additionally, the
boundary condition on the z-axis cannot be periodic, since this constitutes a semi-finitemodel, so that it will be
assumed by theDirichletmethod, which allows the generation of two gradient potentials on the two sizes of the
box, in order to reproduce the extension of eachmaterial type (i.e., HfO2 in one direction and Pt or Ti along the
other).With this approach, the interfaces have been optimised and then they have been used tomodel the entire
device system.

To simulate the I–Vcurve, PBCs have been used along the x and y axes, while the gradient potential has been
generated along the z-axis usingDirichlet conditions to simulate the Ti and Pt on the opposite sides of the
simulation box. The electronic transport properties have been calculated using theNonequilibriumGreen’s
Function (NEGF) formalism [34]. The device structure consists of three regions: the source, the central region,
and the drain. A coherent transport of electrons has been assumed to occur between the source and drain
contacts, with Fermi levelsmS andmD (and vice versa) passing through the central HfO2 region. According to the
Landauer formula, the coherent current between the electrodes is given by equation (4):

I V
e

h
T E V f E f E dE

2
, 4D S0 0

S

D( ) ( )[ ( ) ( )] ( )ò m m= - - -
m

m

whereT(E,V) is the transmission probability of incident electronswith energyE from the drain (D) to source (S),
f0(E—mS(D)) is the Fermi–Dirac distribution function of electrons in the source, and drain, respectively, andV=
(mS—mD)/e is the potential difference between source and drain.

2.3. Circuit level and full-wave electromagnetic simulations
To estimate the behavior of the device at high frequencies, theMIMdiodewas placed in series with a planar
transmission line such as CPW.TheCPWcan bemodelled, in principle, as a transmission linewhere theMIM
devicemodel is inserted in series as shown infigure 2(a). The equivalent circuit of theMIMdiode can be
described as a parallel of a capacitance and a conductance/resistance connected in series to the transmission line
as presented in the literature [36, 37].

Themain contribution to the capacitance is given by the geometric one that can be simply calculated from
equation (5). The conductance can be easily extrapolated by the I–V characteristics obtained from the atomistic
simulations using equation (6).

C
A

d
5r0 ( )e e=

G V
I

V
6( ) ( )=

¶
¶

In order to validate themodel of theMIMdevice, it is necessary to realise an experimental setup based on the
CPW, allowing a 50Ω characteristic impedance of the line, but at the same time able to integrate theMIMdiode.
For this reason, amodification of theCPW line is proposed infigure 2(b), where the detail of theMIMdevice
integration is shown.

TheCPW line is designed in such away as to offer a characteristic impedance of 50Ωwith the following
specifications: the signal linewidth (w) is 100μm, the gap (g) is 60μm, and the total length (l) is 408μm.The line
is placed on a substrate consisting ofHRSi (with a thickness of 525μm), coveredwith a 300-nm-thick film of
silicon dioxide (SiO2). The circuit was optimised so as to present impedancematching up to 60GHz.

The three-dimensional (3D)model offigure 2(b)was simulated using two different full-wave EM
commercial solvers (i.e., COMSOLMultiphysics andCSTMicrowave Studio) to verify the accuracy of the
modelled diode.Moreover, we compared the performance of the proposed setupwith the transmission line-
based theoreticalmodel. The device analysedwas subsequently fabricated andmeasured to validate themodel.
Results are shown and discussed in section (3). COMSOLMultiphysics can also be deployed to predict the
hysteresis characteristics of aHfO2-based ferroelectric thin film (i.e., with a thickness of just a fewnanometres),
inwhich the ferroelectricity is induced either by oxygen vacancies or by some type of doping, e.g., using Zr, Y, S,
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etc. In this case, the polarisation P can be computed from the Time-Dependent Landau-Ginzburg equation
(TDLG) as in [38, 39], as follows:

P

t
k P P P P E 72 3 5 ( )a b g-G

¶
¶

+  = + + -

whereΓ is the finite velocity of the polarisation switch giving rise to the hysteresis loop, k is the spatial variation
of the polarisation (i.e., domainwallmotion),α is the linear termof the response of thematerial, and E is the
external electric field. Then,P is coupledwithE using either the Poisson equation (for devices smaller than the
consideredwavelength) orMaxwell equations. InCOMSOLMultiphysics, (7) can be coupled toMaxwell
equations, which allowsmodelling the polarisation effects in ferroelectric thin films at high frequencies.

2.4. Fabrication
The fabrication of theHfO2-basedMIMdiodes involved several steps, as described in [28]. Photolithography
was used to define the Pt bottom electrode, and a 20-nm-thick chrome (Cr)/100-nm-thick Pt layer was
deposited by e-gun evaporation onto the SiO2/HRSi 4-inchwafer. TheCr layer was necessary for Pt adhesion to
the substrate. Then, a 100-nm-thick Si3N4 layer was deposited by plasma enhanced chemical vapor deposition
(PECVD) on thewhole surface, The role of the Si3N4was to create amechanical support to create the bridge
connectingMIMdiode’s top electrode to theCPW line, thus realising the proper vertical stack of aMIM
structure and avoiding short-circuits with the bottom electrode. E-beam lithography and etching of Si3N4 using
CF4/O2plasmawere used for defining the active area of the contact near the centre of the Si3N4 spacer. TheALD
process of the less than 4-nm-thickHfO2 thin filmwas carried out at 250 °Cwith Tetrakis(ethylmethylamido)-
hafnium (TEMAHf) as precursor andH2O as oxidiser. TheHfO2 layer was patterned usingCl2/BCl3 plasma
etching. The top electrodewas defined by lift-off and evaporation of a 100-nm-thick Ti/200-nm-thick Au layer.
As in the case of the Cr layer for the bottom electrode, here the Ti layer provides adhesion of theAumetallisation.
At the same time, the properMIM stack is of the type Pt-HfO2-Ti (aswas correctly stated before), not
Pt-HfO2-Au. It is very important to stress this point, as differentmetals possess different work-functions, which

Figure 2. (a)Transmission linemodel of theMIMdiode test structure. (b)Top view of the CPWstructure used for testing simulations.
The inset shows the schematic of the 2× 2μm2MIMdevice in series to the signal line of theCPW.
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can dramatically affect the performance of the device under test. Last, a 500-nm-thick Au layer was deposited to
define theCPWstructure and to provide the necessary thickness to overcome potential high-frequency skin
depth effects. Figure 3 shows the scanning electronmicroscope (SEM) pictures of (a) a complete test structure
(i.e., theMIMdiode integratedwith theCPW line) and (b) theMIMcontact area. Thefinal test devices have
overall dimensions of just 1× 1.41mm2 and, as one can see infigure 3(a), the ground plane surrounds the two
CPW lines embedding theMIMdiode; this design strategy ensures the optimal electrical connections when
measuring on-wafer the fabricated devices.

3. Results and discussion

3.1. Geometrical, optical, and electronic properties ofmonoclinicHfO2

The lattice parameters formonoclinicHfO2were obtained by systematically changing the atomic positions and
adjusting the size and angle of the unit cell until convergencewas achieved. This optimisation process allowed us
to obtain themost suitable parameters. As a result, the unit cell dimensionswere found to be 5.068Å, 5.135Å,
and 5.292Å for a, b, and c, respectively, and these values were in good agreement with the literature [40]. The
real part (εreal) and imaginary part (εim) of the dielectric function ofmonoclinicHfO2were calculated over a
wide-energy range (figure 4(b)). As reported, the εreal value at 0 eVwas 5.73, while the εimwas in the order of
10−4 from0 eVup to 4 eV, in agreement with other studies [15, 41].

TheGGA-PBEmethod, which has been used to describe the geometrical parameters, is not consistent when
studying the excited state properties; thus, the inclusion of corrective terms is necessary for the calculation of the
partial density of states (PDOS) and bandgap energy. The qualitative improvement of electronic descriptions
and the better characterisation of chemical bonds involvingHf andO atoms required on-site Coulomb
interaction by addingHubbard (U) terms. TheHfUd and theOUp values have been settled to 5.8 eV and 4 eV
[15], and the energy bandgap acquiredwith such amethodology is 5.68 eV (figure 4(c)), in linewith
experimental results reported in the literature [42, 43]. The uses of GGA/PBEwithU values approach has also
been used to calculate the partial density of states (PDOS) (figure 4(d)), which showed two different
contributions before and after the Fermi Level. In particular, themajor contribution originates in the energy
range between about−7.5 to−2 eV, that is, the valence bandmaximum (VBM), due toO2p orbitals, while in the
energy range starting from about 2.2 eV upwards, the conduction bandmaximum (CBM) ismainly due toHf 5d

orbitals.
The capability of the herein proposedDFT approach is also confirmed by the good agreement between the

calculated dielectric functions (figure 4(b)) and the absorption spectra reported in the literature for the
monoclinicHfO2 [44]. As amatter of fact, the real part of the dielectric function (ε) defines the capability of the
matter to interact with an electric fieldwithout absorbing energy, while the imaginary part of the dielectric
function represents the ability of thematter to permanently absorb energy from a time-varying electric field.
Both parameters are linked to the optical properties ofHfO2. Thismaterial exhibits themain light absorption
between 100 nmand 300 nm, as confirmed by our calculated dielectric function. In fact, the imaginary part of
this function shows themost pronounced interaction between 4 eV and 12 eV.Moreover, the highest light

Figure 3. (a) SEMpicture of theMIMdiode integratedwith theCPW line. (b) SEMpicture of the contact area. In figure 3(b), the
central square corresponds to the location of theHfO2 thinfilm.
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absorption is closely related to the bandgap energy, and for themonoclinicHfO2we found a bandgap of 5.68 eV
that corresponds to about 220 nm.

As shown infigure 4(b), the calculated value for the real part of the dielectric constant was 5.73 at 0GHz for
themonoclinic bulkHfO2 system. From an experimental point of view, the combination of amorphous
microstructures with crystalline zones leads to an increased ionic polarisationmechanism,which is based on the
high-κ behavior of thismaterial. These results were in line with our predictions, then, in order to simulate the
diode bymeans of amultilevel approach and to provide information to the EMmodelling, the dielectric
constant was estimated again, taking into account themonoclinicHfO2, with a thickness of 3.67 nm, as obtained
after the geometrical optimisation and by excluding themetal interfaces; this approach has been chosen to
investigate the dielectric behavior of the 3.67-nm-thickHfO2 inserted between themetal electrodes. For this last
system, the real part of the dielectric constant is 3.55 between 0 and 60GHz. This decrease is not surprising, since
the dielectric constant of such amaterial undergoes a dramatic reduction as thefilm thickness is decreased to a
fewnanometres [41]. The reason for this phenomenon is usually ascribed to the size effect, especially
pronounced in ultra-thin film, and determined by the polarisation, which brings to a reduction of the effective
dielectric constant; furthermore, this decrease ismore remarkable for larger values of the bulk dielectric
constant [45–47].

3.2.Metal-HfO2 interfaces and I–Vcharacteristics
The search for themost stable interfaces between differentmaterials is crucial tomaximise the performance of
theMIMdiode and to avoid artifacts; in order to achieve that, an extensive geometry optimisation of the
interfaces was performed before the calculation of the I–Vcharacteristics. As previously reported, both Ti and Pt
atomic systemswere consideredwith (100)Miller indices, and a 3.67-nm-thickmonoclinicHfO2 layer was
interposed between the electrodes (figures 5(a)–(e)).

Figure 4. (a) Schematic representations ofmonoclinicHfO2:Hf andO atoms are reported in blue and red, respectively. (b)Real part
(blue) and imaginary part (red) of the dielectric constant. (c)Bandgap structure. (d)Projected density of electronic states (PDOS) of
monoclinicHfO2, where theHf contribution is reported as a blue line, theO contribution as amagenta line, the total DOS is reported
as a black line, and the Fermi level as a vertical red line.
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Before the devicemodelling, the cohesive formation energy of the optimised structures was calculatedwith a
view to ensuring reliability of the obtained interfaces and securing reproduction of the same interfaces present in
the real diode; indeed, such cohesive formation energy reports energy values, in eV per atom, considering the
lengths and the angles of the bonds at the interface. After the optimisation step, the cohesive energy values
resulted negative for both Pt-HfO2 andTi-HfO2 systems, indicating the achievement of reliable and stable
interfaces.More in detail, the Pt-HfO2 system resulted to be themost stable one, with a calculated energy of
−2.86 eV, while the Ti-HfO2 interface was−2.23 eV. Such a small difference is strictly related to the electron
configurations of Pt andTi; Pt has nine valence d electrons accommodated in the 5th energy level, while Ti has
only two d valence electrons placed in the 3rd level. Hence, the hybridisation of the atomic orbitals is different,
and the resulting overlap of thewavefunctions for generating chemical bonds changes accordingly. Pt has a
stronger adhesion if compared to Ti, because of the higher energy associatedwith its valence electrons.

To better clarify this aspect, the lengths and the angles of the bonds on the interfaces weremeasured before
and after the energy optimisation (figure 5(f)). In both cases, an increase in the angle between oxygen,metal (Pt
or Ti), and hafniumwas detected aswell as a decrease in the bonds between oxygen andmetal (Pt or Ti). On the

Figure 5.The Pt-HfO2 interface before (a) and after (b) the optimisation. The Ti-HfO2 interface before (c) and after (d) the
optimisation. (e) Schematic atomistic representation of theMIMdevicemade of Pt-HfO2-Ti (lateral view). (f) Length and angles of the
bonds between Pt andHfO2 before (A) and after (B) the optimisation, and between Ti andHfO2 before (C) and after (D) the
optimisation.
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other hand, in both the interfaces between Pt (100) or Ti (100)withHfO2, the distance betweenHf andmetal (Pt
or Ti) atomswas not dissimilar to that of the starting structures. Despite the differences in cohesive energies
caused by the electronic configurations of Pt andTi, a univocal optimisation trendwas detected for both
systems, resulting in a reliable interface withHfO2. Themodelled systemwas used as the starting point in
assembling the completeMIMdiode.

3.3. Electromagnetic simulations
The results of the atomisticmodel presented in the previous sectionwere used as inputs formodelling the RF
performance of theMIMdiode as described in section (2).

Before analysing theMIMdevice, the proposedmodification of theCPW linewas tested to guarantee its
match over awide frequency range. For this reason, theMIMmodel was removed and substitutedwith a
completemetallisation of the so-created gap. The scattering (S–)parameters of the line, normalised to 50Ω,
showmuch less reflection (S11 or S22) and full transmission (S12 or S21) up to 60GHz, as shown infigure 6(a).
This aspect is very important, as we need to detect the response of theMIMdiode only, filtering out that of any
mismatch arising from theCPW line.

The completemodel of the structure, with theMIMdevice, was then simulated bothwithCST and
COMSOL software. The input for the EM simulations of theHfO2 layer considered a dielectric constant value of
3.55, as predicted by the atomistic simulations, and a conductivity of 0.01 Sm−1, as calculated from a differential
resistance of 84 kΩ again estimated from the I–Vcurve of theMIMdiode at the bias value of 0V (see
section (3.4)). This outcome is consistent with the typical differential resistance of aMIMdevice. The obtained
results, between 1 and 60GHz, are shown in figures 6(b)–(c), that also reports the results from the circuitmodel
based on the transmission line theory (figure 2(a), section (2.3)). This comparison is necessary to be sure that the
proposed setup does not introduce any higher-ordermodes that canmodify the interpretation of the
S-parameter results. The 3D-EM simulations are in good agreement with the results obtained from the circuit
model, proving that the setup proposed is valid for the characterisation of theMIMstructure only.

Figure 6. (a)CST-simulatedCPW line (in terms of reflection coefficient |S11| and transmission coefficient |S12|)normalised on a 50-Ω
characteristic impedance. Comparison between the solution of the transmission line circuitmodel with theCST andCOMSOL results
in terms of (b) |S11| and (c) |S12|.
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3.4. Experimental characterisation and comparisonwith themultilevelmodel
As already said, the proposedMIMdiode can be schematised as a layered structure of Pt-HfO2-Ti (figure 7(a)) in
which theHfO2 thickness is 3.67 nmand the contact area between the layers is 4μm2. In order to simulate such
devices in a reasonable computational time bymeans of an atomistic algorithm, it is important to design the
system accurately; hence, the dimensioning of theMIMdevice chosen to calculate the I–V curvewas set to
2.88 nm, 2.62 nm, and 6.96 nm for the x, y, and z axes of the simulation box, respectively (figure 7(b)). Then, the
I–Vcharacteristics of the systemwas computed as described above, and the results are herein reported and
comparedwith the experimental data (figure 7(c)). From the simulation point of view, the exact reproduction of
the real dimensions of the devicemay require an impressive and impractical computational effort. To avoid such
a huge computational cost, the PBC along the x and y axes were appropriately selected and applied by using a
certain number of k-point samples, whereas theDirichlet conditionswere applied to the z-axes in order to
maintain unaltered the layered structure of theMIMdiode. In detail, to reproduce the I–V characteristics the
contact area was simulated by applying 8× 8 k-points to the x and y axes, while theDirichlet conditionwas
applied to the z-axis.

The curve obtained by ab initio simulationswas calculated by applying aDC voltage bias, ranging between
−1V and+1V, between the source and drain electrodes (Vds), and the sampling in this interval was 81 points.
The computational results were traced back to experimentalmeasurements performed on the fabricated diode.
The I–Vcurves, both theoretically estimated and experimentallymeasured, overlap completely, thus
demonstrating the great capability of the proposedmethodology to accurately describe the behavior of realMIM
devices from an atomistic point of view. From the experimental data, we have also calculated a current density J
greater than 3A cm−2. The electrical characterisation of theMIMdiodes was performed on-wafer bymeans of a
Keithley SCS 4200 station. The probe station for on-wafermeasurements is placed inside a Faraday cage

Figure 7. Schematic representation of (a) the fabricatedMIMdevices and (b) the atomistic simulation box. (c)Calculated (symbols)
and experimental (line) current (Ids)-voltage (Vds) characteristics of theMIMdiode.

11

Phys. Scr. 99 (2024) 025511 EPavoni et al



connected to the station via low-noise amplifiers. Fitting algorithmswere intentionally excluded during or after
measurements, whichwere conducted at room temperature (T= 290K).

Themost important performance indicators of aMIMdiode are the noise equivalent power NEP (in pW/

√Hz), the nonlinearity ,c and the sensitivity g (in V−1), defined as follows:

NEP k TR4 8B D0 ( )/b=

I V I V 9( ) ( ) ( )/ / /c = ¶ ¶

I V I V 102 2( ) ( ) ( )/ / /g = ¶ ¶ ¶ ¶

In (8), kB is Boltzmann’s constant,T is the temperature, R R V 0D D0 ( )= = is the differential resistance RD

(inΩ) at 0V, andβ is the responsivity. Infigure 8we plot the NEP (figure 8(a)), c (figure 8(b)), and g
(figure 8(c)) as extracted from theDCmeasurements.We can observe the following: (i) themaximum NEP is
less than 200 pW/√Hz, which is a very low value; (ii) maxc � 4; (iii) themaximum sensitivity is maxg ≈ 25V−1,
an excellent value beyond the actual state-of-the-art. These resultsmake the proposedHfO2-basedMIMdevice
an ideal candidate formicrowave sensing/energy-harvesting inwireless systems.

Themicrowave characterisation of the fabricatedMIMdiodes integrated onCPW lineswas carried out by
using a vector network analyser (VNA,Anritsu 37397D) connected to a probe station (SÜSSMicroTec)with
ground-signal-ground (GSG) probe tips. The S-parametermeasurements were performed by using a standard
short-open-load-thru (SOLT) calibration to de-embed the effects of cables, connectors, andCPWprobe tips in a
large band up to 40GHz (measurements at higher frequencies were not possible due to limitations in the setup),
with an input power level less than−20 dBm to operate in small-signal regime and, hence, to avoid nonlinear
effects in the extraction of the S-parameters (i.e., reflection (S11) and transmission (S12) coefficients).

Figure 9 shows the comparison between the experimental results and the EMmodelling by using a circuit
model, CST, andCOMSOL; theoretical and simulated datawere considered at 0V bias. As reported infigure 9,
the comparisons are in excellent agreement: in fact, all the results are within 0.5 dB (i.e., thefluctuations around
30GHz infigure 9(a) and due to small calibration errors) from the experimental data, which have been collected

Figure 8.Extracted (a)noise equivalent power, (b)nonlinearity, and (c) sensitivity of the fabricatedMIMdiode from theDC
measurements.
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up to 40GHz to cover thewholemicrowave spectrum and part of themillimetre-wave frequency range. The
outcomes are evenmore remarkable if we consider that simulating such a structure with anyfinite-element
method (FEM, for COMSOL) orfinite-integration technique (FIT, for CST) is extremely difficult without the
proper numerical strategy, as the aspect ratio between theminimumdimension (oxide’s thickness) and the
maximumone (overall length of theCPW linewith the integratedMIMdevice) is 1:201,428, which can create
insurmountable difficulties in themesh cell discretization of the used 3D-EM tool. The results were not affected
even by changing the bias of the diode, demonstrating the very low influence of the differential resistance of the
MIMdiode, comparedwith the capacitive effect.

It is also possible to estimate the cut-off frequency fc of the proposedHfO2-basedMIMdevice: using an
approach similar to the one in [48], we canwrite f RC1 2 ,c ( )/ p= whereR attains values between 1 and 10Ω and
is themaximum (estimated) resistance of the lead lines (i.e., the CPWpads), andC the contact area’s
capacitance.With this data, fc is between 460GHz and 4.6 THz.Hence, the proposedHfO2-basedMIMdiode is
suitable for applications well beyond themillimetre-wave range for detection and energy-harvesting
applications.

4. Conclusion

In this paper, we have presented a comprehensive study of ametal-insulator-metal (MIM)diode composed of
platinumas source electrode, titanium as drain electrode, and amonoclinic hafnia layer as dielectricmaterial
between themetals, with a thickness smaller than 4 nmand a contact area of 4μm2. The proposedMIMdevice
operation is based on quantum tunnelling, and ab initio simulationswere performed in order to obtain an
overview of the optical and electronic properties ofHfO2. The geometry obtained from the optimisation of the
structure is shown, together with the respective projected density of the electronic states, band structure, and
dielectric constant as functions of energy. The interface between the dielectric and bothmetals was optimised,
and the current–voltage characteristics of the resulting device estimated bymeans ofDFT calculations by biasing
theMIMdiode in the voltage range between−1V and+1V. Also, the dielectric parameters resulting from the
ab initio calculations were used to evaluate the performance from a circuit and electromagnetic point of view; in
particular, the high-frequency behavior of the device up to 60GHzwas investigated by using a circuitmodel, as
well as the CST, andCOMSOL algorithms. To corroborate themultilevelmodelling, theMIMdevice was
manufactured and experimentally characterised. The I–V characteristics, as well as the scattering parameters
computedwith both circuit and electromagnetic simulationsmatch almost perfectly the experimental data up to
40GHz.

The key point of the proposed approach is the use of ab initio simulations to transfer and integrate the
information into the circuit/electromagneticmodelling, thus confirming the correctness of themultilevel
simulation platform and bypassing the conundrumof translating nanoscale phenomena intomeso- and
macroscale observations. As far as the authors know, this is the firstmodel to simulateMIMdiodes through the
integration of atomistic- withmesoscale-level computational tools. In fact, from the atomistic (ab initio)
simulations of hafniumoxide, we derived equivalent constitutive relations/parameters (conductivity,
permittivity, losses, etc) to be inserted inmultiscale full-wavemodeling.Moreover, this study offers deep
insights intoDFTmethods and atomistic simulations applied to realMIMdiodes.

Figure 9.Comparison between the experimentallymeasured and simulated (circuitmodel, CST, andCOMSOL) S-parameters of the
MIMdiode considered at a bias value of 0V in terms of (a) reflection coefficient |S11| and (b) transmission coefficient |S12|.
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