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Abstract—We propose a first-principles atomistic method

based on density functional theory and the non-equilibrium

Green’s-function method to investigate the electronic and struc-

tural response of metal-insulator-metal capacitors under applied

bias voltages. We validate our method by showing its usefulness

in two paradigmatic cases where including finite-bias structural

relaxation effects is critical to describe the device behavior: for-

mation of dielectric dead layers in a paraelectric SRO|STO|SRO

capacitor due to an applied bias voltage, and the switching

behavior of a ferroelectric SRO|BTO|SRO capacitor due to an

external electric field.

I. INTRODUCTION

With the continuous downscaling of device components,
understanding the interplay between electronic and structural
response in the presence of an applied electrical bias (Vbias)
becomes central to determine their functionality. For metal-
insulator-metal (MIM) capacitors, the importance of structural
effects due to Vbias has long been recognized. Atomistic simu-
lations have shown that a significant portion of the capacitance
decrease observed in thin paraelectric (PE) perovskite films
comes from low-permittivity regions at the metal-insulator
interface (“dead layers”) [1], which develop as a result of
structural distortions in the insulating layer due to Vbias [2].
The behavior of such dead layers beyond the linear-response
regime is still poorly understood, possibly due to the lack
of atomistic methods that are able to describe the structure
of the capacitor at finite Vbias [3]. Elucidating the role of
Vbias in the switching behavior of ferroelectric (FE) materials
has also recently become a subject of attention, due to the
application of FE-based structures in negative-capacitance
field-effect transistors (NC-FETs) [4]. However, similarly to
the case of paraelectric MIM capacitors, the atomistic-level
description of the switching process is still mostly limited to
classical simulations using parametrized Hamiltonians [5] or
first-principles methods where other variables than Vbias are
used to impose an electric field [6]–[8], thereby lacking a
direct connection to experimental measurements.

Here, we propose an efficient ab initio approach to de-
scribe atomistically the electronic and structural response of
nanoscale capacitors at finite Vbias. Our method accounts for
the exact boundary conditions of the capacitor at Vbias 6= 0, as
well as for the ballistic current between the capacitor plates.
These could not be accounted for in previous approaches used
to describe finite-bias effects in nanoscale capacitors [8], [9].
We validate our approach by studying the role of Vbias in
the formation of dead layers in a PE SrRuO3|SrTiO3|SrRuO3

(SRO|STO|SRO) capacitor, and in the FE switching of a
SrRuO3|BaTiO3|SrRuO3 (SRO|BTO|SRO) capacitor.

II. METHODOLOGY

All calculations were performed using density func-
tional theory (DFT) and the non-equilibrium Green’s-function
(NEGF) method, [11] as implemented in the QuantumATK
program developed by Synopsys [12], [13]. We used the
linear combination of atomic orbitals (LCAO) method and
normconserving pseudopotentials (PPs), see [13] for further
details.

The SRO|STO|SRO capacitor was based on a thin film
made of 7 STO unit cells (UCs), sandwiched between two
semi-infinite SRO electrodes. The PBE exchange-correlation
functional was used [14], together with PseudoDojo PPs and
a PseudoDojo-Medium basis set [10]. The mesh cutoff was
750 Ha. Monkhorst–Pack (MP) k-point grids [15] of 13⇥ 13
and 13⇥ 13⇥ 401 were used for the device and for the elec-
trodes, respectively. In the MIM structure, the lattice constant
in the xy-plane was set to the calculated lattice constant for
STO, aSTO = 3.95 Å to simulate pseudomorphic growth on
STO substrates. The zero-bias structure was relaxed along the
z-direction using a 2-step procedure. First, a SRO|STO|SRO
slab was constructed, with 6 SRO UCs on each side of the
STO film. The atomic positions of the central part of the
slab were optimized along the z-direction, while keeping fixed
the 4 SRO UCs closest to the left surface, and treating the
4 SRO UCs closest to the right surface as a rigid body. A
device configuration was then created based on the optimized
slab geometry. This configuration was further optimized by978-1-7281-0940-4/19/$31.00 ©2019 IEEE
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Fig. 1. (a): Structure of the SRO|STO|SRO capacitor. For sake of clarity,
the structure has been repeated 4 times in the y direction. (b): PLDOS of
the capacitor in (a). Darker (lighter) colors indicate regions of high (low)
PLDOS. The shaded blue areas indicate the position of the SRO regions. The
solid purple lines mark the position of the CBM and VBM. The orange dashed
line marks the position of the Fermi level ✏F.

allowing the STO layers and the two SRO layers closest to
each surface to relax along z for applied biases in the range
0 mV  Vbias  100 mV. The threshold for force minimization
was 5 meV/Å for all the structural relaxations.

The SRO|BTO|SRO structure was based on a FE thin
film made of 9 BTO UCs. The LDA exchange-correlation
functional was used, together with FHI PPs and a DZP basis
set [10], and a 180 Ha mesh cutoff. 6⇥6 and 6⇥6⇥251 MP
k-point grids were used to sample the BZ of the device and
of the electrodes, respectively. The structure at zero bias was
optimized using the 2-step procedure described above, with a
threshold criterion for the forces of 10 meV/Å. Starting from
this zero-bias device configuration, we performed a sweep of
Vbias to inverstigate the FE behavior of the capacitor. First,
we gradually increased Vbias up to 300 mV, and optimized
the structure of the BTO UCs and of the 2 SRO UCs closest
to each interface along z at each intermediate value of Vbias.
The procedure was then repeated backwards, starting from
the structure optimized at 300 mV bias. For each optimized
structure, the ballistic current I was calculated by means of
the Landauer formula, using a 51⇥51 MP k-point sampling.

The macroscopic averages [16] of the induced potentials
were calculated from the Hartree difference potential, �VH
[13], as h�VHi = h�VH(Vbias 6= 0 mV)� �VH(Vbias = 0 mV)i.
We calculated the potential drop before (h�V static

H i) and after
(h�V rel

H i) structural relaxation. The depolarization potential
was calculated as h�V dep

H i = h�V rel
H i � h�V static

H i. The
corresponding electric fields in the center of the capacitor were
calculated from linear fits to those potentials in the center
of the insulating region. For the PE capacitor, the profile

Fig. 2. (a): Macroscopic average of the induced potentials in the
SRO|STO|SRO capacitor at Vbias = 25 mV. The profiles of the potential
drop before (h�V static

H i) and after (h�V rel
H i) structural optimization are shown

as grey and purple solid lines, respectively. The depolarization potential
(h�V dep

H i) is shown as a green solid line. Dashed lines indicate the linear
fits in the center of the STO region used to extract the fields associated with
each potential. The values of the resulting field are shown in the legend. (b-d):
same as (a), but for Vbias = 50 mV, 75 mV, 100 mV.

of the inverse relative permittivity, 1/"r, was calculated as
1/"r = �1/Eext ⇥ @�V rel

H /@z, where Eext = "Eint, and
" = 239 and Eint are the dielectric constant calculated for bulk
STO and the internal field in the insulating layer, respectively.
The projected local density of states (PLDOS) across the
device at zero bias was calculated on a 25 ⇥ 25 MP k-point
grid.

III. RESULTS

A. SRO|STO|SRO paraelectric capacitor

The PLDOS of the SRO|STO|SRO PE capacitor in Fig. 1b
shows that the SRO electrodes are metallic, while the band
gap in the center of the STO film is roughly 2 eV. Close to
both SRO|STO interfaces, a finite DOS is present within the
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Fig. 3. Profile of the inverse permittivity 1/"r along the z Cartesian direction
of the SRO|STO|SRO capacitor, obtained from h�V rel

H i in Fig. 2b. The dashed
grey line marks the value of inverse permittivity 1/239 calculated for bulk
STO.

STO gap, which we identify as metal-induced gap states. The
gap states pin the bands of the STO film to the Fermi energy
(✏F) of SRO, which results in the STO valence band maximum
(VBM) lying about 1.25 eV below ✏F, in good agreement with
literature results reported for a similar capacitor structure [2].

At Vbias > 0, the Ti (O) sublattice of STO translates along
(opposite to) the direction of the applied field, indicating
a structural distortion along the zone-center optical modes.
At Vbias = 25 mV, the geometry is only slightly deformed,
and the profile of h�V rel

H i closely matches that of h�V static
H i,

see Fig. 2a. As a result, h�V dep
H i is almost flat, and the

depolarization field Edep ⇠ 0 V/µm, indicating that the dead
layers are not fully developed at this bias voltage. These
results differ from those obtained in [2] using a linear-response
method, since in that case the formation of dead layers was
observed at comparable values of Vbias. Increasing further Vbias
results in a highly nonlinear behavior of the profile of h�V rel

H i,
which points at the formation of dead layers at the SRO|STO
interfaces. At Vbias = 50 mV, the profiles of h�V rel

H i and
h�V dep

H i, shown in Fig. 2b, are qualitatively similar to those
reported in [2]. Note that h�V rel

H i is flat in the SRO regions
away from the interface, indicating that the field induced
by Vbias has been fully screened. The presence of dielectric
dead layers is even more evident from the inverse permittivity
profile in Fig. 3, which shows two peaks at the SRO|STO
interfaces, indicating regions of reduced permittivity. The 1/"r
profile is only qualitatively similar to that reported in [2].
In particular, the low-permittivity regions calculated here are
considerably sharper, and 1/"r tends to the correct limit
1/1 close to the metallic electrodes. Furthermore, additional
features are resolved, in particular the asymmetry in the 1/"r
profile between the dead layers, which is due to the formation
of a dipole caused by the field-induced distortion of the STO
lattice. The main reason for these improved results is that
the DFT-NEGF method applied here imposes the physically
correct boundary conditions on the device. In more quantitative
terms, the values obtained here for the fields in the center of
the insulating film are roughly twice as large as those obtained
at 27.8 mV bias voltage in [2], which supports the numerical
accuracy of our DFT-NEGF method.

For Vbias > 50 mV, the nonlinear behavior of h�V rel
H i

becomes even more pronounced, see Fig. 2c,d. We may
assume that the capacitor can be described as three effective
capacitors in series, C = (C�1

int + C�1

0
+ C�1

int )
�1. With

C0 ⇠ Q/Ereld, and since Fig. 2 shows that Erel becomes
negative at Vbias � 75 mV, our simulations suggest that the
SRO|STO|SRO central region acquires a negative effective
capacitance (C0 < 0) as the bias voltage is ramped up.

B. SRO|BTO|SRO ferroelectric capacitor

The SRO|BTO|SRO capacitor exhibits a finite polarization
~P in the BTO film, which affects its electronic and electrical
properties. Due to the finite ~P , the capacitor behaves as a FE
switch, as verified here by electronic-structure analysis and
simulated I-Vbias characteristics. As shown in Fig. 4, the latter
exhibits a clear hysteretic behavior characterized by a low-
(LR) and a high-resistance (HR) state, which is a key feature
of a FE switch.

The PLDOS shown in Fig. 5a for the LR state at Vbias =
100 mV is representative of its electronic structure at 0 mV 
Vbias < 300 mV. In this bias range, the direction of ~P is along
z, i.e., Pz > 0. This affects the CBM and VBM throughout the
BTO film, which are bent in the opposite direction with respect
to ~P , and results in an asymmetric potential barrier, which
can be approximated by a trapezoidal shape. For each Vbias,
we estimated the trapezoidal barrier by performing a linear
fit to hVHi, and subsequently aligned it with the CBM in the
center of the BTO insulator at zero bias. Increasing Vbias results
in a monotonic increase in the current I , but only in minor
changes to the shape of the barrier. The profile of h�V rel

H i
in Fig. 5b shows that dead layers appear at the SRO|BTO
interfaces, resulting in a sizeable “depolarizing” field in the
center of the capacitor. This behavior is fully consistent with
that observed above for the PE capacitor. However, in the
FE case, P 6= 0 at zero bias, and the effect of the dead
layers is to inhibit changes in ~P with Vbias inside the BTO

Fig. 4. I-Vbias characteristics calculated for the ferroelectric SRO|BTO|SRO
capacitor. Solid purple line (circles): low-resistance (LR) state. Green dashed
line (squares): high-resistance (HR) state.
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Fig. 5. (a): Low-resistance state of the SRO|BTO|SRO capacitor at Vbias =
100 mV. Top panel: structure of the capacitor. Central panel: PLDOS of the
capacitor structure in the top panel. The color scheme is the same as in
Fig. 1, with the difference that the orange dashes lines indicate the position
of the left (µL) and right (µR) chemical potentials. The dotted line indicates
the macroscopic average of the Hartree difference potential hVHi. The solid
black line indicate the shape of the trapezoidal potential barrier. Bottom panel:
profiles of the potential drop h�V rel

H i and of the depolarization potential
h�V dep

H i. (b): Same as (a) but for the high-resistance state at Vbias = 300 mV.

film, resulting in a small variation of the barrier shape with
Vbias. The increase in the current I is therefore mostly due to
the increasingly larger number of states that become available
for electron transmission inside the bias window as Vbias is
increased.

At Vbias = 300 mV the polarization of the BTO thin film
switches spontaneously to Pz < 0. This change in polarization
is associated with a sudden drop of I , as seen in Fig. 4. The
PLDOS of the resulting HR state in Fig. 5b is representative
of its electronic structure at 0 mV  Vbias  300 mV. The
CBM and VBM are bent in the opposite direction compared
to the LR state, resulting in a trapezoidal barrier shape that is
now inverted. This suggests that the capacitor behaves as a FE
switch, which is irreversibly switched between a LR and a HR
state when Vbias � VC, VC = 300 mV being the coercive field

required for polarization switching [17]. Indeed, following the
LR!HR switching event, IHR < ILR for each bias voltage as
it is decreased towards zero, which confirms the irreversibly
of the switching event.

IV. CONCLUSIONS

We have proposed a computational method based on density
functional theory and non-equilibrium Green’s functions to
account for both electronic structure and geometry relaxation
effects in MIM capacitors induced by a finite bias voltage.
We have shown that the method allows for a straightforward
interpretation of complex effects due to field-induced structural
relaxation, such as formation of dielectric dead layers and
ferroelectric switching. We expect that the method will find
broad applicability for complex and technologically relevant
capacitor structures beyond those considered in this work, and
could be useful to extract fundamental parameters to be used
as input for higher-level TCAD tools.
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