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Kisung Chae, ab Andrew C. Kummel*a and Kyeongjae Cho *b

Density functional theory (DFT) is employed to investigate ferroelectric (FE) hafnium–zirconium oxide stack

models for both metal–insulator–metal (MIM) and metal–insulator–semiconductor (MIS) structures. The

role of dielectric (DE) interlayers at the ferroelectric interfaces with metals and semiconductors and the

effects of thickness scaling of FE and DE layers were investigated using atomic stack models. A high

internal field is induced in the FE and DE layers by the FE polarization field which can promote defect

generation leading to limited endurance. It is also shown that device operation will be adversely affected

by too thick DE interlayers due to high operating voltage. These DFT models elucidate the underlying

mechanisms of the lower endurance in experimental MIS devices compared to MIM devices and provide

insights into the fundamental mechanisms at the interfaces.
Introduction

Hafnium–zirconium oxide (HZO) has a key role in next-
generation electronic device applications at both the front-
and the back-end such as ferroelectric eld effect transistors
(FeFETs) for nonvolatile memory.1 HZO is a promising new
material due to its CMOS-compatibility, scalability, and versa-
tility in electric characteristics ranging from ferroelectric (FE),
antiferroelectric (AFE) to dielectric (DE). Experimental and
theoretical investigations of HZO have provided a fundamental
understanding on the correlation between the crystalline pha-
ses and the electrical characteristics of HZO lms, which facil-
itates the optimization of device processing for better
performance.2–5 In novel HZO-based FE devices, the HZO lms
are interfaced with metals and semiconductors, and their
interfaces are known to be the source of device variability and
reliability challenges.6 However, the relationships between the
atomic-scale interface properties and the electric characteristics
leading to defect formation and degradation are not well
established.

Endurance is a key metric for memory applications as it
refers to howmany times information can be written and erased
in a device. Current FeFETs, in metal–insulator–semiconductor
(MIS) geometry with HZO as the insulator, typically have
endurance less than 107 cycles for silicon-based devices.7–9 In
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contrast, current HZO-based metal–insulator–metal (MIM)
capacitors can have endurances as high as 1011 cycles.10,11 While
the main difference is the underlying substrate on which HZO is
grown (i.e., semiconductor for MIS and metal for MIM), the
detailed nature of semiconductor–HZO and metal–HZO inter-
faces are not known with fundamental understanding at the
atomic scale. The lack of fundamental understanding is due to
the limited experimental data for the parameterization of
kinetic Monte Carlo simulations to provide projected endur-
ance performance.

It is known that the loss of ferroelectricity of HZO lms is
correlated with the accumulation of defects (e.g., interface trap
states with Dit) as a result of repeated polarization switching.7 It
is also known that DE interlayers are formed at the interfaces
(semiconductor–HZO and metal–HZO) during the device fabri-
cation, and that the interlayers at semiconductor–HZO inter-
faces may help reduce defect formation and increase endurance
in MIS devices.7 However, it is not clearly understood how the
interlayers improve the semiconductor–HZO interface with
reduced Dit and enhanced endurance nor how to optimize the
interlayers for improved endurance when the thicknesses of the
ferroelectric and interlayers are scaled.

In the present study, density functional theory (DFT) calcu-
lations are employed to investigate the effects of contact mate-
rials with the FE layer and their scaling behaviour in MIM and
MIS models. It is found that when FE layers directly contact the
metal electrodes in MIM, the internal eld buildup is negligible
due to the efficient depolarization charge at the metal contact.
However, DE interlayer formation at the FE interfaces in MIM or
MIS structures induces signicant polarization and depolar-
ization elds within the FE and DE layers, indicating a complex
role of DE interlayers. Specically, bond strains accompanied by
© 2021 The Author(s). Published by the Royal Society of Chemistry
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FE polarization switching may be relieved at FE–substrate
interfaces by DE interlayers since the more symmetric bonds of
the interlayers remain stable compared to the direct contact of
the FE phase with either a metal or a semiconductor.
Conversely, the insertion of sub-nanometer DE interlayers
introduces additional FE–DE interfaces and consequent elec-
trostatic interactions, which generates large internal elds in
both the FE and DE layers. The high elds in FE and DE layers
are expected to induce defects at the interfaces, and it is
hypothesized that the polarization switching will drive the
defects into HZO layers leading to short endurance. To assess
the role of FE and DE layer thicknesses in the MIS stack
endurance, a systematic modeling study is performed with
varying thicknesses of FE and DE layers in the MIS stack
structures. The thickness scaling studies of both FE and DE
reveal that the magnitude of the FE internal eld depends on
the FE layer thickness consistent with a scaling limit of about
2 nm of the FE layer.12 More importantly, the interlayer DE
thickness is also limited by the depolarization eld strength in
the lower thickness limit as well as the electrostatic control of
the channel by the FE layer through the DE layer in the higher
thickness limit. A too thin of a DE interlayer has very high
depolarization eld strength leading to dielectric breakdown
and is hypothesized to lead to defect formation. Conversely, for
thicker DE layers, device operation voltage will increase due to
an enhanced screening of DE and the correspondingly reduced
electrostatic control of the semiconductor channel. The nd-
ings in this work provide critical insights into the role of the
interlayer DE at the semiconductor–HZO interface.

Computational details

A series of atomic-scale MIM and MIS stack models were
generated for FE HZO to investigate the effects of polarization
switching on electrostatic interactions and to determine the
internal elds due to dipoles in the FE layer. These simple stack
models were compared to stack models with interlayer DE at
semiconductor–HZO and metal–HZO interfaces, representing
practical MIM FE capacitors and MIS FeFETs. A vacuum
padding with a thickness of 2 nm was added to minimize the
interactions between periodic images, and dipole correction
was applied in themiddle of the vacuum region to eliminate any
eld within the vacuum region. Face-centered cubic nickel (Ni)
and silicon (Si) were used to represent a metal electrode and
a semiconductor channel. An orthorhombic phase of HZO with
a space group of Pca21 was employed as a FE material with its
polarization aligned either up (+z) or down (�z). Note that HZO
lms are typically grown along (111), but stack models in this
study were generated along (001) for the sake of simplicity. The
development of the interface models along the (111) orientation
would be challenging due to the larger supercell size and much
more complex interfacial bonding especially for the low-
symmetry Pca21 phase. It is hypothesized that the electrostatic
effects should remain the same qualitatively; however, the
polarization vector along the [001] direction in the (111) HZO
lm is tilted with respect to the growth direction; therefore, the
polarization directed at the interface for (111) HZO lms will be
© 2021 The Author(s). Published by the Royal Society of Chemistry
only 58% of the polarization along [001] so the electrostatic
interfacial free energies will be slightly smaller. The atoms in
the HZO layer had to be frozen to prevent dipoles from rotating
to the side.13,14 In all the models in this study, bridging O atoms
at the interfaces were allowed to relax and other atoms were
xed at their bulk equilibrium positions. The validity of relaxing
just one layer of interfacial O atoms was checked by allowing
additional layers of interfacial atoms to relax for a subset of the
calculations. As shown in Fig. S1,† a single layer of atoms being
allowed to relax is sufficient for the purpose of the current study
to investigate the isolated effects of electrostatic interactions
(see the ESI for detailed discussion†). The effects of DE inter-
layers were investigated by adding a cubic HZO (space group of
Fm�3m) layer at the interfaces of MIM and MIS stack models.
Here, the cubic HZO was used to model the electrostatic role of
any DE interlayers such as SiOx at the HZO–Si interface and
TiON at the HZO–TiN interface. The cubic phase was used,
instead of the ground state monoclinic P21/c phase, because its
high symmetry minimizes bond strains. This can be seen as the
best-case scenario where the electrostatic effects can be isolated
without bond strain. The validity and additional advantages of
using the cubic phase are described in the ESI.† The atomic
positions in the DE layer were frozen as well to prevent relaxa-
tion to lower energy states (e.g., tetragonal P42/nmc phase). The
lattice parameters of all the materials along the in-plane
directions, i.e., x and y, were xed at the equilibrium values of
the orthorhombic HZO phase; therefore, other phases are
strained to match those values.

DFT was employed to investigate interface atomic structures,
total energies and electronic structures. A plane-wave basis set
with a kinetic energy cutoff of 400 eV was used to represent
electron wave functions, and the projector augmented wave
method was used for the pseudopotential core part.15 The Per-
dew–Burke–Ernzerhof16 exchange–correlation functional was
employed for Kohn–Sham Hamiltonian. The Monkhorst–Pack17

scheme was used for Brillouin zone sampling on a 6 � 6 � 1
grid. Convergence criteria for self-consistent eld and ionic
relaxation were chosen as 10�4 meV and 1 meV �A�1, respec-
tively. All the DFT calculations were performed by using the
Vienna Ab initio Soware Package.18,19

Results and discussion

Fig. 1 shows MIM capacitor models with two possible FE
polarization orientations, i.e., up and down. The 2 nm-thick FE
layer in direct contact with the metal electrodes (Fig. 1a) is
compared with the FE in MIM stacks with DE interlayers added
between the FE layer and metal electrodes (Fig. 1b). For the
direct contact interface, FE potential proles along the stack are
at, i.e., no internal eld, for both polarization directions since
the metal electrodes efficiently depolarize the FE polarization
elds. In contrast, when DE interlayers, analogous to the TiON
interlayer, are inserted at the FE–metal interfaces, potential
values at both interfaces are quite different from each other,
generating a signicant internal eld within the FE layer as well
as within the DE layers. The magnitude of the polarization eld
for the 2 nm FE layer is �20 MV cm�1, which exceeds
Nanoscale Adv., 2021, 3, 4750–4755 | 4751



Fig. 1 MIM capacitor models with and without DE interlayers. (a) FE
HZO (2 nm) with polarization up and down is in direct contact with
metal electrodes. (b) One unit cell (0.5 nm) of DE HZO, marked with
a yellow box, serves as a buffer layer between FE andmetal electrodes.
(c and d) Potential profiles along the stack (z direction) for each model
with polarization up and down are shown. Metal electrodes are
capable of accommodating excess charges at the interfaces due to
dipoles resulting in a flat potential profile inside the FE layer, while
a significant potential gradient is induced by the DE interlayer.
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a breakdown voltage of bulk HfO2 (�13 MV cm�1).20 The large
eld induced by the DE interlayer would create reliability
problems during device operation such as defect formation
decreasing the endurance of the MIM device. The effects of
individual DE layers on top and bottom interfaces in MIM are
shown in Fig. S2 in the ESI.†

The MIS FeFET models with the same FE thickness of 2 nm
are shown in Fig. 2, and the eld strength within the FE layer
shows a different behavior than those of MIM models. Unlike
the MIM stacks, the potential proles are not symmetric
between the polarization states due to the asymmetry of Si–HZO
and Ni–HZO interfaces (see Fig. 2c). For the MIS without DE
interlayers (Fig. 2a), the polarization up state shows a nite
gradient in the potential prole, while a negligible potential
gradient is shown for the polarization down state. This is
attributed to several factors. First, semiconductors are less
polarizable than metals and have a lower capability to accom-
modate charge changes at interfaces. For metal electrodes,
excess polarization charge due to the FE material can be
compensated for by the large density of states near the Fermi
level. Second, electrons are delocalized and bonding is non-
directional in metals, providing more exibility for O atoms at
Fig. 2 MIS FeFET models with and without DE interlayers. (a) FE HZO
(2 nm) with polarization up and down is in direct contact with metal
and semiconductor electrodes. (b) One unit cell (0.5 nm) of DE HZO,
shown with a yellow box, serves as a buffer layer between FE and the
electrodes. (c and d) Potential profiles along the stack (z direction) for
each model with polarization up and down are shown. Unlike the MIM
case, a potential gradient is observed evenwhen the FE layer is in direct
contact with the electrodes. The DE interlayers induce significant
internal fields inside the FE layer.
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the interface upon polarization switching. Conversely, polari-
zation switching in MIS induces bond strain in Si atoms at the
interface and would serve as a source of defect formation near
the interface. Third, an interface dipole, marked with an orange
arrow at the Si interface in Fig. 2, is formed at the Si–HZO
interface because the bonding character of the interfacial Si
atoms changes from covalent to half-ionic (i.e., +2 charge state
compared to +4 charge state when fully ionic). The interface
dipole electrostatically interacts with the FE dipole resulting in
asymmetric potential proles for MIS without the DE interlayer
depending on the polarization state.21

When DE interlayers are added to both MIS interfaces, two
profound changes are observed (Fig. 2b). First, themagnitude of
the internal eld is increased similar to when DE interlayers are
added to the MIM stacks. Second, the potential prole trans-
forms from asymmetric to symmetric. The DE interlayers inMIS
have two primary effects: (a) due to the electrostatic interac-
tions, the DE interlayers induce a signicant internal eld in the
FE layer. (b) The DE interlayer reduces the bond strains at the
interface serving as a buffer layer. The former effect depends
signicantly on the thicknesses of both FE and DE layers as
discussed below.

The individual role of DE interlayers located at the top and
bottom interfaces is systematically investigated for MIS as seen
in Fig. 3; see Fig. S2† in the ESI for MIM. In contrast to the
complete charge compensation of the metals, the internal eld
increases with the addition of the DE interlayer, but the
behavior is asymmetric due to the interface dipole at the Si/
oxide interface. For the polarization up case, the increase in
the internal eld is only seen when the top DE interlayer is
added at the FE and metal interface (see “both” and “top” in
Fig. 3a), whereas the bottom DE interlayer does not inuence
the internal eld (see Fig. 3a; “bottom” and “none”).
Conversely, when the polarization is switched to down as in
Fig. 2b, the internal eld gradually increases with the addition
of the DE interlayers. The pinned interface dipole interacts with
the polarization dipole in the FE layer, inducing asymmetry in
the electrostatic behavior, as discussed below.

The presence of a high internal eld in the FE layer due to
the DE interlayers would adversely affect the device perfor-
mance especially its endurance. With an internal eld, it is
Fig. 3 Potential profiles for MIS stacks with various DE interlayer
formations. Polarization (a) up and (b) down. DE is marked with
a yellow box, and the FE layer is shown as black dashed lines. Note that
the potential values at the top metal electrode and bottom Si channel
remain unchanged regardless of the DE interlayer formation.

© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 5 DE thickness scaling in MIS FeFET models. Potential profiles
with varying DE interlayer thickness for polarization (a) up and (c)
down. (b and d) The internal fields on both top and bottom electrodes
(Si and Ni side interfaces, respectively) are computed from the slope of
the potential profile in the corresponding regions as a function of the
DE thickness.
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hypothesized that a larger number of charged point defects
(e.g., oxygen vacancy, VO) would be formed to compensate for
the internal eld, generating defect trap states within the
bandgap and leakage current,22,23 which would drive the device
in a fatigue stage.24 In addition, with eld cycling, the potential
prole is repeatedly reversed, and it is hypothesized that this
would promote VO migration, altering the chemical composi-
tion of HZO to nonstoichiometric compositions. This may
change the relative stability among the polymorphs of HZO,
destabilizing the FE phase as the device cycles.

The strength of the eld in the FE layer induced by the DE
interlayers sensitively depends on the thickness of the FE layer
as shown in Fig. 4. The eld decreases for thicker FE layers,
while the potential levels at both Ni and Si remain unchanged.
The internal eld is computed from a linear t of the slope of
the potential prole within the FE layer and decreases monot-
onously with increasing FE thickness. While a smaller FE
thickness is desired for low voltage device operation, the results
in this study show that the endurance of the device could be
compromised due to the adverse effects described above. In
sum, there might be a physical limit for FE thickness scaling.
This is consistent with most of the FE layers in fabricated
devices being typically thicker than 5 nm, and the only report of
a sub 3 nm FE HZO lm is not in a working device with high
endurance.12,25,26

Thickness scaling for DE interlayers with the FE thickness
xed at 2 nm is shown in Fig. 5. The eld strength inside the FE
is independent of the DE thickness under unbiased conditions,
although for a given external bias, the amount of voltage
applied to the FE layer will be altered due to the DE thickness.
Similar to the FE scaling behavior, the depolarization eld
inside the DE interlayer decreases with increasing DE thickness.
Fig. 4 FE thickness scaling in MIS FeFET models with 0.5 nm DE
interlayers. Potential profiles with varying FE thickness for polarization
(a) up and (c) down. (b and d) The internal field, computed from the
slope of the potential profile, is plotted as a function of the FE thick-
ness. Blue horizontal line indicates the breakdown voltage of bulk
HfO2.20

© 2021 The Author(s). Published by the Royal Society of Chemistry
A very thin DE interlayer would very likely induce defect
formation thereby limiting endurance.

For a FeFET to be successfully used in a non-volatile memory
application, Isd–Vsd characteristics must strongly depend on the
polarization state in the FE layer, so the change of the potential
prole (DV) in the Si channel region due to polarization
switching is calculated. A memory window, the amount of shi
in the Isd–Vsd curve due to polarization switching, is a measure
of the potential stability of a device. Fig. 6a shows that DV is
highest when the Si is closest to the FE layer, and deceases with
increasing DE thickness. It also shows that DV is primarily
a function of the DE thickness and only weakly dependent on
the FE thickness, which is because electrostatic effects are
primarily induced by the excess charge at the interfaces. When
the DE thickness is reduced to a sub-nanometer scale (e.g., 0.5
nm), DV rapidly varies to negative values near the interface as
shown in Fig. 6b. This is an anomalous behavior resulting from
an excessive internal eld in thin DE interlayers and may need
to be avoided for stable device operation.

The different bonding environment of Si at the interface
than in the bulk, i.e., half-ionic versus fully covalent, induces an
interfacial dipole as discussed above; see the orange arrows at
the Si interface in Fig. 2. The interfacial dipole at the Si interface
can interact with the polarization dipole in the FE layer,
resulting in an asymmetric energy landscape due to the polar-
ization state as shown in Fig. 7a. This is in contrast to MIM
capacitors without interface dipole formation, which show
a symmetric energy landscapes as seen in Fig. 7b. Note that the
polarization switching energy barriers in MIS structures are not
identical between up-down and down-up due to the asymmetric
energy landscape. Fig. 7c shows that the difference in energy
(DE) decreases monotonously with the DE interlayer thickness,
Nanoscale Adv., 2021, 3, 4750–4755 | 4753



Fig. 6 Potential difference (DV) profile due to polarization switching in
the semiconductor channel of MIS. On the top, an atomic model with
a scale along the z axis is shown. (a) DV profile is shown as a function of
varying thicknesses of both FE and DE layers. The color of the line
corresponds to the DE thickness while the texture of the line corre-
sponds to the FE thickness. Note that the FE thickness only has a small
effect on DV while the DE thickness has a large effect on DV. (b) DV
profile is shown as a function of DE thickness for a FE thickness of
2 nm. Anomalous behavior near the interface is seen when the DE
thickness is 0.5 nm.
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conrming that the origin of the asymmetry is due to the
screened interaction between interfacial and polarization
dipoles.

The DFT results suggest that thin DE interlayer formation
(sub 1 nm) needs to be suppressed to avoid large internal eld
buildup in the FE layer for better endurance. If a DE layer is
present, both the DE and FE layers need to be sufficiently thick
to reduce the internal eld strengths. For Si devices, DE
formation is nearly unavoidable; interfacial oxides are known to
form spontaneously at the Si/gate oxide interface21 especially
when thermal annealing at an elevated temperature is required
to crystalize the as-grown amorphous HZO lm. A careful
control of the interlayer DE thickness and defect tolerance
would be a critical factor for improving the endurance of MIS
devices beyond the current cycle limits. The DFT calculations
Fig. 7 Total energy landscape in MIM and MIS devices. Schematic
diagram of energy landscapes as a function of polarization state for (a)
an asymmetric MIS FeFET and (b) a symmetric MIM capacitor. (c) The
energy difference (DE) as a function of DE thickness in MIS with the FE
thickness fixed at 2 nm.

4754 | Nanoscale Adv., 2021, 3, 4750–4755
suggest that the following should enhance the endurance: (1)
suppressing the interlayer formation by employing a channel
less prone to oxidation (e.g., Ge, SiGe or oxide semiconductors),
(2) reduction of voltage drop in the DE layer either by employing
interlayer materials with a higher k value or (3) by lowering the
operating voltage by using ferroelectric subloops to reduce the
voltage drop in the DE layer. It is noted that there are several
reports of enhanced endurance using oxide semiconductor
channels in FeFETs27–30 or Ge MOSCAPs31 consistent with the
above suggestions. Note that it is very difficult to quantitatively
model any enhanced endurance since this requires a compli-
cated set of kinetic Monte Carlo calculations. The parameters
for these kinetic Monte Carlo calculations must come either
from DFT calculations of the activation barrier for low density
defect formation, which are too computationally intensive to be
practical or from detailed experimental data on the temperature
dependence of defect formation which does not exist. There-
fore, it is only practical to use DFT calculations to suggest better
channel materials without being able to give a quantitative
estimate of the improvement in endurance. In contrast, a direct
interface between HZO and metal electrodes can be relatively
easily achieved by suppressing the interlayer DE formation. This
nding is consistent with MIM capacitors showing a better
endurance of 1011 cycles10,11 than MIS Si FeFETs (107 cycles7–9).
By controlling the DE interlayer at metal–HZO, it would be
possible to further improve the endurance of MIM devices.

Conclusions

Atomic stack models are developed to elucidate the atomic scale
behaviour of semiconductor–HZO and metal–HZO interfaces
with detailed atomic and electronic structure information, and
the ndings from DFTmodeling provide insight into the origins
of different endurance behaviours of HZO-based FE devices
with MIM and MIS structures. DFT calculations show that the
MIM structure provides a more exible bonding environment
than MIS structures for the interfacial O atoms to displace upon
polarization switching due to the more exible bond lengths
and angles of metal–O compared to Si–O bonds. Furthermore,
the FE layer has a large internal eld when in contact with
a semiconductor since the semiconductor cannot provide
a surface compensation charge for the FE polarization. The
insertion of DE layers in MIM and MIS structures can reduce
bond strains but result in electrostatic interactions, which
induce a signicantly high internal eld both in FE and DE
layers, which are hypothesized to promote defect generation
and cause FE device degradation. The strength of the induced
eld is shown to decrease with the increasing thickness of the
FE and DE layers, suggesting a physical thickness scaling limit.
These ndings on FE and DE scaling behaviour provide
microscopic understanding to develop an interface engineering
strategy to overcome the endurance problems of current HZO
FE MIS and MIM devices.
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