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ABSTRACT

First principles calculations in the framework of density functional theory (DFT) are performed to exploit replaceable perovskite oxides against the instability of
traditional cubic SrTiO3 grown on silicon substrate. In this work, we consider more thermostable CaTiO3 and CaZrOs with cubic and ground-state phase as the
candidates to perform the gate dielectric. After the calibration of total energy and lattice transformation of ground-state perovskites to match with Si substrate, three
categories of 2 x 2 heterostructures have been constructed and investigated through the geometrical change, atom displacement around interfacial layer, total energy
and electronic structure change, under the variations on perovskite species, the concentration of interfacial layer and the thickness of perovskite film. And the results
demonstrate that the category with half a monolayer of Ca/Sr atoms in interfacial layer and two unit-cell perovskite thicknesses show the type-I band alignment
through their band alignment. Among this category, the heterostructure with Pnma CaZrO3 shows semiconductivity and excellent electrical property with larger band
offset for the candidate of gate dielectric. This work provides a creative perspective to expand the perovskite diversity for the booming growth of integrated circuit

technology.

Introduction

Since the integrated circuit set sail from 1959, the electronic tech-
nology had started to utilize silica (SiO3) treated as the gate dielectric
material in a field effect transistor. However, the transistor technology
relied on silica is facing the fundamental limit problem. Due to silica
thickness leading to excessive tunneling currents and further making
transistor design indefensible, so the feature-size reduction as the ever-
demanding transistor technology have set up scaling restraints on the
thickness of gate oxide, and an optimal substitution on traditional gate
dielectric is urgently demanded [1]. Besides, many works have been
conducted from different perspectives for decades, aiming to improve
exponentially the speed and density of transistors against an observa-
tionn called as Moore’s law with upgrading in roughly every 18 months
[2-5].

The complementary metal-oxide-semiconductor (CMOS) integrated
circuit technology just fulfills the requirement of the continuous-scaling
target in micro-electronic devices by replacing silica with new high k
materials [6,7]. The integration of complex transition metal oxides on
semiconductor platforms inspires the great interests to relevant
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researchers. Different from silica, since it realizes the entire functional
enrichment through the coupling properties between the transition
metal oxide film and silicon substrate, which would enable the inno-
vative creation of electronic devices [8].

Since the first realization of epitaxial growth of cubic SrTiO3 (STO)
on Si with an equivalent oxide thickness teq < 10 A by McKee et al. [9],
STO becomes one of the most promising substitutions due to SrTiOs
possessing ~200 dielectric constant, which has been widely studied
through experimentally and theoretically [10,11]. Among them, Kolpak
et al'2 have carried out sufficiently and systematically theoretical in-
vestigations on cubic SrTiOs with Si(001), including the interface
compositions and geometries, the atomic and electronic structures of
heterostructures, and the band alignments of heterostructures. Their
works provide an overall perspective of geometries and properties of
SrTiO3/Si(001) for the future design of coupled functional oxi-
de-semiconductor devices.

However, it reported that SrTiO3 materials are not stable in direct
contact with silicon at 920 °C [13]. The thermal stability of high k
dielectric on silicon is an important factor for future MOSFET devices,
since the gate dielectric must tolerate a high temperature around 900 °C
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for short time in standard MOSFET processing [14]. Therefore, it de-
mands to consider other perovskite oxides with high thermal stability.
Very surprisingly, CaTiO3 and CaZrOs are estimated with high-
temperature thermal stability around 1300 K and high k value
(CaTiO3 ~ 180; CaZrO3 ~ 30) [15,16], meanwhile CaZrOs has been
confirmed stable under low Si-activity conditions [17]. Besides, Hub-
bard and Schlom [18] have studied the stability of several binary metal
oxides in contact with silicon at 1000 K, they demonstrate that CaO,
ZrOj, TiO2 and MgO are thermodynamically stable, and these binary
metal oxides could exist as the direct contact layer of perovskite oxides
integrated with silicon substrates.

Additionally, including the cubic phase of new candidates CaTiO3
and CaZrOs, their ground-state phases are also worth to investigate.
Since the room-temperature phase of SrTiOs is cubic Pm 3 m [19], elated
theoretical researches around it all adopt this symmetry to simulate the
actual application, for the purpose to close to experimental results.
Similarly, CaTiO3 and CaZrOs show the consistent symmetry with
orthorhombic phase in room temperature and ground state, Pnma space
group [20,21]. Interestingly, the matching of ground-state structures
with oxygen octahedron distortion and silicon substrates is rarely
studied, how these oxygen octahedrons in perovskite films deform and
affect the entire electronic properties would be worth to launch [22].

Here cubic and tetragonal SrTiO3 are also added for the comparison.
The paper is organized as follows. In Section 2, we introduce the tech-
nical details of our DFT calculations. Then in Section 3, we address
separately three parts to discuss the bulk transformation, three types of
heterostructures with different perovskites film and their electronic
properties and their band alignments. Finally, an overall conclusion is
made to review the whole study.

Methods

The calculations were implemented through the density-functional
theory (DFT) [23,24], by employing the full-potential projector
augmented wave (PAW) method for ionic potentials [25], as carried out
in the Vienna ab initio Simulation Package, VASP (v5.3.3) [26]. Here we
used the PBEsol functional as the exchange—correlation potential in the
framework of generalized gradient approximation (GGA) for efficient
structure-energy modelling to determine the stable structures after
relaxation [27]. A kinetic energy cut-off of 600 eV was adopted, and
Monkhorst-Pack k-point mesh (firstly introduced by Monkhorst [28])
was defined with spacing below 0.03 A™! for structure-energy calcula-
tion, a finer K mesh was chosen for electronic structures with spacing
below 0.04 A~ The convergence criterion for the self-consistent energy
was 107 eV and the geometrical structures were relaxed until the
Hellmann-Feynman residual forces below 10 meVnm™!. We took the
electronic configurations into account with their valence electrons and
pseudopotential versions as follow: Si(3s23p% v-05Jan2001), Ca
(3s23p®4s?, 06Sep2000), Sr(4s24p®5s?, v-07Sep2000), H(1 s!, v-
15Jun2001), Ti(3d%4s?, v-08Apr2002), Zr(4s24p®5s24d?, 04Jan2005)
and 0(2522p4, v-08Apr2002). The perovskite/Si (001) surfaces were
modelled by adopting a slab geometry. The chosen simulation substrate
was composed of five silicon layers, in agreement with others [29,30]. A
large 3 x 3 supercell with nine Si atoms in the top atomic layer of Si
substrate was adopted to make the relevant calculations. The Si dangling
bonds in the vacuum-exposed Si surface at the slab bottom were
passivated with hydrogen atoms in order to facilitate the simulation of a
thick Si substrate. To avoid the spurious slab-slab interactions, we
considered that a vacuum region of at least 1.5 nm was included be-
tween the repeated slabs, and a dipole correction was added in this
calculation [12,31].

Based on the modeling simulation of traditional SrTiO3/Si slab the
in-plane symmetry of the supercell (2 x 1) for most previous calcula-
tions [12], here (2 x 2) in-plane symmetry in this study was performed
for six kinds of perovskite films (CaTiO3, CaZrO3 and SrTiOs, and their
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cubic and ground-state phase), especially for ground-state perovskite to
minimally exhibit octahedral rotations or tilting patterns in the perov-
skite film. Normally, the epitaxial growth of SrTiOs/Si firstly required
the initial deposition of half a monolayer (ML) of Sr atoms on Si sub-
strate, in the purpose of the charge compensation nominally on the Si
dangling bonds at the dimerized surface of the silicon substrate, to avoid
the formation of an amorphous silica layer occurred at the SrTiOs/Si
interface [9,32-34]. Therefore in this study, the interfacial layer (IFL)
adjacent to both full atomic layers of silicon and perovskite film, was
varied same with the composition of alkaline-earth metal in perovskites
(e.g. Ca IFL in CaTiOs3), considering for the experimental deposition.

To obtain band alignments of these heterostructures, we employed
an electrostatic potential-based alignment method to get the valence and
conduction band offsets [35,36]. To realize the extraction of band
alignment representative of an interface, firstly the preparation for
thicker layers of each of two materials reached the minimum of eight
atomic layers to get the macroscopic averaged electrostatic potential,
then the utilization of the center part from the electrostatic potentials to
simulate the bulk-like was necessary for the accurate calculation
[37,38]. The valence band offset at the interface was calculated ac-
cording to the equation AEv = AEP;,—AEP + AEygy, where AEP;, is the
internal potential across the interfaces, and AEP and AEygy refer to the
differences between the electrostatic potential and the valence band
edges of two independent bulk materials, respectively. Finally, the
conduction band offsets (AEc) was calculated by counting the band gap
of each material on AEv, here the band gap can be obtained by the
experiment measurement or using hybrid exchange-correlation func-
tional, like B3PW or B3LYP, which allows to achieve an excellent
agreement with the experiment for the band gaps of the related perov-
skite oxide materials [39].

Results and discussion
Lattice transformation in bulk perovskites with ground states

In order to facilitate the integration of perovskite bulk and Si sub-
strate, the energy reliability and lattice transformation of perovskite
bulk need to be primarily investigated. We calculate total energies per
formular unit (f.u.) of three perovskite bulks, to insure the accuracy of
this simulation. After the comparison of total energies of these cubic and
ground-state perovskites, the energies of Pnma CaTiO3 and CaZrOs are
respectively lower 0.338 eV and 0.963 eV than that of cubic phases.
These results are in line with the basic rule of energy difference with the
results from Dinela et al. [40], where the ground state of CaTiO3 with
Pnma structure is =-350 meV/f.u. below the cubic phase, and Pnma
CaZrOs is lower by around —1.0 eV/f.u. than the P m3m phase. From
this perspective, it is reliable to carry out the further transformation
works.

Subsequently, in order to select a suitable lattice plane to match with
the silicon substrate, here we initially take orthorhombic CaTiO3 (Pnma
space group) as the target to perform the lattice transformation on its
ground-state structure, immensely different from the direct match be-
tween cubic perovskite and Si. As shown in Fig. 1, Pnma CaTiO3 with
V2 x /2 x 2 primitive cell is firstly modified by matrixl
(110,1-10,001) into 2 x 2 x 2 supercell with (a'a’ct) mode, then ma-
trix2 (101,10-1,010) is adopted to realize the exchange of b-c axis into 2
x 2 x 2 supercell with (a’c*a’) mode, attempting to evaluate the priority
of their energies for the best match with Si substrate.

Furthermore, we manage to fix their axial lengths on a and b di-
rections by two times of Si lattice (a = 3.84 A) in 2 x 2 x 2 transferred
structures above, into two new-created structures (defined as CTO-AB
and CTO-AC). This action is realized by the parameter settings in
calculation software, and their c axes rotate randomly to achieve the
lowest total energy, motivated by previous work called “strained bulk”
calculation [41,42]. After the sufficient relaxation, their lowest energies
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Fig. 1. (a) The transformation path of Pnma CaTiO3 primitive cell through two matrixes.

and the corresponding lattice constants are obtained, as plotted in
Fig. 2a. It can be concluded that the total energy of CTO-AC is slightly
lower than that of CTO-AB, indicating that the arrangement of the
crystal axes in this lattice is relatively stable. However, the c axis in CTO-
AC structure cants with their ab plane, which goes against the well-
growth deposition on Si substrate. Therefore, we limit its c¢ axis
perpendicular to the ab plane, to form a non-canted structure (called as
non-canted CTO) to facilitate vertical growth on the silicon substrate.
After that, the energy of this non-canted structure just slightly increase
by 0.015 eV higher than that of original orthorhombic structure,
favorable for the lattice match.

Similarly, we attempt to apply the lattice transformation method of
Pnma CaTiOs into Pnma CaZrO3 and I4/mcm SrTiOs, and lattice pa-
rameters and total energy per f.u. are illustrated in the Fig. 2a. The total
energy of the non-canted structure of CaZrOs (non-canted CZO) has
increased enormously by 10.856 eV, while the energy of SrTiO3 (non-
canted STO) is inversely 0.021 eV lower than the initial structure. Here
the larger CaZrO3 bulk limited in 2 times of Si lattice causes the energy
raise of non-canted CZO, but the obtained increscent innerstrain can also
improve the polarization of its heterostructure simultaneously. Addi-
tionally, the decomposition of distortion model for all non-cubic struc-
tures in Fig. 2c reveals that the distortion amplitude of transferred
CaTiOs is reasonably 0.028/A lower than that of the parent Pnma
structure, while the distortion degree of converted CaZrO3 and SrTiO3
increase by 0.052/A and 0.073/A compared with their parents.

Conclusively, we consider the lattice matching in all perovskites and
Si(001) substrates. The in-plane lattice constants of all perovskites are
fixed to the theoretical Si lattice constant (a = 3.84 A) [43], convenient
for the deposition on silicon substrate. This results in degrees of
compressive strain in bulk perovskites, 0.1 % for cubic CaTiO3 (a =
3.844 R), 6.7 % for cubic CaZrO3 (a = 4.101 A), 1.7 % for cubic SrTiO3
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(a=3.908 A) and 0.07 % for three non-canted crystal structures, due to
the aforehand lattice setting with 2 times of Si lattice constant for 2 x 2
x 2 supercell.

Three geometrical categories of (2 x 2) heterostructures

In this section, we introduce a representative subset of the perov-
skite/Si heterostructures and compositions to investigate the variation
of geometrical and electronic structures. The minimum-energy atomic
geometries computed for these compositions are showed in Fig. 3~5. We
examine the structural changes in the heterostructures with respect to
three types of perturbation: (i) the variation in three types of perov-
skites: CaTiOs3, CaZrOs and SrTiOs, and their cubic and ground-state
phase, respectively; (ii) the change of composition and concentration
in the interfacial layer: Ca/Sr, corresponding to their perovskite
composition in A site; (iii) the change in the thickness of upper perov-
skite film, variant with two and four unit-cell layers. In particular, we
examine these composition-induced changes in perovskite/Si hetero-
structures on the length of the Si dimer bonds (abbreviated as lgimer)
described in the illustration of Fig. 3, silicon-oxide separation (ds;.oxide),
the distance between interfacial layer and oxygen in first oxide layer of
perovskite (dsg(ca)-0), and the oxygen displacements in the perovskite
layer adjacent to the interface (8,int). Knowledge of the variation in these
parameters in relation to composition can be adopted in coordination
with experimental data to confirm the interfacial atom geometry and
composition for practical fabricated heterostructures [44].

(1) Geometrical feature of three categories

Firstly, two unit-cell perovskite film and half a monolayer (ML) of
interfacial layer (IFL) are considered in (2 x 2) in-plane symmetry for all
three perovskites. Fig. 3a ~ f illustrate these variation of the composi-
tion that would be expected, after the completely relaxation. Here IFL

Fig. 2. (a) The comparisons of lattice parameters (Ref. 38) and total energy per formular unit in cubic, ground-state and transferred bulk perovskites; (b) The
amplitude of distortion mode in non-cubic bulk perovskites, here GD refers to the total global distortion.
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(a) 2x2x2 Pm3m CaTiO; + %ML Ca(2A1-H)

(b) 2x2x2 Pm3m CaZrO; + % ML Ca (2B1-H)
(c) 2x2x2 Pm3m SrTiO; +% ML Sr (2C1-H)

(d) 2x2x2 Pnma CaTiO; + %ML Ca (2A2-H)
(e) 2x2x2 Pnma CaZrO; + %ML Ca(2B2-H)
(f) 2x2x2 14/mcm SrTiO; + %ML Sr (2C2-H)

Fig. 3. Completely relaxed heterostructures with 2 unit-cell perovskite films and half ML interfacial layer, (d) and (e) the top and the bottom parts are respectively
before and after fully-relaxation in ground-state CaTiO3 and CaZrOs. Here the first oxide layers of perovskite film are highlighted by the yellow blocks, and the
relevant distances are illustrated in inserted block, and their nomenclature as follow.
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(a) 2x2x2 Pm3m CaTiO; + 1ML Ca (2A1-0)
(b) 2x2x2 Pm3m CaZrO; + 1ML Ca (2B1-0)
(c) 2x2x2 Pm3m SrTiO; + 1ML Sr (2C1-0)

(d) 2x2x2 Pnma CaTiO; + 1ML Ca (2A2-0)
(e) 2x2x2 Pnma CaZrO; + 1ML Ca (2B2-0)
(f) 2x2x2 I14/mcm SrTiO5; + 1ML Sr (2C2-0)

Fig. 4. Relaxed heterostructures with 2 unit-cell perovskite films and one full ML interfacial layer, and their abbreviation as follow.

consists of half a monolayer of Ca/Sr atoms in an ordered 2 x 2 stripe
pattern on the dimerized Si (001) surface. The atomic plane of the pe-
rovskites adjacent to the interface (the first oxide layer, abbreviation as
FOL) is composed of TiOy/ZrO, as highlighted yellow part, and Eglitis
confirmed that (001) TiO, terminal surface in CaTiO3 has weaker sur-
face rumpling than CaO terminal surface, [45] which leads to less mis-
matching with Si substrate. There also gives a description of the
nomenclature used with respect to these heterostructures below the
pictures of these geometries.

In Fig. 3a ~ ¢, obviously 1/2ML Ca/Sr atoms in IFL incline to
contribute two electrons out of their shell to oxygens in FOL with
stronger electron affinity to form ionic bonds, rather than to the top
layer of Si substrate, which finally lead into the formation of covalent Si
dimers to avoid the presence of unstable Si dangling bond. Only the
oxygens in FOL near Ca/Sr atoms move downwards in three cubic cases,
which promote unilateral Ca/Sr cations above FOL to shift upwards to
share electrons with upper perovskite layers. Inverse with CaTiO3 and
CaZrOs, IFL Sr atoms in Fig. 3c possess bigger ionic radius and lower
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(a) 2x2x4 Pm3m CaTiO; + %ML Ca(4A1-H)
(b) 2x2x4 Pm3m CaZr0; + ; ML Ca (4B1-H)
(c) 2x2x4 Pm3m SrTiO; + ; MLSr (4C1-H)

(d) 2x2x4 Pnma CaTiO; + % ML Ca (4A2-H)

(e) 2x2x4 Pnma CaZrO; + ; ML Ca (4B2-H)
(f) 2x2x4 14/mcm SrTiO; + %ML Sr (4C2-H)

Fig. 5. Relaxed heterostructures with 4 unit-cell perovskite films, and their corresponding naming convention (in parentheses).

electron affinity than Ca (Sr-1.44 A, 74.7 KJ/mol; Ca-1.34 ;\, 78.3 KJ/
mol), which eventually leads to a weaker change (5,i¢) in the interfacial
layer and upper Sr parts in perovskite film. In Fig. 3b, the unitcell of
cubic CaZrO; owns larger lattice parameter (4.10 A), and perovskite film
in its heterostructure tolerates the compressive strain along (010) and
(100) directions when the lattice matches with Si. It is ultimately found
that oxygen atoms in whole CaZrOs film all shift along c axis to release
the inner strain to keep the stability of entire structure.

Fig. 3d ~ fillustrates the variation of three ground-state perovskites
in their heterostructures, here the top and the bottom parts are respec-
tively structural models before and after fully-relaxation. The compari-
son of these structures indicates that the ground-state perovskite can
realize the successful deposition on Si substrate without the atomic
dislocation after the fully relaxation, and the influence of IFL Ca/Sr on
perovskites film mainly happens on oxygens in FOL toward IFL, which
reduce the amplitude of distortion in FOL.

The whole monolayers (1ML) inserted in IFL is indispensable to
consider the contribution of redundant electrons on their entire geom-
etries and electronic structures, as in Fig. 4 with a full ML of Sr/Ca. STEM
images of SrTiO3/Si heterostructures in relevant works indicates a full
ML of Sr could be generated adjacent to the top silicon layer, through the
atomic rearrangements at the interface during the growth procedure
under the relatively high temperatures [9,32,46]. Obviously, the suffi-
cient electron supply in the middle layer makes Si dimer open in all
cases, which results that the perovskite films get less electrons from IFL
and smaller cation-oxygen displacement (dsr(ca)-0) compared with 1/
2ML IFL situations in Fig. 3. While CaZrOs film in Fig. 4b shows the same
oxygen movement with that in Fig. 3b.

The upper perovskite films are extended to 4 unit-cell thickness in 2
x 2 heterostructures with 1/2 IFL Sr/Ca in Fig. 5, for the sake of
considering the influence of perovskite thickness. The presence of Si
dimer and oxygen atoms in FOL close to IFL Ca/Si both happen in Fig. 3
and Fig. 5. In Fig. 5b, as the thickness of CZO film increases, the
compressive strain exerted in CZO film caused by the lattice-mismatch
could be released partly by upward transmission. This is suggested
from previous PZT conclusion [47].

(2) Atom displacement around interfacial layer

Three kinds of geometrical variations are summarized in Table 1, and
we separately compare the contribution of 1/2 ML and 1ML IFL on 2
unit-cell thickness geometric structures, and also the distinction of 2 and
4 unit-cell thickness of perovskite films. On the concentration compar-
ison of IFL Ca/Sr, previous result of STO/Si reveals that electron transfer
happens from the Si/Ca layers into O p orbitals and Ti d orbital in FOL,
12,33 50 1/2ML IFL transfers less electrons than 1ML IFL, and this leads to
a decreased dg;_oxide, @ decreased dgy(ca)-0, and then an increased &,in¢ in
1/2ML cases (2A1-H, 2B1-H and 2C1-H). In addition, owing to the more
tolerance for extra electrons from IFL atoms in perovskite films with 4
unit-cell thickness, these cases show shorter ljimer from Si lack of elec-
trons, and shorter trends of ds;.oxide and dsr(ri)-o same with that of 1/2ML
IFL cases. Previous work suggests that the shorter silicon-oxide distance

Table 1

Key parameters from calculated geometries: oxygen displacement in the
perovskite layer adjacent to the interface (&) in [c\; the distance between the
interfacial Sr (or Ca) and oxygen in the first oxide layer in perovskite (dsy(ca)-0) in
A; the average distance between the top Si layer and the first oxide atomic plane
of perovskite film (ds;.oxide) in f\; the Si dimer length (lgimer) in A. Here, IFL and
FOL represent for the interface layer and the first oxide layer of perovskite film.

Label IFL FOL yint dsr(ca)-0 dsi-oxide Ldimer
2A1-H 1/2 ML Ca TiO2 0.440 2.479 2.835 2.558
2B1-H 1/2 ML Ca ZrO2 0.499 2.294 3.065 2.538
2C1-H 1/2 ML Sr TiO2 0.321 2.456 2.948 2.560
2A2-H 1/2 ML Ca TiO2 0.296 2.233 2.874 2.584
2B2-H 1/2 ML Ca ZrO2 0.327 3.051 3.026 2.682
2C2-H 1/2 ML Sr TiO2 0.318 2.461 2.946 2.560
2A1-0 1 ML Ca TiO2 0.246 2.508 2.967 No dimer
2B1-0 1 ML Ca ZrO2 0.478 2.508 3.304 No dimer
2C1-0 1 ML Sr Tio2 0.275 2.609 3.448 No dimer
2A2-0 1 ML Ca TiO2 0.127 2.231 3.023 No dimer
2B2-0 1 ML Ca ZrO2 0.121 2.858 3.098 No dimer
2C2-0 1 ML Sr TiOo2 0.226 2.612 3.448 No dimer
4A1-H 1/2 ML Ca TiO2 0.432 2.269 2.825 2.547
4B1-H 1/2 ML Ca ZrO2 0.512 2.199 3.498 2.435
4C1-H 1/2 ML Sr TiO2 0.349 2.440 2.956 2.554
4A2-H 1/2 ML Ca TiO2 0.535 2.225 2.829 2.588
4B2-H 1/2 ML Ca ZrO2 0.438 3.060 3.022 2.677
4C2-H 1/2 ML Sr TiO2 0.298 2.447 2.953 2.555
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observed in the compositions with a TiO, FOL could increase the sta-
bility of the heterostructure, and also has a significant effect on the
electronic structure [12].

(3) The electronic structure of three categories

The electronic structures in relation with heterostructures in Fig. 3
are correspondingly illustrated in Fig. 6a. From the contribution of
density of states around the Fermi level, it exhibits semiconductor
behavior in 2B1-H and 2B2-H systems, in contrast with the metallicity in
other systems. Partial density of states (PDOS) in all cases reveal the
maximum of valence band (VBM) composed of Si locates at 0.0 eV. Due
to the charge transfer of IFL Ca/Sr atoms into perovskite film, the energy
level of oxygen and transition metal (TM) in bulk perovskites move to-
ward lower energy, which are normally sited around Fermi level (0.0
eV) and the minimum of conduction band (CBM) in DOS of bulk pe-
rovskites, respectively. Here oxygen and TM energy level shift roughly
2.0 eV downwards, under the consideration of gap underestimation in
GGA calculation. Moreover, all DOS of a full monolayer IFL are
described in Fig. 6b. It is clearly seen that four more electrons from IFL
cause all energy level to shift into lower energy than 1/2 ML cases, and
all cases into the metallic condition with Fermi level into conduction
bands.

Different from heterostructures with 2 unit-cell perovskite film, here
4 unit-cell perovskite film in Fig. 6¢ show the metallicity in DOS, so 2
unit-cell film can be treated as the critical thickness. Relative works
suggest that 3 unit-cell perovskite film can switch insulator into metallic
transition (MIT), in modulating the conductivity of perovskite super-
lattice through the A-site charge modulation [48-51]. The thicker film
causes the weaker film polarization, and the stronger orbital hybridi-
zation, which is identified by Si PDOS around the Fermi level in Fig. 6c.
Here the energy levels of interfacial Ca atoms are specially highlighted
in CZO cases (Fig. 6¢-ii), since they show the clear hybridization with
others, and finally produce a significant effect on the electron redistri-
bution around the interface by the metallic behavior.

(4) The total energy of three categories

The total energy per atom of all heterostructures involved are
gathered in Fig. 7a, where the dot lines separate these three categories,
in manner of comparing congeneric perovskite with cubic and ground-
state. The re-bonding of variant functional layers occurred in hetero-
structures cause the energy change different from that of bulk
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perovskites, but it undoubtedly follows the lower energy of hetero-
structures with ground-state perovskite than that of cubic ones, and
thicker heterostructures obtain lower energy. Among the results, the
subtle difference exits in CTO and STO cases, but as the increased
thickness of perovskite films, the margin is extended obviously. On ac-
count of the larger compressive strain in CZO films, it leads to a huge
effect on the energy difference in heterostructures with cubic and
ground-state CZO, with the gap greater than 0.124 eV/atom and
tremendously different from CZO bulks.

Band alignment in heterostructures

The band alignment with valence and conduction band offset is the
most significant feature to dominate its actual application in one het-
erostructure based on electronic structure. The simplest method to
obtain the band offset is usually achieved through assuming a common
vacuum level and then acquiring the difference in their electron affin-
ities of the two bulk materials [52]. However in fact, this simple model is
inadequate to predict the accurate band offsets, due to its neglect on the
effects of the interfacial chemistry, which causes the additional electron
redistribution to affect electronic potential offsets. Therefore, our cal-
culations consider this issue to predict the accurate band offsets in a
complex heterosystem and the subsequent application from the elec-
tronic properties.

The computed band offsets for six perovskite/Si cases in Fig. 3 are
shown schematically in Fig. 7b and compiled in Table 2, owing to their
semiconductor character of two construction (2B1-H, 2B2-H). Firstly,
the results in Table 2 shows that the formation of chemical bond in the
interface causes a larger valence-band offset and a correspondingly
smaller conduction-band offset in cubic perovskite parts. Furthermore,
the results in cubic SrTiO3/Si case are quite consistent with previous
study through the same method (AEv = —1.6 eV, AEc = 0.5 eV) [12],
which confirm the reliability of this calculation. We notice that several
experimental measurements of the valence-band offset carried out on
SrTiO3/Si heterostructures have been reported for the comparison pur-
pose with theoretical calculation. Among them, Amy et al. obtain
valence-band offsets of 2.38 eV and 2.65 eV after two different process
methods by using x-ray photoemission spectroscopy (XPS), which
demonstrates the theoretical measurement shows smaller valence-band
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Fig. 6. Total density of states and partial density of states for (a) 2 x 2 heterostructures with 2 unit-cell perovskites and half ML interfacial layer; (b) 2 x 2 het-
erostructures with 2 unit-cell perovskites and one ML interfacial layer; (c) 2 x 2 heterostructures with 4 unit-cell perovskites and half ML interfacial layer.
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Fig. 7. (a) The comparison of total energy for all heterostructures, black and red symbols represent for cubic and ground-state perovskite film; (b) The schematic of

the computed band alignment.

Table 2

Band offset for 2 x 2heterostructures with 2 unit-cell perovskites and half of ML
interfacial layer, and the experimental bandgaps of six bulk perovskites, 1.12 eV
experimental gap for Si.[53,54].

Perovskite Eg/eV AEv/eV AEc/eV
2A1-H 3.5 [55] -1.29 0.86
2B1-H 4.9 [56] —3.41 0.24
2C1-H 3.25 [57,58] —1.44 0.50
2A2-H 3.8 [59] —0.42 2.07
2B2-H 5.7 [59] -1.77 2.58
2C2-H 3.2 [59] —0.89 0.99

offsets [60]. Including the typical cubic SrTiO3/Si case, these six types of
heterostructures all show the type-I band alignment as described in
Fig. 7b [61]. Among this category, 2B2-H (Pnma CaZrOs) shows excel-
lent electrical property with larger AEv and AEc than 1.0 eV, to effec-
tively block carrier and reduce leakage current. And this finding
demonstrates that Pnma CaZrOs as the candidate of gate dielectric de-
serves an in-depth study.

Conclusion

In summary, this work reports a new approach of the exploitation of
the alternative perovskite film in the integration with Si substrate to
overcome the interfacial-unstable limitation of cubic SrTiOg in the past
decades. Through first-principles calculations, firstly we demonstrate
that the ground-states structures of CaTiO3 and CaZrOs are performed
using the effective “strained bulk” method to achieve the remarkable
stability, and then the semiconductive CaZrO3/Si heterostructures are
obtained under the thickness of perovskite film as small as two unit-cells
and half-monolayer interfacial layer. Furthermore, we find that the
semiconductor behavior becomes the metallicity with the increased
thickness to four unit-cells and one monolayer of interfacial atoms. The
in-depth analysis provides a bright sight that the transition of electronic
characteristic originates from the strong hybridization between inter-
facial calcium (or strontium), oxygen in the first oxide layer of perov-
skite and also silicon in the top layer of Si substrate, finally caused the
electron redistribution in the interface. Our findings are quite general
and open new perspectives for the exploitation of non-cubic and
ambient-temperature phase perovskite in the integration with silicon for
highly effective memory storage devices. Under the navigation in
advance for the converted application of this mechanism on other pe-
rovskites, and also the synthesis of integrated heterostructures, we
expect our findings will arouse subsequent experimental works on novel
perovskite/Si integration materials.
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