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Photocatalytic water splitting is a promising strategy for large-scale clean energy production. However,
efficient and low-cost solid-state photocatalysts are still lacking. We present here first-principles calculations
for investigating the suitability of an epitaxial layer of strontium germanate on a Si(100) single crystal as a
photocathode. Conduction and valence band offsets at the interface between these two semiconductors were
determined using state-of-the-art approximations of density functional theory for the accurate prediction of band
alignments. The resulting band lineup is also confirmed by inspection of the spatially resolved density of states.
It is concluded that the conduction band offset of the investigated heterostructure is favorable for photocathodic

functionality.

DOLI: 10.1103/PhysRevB.107.115303

I. INTRODUCTION

Solar water splitting in the presence of semiconductor pho-
tocatalysts is a clean energy source that enables renewable
energy production and storage without dependence on fossil
fuels and carbon dioxide emission. Owing to its outstanding
semiconductor properties and its wide use in the electronic
industry, crystalline silicon remains one of the most con-
venient bulk materials for optoelectronic devices. In many
applications, the native SiO, oxide layer which is purposely
grown or naturally formed on the silicon surface acts as a
useful mechanical protection or functional dielectric layer.

At the Si0O,/Si interface, the band edges of Si electronic
states are contained inside the band gap of SiO;. This type
of heterojunction is known as a type-I [1] or straddling band
lineup [2]. However, this type of interface is unsuitable for
highly demanded photocatalytic cells for hydrogen evolution
reaction, as the desired efficient and fast drift of photoexcited
electrons towards the surface of the device in contact with
water is hindered by the energy barrier in the conduction band
and therefore another protective oxide is needed [3-6]. For
example, it has been found that the interface between epitax-
ially grown SrTiO3; (STO) and a Si(100) crystalline substrate
can significantly reduce the conduction band offset [6,7]. In
particular, high-quality epitaxial films of SrTiO; grown on
a Sr-passivated Si(100) surface were identified as a direct
contact of the nondimerized (1 x 1) Si surface provided that
no oxygen ions are contained in the interface Sr monolayer
[8]. Their conduction band alignment is, indeed, favorable for
the drift of the photoexcited electrons from Si to STO [8],
and the catalytic performance of STO/Si based photocathodes
was already demonstrated in experiments [9].

We explore in this paper the possibility that similar or
improved performance can be achieved with other perovskite
protective oxides [10-12]. To that aim, we consider the cubic
perovskite form of SrGeOs; (SGO). Recent studies showed
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that cubic SGO is a semiconductor with an indirect band
gap of about 2.7 eV and a direct gap of about 3.5 eV [13],
a remarkably high electron mobility of the order of 400—
500 cm? /V s [14], and a small effective mass at the lowest
conduction band (about 0.2m, [15]). Most interestingly, SGO
belongs to the very few discovered transparent conductive
oxides [13,14]. The underlying salient feature of the SGO
electronic structure is that its conduction band is formed by
s and p orbitals [15,16], which are much less localized than
empty d orbitals of STO-like perovskites.

Throughout this paper we use the conventions of Ref. [1]
to indicate band offsets at interfaces: A/B or A-B hetero-
junctions assume an overlayer A grown on a substrate B,
and the valence band offset (VBO) AY58 is positive if the
valence band maximum in the overlayer (A) is lower in energy
than in the substrate (B), while the conduction band offset
(CBO) A‘égg is taken to be positive if the conduction band
minimum in the overlayer A is higher in energy than the sub-
strate, so that the algebraic sum of the offsets equals the band
gap difference Aygs + Afgs = Eo(A) — Eg(B). With such
a convention, all three energies are positive for the SiO,/Si
case. For applications as a photocathode the CBO at the A/B
interface should be zero or negative.

The central motivation for the present study is to check
whether the conduction band alignment between Si and
SrGeO; in SGO/Si may be favorable for releasing to water
electrons that are photoexcited in the bulk silicon substrate
through the protective oxide layer. Having in mind that the
characters of the bonding and the electronic band struc-
tures of the two materials at the heterojunction are quite
different, we tested different flavors of density functional
theory. Since the SGO/Si system has not been realized ex-
perimentally yet and considering the similarity of SGO/Si to
STO/Si, we assume the STO/Si interface structure proposed
in Ref. [8], with a passivating Sr monolayer that separates the
Si(100) unreconstructed surface from epitaxially grown SGO.

©2023 American Physical Society


https://orcid.org/0000-0002-9335-8866
https://orcid.org/0000-0001-7273-7288
https://orcid.org/0000-0002-9293-4462
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.107.115303&domain=pdf&date_stamp=2023-03-14
https://doi.org/10.1103/PhysRevB.107.115303

RAUCH, MARTON, BOTTI, AND HLINKA

PHYSICAL REVIEW B 107, 115303 (2023)

Technical details and information on the adopted methods
are given in Sec. II. The optimized geometry and calculated
electronic properties of the interface are described in Sec. 111,
along with the electronic structure of bulk Si and bulk SGO
in an adequately strained and polarized state. In Sec. IV the
values of the VBO and CBO are then derived independently
using two different alignment procedures: the average elec-
trostatic potential alignment (EPA) [17,18] and the core level
alignment (CLA) [19]. These band offset calculations agree
on a type-III band lineup. We complement them with a direct
inspection of the layer-resolved projected density of states
(PDOS) and local density of states (LDOS) and the evaluation
of charge transfer at the interface, as well as considerations
about the short-range band-bending effects. This analysis al-
lows us to make a conclusion about the suitability of the
proposed epitaxial layer for application as a photocathode, as
discussed in Sec. V.

II. COMPUTATIONAL DETAILS
A. Ab initio calculations

All density functional theory calculations were performed
with the Vienna Ab initio Simulation Package (VASP) [20-22]
(version 6.2.1) that implements the projector augmented-
wave method [23]. For structural optimization we utilized the
revised Perdew-Burke-Ernzerhof exchange-correlation (XC)
functional for solids (PBEsol) [24]. The electronic band struc-
ture was then recalculated with the more accurate HSE06
hybrid functional developed by Heyd, Scuseria, and Ernzerhof
[25,26], for which we used the mixing value « = 0.33 to bet-
ter reproduce the bulk band gap of SGO. Further explanation
is provided in Sec. IIl B 1. The kinetic-energy cutoff was
set to 500 eV (306.7 eV for bulk Si), corresponding to the
PREC=HighPREC=HIGH setting of VASP. Spin-orbit coupling
was neglected in all calculations. We checked that its effect on
the electronic structure of both Si and SGO is negligible for
our purposes.

For supercell calculations, we used a I'-centered grid
of 12 x 6 x 1 k points for ionic relaxation (using a 2 x 1
in-plane supercell) and 16 x 16 x 1 k points for electronic
structure calculations (using a 1 x 1 in-plane supercell). For
bulk electronic structure calculations we used 12 x 12 x 12
and 8 x 8 x 8 k points for Si and SGO, respectively. The
geometry optimization was stopped when the forces on each
atom were smaller than 15 meV/A.

In the postprocessing step, we used the codes PYPROCAR
[27] to visualize the atom-projected band structure and PDOS
and DENSITYTOOL [28] to obtain the LDOS.

The figures were created with MATPLOTLIB (version 2.2.2),
VESTA (version 3.4.6) [29], and INKSCAPE (version 0.92).

B. Interface model

To study the atomic and electronic structures of epitaxially
grown SGO on a (001) oriented Si substrate, we modeled the
system as a finite slab surrounded by vacuum in a supercell.
We followed the modeling procedure proposed in previous
works on STO/Si heterostructures [7,8], taking advantage
of the similarly to SGO/Si. For the substrate we used nine
atomic layers of Si terminated by H atoms at the interface

with vacuum to simulate a semi-infinite bulk. We observed
that this thickness is necessary to ensure a bulklike behavior
inside of the Si layer. The Si(100) surface was passivated by
a monolayer of Sr, bonded to the SGO layer, that consisted
of three unit cells terminated by an SrO layer. Based on
previous results for the similar STO/Si interface, we expect
the atomic and electronic structures to depend only weakly
on the termination of the perovskite layer [7]. The in-plane
lattice constant was set to the equilibrium bulk value of Si
(3.843 A) [8], for which the out-of-plane lattice constant of
SGO has to accommodate for epitaxial growth, resulting in
a substrate-induced in-plane strain of 1.4 %. We remark that
the presence of a Sr monolayer at the STO/Si interface was
proved to be the most probable reconstruction [7,8]. Finally,
the slab was embedded in more than 15 A of vacuum.

To allow possible relaxations at the interface, we adopted a
2 x 1 in-plane supercell during the structural relaxation of the
slab (with in-plane lattice parameters a = 7.686 A and b =
3.843 A). As the final atomic structure was still symmetric,
we performed the successive electronic structure calculations
with a 1 x 1 slab model (¢ = b = 3.843 A).

C. Band alignment calculations

Various methods have been proposed to calculate the band
alignment at the interface of two materials, ranging from
pure bulk-based methods [30,31] or estimates from individual
ionization potentials and electron affinities that neglect the
details of the common interface [32] to supercell calculations
[17]. In this work, we employ the latter approach since we
want to include structural details of the interface that can have
important effects on the final electronic structure.

Since the precise numerical values of band edges at differ-
ent positions in the supercell cannot be easily extracted from
calculations of the electronic structure of the supercell, we
also perform two auxiliary bulk calculations (one for bulk Si
and one for strained bulk SGO) and align them to chosen ref-
erence levels according to their difference across the interface
in the supercell calculation.

For a sufficiently large supercell, the ionic positions are
expected to reproduce the bulk crystal structure in the central
part of a material layer. We assume the bond lengths in these
region build the unit cells for the auxiliary bulk calculations.
Note that these auxiliary structures can be strained and thus
different from the equilibrium bulk structures due to the lattice
mismatch of the two interfacing materials. As will be dis-
cussed further in Sec. III A, the Si substrate in our simulation
adopts the unstrained cubic structure of Si. On the other hand,
the SGO layer is very thin, and it does not exhibit any periodic
behavior in the direction perpendicular to the interface. We
will choose an auxiliary bulk structure obtained by averaging
the interlayer distances and oxygen-cation displacements in
the central region of the SGO part of the supercell.

The valence band offset Aégg at the interface of a semi-
conductor A grown on a semiconducting substrate B is
calculated as [18]

A-B _ A_B A A-B
AVpo = A€ypm_Rref — A€ypM_Ref — D€Rer o ey

where Aeyvpm_grer 18 the difference between the valence band
maximum (VBM) and the reference level of one of the materi-
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als, obtained from a calculation of the auxiliary periodic bulk
system, and Aeﬁe_fB is the difference of the reference levels in
the central regions of the two semiconductors, obtained from a
supercell calculation. We selected and compared two different
reference levels for the band alignment at the interface: the
macroscopic average of the electrostatic potential [17,18] is
the chosen reference for the EPA, and the average of the
core level positions is the reference used for the CLA [19].
This choice is what defines the EPA and CLA approaches
mentioned in the Introduction. Both methods were previously
tested in Ref. [33], and they were found in that work to give
comparable results.

In the EPA, Ael’;&;B = AVAB where VA is the macro-

scopic average V(z) of the planar average V(z) of the
electrostatic potential in the middle of layer A of the supercell
(denoted by the coordinate z*). The macroscopic average is
calculated as

1 )?

T V(e = d7. 2)
TTO

<l

(2) =

The Gaussian average is necessary since the interlayer dis-
tance varies for each pair of adjacent layers, particularly in
the SGO part of the supercell. V2 is calculated for a range
of reasonable values o € (1.0,4.0) A. We set as the final
value for further calculations the o for which the maximal
deviation from nearby V (z) values [for z € (z* — o, z* + 0)]
is minimal. The same procedure is followed for layer B of the
supercell.
To better understand the CLA, we rewrite Eq. (1) as

A-B _ _B A B A
Aypo = €vem — €vpm T A€ger — Aégy, (3)

where €4 is the VBM of material A in bulk calculations and
Aep, is the difference between the reference levels (here, the
core levels) of material A in the supercell calculation and in
the auxiliary bulk calculation. We calculated Aeger for single
core levels (Si: 1s, 2s, 2p; Sr: 1s, 2s, 2p, 3s, 3p, 3d; Ge: s,
2s, 2p, 3s, 3p; O: 1s) of atoms in the central parts of the Si
and SGO layers composing the supercell, and we observed
huge differences (up to 1 eV) in the calculated VBOs for
different choices of the reference core level. Therefore, the
individual results obtained for different core levels have to
be averaged appropriately. First, the results obtained for core
levels of individual atoms are averaged. For Si the central
atom in the middle of the Si layer is considered. In the case
of SGO, we consider Ge and O atoms in the middle of the
layer and the Sr atoms in the atomic layer next to the central
one. Finally, the results for the individual atoms of SGO are
averaged according to weights proportional to their number in
the bulk unit cell.

Within the EPA and CLA, we can obtain the CBO from
the knowledge of the VBO Aégg and of the band gaps of the
two constituents (E ; and E;,B) calculated in the auxiliary bulk
system:

A-B A B A-B
Acgo = E; —E; — Aypo- 4)
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FIG. 1. Relaxed atomic structure of the studied SGO/Si inter-
face. Top: Ball-and-stick model of the structure (Si: blue, Sr: green,
Ge: gray, O: red, H: beige.). Bottom: Calculated average interlayer
distances (black) and the oxygen-cation distances in SGO (red dots).

III. RESULTS

A. Atomic structure

We display the relaxed atomic structure for the chosen
SGO/Si interface in Fig. 1. We can clearly observe that the
average interlayer distances in the middle of the Si part of
the slab are close to the Si bulk value (1.359 A). In the SGO
part, on the other hand, no bulklike behavior can be observed.
While the (GeO)-(SrO) distances are strongly influenced by
the interface and surface, for the central (SrO)-(SrO) distance
we obtained 3.784 A , which indicates a strain in the SGO
layer leading to a tetragonal c/a ratio of 0.985. This is in
agreement with the expectation based on the lattice mismatch
between bulk cubic Si and cubic SGO. The average distance
between the top Si layer and the first GeO layer was 3.703 A
, which is close to the result obtained previously for the same
type of interface of STO/Si (3.56 A) [7].

Further, we show the calculated oxygen-cation displace-
ment &z in each atomic layer, indicated by red dots in the
bottom panel of Fig. 1. We found 8z = 0.25 A in the GeO
layer closest to the interface, which is again close to the value
of 0.35 A found in the first TiO layer in STO/Si for the same
type of interface [7]. The value of §z decreases for deeper
SGO layers, and it changes sign in the surface SrO layer.
Overall, we can state that the oxygen-cation displacement in
a thin layer of SGO on the Si substrate behaves qualitatively
as in STO, but the out-of-plane strain of SGO is opposite the
one in STO/Si since the equilibrium lattice constant of SGO
(STO) is smaller (larger) than the lattice constant of Si.

Finally, to study the band alignment with the CLA or EPA,
an auxiliary bulk calculation for Si and SGO is necessary.
In the middle of the Si region the atomic arrangement is
like the one in bulk Si, and therefore, the cubic equilibrium
structure of Si is assumed for the auxiliary bulk calculation.
Since bulklike lattice parameters are not recovered in the thin
SGO part of the supercell, we assume a strained unit cell
with ¢/a = 0.985 as in the center of the SGO slab. For the
oxygen-cation displacement, we take the supercell value in

115303-3



RAUCH, MARTON, BOTTI, AND HLINKA

PHYSICAL REVIEW B 107, 115303 (2023)

TABLE I. Band gaps (in eV) calculated with different XC func-
tionals for bulk cubic Si (¢ = 3.843 A) and SGO (a = 3.79 A). The
experimental values are from Ref. [36] (Si) and Ref. [13] (SGO).

PBEsol PBEO HSEO06 HSE033 Expt.
Si 0.47 1.78 1.16 1.36 1.17
SGO 0.34 2.85 2.16 277 2.70

the central GeO layer §zg.o = 0.095 A and the average of the
two central SrO layers zs;o = 0.056 A.

B. Electronic structure
1. Bulk Si and SGO

The electronic properties and, particularly, the width of the
band gap are known to depend strongly on the choice of the
XC functional. In the past, the hybrids PBEO [34] mixing
the PBE approximation with exact exchange and HSE06 with
the mixing parameter ¢ = 0.33 (called here HSE033) were
employed to reproduce the experimental band gap of bulk
SGO [13,14,35]. Therefore, in Table I we show the band
gaps calculated with PBEsol, PBEO, HSE06, and HSE(033
compared with experimental values. We observe that PBEsol
severely underestimates both band gaps, as expected from
a generalized gradient approximation XC functional. PBEO
reproduces well the experimental band gap of SGO but over-
estimates the Si band gap by 0.61 eV , while HSE06 yields a
very good result for Si but underestimates the SGO band gap
by 0.54 eV. Therefore, HSE033 provides the best compromise
for both Si and SGO, and we used it for all our electronic
structure calculations in this work unless otherwise stated.

For the evaluation of the band alignment in the SGO/Si
heterostructure with EPA and CLA we used the strained and
polarized crystalline auxiliary SGO unit cell, as described in
Sec. IIT A. For this structure, we obtained band gap values of
0.06 eV with PBEsol and 2.4 eV with HSE033. The band gap
thus becomes smaller with strain. We show the electronic band
structure of the strained and polarized bulk SGO calculated
with HSE033 in Fig. 2. The band gap is indirect, and the
lowest conduction band at I has a small effective mass and
DOS, as was found earlier in Ref. [14]. The highest valence
bands, on the other hand, have a much larger DOS.
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FIG. 2. Electronic structure of strained SGO (c/a = 0.985) with
oxygen-cation displacements 8zg.o = 0.095 A and 8z5,0 = 0.056 A
calculated with HSE033.

TABLE II. Valence band offset Aypg, conduction band offset
Acpo, and the distance between the CBM of SGO and VBM of
Si obtained with the EPA and CLA and estimated from the PDOS
(Fig. 3; in eV).

EPA CLA PDOS
Valence band offsets
PBEsol 2.09 2.18 2.12
HSEO033 3.31 344 3.76
Conduction band offsets
PBEsol —2.51 —2.60 —1.32
HSE033 —2.26 —2.39 —1.89
SGO __ _Si
€CBM — €VBM
PBEsol —2.03 —-2.13 —-0.63
HSE033 —0.91 —1.04 —-043

2. SGO/Si interface

In this section we finally present the main result of this
work: the calculated electronic structure of a thin SGO layer
on a Si substrate with the chosen model interface including a
full Sr monolayer. We recall that in our convention the VBO is
positive when the VBM of SGO lies below that of Si and the
CBO is negative when the conduction band minimum (CBM)
of SGO lies below that of Si.

The calculations of the EPA and CLA were obtained by
means of Egs. (1), (2), (3), and (4), using the auxiliary bulk
band edge positions. We summarize our final VBOs and
CBOs, calculated with the PBEsol and HSE033 XC function-
als, in the first two columns of Table II. In addition to the VBO
and CBO, we also provide in Table II the calculated difference
between the CBM of SGO and VBM of Si.

IV. DISCUSSION
A. Band alignment

We begin the discussion of our results with the calculated
VBOs. The results obtained with EPA and CLA using the
same XC functional are in excellent agreement. The average
Avpo = 3.38 eV from HSEO033 is significantly larger than the
average Aypo = 2.14 eV from PBEsol, showing that the more
precise hybrid XC functional is necessary for this calculation.

Also in the case of CBO, the EPA and CLA results are
very similar, with an average value of Acgo = —2.33eV
(—2.56 eV) with HSE033 (PBEsol). Interestingly, we note
that the PBEsol and HSE033 functionals yield similar results
for the conduction band offsets, even though the calculated
band gaps obtained with the different XC functionals differ
considerably. We will discuss in Sec. IV B that the CBO is
almost independent of the XC functional because the CBM
of SGO is pinned to the Fermi level of the supercell. A sim-
ilar effect was found previously also for interface models of
STO/Si [7].

Comparing the calculated CBOs with the Si band gap, we
observe that the CBM of SGO €359 lies below the VBM of
Si €%y» indicating an overall metallic system. To obtain a
measure for how far the system is from being an insulator, we
also present the values of eég’gl — e\s,iBM in Table II. Also, here,
EPA and CLA yield very close results, but the choice of the
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FIG. 3. PDOS of chosen atomic layers of the SGO/Si supercell
calculated with PBEsol (top) and HSE033 (bottom).

XC functional changes the result by ~1 eV. On average, the
CBM of SGO is calculated to be located 0.98 eV (2.08 eV)
below the VBM of Si with HSE033 (PBSEsol).

B. Local density of states

In order to visualize and interpret the local band structure
of the heterostructure near the interface, we calculated the
spatially resolved density of states in the form of the PDOS
for atoms belonging to chosen layers of the supercell (shown
in Fig. 3) and the in-plane integrated LDOS [28] (shown in
Fig. 4):

chll
2n)?

LED =5 Y [ 0 - ewbu@ d'®
— Jbz

where Qe is the unit cell volume, E is the energy, and P, (z)
is the in-plane integrated partial charge density P, k(r) =
|@nx(r)|*> with the Kohn-Sham wave functions g, x(r) and
eigenvalues €, k.

PDOS and LDOS are usually not suitable for a precise ex-
traction of the band offsets since (i) states originating from one
constituent, the interface, or the surface often reach into the
band gap of the second constituent, making the identification
of band edges complicated, (ii) the size of the local band gaps
in the slab is larger than in the auxiliary bulk calculation due to
the finite size of the supercell, and (iii) the DOS is broadened
due to the finite k-point sampling for sums in the reciprocal
space and due to the practical substitution of the § function in
Eqg. (5) by a Gaussian.

PBEsol
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[ Q
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- :
| - TR
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.
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FIG. 4. Atomic structure and LDOS of the SGO/Si supercell
calculated with PBEsol (top) and HSE033 (bottom). Yellow lines
indicate the positions of the redox potentials of the water splitting
reactions.

Therefore, it is better to resort to EPA or CLA using the
electronic structure from auxiliary bulk calculations to obtain
accurate band alignments for large heterostructures. On the
other hand, if one is interested in the local electronic states
close to the interface or within thin layers, a direct inspection
of the PDOS or LDOS can be more instructive. We estimated
the band edge positions from the PDOS of the supercell,
knowing that the finite smearing can introduce an error of
~0.1-0.2 eV due to the choice of the smearing parameter
o = 0.05 eV both in the self-consistent calculation and in
the LDOS calculation with Eq. (5). We used the PDOSs of
the three central Si layers (“bulk Si” in Fig. 3) and the cen-
tral SGO layer (“SGO 2” in Fig. 3) as representative of the
two materials forming the interface. The extracted local band
gaps of Si (PBEsol: ES"® = 0.69 eV , HSE033: EJ"* =
1.46 eV) are fairly close to the bulk value. On the other hand,
for SGO we obtained E;**" = 1.49 eV with PBEsol and
EgSGO’Slab = 3.33 eV with HSE033. These values are ~1.0—
1.5 eV larger than the band gap of the auxiliary bulk SGO
structure used in the EPA and CLA. A band gap broadening
on the order of 1 eV is, indeed, expected already from the
simple model of a particle with an effective mass in an infinite
box potential with a width corresponding to the width of the
thin SGO layer [37]. This shows that the effect of quantum
confinement is very strong for the thin SGO layer in our
supercell and the auxiliary bulk structure is not suitable to
calculate the positions of the SGO band edges in the thin SGO
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FIG. 5. Band structure of the SGO/Si supercell calculated with
PBESsol (top) and HSE033 (bottom). The color code shows the pro-
jection of the calculated wave functions for bands close to the gap on
atoms of chosen SGO layers in the supercell.

layer. The VBO, CBO, and egg’gl — G\S,iBM obtained from the
PDOS are listed in the last column of Table II. We observe
a large discrepancy between the PDOS-derived values and
those obtained with EPA and CLA in the case of CBO and
eégﬁ — e\s,iBM, whereas all three methods agree for the VBO.

To gain more insight into the electronic structure of the
supercell, we present in Fig. 4 the calculated LDOS, which
we plot together with the structural model. While the general
information is similar to that offered by the PDOS, the LDOS
provides a much better spatial resolution. Most importantly,
we can see the metallic character of the interface, which is
caused by the fact that the lowest conduction band of SGO
is located below Ep and thus partially occupied. This has
to be counterbalanced by unoccupied valence bands of Si,
which are also visible in the LDOS on the Si side of the
interface. This band bending is particularly interesting in the
case of SGO. In Fig. 5 we show the band structure of the
whole supercell with a color code indicating the projection
of the Kohn-Sham wave functions onto different SGO layers
in the supercell. The conduction band of SGO with large band
velocity (visible along I'-X also in the bulk band structure in
Fig. 2) is located fairly low in the first SGO layer, with its
minimum in the vicinity of the local VBM with PBEsol and
~1.5 eV above it with HSE033. In the second and third SGO
layers, this SGO conduction band is located much higher in
energy (close to Er) with both XC functionals. In contrast, the
VBM of SGO remains almost at the same energy in all three
SGO layers. It is thus only the CBM of SGO which exhibits
band bending.

C. Interface charge transfer

As described above, the formation of the studied interface
between the Si substrate and the thin layer of SGO leads

to the depletion of the Si valence bands and occupation of
SGO conduction bands. We calculate the magnitude of the
transferred charge and the generated interface dipole from the
ab initio induced charge density

S,O(X, Y, Z) = ptot(-xs Y, Z) - pSi/Sr(-xs Y, Z) - IOSGO(‘x9 Y, Z)v

(6)
where py is the charge density of the full supercell model and
psi/sr and psgo are the charge densities of the separated Si
substrate (including the interface Sr monolayer) and the thin
SGO layer, respectively. We use the same (arbitrary) choice
for the plane dividing the two constituents as in Ref. [7]. We
further integrate the induced charge density in the plane of the
interface and obtain Ap(z) = f 8p(x,y, z)dxdy. Finally, we

iI?C'SGO Ap(z)dz and in-
terface dipole piy = [V\;acc..SSiGO Ap(z)zdz, where “int” indicates

the origin (z = 0), which is set to be the plane at the interface
for which Ap crosses zero [16,38], and “vac. Si” and “vac.
SGO” are positions in the vacuum region on the Si and SGO
sides of the slab, respectively, where Ap = 0. The calculation
of the transferred charge and interface dipole was done with
PBEsol. Finally, for the studied interface of SGO/Si, we ob-
tain AQ = 0.14e and p;, = 0.19 eA per 1 x 1 interface unit
cell (3.843 x 3.843 Az). The calculated interface dipole of
SGO/Si is considerably smaller than the calculated interface
dipole of the same interface model of STO/Si [7] (0.69 eA
per 1 x 1 interface unit cell), but it is in the general range of
values common in STO/Si interfaces.

calculate the induced charge AQ =

D. Alignment with redox potentials

After the successful demonstration of STO/Si as a photo-
cathode for water reduction in Ref. [9], we want to consider
the SGO/Si platform for the same application. In addition
to other factors, one of the key conditions is the respective
energetic position of the CBM of SGO and the redox po-
tential of the water reduction (hydrogen evolution) reaction
[39]. We therefore aligned the electronic structure of the su-
percell in Fig. 4 with the redox potentials of H* /H, (water
reduction reaction) and O,/H,O (water oxidation reaction)
[12] against the vacuum level. The recommended absolute
electrode potential of the hydrogen electrode at 298.15 K
is —gE(H*/Hy) = —4.44 eV [40], and the redox potential
of water oxidation is lower by 1.23 eV [12], leading to
—qE(0,/H,0) = —5.67 eV, with both values obtained for
pH = 0. The resulting alignment of the supercell electronic
structure and the redox potentials is shown in Fig. 4. We
observe that both potentials lie inside the local band gap of
SGO and below the Fermi energy of the supercell in the case
of HSE033. Particularly, the CBM of SGO is energetically
higher than —gE (H"/H,). Therefore, photogenerated elec-
trons from the bulk of Si coming to the SGO-capped surface
are expected to pass the SGO/Si interface and participate in
water reduction. We conclude that the thin SGO layer with a
partially occupied lowest conduction band will play the role
of a metallic electrode in the system.

V. CONCLUSIONS

We studied the structural and electronic properties of a
thin SGO layer on a (100)-terminated Si substrate. We found
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oxygen-cation displacement in the atomic layers of SGO qual-
itatively similar to the same interface structure of STO/Si [7].
We calculated the band alignment either using a combination
of a supercell calculation with auxiliary bulk calculations
(EPA and CLA) or directly from the electronic structure of
the supercell (PDOS and LDOS). All three methods agree on
the identification of a type-III [1] band alignment, and the
whole system is thus metallic. A similar electronic structure
with type-III band alignment was recently measured experi-
mentally for a STO/Si interface and was reported in Ref. [41].
Due to the strong broadening effect of the quantum con-
finement on the local band gap of the thin SGO layer, the
PDOS is more appropriate for studying the quantitative band
alignment of the studied system. With the custom HSE033
hybrid functional, we found a large VBO of 3.76 eV and the
CBM of SGO located 0.43 eV below the VBM of Si. We
further found charge transfer from Si to SGO. This causes
the VBM of Si to be bent up above Er and depopulated at
the interface, whereas the CBM of SGO is bent down and
populated at the interface, as can be seen in the PDOS (Fig. 3),
the LDOS (Fig. 4), and the projected band structure (Fig. 5).
The present study shows that the bottom of the conduction
band of the SGO capping layer is well below that of Si, so
that unlike in the case of the native SiO, capping layer on Si,
SGO/Si seems to be convenient for the electron-emitting pho-
tocathode operation. Further, it can be seen from Fig. 4 that the
bottom of the SGO conduction band is located well above the

redox potential for the hydrogen evolution reaction, similar to
the case of STO/Si. Moreover, we think that the high mobility
of the conduction electrons related to the peculiar electronic
structure of SGO might facilitate the emission of photoelec-
trons, so that one could afford to use even thicker layers than
in the case of STO or one could expect more energetic released
photoelectrons if SGO were to have the same thickness as
STO. Nevertheless, more quantitative considerations about the
possible advantages or disadvantages with respect to STO/Si
cannot easily be drawn from the present study. In order to
further understand the structural and electronic properties of
real SGO/Si interfaces, experimental evidence of the inter-
face atomic structure and further theoretical calculations are
necessary.
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