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Physical insights into the Au growth on the surface
of a LaAlO3z/SrTiOz heterointerfacet
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Researchers investigated the modification of the LaAlOsz/SrTiOs interface with Au overlayers and
nanoparticles, which led to the change of various physical properties. However, no research is available
to elucidate insights into the interaction of Au with the LaAlOs/SrTiOs substrate. Therefore, this study is

R 4 30th 3 202 devoted to solving the question using density functional theory calculations. We also studied the optical

eceive th June . . ) "

Accepted 10th August 2022 properties of the LaAlO3/SrTiOs system before and after the Au adsorption. We found that an additional
optical peak occurs with significant intensity in the wavelength region of 600 nm to 1200 nm depending

DOI: 10.1039/d2ra04038g on the LaAlOs film thickness. This peak is attributed to the increase in the hole states in the presence of
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1. Introduction

Making a heterointerface of oxide materials is a method that
allows for the exploration of new physical phenomena leading
to breakthrough technological applications that have never
been found for bulk systems. The symmetry breaking of the
crystal structure, charge, spin, and electronic orbitals at the
interface of oxide materials are the cause for the creation of new
electronic and optical properties such as two-dimensional
electron gas (2DEG), which has been found in the heterointer-
face of oxide materials.!

Oxide heterointerfaces of common interest are perovskite
systems.>™® LaAlO;/SrTiO; (abbreviated as LAO/STO) is the most
attractive system due to the first discovery of a two-dimensional
electron gas in 2004 (ref. 7) and crucial properties such as
controllable two-dimensional electron conduction, Rashba
spin-orbit interactions, superconducting property, and partic-
ularly a high electron mobility of ~10 000 cm® V™" s™" at room
temperature.®* Both LAO and STO perovskite crystals were
known as wide band gap dielectrics (5.5 eV for LAO and 3.1 eV
for STO), and the coupling of the LAO film layers on the STO
substrate led to a transition from dielectric to metal. The tran-
sition occurred at the LAO film thickness of 4 unit cells.’ Due to
their ionic nature, the STO polarization substrate and the LAO
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Au adsorption with the increase in the LaAlOs film thickness.

nonpolar film formed an interface with high polarity. This
property establishes an electrostatic potential, which increases
as the LAO thickness increases, leading to the restructuring of
electronic properties with the charge transfer from LAO to
STO." Several factors can affect the electronic conducting
properties of the LAO/STO system: (1) oxygen vacancies, created
during the fabrication process,'* generate donor levels located
near the conduction band of STO," thereby changing the 2DEG
state in the interface. (2) Pressure affects the existence and
stability of two-dimensional electron gas.” The compression
pressure induces ferroelectric polarization in the STO substrate,
thereby altering the 2-dimensional electron gas by reversing the
polarization direction of the STO substrate due to charge
passivation and band gap alignment. Experiments also showed
that the STO stretching destroys the 2DEG state, while the STO
compressive pressure maintains the 2DEG state, but the carrier
density decreases compared to the LAO/STO system without
pressure." (3) The electromagnetic properties of LAO/STO are
affected by the carrier density of the system. The oxygen pres-
sure conditions of the LAO layer growing modified the carrier
density, where the O vacancies acted as electron donors.
Besides, the coating of metal layers'>'® and other compounds
on the LAO/STO surface'” also altered the carrier concentration.
Electrons migrate from the coating material to the hetero-
interface via the LAO film and modify the carrier concentration
and the electrical and thermal conductivity of the LAO/STO
heterointerface. Therefore, the molecular adsorption, metal
coating,'®?° and dispersion of metal nanoparticles®* on the LAO/
STO surface have become effective methods to tune the 2DEG
states. Metal coating and nanoparticle dispersion produced the
most significant effects.'®>*

The Au coating on the LAO/STO system has been fabri-
cated.'®** However, no research is available to elucidate the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 The slab model of (LAO),,,/STO4 substrate: (a)-(f) form =1-
6 layers, respectively. Brown (Al), red (O), cyan (La), grey (Ti),
green (Sr).

a)

Top view

Side view
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effects of Au adsorption on the electronic and optical properties
of the LAO/STO heterointerface. Therefore, we decided to
research in order to clarify the topic by employing density
functional theory calculations.

2. Structure model and
computational method

To understand the influences of the Au adsorption on the
electronic and optical properties of LAO/STO, we studied the
band structure, the electronic density of states, and the dielec-
tric function of LAO/STO before and after the Au adsorption. We
used the density functional theory calculations via the Vienna
ab initio simulation package.” We treated the core-valence
interaction and the exchange-correlation functional in the
projector-augmented wave method***” and the Perdew-Burke—
Ernzerhof generalized gradient approximation,***® respectively.
We performed the plane wave expansion at the kinetic energy
cut-off of 650 eV. The Brillouin zone integration used the
special-point sampling technique of Monkhorst and Pack®® with
a k-point mesh sample of 13 x 13 x 1. The simulation for the
periodic supercell included dipole corrections.*** We improved

f)

Fig.2 The adsorption sites for the Au atom on the (LAO),/(STO), slab: (a) to (f

) present the top site of the O, Al, and La atoms, the bridge site of

Al-O and La—-0, and the hollow site, respectively. Top view (upper panel) and side view (lower panel). Yellow (Au), brown (Al), red (O), cyan (La),

grey (Ti), green (Sr).
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the convergence speed of the calculations by the Gaussian-
smearing method* with the sigma value of 0.1 eV. All atomic
positions were allowed to fully relax during the geometry opti-
mization until the Hellmann-Feynman force acting on each
atom reached 102 eV A~1. The non-spin-polarized scheme was
performed for the geometry optimization, electronic band
structure, and the density of states. We also tested the spin-
polarized option for the isolated Au atom. However, the total
energy of the isolated Au atom was almost the same as that of
the non-spin-polarized calculation.

The LAO/STO system was modelled by (LAO),,/(STO),
superlattices with m = 1-6 layers, which were constructed using
a slab of 2 x 2 unit cell and a vacuum space of approximately
35.0 A along the surface normal, see Fig. 1.

The adsorption energy of an Au atom was determined by
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Paper

E, = Eanvaraoisto — (ELaosto + Eay)- )

where Exy@raosstos Fraossto, and Eyy are the total energies of the
Au@LAO/STO system, the clean LAO/STO slab, and the isolated
Au atom, respectively. The adsorption of Au atom on the LAO/
STO slab corresponds to the Au density of 6.5 x 10™* cm 2.2
To describe the optical properties of the LAO/STO and
Au@LAO/STO systems, we calculated the imaginary part of the
frequency-dependent dielectric function of the form:**3¢

- CURERI

kv,

-E), @

where w and ¢, are the frequency of emission and the dielectric
constant of free space, respectively. & (£) is the valence
(conduction) band wave function. V and ¥ are the unit cell

Table 1 Adsorption energy of the Au atom and bond distances from the Au atom to the nearest atoms of the LAO topmost layer at the most

favourable adsorption site, i.e., the Al-O bridge site

LAO film thickness in unit cell (u.c.)

Bond distances (A)

Adsorption energy (eV)

1 2.64 (0), 2.57 (Al) —0.3947
2 2.62 (0), 2.56 (Al —0.4187
3 2.64 (0), 2.61 (Al) —0.3960
4 2.51 (0), 2.56 (Al —0.5547
5 2.55 (0), 2.59 (Al) —0.5710
6 2.45 (0), 2.56 (Al) —0.5627

~ 02 F

>

8 ‘kg.ke‘/’

> 0k

2o

(]

(=]

M 02

=]

.S

& 04 |

Q

2]

o

< 06 |
| | |
| 2 3

//s. —a —9 - 0.2
IA
Bader charge @ 10 N
E, & go
1 -02 &
o
—
- 3
-04 2
as}
- -0.6
| | |
4 5 6

Number of LAO layers (u.c)

Fig. 3 The Au adsorption energy and the Bader charge exchange versus the LAO film thickness from 1 to 6 unit cells. The solid lines describe the

trend of the physical parameters.

Table 2 Bader charge (e~

) of the LAO film, the STO substrate, and the Au atom adsorbed on the LAO/STO slab: (+) charge gain, (—) charge loss

LAO film thickness in unit cell

(u.c.) 1 2 3 4 5 6

LAO/STO LAO —0.065 —0.088 —0.073 —0.164 —0.176 —0.179
STO +0.065 +0.088 +0.073 +0.164 +0.176 +0.179

Au@LAO/STO LAO —0.275 —0.274 —0.251 —0.299 —0.312 —0.311
STO +0.069 +0.090 +0.086 +0.172 +0.179 +0.183
Au +0.206 +0.183 +0.165 +0.127 +0.133 +0.128
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volume and the polarization vector of the electric field of the atoms), bridge sites (on Al-O and La-0), and the hollow site of

emission, respectively. the 2 x 2 unit cell (see Fig. 2). On each adsorption site, after
performing the geometry optimization, we obtained the
3. Results and discussion adsorption energy of the Au atom on the LAO/STO interface. We
found that the most favourable adsorption site of the Au atom is
3.1. Au adsorption on LAO/STO located on the Al-O bridge. Table 1 lists the adsorption energy

The Au atom initially was placed on possible adsorption sites of ~and the bond distances from the Au atom on the Al-O bridge to
the LAO topmost layer, ie., top sites (on the O, Al, and La the nearest atom in the LAO film. The average bond distance

Table 3 The layer resolved Bader charge (e™) for the LAO/STO and Au@LAO/STO systems: (+) charge gain, (—) charge loss

LAO film thickness in unit cell

(u.c.) 1 2 3 4 5 6

LAO/STO LAO6 +0.024
LAO5 +0.016 +0.014
LAO4 —0.042 +0.014 —0.004
LAO3 +0.113 —0.013 +0.014 +0.001
LAO2 +0.135 +0.034 —0.013 —0.003 +0.014
LAO1® —0.065 -0.223 —0.220 -0.181 -0.218 —0.227
STO1* —0.020 —0.006 —0.033 —0.013 +0.005 +0.033
STO2 —0.005 +0.003 +0.004 +0.017 +0.017 +0.005
STO3 —0.009 —0.008 —0.004 +0.014 +0.031 +0.038
STO4 +0.099 +0.098 +0.106 +0.146 +0.124 +0.103

Au@LAO/STO LAO6 —-0.115
LAO5 —0.104 +0.016
LAO4 —0.132 +0.002 —0.004
LAO3 —0.083 +0.014 +0.036 +0.003
LAO2 —0.052 +0.029 —0.015 —0.014 +0.012
LAO1® —0.275 —0.221 —0.197 —0.167 —0.231 —0.222
STO1* —0.019 —0.004 —0.031 —0.008 +0.028 +0.034
STO2 —0.004 +0.003 +0.009 +0.021 +0.017 +0.009
STO3 —0.008 —0.010 —0.004 +0.015 +0.009 +0.037
STO4 +0.100 +0.101 +0.112 +0.145 +0.125 +0.102

“ The interface layers of LAO and STO were denoted as LAO1 and STO1, respectively.

-
~ T,
S e e e
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Fig. 4 The band structure and the density of states (DOS) of the LAO/STO interface: (a)—(f) corresponding to the heterointerface with the LAO
film thickness of 1 to 6 unit cells. The top of the valence band belongs to the LAO unit cell interface with the STO substrate. The Fermi level is at
OeV.
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Fig. 5 The energy bandgap of the LAO/STO slab and the energy
difference (AE) between the lowest energy level of the Au 6s band at
the I' point and the Fermi level of the Au@LAO/STO system versus the
LAO film thickness.

from the Au atom to the O and Al atoms of the LAO topmost
layer is about 2.57 A. The adsorption energy is more significant
for the LAO film thickness of 4, 5, and 6 unit cells than those of
1, 2, and 3 unit cells. Fig. 3 shows that the adsorption energy
exhibits the down-stair behaviour at the LAO film thickness of 4
unit cells, where the adsorption energy suddenly becomes more
negative by approximately 0.15 eV. We also calculated the
adsorption energy of the Au atom on the 4 x 4 unit cell of the
LAO/STO substrates to understand the tendency of the Au
coverage modification. We found that the adsorption energy of
the Au atom on the 4 x 4 unit cell becomes more negative than
that of the 2 x 2 unit cell by about 0.3 eV. Therefore, we predict
that increasing the Au coverage on the LAO/STO system
decreases the adsorption energy per Au atom.

Energy (eV)
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3.2. Electronic properties

To clarify how the Au adsorption changes the electronic prop-
erties of the LAO/STO interface, we first analyse the Bader point
charge exchange between the LAO film and the STO substrate
before and after the Au adsorption. The calculation of the Bader
point charge exchange proceeds via two steps: (1) calculation of
the point charge of the atoms in the system using the Bader
partition technique.?*° (2) Subtraction of the neutral charge of
the corresponding isolated atoms from the point charge ob-
tained in step (1). Table 2 shows that, before the Au adsorption,
the LAO film always transfers a fraction of the negative charge
(e7) to the STO substrate. This charge exchange has a more
significant value for the LAO unit thickness of =4 unit cells than
of =3 unit cells. Fig. 3 shows a correlation between the behav-
iour of the Bader charge exchange in the LAO/STO system and
the Au adsorption energy. The charge exchange increases, while
the adsorption energy becomes more negative as the LAO film
thickness approaches 4 unit cells. At this point, we can express
that the nature of the interaction between the Au atom and the
LAO/STO interface is due to the charge exchange; however, to
gain insights into the interaction, we have to analyse further the
electronic band structure and electronic density of states. The
charge loss of the LAO film is more profound in the presence of
the Au atom because the Au atom gains charge, while the charge
gain of the STO substrate slightly increases compared to that of
the clean LAO/STO system. The charge accumulation in the Au
atom somehow decreases as the LAO film thickness increases,
which is opposite to the trend of the charge gain of the STO
substrate. The layer-resolved charge for the Au@LAO/STO
system in Table 3 shows that the charge loss of the LAO film
mainly occurs at the LAO layer that interfaces with the STO

Fig. 6 The band structure and the density of states (DOS) of the Au@LAO/STO system: (a)—-(f) correspond to the heterointerface with the LAO

film thickness of 1 to 6 unit cells. The Fermi level is at 0 eV.
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substrate, while the charge gain of the STO substrate mainly attributed to the Ti 3d orbital of the STO substrate and the O 2p
focuses on the STO bottom layer. orbital of the LAO film, respectively. When the LAO film thick-

Fig. 4 shows that, for the LAO/STO interface, the bottom of ness increases, the conduction band shifts downward, while the
the conduction band and the top of the valence band are mainly valence band shifts upward. These shifts narrow the energy
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Fig.7 The orbital-projected density of states (PDOS) of the LAO/STO (left panel) and the Au@LAO/STO (right panel) systems. In figures (a), (b), (c),
and (d,) the p, and p, orbitals are identical. In figures (b) and (d), d,, and d,, are identical. The Fermi level is at 0 eV.
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band gap, i.e., the energy difference between the conduction
band minimum and the valence band maximum. Fig. 5 displays
the dependence of the band gap on the LAO film thickness. We
find that the LAO/STO heterointerface has an indirect band gap
at the I and M points in the Brillouin zone (Fig. 4) and hence
exhibits an insulating behaviour for the LAO film thickness of 1
to 3 unit cells (Fig. 5). However, for the LAO film thickness of =4
unit cells, the LAO/STO heterointerface shows a metallic
behaviour because the Ti 3d orbital state of the conduction
band and the O 2p orbital state of the valence band cross over
the Fermi level forming the 2DEG states in the valence band and
the hole states in the conduction band, respectively. The
decreasing trend of the band gap with the increase in the LAO
film thickness correlates well with the sudden increase of the
Bader charge exchange between the LAO film and the STO
substrate and hence the Au adsorption energy, see Table 2 and
Fig. 3. The transformation of the nature of the LAO/STO het-
erointerface from insulating to metallic for the critical LAO film
thickness of 4 unit cells is in good agreement with the signifi-
cant charge exchange of the LAO and STO layers and also the
previous publications.”® Therefore, we can emphasize that the
binding of the Au atom with the LAO/STO interface correlates
very well with the transition from semiconductor to metal
nature of the interface. We also have to emphasize that the
transition from semiconductor to metal at the LAO film

a) b) c)
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thickness of 4 u.c. of the clean LAO/STO system is independent
of the particular setting of the STO substrate thickness of 4
layers. In the ESI,{ Fig. S shows that the transition also occurs at
the same LAO thickness of 4 unit cells for STO layers of 6 unit
cells.

For the Au@LAO/STO system, Fig. 6 shows that the top of the
valence band is located at lower energy levels compared to that
of the clean LAO/STO slab owing to a significant charge loss of
the LAO film that reduces the electron occupancy in the valence
band. Simultaneously, the Ti 3d state of the STO substrate
remains on the trend of a downward shift because the charge
gain of the STO substrate slightly increases compared to that of
the clean LAO/STO system. The Au 5d orbital contributes to the
top of the valence band, while the Au 6s orbital mainly
distributes around the Fermi level. Therefore, a new energy
band appears in the band gap region between the conduction
and valence bands of the Au@LAO/STO substrate. The new
band trapping in the band gap region is responsible for the
formation of the new 2DEG states and the hole states below and
above the Fermi level, respectively. The new 2DEG states
enhance the electronic occupation around the Fermi level, and
hence, improve the conductivity of the Au@LAO/STO system
compared to the LAO/STO system as observed by the experi-
ment.”> We also find that the LAO film thickness increases as
the new energy band (the Au 6s orbital) moves upward to the

d) e) f)

Fig. 8 The charge density difference of the Au@(LAO),,/STO, system, (a)—(f) for the LAO film thickness of 1 to 6 unit cells. Occupied and

unoccupied states are presented in green and blue, respectively.
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conduction band of the LAO/STO substrate, thereby reducing
the 2DEG states and simultaneously enhancing the hole states
of the Au@LAO/STO system. Quantitatively, we described the
relative position of the Au 6s band to the Fermi level by calcu-
lating the energy difference AE between the Fermi level and the

| (a) jPeak:l

1uc =

(LAO),/STO,

m
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Fig. 9 The imaginary dielectric function ¢ versus wavelength 2 for (a)
(LAO),/STO4 and (b) Au@(LAO),,,/STO,4 systems m =1, 2, 3, 4,5, 6
u.c.).
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bottom energy level of the Au 6s band at the I' point. Fig. 5
shows that AE decreases monotonically, which implies that the
hole states increase while the 2DEG states decrease with the
LAO film thickness. The reduction of the 2DEG occupation state
was found to be consistent with the trend of the Au charge gain
as seen in Table 2.

We presented the orbital-projected density of states of the
LAO/STO and Au@LAO/STO systems for the most meaningful
orbitals around the Fermi level in Fig. 7. This figure shows
that the valence band maximum and the conduction band
minimum of the LAO/STO heterointerface crossing the Fermi
level as the LAO film thickness increases is due to the upshift
of the O py, p, and p, orbitals of the LAO film (Fig. 7a) and the
downshift of the Ti dy, dx;, and d,, orbitals of the STO layers
(Fig. 7b). After the Au adsorption, the O p, state of the LAO
film is broadened over the Fermi level (Fig. 7c) to establish
the interaction with the s and d,- states of the Au atom
(Fig. 7f). Besides, the Au d,» state also slightly increases
across the Fermi level as the LAO layers increases. The
changes in the presence of the Au atom generated the new
2DEG and hole states of the LAO/STO system. For the STO
substrate in Fig. 7d, we can see that the downshift of the Ti
d,y, dy;, and d,, orbitals also occurs, which is similar to that
of the clean LAO/STO system but with a faster speed across
the Fermi level.

The charge clouds of the Au atom and the O atoms in the
topmost layer show the shape of the Au s, Au d., and O p,
orbitals (Fig. 8). The charge donation and accumulation are
distributed on the topmost layer of the LAO film and the Au

Table 4 The wavelength and dielectric function at the main and additional optical peaks

LAO film thickness

1 u.c. 2 u.c. 3 u.c. 4 u.c. 5 u.c. 6 u.c.

Peak 1

LAO/STO Ep (eV) 7.97 7.96 7.97 7.98 7.59 7.98
A (nm)a 155.51 155.64 155.41 155.41 163.39 155.30
& 2.02 2.39 2.67 2.85 3.09 3.10

Au@LAO/STO Epn (eV) 7.43 7.29 8.03 7.85 7.33 7.67
)y (nm)® 166.88 170.02 154.43 157.94 169.14 161.73
& 1.91 2.17 2.51 2.79 2.95 3.09

Peak 2

LAO/STO Eps (V) 4.19 4.26 4.21 4.22 4.34 4.43
Ay (nrn)a 296.01 290.90 294.74 293.76 285.65 279.97
& 2.64 2.49 2.30 2.22 2.21 2.12

Au@LAO/STO Ep (eV) 4.19 4.26 4.22 4.29 5.10 4.38
Ay (nm)“ 295.88 291.29 293.85 290.48 283.20 283.03
&) 2.68 2.59 2.50 2.39 2.39 2.38

Additional peak

LAO/STO Eps (eV) 1.37 1.40 1.43
23 (nm)* 905.76 887.98 864.27
&3 0.06 0.10 0.12

Au@LAO/STO Eps (eV) 1.37 1.64 1.76 1.73 2.93 1.95
A3 (nm)a 906.95 757.36 705.23 716.19 642.22 636.81
&3 0.48 0.29 0.27 0.27 0.299 0.33

“ The photon wavelength 1 = hc/E,, where, E,, is the photon energy, & is Planck constant, and ¢ is the speed of light in vacuum.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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atom, respectively. This result is in good agreement with the
orbital-projected DOS in Fig. 7.

3.3. Optical properties

We studied the optical properties of the LAO/STO and Au@LAO/
STO systems via the imaginary part ¢(w) of the frequency-
dependent dielectric function in the independent particle
approximation. The imaginary part is an important parameter
of the dielectric function that evaluates the ability of a material
to absorb and emit light. The photon energy E, corresponding
to the peaks of the imaginary dielectric function was also
determined in the calculation. The photon wavelength was
obtained from the photon energy through the following formula
A = hc/E,, where h is the Planck constant and c is the speed of
light in vacuum. The imaginary dielectric function of the LAO/
STO system before and after Au adsorption is plotted in Fig. 9
and the values are listed in Table 4.

We observe that the imaginary dielectric function of the
clean LAO/STO interface shows the spectrum in the wavelength
region from 100 nm to 1000 nm. The system exhibits two
majority optical peaks at 155 nm and 290 nm in the ultraviolet
region and one minority peak in the range of 800-1000 nm. As
the number of the LAO layers increases, the intensity of Peak 1
enhances but that of Peak 2 decreases. Noticeably, the minority
peak occurs only for the LAO film thickness of 4, 5, and 6 unit
cells. The imaginary dielectric function of the Au@LAO/STO
system also has the same character as that of the clean LAO/
STO system with little difference, ie., the additional peak
occurs in the range from 600 to 1200 nm regardless of the LAO
film thickness. When the LAO thickness increases, the peak
shifts to a shorter wavelength and simultaneously decreases the
intensity. Also, the height of the additional peak for the
Au@LAO/STO system is significantly higher than that for the
clean LAO/STO system. We found that the minority peaks in the
dielectric function of the clean LAO/STO and Au@LAO/STO
systems are consistent with the existence of the hole states in
the electronic band structures, as shown in Fig. 4 and 6.

4. Conclusions

Two main optical peaks of the clean LAO/STO and Au@LAO/
STO systems occur around 160 and 290 nm, respectively.
Besides, there is a minority peak around 900 nm for the clean
LAO/STO system for the LAO film thickness of =4 unit cells and
in the range of 700-1200 nm for the Au@LAO/STO system
regardless of the LAO film thickness. The additional optical
peak emerges because of the existence of hole states, which are
associated with the transition from semiconductor to metal of
the clean LAO/STO substrate at the critical LAO film thickness
of 4 unit cells, and the significant enhancement of the hole
states in the presence of the Au adsorption. The charge
exchange between Au and LAO explained the interaction of the
Au atom and the LAO/STO substrate. Finally, the O p, orbitals of
the LAO film and the Au 6s and d,> orbitals dominated the
interaction. It is well-known that the GGA-PBE approximation
often underestimates the energy band gap and therefore
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influences the accuracy of the optical properties. The HSE
functional and GW approximation can improve the accuracy of
the energy band gap calculations. The current work only per-
formed the GGA-PBE approximation. However, we could
capture the tendency of the optical peak modifications after the
change of the LAO film thickness and the physics of the Au
adsorption.
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