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Reconstruction of electrostatic field at the interface leads to formation of two-dimensional electron
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Yin-Long Han,""" Yue-Wen Fang,>" Zhen-Zhong Yang,*" Cheng-Jian Li,' Lin He,' Sheng-Chun Shen,'! Zhong-Zhong Luo,'
Guo-Liang Qu,' Chang-Min Xiong,' Rui-Fen Dou,' Xiao Wei,* ! Lin Gu,>>*f Chun-Gang Duan,?* and Jia-Cai Nie'-!
' Department of Physics, Beijing Normal University, Beijing 100875, People’s Republic of China
2Key Laboratory of Polar Materials and Devices, Ministry of Education, East China Normal University,
Shanghai 200062, People’s Republic of China

3Laboratory for Advanced Materials & electron Microscopy, Beijing National Laboratory for Condensed Matter Physics,

Institute of Physics, Chinese Academy of Sciences, Beijing 100190, People’s Republic of China
*Department of Materials Science and Engineering, Zhejiang University, Hangzhou 310027, People’s Republic of China

3Collaborative Innovation Center of Quantum Matter, Beijing 100190, People’s Republic of China
(Received 20 January 2014; revised manuscript received 5 June 2015; published 15 September 2015)

The interfacial atomic arrangement, which is different from that in the bulk form of the heterojunction, can
induce a reconstruction of electrostatic field at the interface. For conventional semiconductor heterointerfaces, it
is known that such reconstruction results in band bending, creating a quantum well in which the two-dimensional
electron gas (2DEG) is formed. In this article, we show that this mechanism still works in a multivalent oxide
heterojunction: for (110) LaAlO5/StTiO; (LAO/STO) heterojunctions, the coexistence of La and Ti in ABO;
perovskite unit cells at the interface reduces the valence of Ti, generating a local field leading to band bending in
the interfacial STO layers. The extra free electrons are trapped in this bent conduction band forming a 2DEG. It
unifies two independent mechanisms for 2DEG at LAO/STO interfaces, the “polar catastrophe” model and the
“La;_, Sr, TiO5” layers model, and is expected to end the decade-old controversy. This study opens insight into
atomic-scale band engineering to control the behavior of complex oxide heterojunctions.
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I. INTRODUCTION

The ability to grow atomic-scale perovskite oxide het-
erostructures has led to tremendous exciting findings in
the past decades [1,2]. In particular, the discovery of
highly conductive quasi-two-dimensional electron gas (2DEG)
formed at the interface between two insulating oxides, i.e.,
(001) LaAlO3/SrTiO; (LAO/STO) [3], has attracted much
attention [4-21]. It is one of the most important emergent
phenomena at oxide interfaces, and could have potential
device applications [1,10]. Novel quantum states, such as 2D
superconductivity [11-13], ferromagnetism [14—18], and their
coexistence [19-21], are also observed at this interface.

Despite having been extensively studied for almost ten
years, the origin of the 2DEG at (001) LAO/STO interfaces is
still under debate [4,22—27]. So far the mechanisms are divided
into mainly three schools. (I) The most popular mechanism is
the polar catastrophe model [3,4]. In order to avoid divergence
of the electrostatic potential induced by polar discontinuity
at the (LaO)*/(TiO,)° interface, at a critical thickness (z,) of
4 monolayer (ML) of LAO [5,22,28-30], half an electron is
transferred from LAO to the interface to form the 2DEG, so
that Ti** appears and the accumulated electric field in LAO is
eliminated. However, within ., the predicted electric field was
not found [29,31,32], and unexpected Ti** signals appeared
instead [31,33,34]. Beyond ¢, a built-in field across LAO still
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exists [25]. Moreover, recent experiments indicate that even
at (110) LAO/STO interfaces, where both LAO and STO
stacking have the sequence (ABO)**/(02)*~ avoiding any
polar discontinuity in the ionic limit [35,36], unexpectedly
high mobility metallic conductivity was found [36,37]. Soon,
the 2D superconductivity at (110) LAO/STO interfaces was
also reported [38,39]. These observations place the most
popular mechanism in doubt. (IT) “La; _, Sr, TiO3” intermixing
layers, observed at the (001) LAO/STO interfaces in many
studies [24,40-43], were also used to explain the conductivity
based only on the fact that the La;_,Sr, TiO3 bulk is metallic
between x = 0.05 and 0.95 [44,45], but the microscopic
physical nature of this La;_, Sr, TiO3 intermixing layer is still
unclear and little attention has been paid to this mechanism
until now. (IIT) Oxygen vacancies in STO indeed can contribute
extra carriers [23,27,46,47] but may be not the underlying
origin, because the conductivity still remains for the postan-
nealed samples [27], and the p-type [(001) LAO/SrO-STO]
interfaces would be conductive if oxygen vacancies were
the mechanism [3]. To sum up, the biggest controversies
mainly focus on the former two mechanisms, which have been
considered to be independent or even mutually exclusive ones
and debated for almost ten years. So what exactly is the key to
forming 2DEG at LAO/STO interfaces?

As mentioned above, if the most widely accepted “polar
catastrophe” mechanism works, the (110) LAO/STO interfaces
should not be conductive but the fact is just the opposite. So
it is very important to deeply investigate the (110) LAO/STO
interfaces and to figure out the mechanism of the quasi-2DEG
of this interface which is expected to provide fruitful physics
to understand the origin of the 2DEG at (001) LAO/STO
interfaces. Nevertheless there has been little attention paid
to this theme until now. For conventional semiconductor
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heterojunctions, the 2DEG is generated at a potential well
created by band bending due to the presence of an electrostatic
field at the interfaces. In this article, we performed combined
studies of x-ray photoelectron spectroscopy (XPS), high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM), atomic-resolution electron energy loss
spectroscopy (EELS), and density functional theory (DFT)
calculations to investigate the band alignment and interfacial
atomic structure of (110) LAO/STO interfaces. Based on these
results, we show that the scenario accounting for a 2DEG at
conventional semiconductor heterointerfaces still works here.
The coexistence of La and Ti at the interface and the resultant
band bending in STO should be key to forming 2DEG at
LAO/STO interfaces.

II. EXPERIMENTS AND RESULTS

A. Sample preparation and basic characterization

The as-received (110) STO substrates were treated at
1050 °C for 2 h under oxygen atmosphere [48], atomically flat
(110) STO surfaces were obtained [Fig. 1(a)]. The substrate
was heated from room temperature to 750 °C in 0.1 mbar of
0,, then the LAO layer was grown in 10~* mbar mbar of O, by
pulse laser deposition (PLD). The laser pulses were supplied
by a KrF excimer sources (A = 248 nm) with an energy density
of 1.5 J/cm? and a frequency of 1 Hz. After deposition, every
sample was cooled down in oxygen rich atmosphere to reduce
the formation of oxygen vacancies [33,36,49]: Py, = 0.3 mbar
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mbar from 750 °C to 600 °C and Py, = 200 mbar from 600 °C
to room temperature, with a dwell time of 1 h at 400 °C.
After deposited LAO film the atomically flat terraces were
preserved perfectly as shown in Fig. 1(b). The typical XRD
patterns of the (110) LAO/STO heterojunctions are show in
Fig. 1(d). The two higher sharp peaks are the (110) and (220)
orientation peaks of the single crystal STO substrate. LAO
and STO are perovskite structure and have very similar lattice
constant, so their (//0) XRD peaks are very close. Itis very hard
to get independent and clear (//0) peaks of LAO on (110) STO
substrate. But we can see clearly there are two sharp shoulders
beside the main peaks of the (110) STO substrate, which
correspond to the epitaxial LAO (110) and (220) XRD peaks.
The detailed data of LAO (110) is shown in Fig. 1(e); clear
Laue oscillations indicate that our LAO film has high lattice
perfection and smooth interface. There are no other peaks
except (/I0) ones on the XRD data, confirming that we get
single phase (1/0) LAO epitaxial film on (110) STO substrate.
The x-ray reflectivity (XRR) data of a sample with 5000
laser pulses is shown in Fig. 1(c). We used REFSIM software to
simulate the XRR data. The simulation (red curve) corresponds
to a LAO thickness of 22.632 nm. We can also get the thickness
from the Laue oscillations [Fig. 1(e)]; the result is about
21.036 nm. The average value of the two results is 21.834
nm. So the growth rate is estimated to be about 1 monolayer
per 60 laser pulses. The LAO layer thickness was determined
by the number of laser shots and the calibrated growth rate.
The measurement of the sheet resistance of the samples
was performed by using eight-contact arrangement in Hall
geometry on the samples shown in the inset of Fig. 2(a).
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FIG. 1. (Color online) (a) and (b) Representative topographic AFM images of a treated STO substrate and a § ML LAO thin film on the
same substrate. (c) X-ray reflectivity data of a LAO thin film, with a thickness of 22.632 nm determined by simulation of the measured data.
(d) XRD patterns of the same sample in (c). (¢) Enlarged view of the red-box-enclosed part of (c); clear Laue oscillations are indicated by the

arrows.
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FIG. 2. (Color online) (a) Temperature dependence of the sheet resistance. The inset shows the eight contacts arranged in Hall geometry
on the sample. (b) Sheet conductance plotted as a function of the LAO overlayer thickness.

The contacts were formed by using 25-micrometer-diameter
Al wires wedge bonding directly connected to the sample
interfaces. A typical temperature dependence of the sheet
resistance of a sample with 5 ML LAO overlayers is shown in
Fig. 2(a). Clear metalliclike behavior is observed. An insulator
to metal transition clearly shown in Fig. 2(b) indicates that all
samples have metallic conduction when the LAO thickness
is more than three ML. The sheet resistance, the estimated
carrier density, and mobility at both room temperature and
low temperature of our samples (data not shown) are basically
consistent with the former reports of the (110) LAO/STO
interfaces [36-39].

B. Band bending and band alignment

The samples were immediately transferred to the XPS
chamber after deposition, and no surface treatment was
performed prior to measurement. The XPS data were obtained
using an ESCA Lab250 electron spectrometer (Thermo Scien-
tific Corporation) with monochromatic 150 W Al K« (hv =
1486.6 eV) radiation as the x-ray source; the ultimate energy
resolution is 0.45 eV. The base pressure was about 10~ mbar,
and the measurements were done at room temperature. The
XPS spectra were collected at normal emission to the surface
of the samples. A negative 4 V bias was applied to the sample to
overcome the work function of the analyzer. The charge effect
was stable for a certain sample by using a two guns system,
a low-energy electron gun and a low-energy ion flood gun, to
compensate the extra charge during the measurements. The
XPS data were processed using Thermo Avantage software.
All core level peaks were fitted using a smart background
and Gauss-Lorentz mix line shapes. We reference all binding
energy relative to the Fermi level (Efr) and all the binding
energy below the Ef is positive. The binding energy of each
sample was referenced to the C s line at 284.8 eV.

Band bending of the heterojunction can be determined
quantitatively by the core level shift with changing the
overlayer thickness [49]. Here we use Ti 2p3,> and Al12p core
level shift to determine the band bending in STO and LAO
of (110) LAO/STO heterojunctions, respectively, by changing
the LAO overlayer from 0 ML to 18 ML. The 0 ML sample was
a bare (110) STO substrate which was transported into PLD

chamber, exposed to the condition of the growth process, being
maintained for 10 min without LAO deposition. Figure 3(a)
presents Ti 2p3,, and Al2p core level spectra as a function
of LAO film thickness which indicates that Ti 2p;/, shifts
to higher binding energy while Al2p shifts to the lower as
the LAO thickens from 0 ML to 18 ML. The quantitative
results of core level shift are shown in Fig. 3(b). The Ti 2p3»
peak shifts upward from 0 ML to ~4 ML, then saturates at
about 7—10ML, and, surprisingly, moves upward again over
~10ML. Explanation of this upward-tail phenomenon can
be found in Appendix A. The final shift of Ti 2p3,, is about
0.5 £ 0.03 eV. Therefore, there is downward band bending of
about 0.5 £0.03 eV at STO side toward the interface. The
Al 2p core level shifts downward about 0.77 4= 0.03 eV, from
0.95£0.02eVt00.18 £ 0.02eV [Fig. 3(b)], with an increase
of the LAO overlayer thickness, and the final shift is about
0.95 £ 0.07 eV in reference to that of bulk LAO. So the LAO
band also bends downward toward the interface.

The valence band offset (VBO) of heterojunction can be
determined by using a pair of core levels from substrate
and thin film, respectively [31]. We use the Ti 2p3,, in STO
substrate and the Al2p in LAO overlayer to determine the
VBO of samples with different LAO overlayer thickness
(for details, see Appendix B). The VBO value [Fig. 3(c)] is
about —0.68 £ 0.15 eV for 1 ML sample, increases to positive
more than 4 ML, then slowly rises to about 0.6 +0.15eV
at 18 ML. Combining with the above band bending analysis,
a band alignment of the (110) LAO/STO heterojunctions is
shown in Fig. 3(d). The band alignment well explains the
critical thickness for appearance of the metallic states at (110)
LAO/STO interfaces: the STO band bends more as LAO
thickens, metallic conduction appears when Fermi level Er
is located inside the conduction band of the STO with LAO
thickness over 3 ML.

The downward bent conduction band of STO [circled
by red dashed line in Fig. 3(d)] due to downward band
bending at (110) LAO/STO interfaces is very similar to
that of (001) LaO/TiO,-STO interfaces but is absent for
(001) LAO/SrO-STO interfaces according to the study of
Yoshimatsu [49]. The downward bent conduction band is
a potential well for electrons. Its existence for both (110)
LAO/STO and (001) LaO/TiO,-STO interfaces indicates that
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FIG. 3. (Color online) Band alignment of (110) LAO/STO based on band bending and valence band offset. (a) Ti2p and Al2p core level
spectra of (110) LAO/STO vs LAO thickness. (b) Core level shift of Ti 2 p3,, and Al2p as a function of the LAO overlayer thickness. Ti2p;3,,
energy values were subtracted by that of 0 ML sample, single crystal substrate. Al2p energy values were subtracted by that of bulk (30 nm)
LAO sample. (c) Valence band offset with different LAO overlayer thickness. Dashed lines in (b) and (c) are guides to the eye. (d) The detailed
band alignment of (110) LAO/STO interfaces deduced from results of (b) and (c).

extra free electrons would be trapped inside the quantum well
to form a 2DEG. That the observed band is almost flat or bent
a little bit upward in (001) LAO/SrO-STO interfaces [49],
explains the absence of a 2DEG.

There may be some carriers induced by x ray during the
measurements which should not only flatten the potential
buildup in the LAO overlayer, but should also reduce the
band bending or confining potential for the carriers in the
STO substrate. Slooten et al. [50] had tried to deal with this
photon doping problem of the x ray. While they concluded that
a black or white proof on the issue of the possible effect of
photodoping is not possible at this stage. As they said in their
study, the band bending and the band alignment determined by
the ML-by-ML XPS measurements are to be taken seriously
here.

C. Interfacial atomic structure

Next, HAADF-STEM and atomic-resolution EELS in-
vestigations to examine the interfacial atomic structure of
(110) LAO/STO heterojunctions were made. The STEM
cross-sectional sample was prepared by conventional TEM
sample preparing method. First, thinning and polishing the
both sides of bonded sample by SiC and diamond waterproof
papers. Then the thinned and polished sample was dimpled
to submicron to several micrometers. At last, ion milling was
carried out to make the sample satisfy the requirement for
STEM observing. During the ion milling process, the cold
stage and relatively low energy ion beam were used to prevent
atomic diffusion process. Within the STEM technique, the
contrast of the HAADF image exhibits an approximately
Z'7 dependency, where Z represents the atomic number.
Therefore, the interface of LAO/STO (marked by green
arrows) can be clearly seen in HAADF image [Fig. 4(a)]
because of the big difference of Z numbers between La,

Sr, and Ti. It can be seen the boundary of LAO/STO is in
order and dislocation free, which means that the epitaxial
LAO/STO film has a relative high quality. While, in Fig. 4(a),
the coexistence of La and Ti in ABOs unite cells at the
interface can be observed by the image contrast, where the
brighter, the bright, and the blue spots represent La, Sr, and
Ti atoms, respectively; moreover, we can clearly observe
obvious transition layers (marked by asterisks) from the line
profile [Fig. 4(c)]. This coexistence is also further confirmed
by atomic resolution EELS line scanning results [Figs. 4(d)
and 4(e)]. More precisely, it can be seen that the coexistence
extends into STO for at least 2 ML [Fig. 4(g)].

Intensity vs lateral position [Fig. 4(h)] also supports the
above conclusions. The layer 1 and layer 5 are LAO and STO,
respectively. The intensity of layer 2 being almost the same to
that of layer 1 indicates that this layer is LAO, while that of
layer 3 decreasing obviously but being much stronger than that
of layer 5 indicates that the La atoms occupy the Sr sites in the
first layer of STO substrate forming the coexistence of La and
Ti in ABO; unit cells at the interface. The intensity of layer
4 being still stronger than that of layer 5 also proves that the
coexistence extended into STO substrate for at least 2 ML. The
intensity curves also indicate that the coexistence of La and Ti
at the right part of the image is more and extends deeper into
STO than that of the left part. This shows the coexistence is
not uniform at the interface which is the reality of the situation
and does not impact the conclusions.

Actually, to our surprise, the intrinsic coexistence (i.e.,
sharp interface) of La and Ti in a form of a LaTiO; (LTO)ML
exists naturally at the conductive (001) LaO/TiO,-STO in-
terfaces [labeled by a red dashed ellipse in Fig. 6(g)], but
is absent at (001) LAO/SrO-STO insulator interfaces. So,
does the coexistence of La and Ti at the interface induce the
downward band bending and further induced the 2DEG at
LAO/STO interfaces?
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FIG. 4. (Color online) Atomic structure of (110) LAO/STO heterojuntions. (a) HAADF-STEM image of (110) LAO/STO heterojunction
with an intensity scale bar left. Spherical aberration-corrected JEM-ARM200F (S)TEM is used in this observation. (b) and (f) Enlarged view
of uncolored LAO and STO corresponding to the red and yellow dashed box areas, respectively, in (a). (¢) Line profile corresponding to the
yellow box area in (a). Atomic resolution EELS line scanning spectra of Ti L, 3 (d) and La M, s (e) taken from the red box area perpendicular
to the interface in (a). (g) Enlarged view of the red dashed box area in (e). The interface is indicated by the green arrows in (a) and dotted line
in (¢), (d), (e), and (g). White arrows mark atomic layers. (h) The intensity vs lateral position of the layers marked by numbers in (a). The data
scale bars of the intensity (y axis) of the five layers are the same. The black dashed lines indicate the values of the intensity of Sr atoms of layer

5in STO.

D. Density functional calculations

To answer this, we performed DFT calculations of
electronic structure on both a sharp (110) LAO/STO
supercell [Fig. 5(a)] and a (110) LaAlO3/LaTiO3-SrTiO;
(LAO/LTO-STO) supercell [Fig. 5(b)] in which Sr atoms in
the top layer of STO are completely substituted by La atoms.
In the DFT calculation, the exchange-correlation potential is
treated in local density approximation (LDA) and the projected
augmented wave method is used with a plane wave basis set
as implemented in the Vienna Ab initio Simulation Package
(VASP) [51]. A kinetic energy cutoff is set to be 500 eV for
the plane wave basis and the Brillouin zone integration is
carried out using Monkhorst-Pack grid of 12x8x2 k points in
combination with the tetrahedron method. The LDA optimized
bulk lattice constants are 3.874 and 3.742 A for the STO and
the LAO bulk, respectively, which are slightly underestimated
with respect to their experimental values (3.905 and 3.789 A).
For the optimization, we fix the in-plane lattice constant of
supercell at the relaxed lattice constant of STO bulk, namely
3.874 A, and then perform relaxation of all the coordinates
of atomic positions along the ¢ direction perpendicular to the
interface until the Hellmann-Feynman forces on each atom are
less than 2 meV/A. The mechanical interface stability of both
supercells is estimated by calculating their work of separa-
tion [52,53]. The results, 8.98 J/m? for sharp (110) LAO/STO
and 9.36J/m? for (110) LAO/LTO-STO, clearly show the

structure is energetically in favor of a (110) LAO/LTO-STO
supercell, which supports the observed coexistence of La and
Ti in our STEM and EELS observations (Fig. 4).

The layer projected density of states is presented in Fig. 5.
A perfect (110) LAO/STO supercell is an insulator and
the band is flat [Fig. 5(a)]. For a (110) LAO/LTO-STO
supercell, however, the band bends downward toward the
interface at both sides of the interface with the Ep located
inside the conduction band of STO which indicates that
metallic conductivity appears [Fig. 5(b)]. In addition, results
for a (110) LaAlO3/Lag 5SrysTiO3-SrTiO3 supercell whose
interfacial Sr atoms are partially replaced by La also suggest
band bending of STO (data not shown) though it is not as
remarkable as that in Fig. 5(b), hinting that the concentration
of La ion acts as an extraordinary role in forming of the
band bending. Surface x-ray diffraction results by Willmott
et al. [24] indicate that La;_, Sr, TiO3 intermixing layers exist
at the (001) LaO/TiO,-STO interface. According to their DFT
calculation, there is a flat or a slightly upward bent band in
STO for (001) LAO/SrO-STO interfaces, while a downward
band bending at the STO side for both sharp and intermixed
(001) LaO/TiO,-STO interfaces is shown in Fig. 4 of Ref. [24].

According to the DFT calculation results, we can conclude
that the coexistence of La and Ti at the interface indeed induce
a downward bent conduction band of STO, form a potential
well, and then free electrons are trapped to form 2DEG.
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FIG. 5. (Color online) Comparison of layer projected density of states. (a) and (b) Layer projected density of states for perfect (110)
LAO/STO and (110) LAO/LTO-STO supercells, respectively. Zero is the reference for the Fermi level. The atomic models are shown in the

right.

E. Reconstruction of the electrostatic field

Why does the coexistence of La and Ti at the interface
induce the downward bent band in STO? This is explained
by an electrostatic model. Ti is a multivalent element whose
valence is +4 in STO but +3 in LTO. So the La substitution for
Srin a STO unit cell could release electrons to Ti to reduce its
valence, which is supported by Ohtomo et al. [54], Okamoto

(@)

et al. [55], and Jang et al. [56]. The change of the valence of
Ti can induce a reconstruction of the electrostatic field at the
interface. We assume that the valence of Ti would decrease
from +4 to 43 in proportion to the ratio of La/Sr surrounding
the Ti-O octahedron as shown in Fig. 6(a). According to
this simple assumption, for the specific (110) LAO/LTO-STO
interface, as shown in Fig. 6(d), the valence of Ti decreases
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FIG. 6. (Color online) Electrostatic models of band bending in STO of both (001) and (110) LAO/STO interfaces. (a) The valence of Ti will
decrease from +4 to +3 in proportion to the ratio of La/Sr surrounding the Ti-O octahedron. (b) Left: charge density difference of interfacial
titanium atoms. Right: detailed view of the Ti L, 5 edges for the Ti site at the interface layer of our (110) LAO/STO sample. (d) and (g) are for
(110) LAO/LTO-STO and sharp (001) LAO/STO, respectively, where the intrinsic coexistence of La and Ti exists. (c) and (f) are the situation
considering the diffusion of the electrons based on (d) and (g). (e) and (h) are the results after inserting two layers of La;_,Sr,TiOs in (d)
and (g), corresponding to the extrinsic coexistence of La and Ti. We calculated the values of static field and potential energy by assuming an
infinite plane-parallel capacitor structure of atomic layers. «, B, ¥, and n are constants deduced by calculation (see Appendix E for details).

The valences of La, Al, O, and Sr are not marked out.
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because of the coexistence of La and Ti in an ABO3 unit cell,
and then the net charge (p) changes. Thus it induces a local
asymmetric electric field (E) which leads to a decrease of the
potential energy (eV) toward the interface, giving downward
band bending of STO as the red dashed lines show. Sharp (001)
LAO/STO interfaces, where the intrinsic coexistence of La and
Ti exists, has similar results [Fig. 6(g)]. We define the coexis-
tence of La and Ti at the specific (110) interface [Fig. 5(b)] as
intrinsic coexistence [57]. Thus intrinsic coexistence of La and
Ti at the interface induces the downward band bending for both
(001) and (110) LAO/STO heterojunctions. But the region of
the bending is narrow. Actually, electrons supplied by the La
occupation of the Sr sites would diffuse away from the interface
into inner STO layers; consequently, the valence of Ti lying
further away from La would also decrease. This is supported
by Ohtomo et al. [54] and Jang et al. [56]. Assuming the
electrons diffuse into STO with an attenuation function similar
to that of Ref. [54], the region of band bending obviously
enlarges [Figs. 6(c) and 6(f)]. On the other hand, the extrinsic
coexistence of La and Ti due to La diffusion which may occur
during fabrication of the heterojunctions [24,41], e.g., inserting
two layers of La;_, Sr, TiO3 under the interface, also enlarges
the region, as shown in Figs. 6(e) and 6(h) (no electronic
diffusion). If both of these two factors act together, the region
of band bending would be enlarged more. That is why the ob-
served width of band bending of the (110) LAO/STO samples,
2—4 nm [shown in Fig. 3(d), and see Appendix C for method;
this confinement scale is comparable to that of (001) LAO/STO
interfaces according to the systematic calculation [58] and
many experiments [4,33,59]], is larger than that schematically
shown in Fig. 6(c) [intrinsic coexistence (electronic diffusion)]
and Fig. 6(e) [intrinsic and extrinsic coexistence (atomic
diffusion)], ~1.1 nm [~4 ML of (110) STO]. Thus this
electrostatic model well explains, for both (001) and (110)
LAO/STO heterojunctions, why the coexistence of La and Ti
at the interface, whether intrinsic coexistence alone or together
with extrinsic coexistence, indeed can induce downward band
bending in STO.

The detailed EELS of TiL,3 shows that there is Ti**
[marked by blue arrows in Fig. 6(b), right] at our (110)
LAO/STO interfaces. The charge density difference [Fig. 6(b),
left], acquired by subtracting the charge density of the
interfacial STO layer [Fig. 5(a)] from that of the interfacial
LTO layer [Fig. 5(b)], indicates an increase of Ti charge density
and a consequent decrease of the valence of Ti. Furthermore,
by analyzing the Bader charges [60,61] of interfacial atoms in
perfect (110) LAO/STO and (110) LAO/LTO-STO supercells
contrastively, we find that the Bader charges of Ti increase from
1.3573 to 1.3802, while those of La decrease from 8.9506 to
8.9404. This charge transfer behavior unambiguously indicates
that there exists mixed valence of 43 and +4 in Ti due to the
coexistence of La and Ti. Several experimental studies (see,
e.g., Refs. [4] and [33]) also have shown that Ti3t exists at
(001) LaO/TiO,-STO interfaces. All these results indicate that
a reconstruction of the electrostatic field indeed occurs at both
(001) and (110) LAO/STO interfaces. The calculated values
of band bending according to Fig. 6 are about 0.337 eV and
0.52 eV for (001) and (110), respectively, which agree well
with those of the experimental values [0.25 eV for (001) in
Ref. [49] and 0.5 eV for (110) as shown in Fig. 3(d)]. These
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results all confirm that our model is reasonable and suitable.
The band bending of LAO [for (110) LAO/STO interfaces,
see our XPS and DFT results as shown in Figs. 3(d) and 5(b);
for (001) LAO/STO interfaces, Guneeta et al. reported that
there is electric field across LAO which must generates band
bending of LAO [25]] could also be well explained by the
above electrostatic model (see Appendix D).

III. DISCUSSION

Based on our results of the band alignment, the interfacial
atomic structure, the DFT calculations and the electrostatic
models at (110) LAO/STO interfaces, we propose the under-
standing of the basis to 2DEG at (110) LAO/STO interface: the
intrinsic coexistence alone or together with the extrinsic coex-
istence of La and Ti in ABOj3 perovskite unit cells at the inter-
face, reduces the valence of Ti, and then generates a local elec-
tric field on the STO side, and further results in downward band
bending of STO. The extra free carriers, basically from the
coexistence of La and Ti or from oxygen vacancies or other de-
fects, would be trapped in the bent STO band forming a 2DEG.
So the coexistence of La and Ti at the interface and the resultant
downward bent conduction band of STO should be the key to
the formation of 2DEG at LAO/STO interfaces. According to
former results of the (001) LAO/STO interfaces mentioned
in Secs. II B to IIE, this understanding of the basis to 2DEG
should be also suitable for (001) LAO/STO interfaces.

Polar catastrophe model, the most popular mechanism,
claims that when the LAO thickness is greater than #., driven by
alarge accumulated electric field in LAO, the electrons transfer
from LAO to STO to cause electronic reconstruction. However,
this has been challenged by many studies [25,29,31-34]. In
our understanding, the electron transfer takes place once La
is close to Ti, not driven by the accumulated electric field.
Therefore, within 7., Ti*t will appear and the accumulated
large electric field in LAO cannot exist. So the challenges
faced by polar catastrophe model are solved. Within the
La;_,Sr, TiO; intermixing model, it had not been clearly
noticed before that the La;_,Sr, TiO3 intermixing layer has
any relationship with electron transfer and the band bending
of STO. Here we clearly demonstrate that the La;_,Sr, TiO3
intermixing also stimulates electrons transfer resulting in
electronic reconstruction and causes the band bending in
STO for both (110) and (001) LAO/STO heterojunctions.
This should be the microscopic role of the La;_,Sr,TiO3
intermixing layers.

Moreover, from the point of interfacial atomic structure,
the polar catastrophe model and the La; _, Sr, TiO3 intermixing
model correspond to the situations of the intrinsic and extrinsic
coexistence of La and Ti, respectively, and the physical
nature of both models is the electronic reconstruction resulted
by charge transfer from La atoms to Ti atoms due to the
coexistence of La and Ti at interface. So the two seemingly
independent or even mutually exclusive mechanisms are
unified in our understanding. In addition, the extra free
electrons supplied by the oxygen vacancies may also be
trapped in the quantum well resulted by the coexistence of La
and Ti to participate in transport. From this point, the oxygen
vacancies model could also be merged into the framework of
our understanding.
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Reference [37] first proposed a mechanism analogous to the
“polar catastrophe” model based on ideal buckled LaO/TiO,
layers at the (110) LAO/STO interfaces. It only corresponds
to the situation of intrinsic coexistence in our understanding
and does not consider the reality that the coexistence of La and
Ti extends into STO for at least 2 ML, which both they and
we observed. While we give comprehensive understanding of
(110) LAO/STO interfaces and can also well explain the results
of (001) LAO/STO interfaces that the atomic intermixing
also may play a role for the conductivity: Willmott et al.
reported that there are several La;_,Sr,TiO; intermixing
layers at (001) LAO/STO interfaces and the band bending
by their DFT calculations is enhanced for the intermixing
model [24]; Yamamoto et al. compared n-type and p-type
(001) LAO/STO interfaces and found that n-type interface
has deeper intermixing, a large polarized region, and distinct
degrees of band bending [43].

IV. CONCLUSIONS

In conclusion, the coexistence of La and Ti at the interface
and the resultant downward bent conduction band of STO
should be the key to the formation of 2DEG at LAO/STO in-
terfaces. Furthermore, in essence, the electronic reconstruction
due to the coexistence of La and Ti at the LAO/STO interface
is because of the difference between the valence of La and that
of Sr. So if La were replaced by other elements whose valence
is different from that of Sr, electronic reconstruction and the
resultant physics would be also expected in other STO based
heterojunctions [56]. It highlights that precisely controlling the
interfacial atomic arrangement can tune the band alignment
and stimulate physics in multivalent oxide heterojunctions.
Although complex oxides always are strongly correlated
systems, as semiconductor concepts achieve maturity, much
of the same phenomenology can be borrowed to offer more
degrees of freedom for exploration [25]. This work paves
broad avenues of atomic-scale engineering to tailor fascinating
behaviors of complex oxide heterojunctions and to design
oxide electronic devices.
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APPENDIX A: EXPLANATION OF
UPWARD-TAIL PHENOMENON

Here, we give a pretty convincing explanation [as illustrated
in Fig. 7(a)] of this upward-tail phenomenon: assuming the
STO band bends downward with increasing LAO thickness,
and saturates for LAO more than 6 ML. The detected core level
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(b)

Intexface

FIG. 7. (Color online) Band bending determined by core level
shift. (a) and (b) The corresponding relationship between the band
bending and the shift of the detected core level binding energy
(DCLBE) in STO and LAO. The blue dashed lines and the shaded
areas show the XPS investigation depth in heterojunction and in STO,
respectively. It is obvious that the XPS investigation depth in STO
shallows as LAO thickens. The black lines represent the valence
band, whose bending has the same direction and value with that of
core levels. The red dashed lines mark the positions of the DCLBE in
the heterojunction determined by XPS measurements, which actually
are average values of all core levels in the whole detecting depth. The
core level shift (y axis) of DCLBE is subtracted by that in bulk STO
or LAO.

binding energy (DCLBE) by XPS, however, is an average value
of all core levels in the whole detecting depth. So it will shift
upward within 6 ML. Between 6 to 10 ML, the band bending
of STO does not change, and XPS can penetrate and detect the
whole bending region of STO, so the DCLBE nearly saturates.
Nonetheless, more than 10 ML, the XPS investigation depth
in STO becomes thinner; the DCLBE of the STO near the
interface will shift upward again although the band bending
is unchanged. Based on this clarification, if the measurement
was stopped at the saturation [49], the obtained shift should be
smaller than the actual value. So we should perform the mea-
surement by increasing the LAO overlayer thickness until the
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FIG. 8. (Color online) Core level energy differences. Core level
energy differences of (Etizp32 — Eaizp)uy for (110) LAO/STO
heterojunctions with different LAO thicknesses. The dashed lines
are guides to the eye. It indicates that the LAO core level shifts about
1.2 £ 0.03 eV toward higher energy relative to those of STO.
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FIG. 9. (Color online) Explanation of band bending of LAO for the extrinsic coexistence of La and Ti. (a) After amending the model in
the main text a little, the valence of Ti would decrease from +4 to +3.04 in proportion to the ratio of La/Sr surrounding the Ti-O octahedron.
(b) and (c) The asymmetric electric field in LAO induces an increase of the electrostatic potential energy away from the interface, and further
causes band bending of LAO in both (110) and (001) interfaces. The LAO overlayer is 6 ML. (d) and (e) For more thick LAO overlayer in
(110) and (001) interfaces, La vacancies can make the increased potential energy converge to a stable state. The valences of La, Al, O, and Sr

are not marked out.

STO core level cannot be detected and the band bending should
be determined by the end of the upward tail after the saturation.

APPENDIX B: VALENCE BAND OFFSET

We choose the Ti2p;/, in STO substrate and the Al2p
in LAO overlayer to determine the VBO of samples with
different LAO overlayer thickness. The VBO (AEy) can be
obtained from the following equation:

AES™ = (Eazp — Ev)iao — (Etizps2 — Ev)sto
+ (ETi2p32 — Earzplus, BD

where (EA12p — EV)LAO and (ETi 2p3/2 — EV)STO are the LAO
and STO bulk constants, which represent the energy differ-

ences between core level (Ti2ps3/, Al2p) and valence band
maximum (VBM, Ev) in LAO or STO. (ET12p3/2 — EAlgp)HJ
is core level energy difference measured from (110) LAO/STO
heterojunction (Fig. 8). All the above values are the energy dif-
ference, so they were not affected by the residual charge effect.

The calculated VBO [see Fig. 3(c) in the main text] changes
from negative to positive as LAO thickens. Based on this,
the discrepancies of reported VBO of (001) LAO/STO in the
literatures (e.g., 0.25 eV by Yoshimatsu et al. [49], zero or
positive by Chambers et al. [41], negative by Drera et al. [62])
can be well explained.

Negative VBO signifies the VBM of LAO is more deeply
bound than that of STO and the positive VBO is opposite.
So the change of VBO from negative to positive indicates
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that the VBM of LAO goes up in reference to that of STO
away from the interface with increasing LAO thickness. The
VBM value of STO, 3.00 £ 0.1 eV, was determined by using
0.7 wt.% Nb doped (110) STO substrates with a standard linear
extrapolation of the leading edges of valence spectra to the base
line [63,64]. It was well consistent with the value reported
in Ref. [49] and the Nb-doped STO had also been used to
determine the VBM of STO in Ref. [41]. The VBM of LAO
can be determined to be about 2.73 eV from the data shown in
Fig. 3(d) in the main text which is similar to the reported value
[2.6 £ 0.1eV for (001) LAO] in Ref. [65].

APPENDIX C: METHOD TO ESTIMATE
THE WIDTH OF THE BAND BENDING

Normally, the shift of the core level with increasing
thickness of the LAO overlayer is used to determine the value

PHYSICAL REVIEW B 92, 115304 (2015)

of the band bending. We can also estimate the width of the band
bending based on the upward-tail phenomenon of Ti 2p3/,
described in Appendix A. As shown in Fig. 3(b) of the main
text and the Fig. 7(a), the Ti 2p3,, shifts to higher binding
energy as the LAO becomes thicker, nearly saturates at about
6—10 ML, then turns upward again up to 18 ML. This upward
shift after the saturation means that the investigation depth of
XPS just covers the whole region of the bending when the LAO
is 10 ML; with increase of the LAO overlayer, the investigation
depth of XPS covers less and less of the region of band bending;
the XPS signal becomes quite weak after 18 ML and finally
vanishes at 25 ML (data not shown). So the thickness of the
subsequent LAO overlayers from 10 ML to 18—25 ML is about
equal to the width of the region of band bending, i.e., 2—4 nm.
According to the literature [4,33,58,59], this value is reason-
able at room temperature for our (110) LAO/STO samples
grown in 10~* mbar of oxygen with post-deposition annealing.

0

i3.87+ O “
0

i3.88+ O “
o

Ti3. 2

FIG. 10. (Color online) Explanation of band bending of LAO for the intrinsic coexistence of La and Ti. (a) and (b) after amending, only
96% electrons to change the valence of Ti, so the electric field of LAO was not totally eliminated, then induces band bending of LAO. (c) and
(d) La vacancies can be introduced to make the increased potential energy converge to a stable state. The valences of La, Al, O, and Sr are not

marked out.
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APPENDIX D: EXPLANATION OF BAND
BENDING OF LAO

In the main text, we have supposed that all the electrons
supplied by La occupation of Sr were transferred to Ti
to reduce its valence; this is an ideal model. It is closer
to reality that only a part of the electrons play such a
role. In the following, we suppose that the proportion of
such a part is 96% of the total electrons supplied by La
substitution of Sr. According to this amendment, the valence
of Ti would decrease from +4 to +3.04 in proportion to the
ratio of La/Sr surrounding the Ti-O octahedron as shown
in Fig. 9(a). Therefore, the coexistence of La and Ti in
ABOj; perovskite unit cells at the interface can also generate
a local asymmetric electric field in LAO for both (110)
and (001) heterojunctions, as illustrated in Fig. 9(b) and
Fig. 9(c), resulting in band bending at LAO sides. The
calculated value of band bending is about 0.46 eV for (110)
at 6 ML LAO overlayer [Fig. 9(b)], which is well consistent
with our experimental result [~0.50 eV at 6 ML LAO, see
Fig. 3(b) in the main text, the core level shift of Al2p].
For more LAO overlayers, just introduce La deficiencies in
LAO layers, as shown in Fig. 9(d) and Fig. 9(e); the increased
potential energy would converge to a stable state, avoiding the
polar catastrophe. La deficiency in LAO side has also been
reported to contribute to the formation of the 2DEG [26,66],
so it is reasonable that we introduce La vacancies in
our model.

For the situation of the intrinsic coexistence of La
and Ti at both (001) and (110) LAO/STO interfaces, the
band bending of the LAO sides can also be well ex-
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plained using the above amendment. The results are shown
in Fig. 10.

APPENDIX E: CALCULATION OF THE VALUE
OF STATIC FIELD AND POTENTIAL ENERGY

We calculated the values of static field and potential energy
by assuming an infinite plane-parallel capacitor structure of
atomic layers. The value of static field is obtained using
E = ”es , for (110) LAO/STO interfaces s = 2a?, for

£,80
(001) LAO/STO interfaces s = a?, a is the lattice constant,
n is the integral sheet charge for very infinite plane-parallel
capacitor structure constructed by two atomic layers, e is
the electron charge, and ¢, and ¢, are the relative dielectric
constant of the material and vacuum dielectric constant. The
g, at room temperature is 300, 20, and 24 for STO [67],
LTO [68], and LAO [69], respectively. For the intermixing
layer, La;_, Sr, TiO3, we assume that its €, depends on the con-
centration of La. We fit the dependencies based on three data:
300 for STO, 20 for LTO, and 90 for La, 3 TiO3 [70]. The value
of the static field is labeled as na, nB, ny, or nn, in Figs. 6,
9, and 10. Each value of n for every atomic layer has been
given out in the labeled value of the local asymmetric electric
field of Figs. 6, 9, and 10. «, B, v, n are constants deduced by
e ieLy = 3.49x10° V/m, n;, = 4.19x10° V/m, n, =
1.19x10° V/m, n3 =3.99x10% V/m, n =2.79%x10% V/m,
a=4.94x10°V/m, $=5.93x10° V/m, B; =1.69x10° V/m,
By =5.64x10% V/m, B3 = 3.95x10% V/m.
The potential energy (the value of band bending) can be
obtained by computing the integral for E.
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