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Atomic scale control of epitaxial transition metal oxide heterostructures have led to 

novel strategies to design interface devices, as well as providing a platform for exploring 

emergent electronic ground states.[1] Due to the strong ionic bonding in oxides, one of the 

central features in oxide heterostructures is the design and manipulation of their polar surfaces 

especially as they are brought into contact with a non-polar surface forming a so-called “polar 

interface”.[2] At polar interfaces, several electrostatically induced effects are known to occur.  

One example is the stabilization of large electrostatic potential as recently reported in (001)-

oriented perovskite Schottky junctions between metallic SrRuO3 and semiconducting 

SrTiO3.[3] By inserting ultrathin LaAlO3 layers at this non-polar interface, epitaxially 
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stabilized alternate stacking of (LaO)+ and (AlO2)− charged layers naturally form a dipole 

effectively modifying the Schottky barrier height (SBH) by as much as 1 eV. Another 

manifestation of electrostatics at oxide polar interfaces is the electronic reconstruction driven 

to minimize the high electrostatic energy as seen in the generation of confined high mobility 

electron channels at the LaAlO3/SrTiO3 (100) interface,[4] and variation in the electronic states 

in LaAlO3/LaVO3/LaAlO3 (001) quantum wells.[5] Up to now, the study of polar interfaces 

and the associated electrostatic boundary conditions have primarily been limited to 

isostructural perovskite interfaces. In this regard, the recent observation of substrate 

termination dependent conductivity in the anatase TiO2/LaAlO3 (001) heterostructure suggests  

the importance of electrostatics even at non-isostructural binary oxide interfaces.[6] These 

studies motivate us to examine the feasibility of dipole engineering of SBHs in binary oxide 

heterostructures given their significant role in a wide variety of device applications. 

In this study, we focus on the interface between polycrystalline Pt metal and single 

crystalline anatase TiO2 thin film as a model system, and examine the impact of inserting a 

perovskite dipole layer, LaAlO3, to control the Pt/TiO2 (001) SBH as shown in Figure 1. All 

of our heterostructures were fabricated on LaAlO3 (001) substrates. Anatase TiO2 is a 

promising material for various applications such as transparent electrodes, photocatalysts, 

resistive memories, and solar cells.[7-9] In all of these, insertion of dipole layers to control 

band alignments can dramatically affect the device performance. By inserting < 1 nm of a 

perovskite LaAlO3 in the [001] orientation, we successfully achieved a modulation in the 

SBH from 1.6 eV to 0.8 eV at this Pt/anatase TiO2 (001) interface. 

This work is based on overcoming several important technical challenges. Firstly it is 

known that the anatase TiO2 phase can be unstable when LaAlO3 is overgrown in various 

growth conditions.[10,11] In order to stabilize high quality LaAlO3/TiO2 (001) heterostructures, 

we investigated the mechanism of TiO2 crystalline quality degradation after subsequent 

LaAlO3 overgrowth. For a partial oxygen pressure PO2 = 1 × 10-5 Torr, the anatase TiO2 
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grown on LaAlO3 (001) is stable up to 750 oC, above which the rutile phase begins to form 

due to its higher thermodynamic stability.[12] We set the temperature and the oxygen pressure 

during LaAlO3 growth to similar conditions used for the TiO2 growth to prevent the anatase to 

rutile transition. However, these thermodynamic conditions differ from those typically used 

for high quality LaAlO3 films,[13] therefore we varied the growth kinetics by optimizing the 

growth rate, which have been shown to be effective in the pulsed laser deposition of oxides 

previously.[14,15] 

Structural and electrical characterization of LaAlO3 (40 unit cell, u.c.)/TiO2 (40 

u.c.)/LaAlO3 (001) heterostructures with various laser repetition rates of LaAlO3 are 

summarized in Figure 2 A-C. Relatively thick LaAlO3 was used for the optimization to 

precisely characterize the quality of this layer. The x-ray diffraction (XRD) peak intensity of 

anatase TiO2 (004) monotonically decreased with increasing laser repetition rate during 

LaAlO3 growth (Figure 2 A). The Raman scattering spectra in Figure 2 B show that the 

LaAlO3 grown at relatively high growth rate reduces the anatase A1g and Eg mode intensities, 

consistent with the decrease in anatase XRD peak intensity. At the fastest growth rate, 

relatively weak signatures of rutile A1g, B1g, and Eg modes begin to appear on a large 

background signal in the Raman scattering spectrum suggesting the conversion of TiO2 

towards the thermodynamically stable phase.  

In order to understand the origin of the structural degradation of TiO2, electrical 

transport measurements were performed as shown in Figure 2 C. From Hall measurements at 

room temperature, the average electron density monotonically increases with the laser 

repetition rate used for LaAlO3 growth. Since there is negligible electrical conduction in 

LaAlO3 at room temperature, these results suggest that the LaAlO3 grown at relatively high 

growth rate induces more oxygen vacancies and hence electrons in TiO2.[16] This can be 

explained by a competition between oxygen incorporation from the atmosphere and oxygen 

extraction from the underlying TiO2 layer.[17] For high-growth rates, the ablated LaAlO3 
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species have insufficient time to fully oxidize with the oxygen atmosphere on the TiO2 surface 

and oxygen deficiency in LaAlO3 is compensated by oxygen gettering from the TiO2 layer. 

This is consistent with the higher electronegativity of Ti4+ in TiO2 than Al3+ in LaAlO3.[18] At a 

lower growth rate, in this case a laser repetition rate of 0.6 Hz, the carrier density measured in 

the LaAlO3/TiO2 heterostructure is the same as that of a TiO2 film without LaAlO3 capping, 

indicating no measurable degradation in the crystalline quality in the TiO2 underlayer 

consistent with the XRD results. 

The second challenge is matching the in-plane lattice symmetry at the LaAlO3/TiO2 

(001) thin film interface. The surface of anatase TiO2 (001) thin film after growth in UHV 

typically shows  a (1 × 4) reconstructed reflection high-energy electron diffraction (RHEED) 

pattern as shown in the left image in Figure 2 D. Experimentally, we found that dosing this 

surface ex situ with deionized water at room temperature and drying in air for 2 hours 

converted the RHEED pattern to a (1 × 1) surface which was preserved even up to 625 oC in 

PO2 = 1 ×10-5 Torr, above the growth temperature for the LaAlO3 overlayers (right image in 

Figure 2 D). We note that the intrinsic (1 × 4) surface is substantially more stable than that of 

a pristine (1 × 1) surface.[19] We suggest that the observed transition in the RHEED pattern is 

caused by dissociative water adsorption on the (1 × 4) surface as predicted by theory,[19] or 

due to the airborne carbon contamination.[20] 

The Schottky junctions for barrier height characterization were prepared by 

evaporating polycrystalline Pt metal on top of the LaAlO3/TiO2 (001) heterostructures 

employing slow growth rate for LaAlO3 deposition on water treated TiO2 (001) thin films. 

The LaAlO3 thickness was varied between 0 u.c. and 2 u.c. and a Nb = 0.3 at. % doped TiO2 

(Nb:TiO2) target was used instead of non-doped TiO2 to introduce carriers uniformly across 

the thin film. The water treatment was successfully applied to the Nb-doped films to produce 

the (1 × 1) RHEED pattern as observed for the non-doped case. 
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From current-voltage measurements at room temperature, clear rectification was 

confirmed indicating that all junctions have a Schottky barrier between Pt and TiO2 (not 

shown). Capacitance voltage (C-V) measurements were performed to obtain the built-in 

potential (Vbi) as shown in Figure 3 A. For all cases, C -2 is linearly proportional to the applied 

bias, which is typical behavior of Schottky junctions. Vbi, obtained by the voltage intercept of 

the linear extrapolation of C -2 – V, decreases linearly with the thickness of LaAlO3 suggesting 

an active role of LaAlO3 as a dipole layer. It should be noted that there is no Vbi shift in the 

case of 1 u.c. LaAlO3 deposited on a (1 × 4) Nb:TiO2 (001) surface, indicating that the (1 × 1) 

Nb:TiO2 (001) surface is crucial in obtaining the dipole offset. From the C -2 – V slope, we 

obtain a mean dopant concentration in the Nb:TiO2 film of 1.5 × 1019 cm-3 with 20 % 

variation with varying the dipole layer thickness, which is characteristic of the sample-to-

sample variation.  

Internal photoemission (IPE) was also utilized to directly measure the SBH. The 

square root of the photoyield (Y), defined as the photocurrent generated per photon, is shown 

in Figure 3 B as a function of the incident photon energy. The square root of the photoyield 

was linearly fitted and extrapolated to the photon energy intercept to obtain the SBH. The 

SBHs monotonically decreased with increasing LaAlO3 thickness. The values obtained from 

IPE and C-V are summarized in Figure 4 showing good agreement with each other. To 

understand these data, we note that LaAlO3 is a robust insulator in bulk, and hence 

Pt/LaAlO3/Nb:TiO2 (001) can be regarded as a metal insulator semiconductor (MIS) junction. 

In this case, the built-in potential in the Nb:TiO2 is expressed as 
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where 
TiO2
ε  and Nd are the dielectric constant and the dopant concentration in Nb:TiO2 

respectively,  CLaAlO3 is the capacitance of the LaAlO3, and V0 is the built-in potential of a 
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Pt/Nb:TiO2 junction without LaAlO3. As the LaAlO3 thickness increases, CLaAlO3 decreases 

thus decreasing the built-in potential in the Nb:TiO2. However, based on the LaAlO3 and the 

anatase TiO2 dielectric constants of 28 and 30, CLaAlO3 for 0.4 nm-thick LaAlO3 is 50 times 

larger than that of the ~20 nm-thick Nb:TiO2 depletion layer capacitance.[21,22] Therefore, the 

measured Vbi drop induced by the capacitance of LaAlO3 is less than 0.1 V and cannot explain 

the large Vbi change obtained from the C-V data. Instead we can understand these results if we 

assume that a dipole is formed by the LaAlO3 layer growing on the Nb:TiO2, whose sign is 

consistent with the first atomic layer being (LaO)+. This is in agreement with first principles 

calculations which indicate higher stability for the LaO/TiO2 interface over the AlO2/TiO2 

interface.[23] 

As an independent test of our hypothesis that the SBH change is attributed to the 

interface dipoles, two other perovskites having different average sheet charge densities were 

inserted at the Pt/Nb:TiO2 (001) interface. We utilized SrZrO3 and (LaAlO3)0.5(SrTiO3)0.5 for 

the insertion layers which, in a simple ionic picture, can be regarded as an alternate stacking 

of (SrO)0/(ZrO2)0 and (La0.5Sr0.5O)0.5+/(Al0.5Ti0.5O2)0.5- in the [001] direction respectively. 

Since the dielectric constant of SrZrO3 and (LaAlO3)0.5(SrTiO3)0.5 are approximately the same 

as LaAlO3, their dipole moments are expected to be 0 and 0.5 times that of LaAlO3, 

respectively.[24,25] The SBH reductions induced by these dipole layers are summarized in 

Figure 4. The gradient of the SBH reduction vs. (LaAlO3)0.5(SrTiO3)0.5 thickness is half of that 

of LaAlO3 and in the case of SrZrO3, the SBH showed almost no change with the layer 

thickness. These trends are strongly indicative of dipole tuning of the SBH by the ionic 

charges in the interlayer. We note that oxygen extraction from Nb:TiO2 into the dipole layer 

can also be an alternative origin for the reduction in SBH. However, under the growth 

conditions employed in our study, the generated oxygen vacancies are far insufficient to 

reproduce the observed large modulation range in SBH. Furthermore, the similar 

electronegativity of Zr4+ and Al3+ would predict comparable amount of oxygen vacancy 
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generation in Nb:TiO2, which cannot account for the contrasting modulation in SBH between 

SrZrO3 and LaAlO3. 

In summary, we successfully engineered the Pt/Nb:TiO2 (001) Schottky barrier heights 

by insertion of ultrathin perovskite dipole layers enabling the modulation of SBH  

proportional to the dipole magnitude of the polar layers. The capability to tailor barrier 

heights independent of the constituent materials should be a powerful tool in designing 

functional devices in binary oxide systems. 

 
Experimental Section 

LaAlO3/TiO2 (001) heterostructures were epitaxially grown on LaAlO3 (001) substrates by 

using pulsed laser deposition (PLD) with a KrF excimer laser (pulse duration ~ 20 ns) imaged 

onto a rectangular spot size of 0.04 cm2. Prior to deposition, the substrates were annealed at 

900 ºC and PO2 = 1 × 10-6 Torr to obtain atomically flat surfaces. The 40 nm thick TiO2 and 

Nb:TiO2 (Nb = 0.3 at. %) thin films were deposited by ablating a polycrystalline target at the 

substrate temperature and oxygen pressure of 700 ºC and PO2 = 1 × 10-5 Torr, respectively. 

The laser energy density and repetition rate was 0.6 J/cm2 and 1 Hz, which were optimized to 

suppress oxygen vacancies in the TiO2 thin films.[15] LaAlO3 thin films were grown on TiO2 at 

600 oC and PO2 = 1 × 10-5 Torr. The laser fluence was fixed to 0.36 J/cm2 and the repetition 

rate was varied from 0.6 Hz to 3 Hz. During the entire growth of the LaAlO3/TiO2 

heterostructures, RHEED was used to confirm the surface crystallographic structure and the 

growth thickness from the intensity oscillations.[26] The evaluated thickness showed good 

correspondence with the X-ray reflectivity measurement taken after growth. The SrZrO3 and 

(LaAlO3)0.5(SrTiO3)0.5 dipole layers were fabricated at 600 oC and PO2 = 1 × 10-5 Torr using 

the laser fluence of 0.44 J/cm2 and a repetition rate of 1 Hz. The surface topographies of oxide 

films were confirmed by atomic force microscopy and the obtained root mean square was 
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approximately 2 nm. Micro Raman scattering spectroscopy equipped with a 532 nm green 

laser for excitation was utilized to determine the dominant phase present in the TiO2 films. 

 Schottky contacts were fabricated by evaporating 5 nm of Pt metal using an electron 

beam evaporator at room temperature and in high vacuum (3 × 10-7 Torr) through a shadow 

mask. The growth rate of Pt was fixed at 0.01 nm/s and monitored in situ. Ohmic contacts 

were made using bonded Al-wires on the dipole engineered Nb:TiO2 surface. Impedance 

measurements and DC current-voltage measurements were performed in air at room 

temperature. The capacitance was extracted from the measured impedance by assuming one 

capacitor in parallel with one resistor for all measurements. The fitting was carried out in the 

range of voltage where the dissipation was less than 0.4. For IPE, a tungsten-halogen light 

source equipped with a grating monochromator was used as the light source and the 

photocurrent detection was carried out using a lock-in amplifier synchronized with an optical 

chopper. 
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Figure 1. Schematic structure and band diagram of the Pt/LaAlO3/TiO2 (001) Schottky 
junctions. Ec and Ev are the conduction band minimum and the valence band maximum of 
TiO2 respectively. EF is the Fermi level of the system. The LaAlO3 (001) substrate under the 
anatase TiO2 is not shown. 
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Figure 2. (A) XRD pattern and (B) Raman scattering spectra of LaAlO3 (40 u.c.)/TiO2 (40 
u.c.)/LaAlO3 (001) heterostructures grown at various LaAlO3 laser repetition rates. “A” and 
“R” in (B) denote Raman scattering peaks characteristic to anatase and rutile respectively. (C) 
Carrier density and electron mobility of the heterostructure as a function of the repetition rate 

used for the LaAlO3 layer growth. (D) RHEED patterns of the (1 × 4) reconstruction for as-

grown (left) and the (1 × 1) pattern for water-treated (right) TiO2 films at 600 oC. The arrows 

in the (1 × 4) RHEED pattern indicate the additional streaks arising from the reconstruction. 
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Figure 3. (A) C-V data (B) and IPE spectra of Pt (5 nm)/LaAlO3 (d u.c.)/Nb:TiO2 (40 
u.c.)/LaAlO3 (001) Schottky junctions at room temperature. Solid lines are linear 
extrapolations in both C-V data  and  IPE spectra. Vbi and SBH values obtained by these 
measurements are shown by solid lines crossing the horizontal axis. 
 
 
 

 
Figure 4. Thickness dependence of Vbi (filled symbols) and SBH (open symbols) obtained by 
C-V and IPE measurements for various insertion layers, LaAlO3, (LaAlO3)0.5(SrTiO3)0.5, and 
SrZrO3. Solid lines are linear fittings for each data set. The maximum error bars of SBH are 
within the size of the symbols. 
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The Schottky barrier heights at the Pt/TiO2 (001) junctions are modulated over 0.8 

eV by insertion of < 1 nm of LaAlO3. The large electric field in the LaAlO3 is stabilized by 

preserving the continuity of in-plane lattice symmetry at the oxide interface. These results 

greatly expand the application of dipole engineering to versatile polycrystalline metal/binary 

oxide functional interfaces. 
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