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In this paper, we report on the highly conductive layer formed at the crystalline c-alumina/SrTiO3

interface, which is attributed to oxygen vacancies. We describe the structure of thin c-alumina

layers deposited by molecular beam epitaxy on SrTiO3 (001) at growth temperatures in the range

of 400–800 �C, as determined by reflection-high-energy electron diffraction, x-ray diffraction, and

high-resolution electron microscopy. In situ x-ray photoelectron spectroscopy was used to confirm

the presence of the oxygen-deficient layer. Electrical characterization indicates sheet carrier

densities of �1013 cm�2 at room temperature for the sample deposited at 700 �C, with a maximum

electron Hall mobility of 3100 cm2V�1s�1 at 3.2 K and room temperature mobility of

22 cm2V�1s�1. Annealing in oxygen is found to reduce the carrier density and turn a conductive

sample into an insulator. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4913860]

I. INTRODUCTION

SrTiO3 (STO) has received much attention because of

its large dielectric constant and its role in the integration of

other complex oxides on semiconductors, with applications

including catalysis, tunable devices, and ferroelectric func-

tionality.1–9 A highly interesting application for STO

involves the formation of a high mobility two-dimensional

electron gas (2DEG) at the oxide/oxide interface.10–30

Among the mechanisms for 2DEG formation, one approach

involves tailoring an interface between STO and oxides with

a large negative enthalpy of formation such as aluminum-

based oxides.18–27 Under certain conditions, it is energeti-

cally favorable for oxygen atoms near the interface to diffuse

out of the STO during the initial stages of growth, stabilizing

a confined conducting layer.18–27,31,32 Since this metallic

layer results from the formation of oxygen vacancies near

the interface, it characteristically vanishes with oxygen

atmospheric annealing.23–27

One such heterostructure is alumina/STO. Given the

context of archetypical 2DEG LaAlO3/STO, where compet-

ing mechanisms30 (including polar catastrophe,10–15 cation

exchange,16,17 and oxygen vacancies18–27) have been widely

investigated and debated, the alumina/STO 2DEG offers an

opportunity to isolate the role of oxygen vacancies. Previous

studies of crystalline c-Al2O3 grown by pulsed laser deposi-

tion (PLD) have shown that the confinement of the conduct-

ing layer depends on growth parameters, particularly

substrate temperature.23,24 Furthermore, even amorphous ox-

ide heterostructures grown on STO by PLD and atomic layer

deposition (ALD) exhibit interfacial conductivity.25–27

Considering that the diffusivity of oxygen in alumina varies

widely depending on crystal structure,33,34 the properties of

the vacancy-controlled STO 2DEG need to be quantified

with respect to thin film deposition parameters. The molecu-

lar beam epitaxy (MBE) method employed herein facilitates

the fabrication of well-ordered oxide heterostructures with

precise layer-by-layer atomic control, without complicating

factors such as the plume dynamics of PLD23–25 or precursor

reactivity of ALD.26,27 In this paper, we describe the struc-

ture of MBE-grown crystalline c-alumina on STO (001) as

determined by reflection-high-energy electron diffraction

(RHEED), x-ray diffraction (XRD), and high-resolution

electron microscopy (HREM). The electronic and transport

properties of the conducting layer in STO exhibit a strong

dependence on the growth temperature, as revealed by x-ray

photoelectron spectroscopy (XPS) and electrical

measurements.

II. EXPERIMENTAL DETAILS

SrTiO3 (001) substrates with dimensions 5 mm� 5 mm

� 0.5 mm (commercially available with TiO2-termination by

HF etching from Crystec) were degreased in acetone, isopro-

panol, deionized water, and UV ozone. The samples were

then introduced into a customized DCA 600 MBE system

with a base pressure of 6� 10�10 Torr. More details of the

experimental system can be found elsewhere.35,36 All sub-

strates were outgassed in the MBE chamber at 700� for

30 min under ultra-high vacuum (UHV) prior to alumina

deposition. The substrate temperature was measured by a

thermocouple (calibrated by pyrometer measurement of a sil-

icon substrate) in close proximity to the substrate heater.a)demkov@physics.utexas.edu
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The substrate temperature during alumina deposition

was varied between 400 and 800 �C. Al metal was evapo-

rated from a cold-lip effusion cell with the flux calibrated to

have an equivalent c-alumina deposition rate of 1.8 Å/min as

measured by a quartz crystal microbalance. Molecular

oxygen was introduced at a background pressure of

1� 10�6 Torr for the growth. The samples were monitored

during growth by in situ RHEED. After film deposition, the

main shutter was closed, and the samples were cooled down

in the presence of oxygen (1� 10�6 Torr).

III. RESULTS AND DISCUSSION

STO assumes the cubic Pm3m perovskite structure

above 110 K,37 while the cubic c phase of Al2O3 is based on

the Fd�3m spinel structure with Al vacancies to satisfy stoi-

chiometry.38,39 The measured distances between the diffrac-

tion lines in the STO and alumina RHEED patterns

(Fig. 1(a)) indicate the lattice relationship represented in

Figure 1(b), with an alumina lattice parameter of 7.9 Å.38,39

The cubic phase of alumina follows the cubic structure of the

STO substrate, as the oxygen sublattice of the spinel matches

closely that of the perovskite (lattice mismatch �1%). X-ray

reflectivity analysis was performed using a Panalytical

X’PERT Pro diffractometer (Cu Ka1 source, k¼ 1.5406 Å)

operating at 40 kV and 30 mA. An x-ray reflectivity pattern

for a nominally 10-nm alumina/STO sample is also shown in

Figure 1(b). Additional x-ray diffraction was carried out at

the National Synchrotron Light Source beam line X20A

(Fig. 1(c)). The low-intensity shoulder to the left of the main

STO (002) peak is attributed to alumina. Due to weak scat-

tering from aluminum combined with close proximity to

strong STO substrate peaks, strain analysis of the film is not

possible; however, in-plane scans (not shown) indicate cubic

symmetry with a lattice constant of 7.93 Å, consistent with a

spinel-based alumina structure. To further characterize the

samples, we examined the alumina/STO interface using

cross-sectional transmission electron microscopy. Figure 2

shows a representative micrograph recorded with a JEOL

JEM-4000EX transmission electron microscope operated at

400 keV. This image along the [100] direction clearly reveals

an abrupt interface between the highly crystalline epitaxial

alumina and the STO substrate. The structural model (inset)

shows that the STO substrate is terminated with a TiO2 layer,

while the spinel side of the interface commences with alumi-

num in the 4-fold coordinated tetrahedral site.

XPS measurements were performed in situ using a VG

Scienta R3000 analyzer with monochromatic Al Ka radia-

tion (h�¼ 1486.6 eV). As illustrated in Figure 3(a), we deter-

mine the valence band offset between the STO substrate and

a thick (7-nm) alumina film by aligning the spectra such

that: (1) the Sr 3d core level (CL) in the heterostructure (3-

nm alumina/STO) matches that of the pure STO substrate

and (2) the Al 2p CL in the thick alumina film matches that

of the heterostructure

VBOCL ¼ ðESr3d � EVBMÞSTO � ðEAl2p � EVBMÞAl2O3

� ðESr3d � EAl2pÞAl2O3=STO: (1)

A valence-band offset of þ0.93 eV was calculated and

also verified by simulating a thin-film valence band (Fig.

3(b)), as described elsewhere.35 As the two methods returned

the same value, there is no band bending present.40,41

Furthermore, the binding energy of the Al 2p core level

(76 eV) and the shape of the alumina valence band indicate

no sign of any Al suboxide.40,42

During deposition of alumina on STO, two reactions

take place: reduction of STO25,43 and oxidation of aluminum

metal44,45

SrTiO3 $ SrTiO3�x þ
x

2
O2 DHf � x � 250 kJ=mol

� �
; (2)

FIG. 1. (a) In situ RHEED of the crys-

talline STO and alumina surfaces. (b)

X-ray reflectivity of structure and

interface with inset epitaxial relation-

ship of c-alumina on STO (001). (c)

Bragg-Brentano scans along the (00l)

direction at two tilts (Dh¼ 0.035�).

FIG. 2. High-resolution electron micrograph in cross-section geometry con-

firming abrupt interface between highly crystalline epitaxial alumina on

STO substrate.
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2Alþ 3� x

2
O2 þ

x

2
O2 $ Al2O3 DHf � �1600 kJ=mol

� �
:

(3)

As illustrated, reduction of STO provides a fraction of

alumina’s oxygen, while the remaining fraction originates

from oxygen gas (background pressure 10�6 Torr O2).

Comparing the enthalpies of formation, it is apparent that

even for the extreme case where 100% of oxygen in alumina

comes from STO (x¼ 3), the reaction is thermodynamically

favorable. It is also worth noting that the low diffusivity of

oxygen in alumina likely suppresses further reduction of

STO after completion of the first alumina layer.

The Ti 2p core level provides information on the oxygen

vacancy concentration on the STO side of the interface. As

illustrated in Fig. 4(a), peak decomposition of the Ti 2p core

level in STO allows for a comparison of fully oxidized and

reduced Ti. While the bulk STO substrate (purple circles)

shows only two spin-split Ti4þ (fully oxidized) peaks, the

spectrum after MBE growth of a thin alumina film (raw data:

light blue solid line, background: bright blue solid line, fit:

black solid line) shows peaks at lower binding energies cor-

responding to Ti in a reduced environment (Ti3þ: dark blue

dashed filled line, Ti2þ: navy dashed filled line) in addition

to the main peak from fully oxidized Ti (Ti4þ: light blue

dashed filled line). The percentage of remaining fully oxi-

dized Ti4þ was then calculated by comparing the relative

peak areas

C4þ ¼
I Ti4þð Þ

I Ti4þð Þ þ I Ti3þð Þ þ I Ti2þð Þ : (4)

This analysis of the XPS Ti 2p spectra was repeated for

samples of different alumina thicknesses (0–7 nm) grown at

four different substrate temperatures (400–800 �C in 100 �C
increments), as summarized in Figure 4(b). The resulting

depth profile indicates the presence of an interfacial oxygen-

deficient STO layer.

In order to electrically contact the alumina/STO inter-

face, four indium contacts were placed on scribed corners of

each sample in a van der Pauw geometry. Measurements took

place in a Quantum Design Physical Property Measurement

System (PPMS) capable of applying a 69 T magnetic field

and 1.9–350 K temperature range. Two Stanford SR830 lock-

in amplifiers and one SR570 current preamplifier were used

to perform a 4-wire electrical transport measurement using

less than 1 lA current at a frequency of 7 or 13 Hz.

Conductivity measurements as a function of temperature

using a 4-wire lock-in measurement reveal metallic behavior

for the interface between these two insulators (Fig. 5(a)).

Comparison between two samples (one deposited at a sub-

strate temperature of 400 �C and the other at 700 �C) indicates

a higher sheet resistance for lower growth temperature.

FIG. 3. Core level (a) and valence band (b) spectroscopy for the following:

STO substrate (red), 3 nm alumina/STO (purple), and 7 nm alumina/STO

(blue).

FIG. 4. (a) Peak decomposition of the Ti 2p core level in STO allows com-

parison of fully oxidized and reduced Ti. Spectrum for the STO substrate

without alumina film is provided for comparison (purple open circles). (b)

Analysis of reduced titanium based on XPS Ti 2p spectra for different sam-

ples of different thickness and growth temperature.

095303-3 Kormondy et al. J. Appl. Phys. 117, 095303 (2015)
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Sheet carrier densities on the order of 1013–1014 cm�2

are measured in the sample deposited at 700 �C (Fig. 5(b),

blue squares), with a rapid drop in its temperature depend-

ence below 110 K. A maximum electron Hall mobility of

3100 cm2V�1s�1 at 3.2 K and room temperature mobility of

22 cm2V�1s�1 are measured for the heterostructure. For the

sample deposited at 400 �C, we were unable to obtain a

reliable Hall measurement. However, if one assumes similar

carrier density as the sample grown at 700 �C, then the car-

rier mobility is roughly two times lower at room temperature

and ten times lower at 10 K. To elucidate the effect of oxy-

gen vacancy concentration on the carrier density and trans-

port behavior, we annealed the 700 �C deposited (6 nm

Al2O3) sample in 1 Torr of O2 at 400 �C for 5 min. After

annealing, the sample showed nearly halved carrier density

(Fig. 5(b), red triangles) and insulating behavior at low tem-

perature (Fig. 5(a), red triangles). This attests to the oxygen

vacancy origin of carriers at the conductive interface.

IV. CONCLUSION

In conclusion, we demonstrate the growth of crystalline

c-alumina on STO using molecular beam epitaxy. X-ray pho-

toelectron spectroscopy of the Ti 2p core level indicates an

oxygen-deficient layer at the STO side of the interface.

Electrical measurements reveal that the interfacial layer

exhibits an increased sheet resistance for decreased growth

temperature. Future investigations will study the interface

structure in more detail, and its influence on 2DEG mobility

and the dimensionality of the conducting layer as determined

by Shubnikov-de Hass oscillations. These properties can

then be compared with results using other film deposition

methods.
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