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ABSTRACT

We create a two-dimensional electron gas at the Al2O3/SrTiO3/LaAlO3

heterostructures using pulsed laser deposition, which exhibits a decreasing

sheet resistance with increasing growth temperatures of Al2O3 films. Structural

characterizations of films are confirmed by cross-sectional transmission electron

microscopy. Compared with these heterostructures with Al2O3 films deposited

on pristine SrTiO3 and TiO2-terminated SrTiO3 substrates, the Al2O3/SrTiO3/

LaAlO3 heterostructures are more conductive. X-ray photoelectron spectroscopy

indicates the formation of oxygen vacancies at the SrTiO3 side of the interface,

which results from the redox reactions by reducing SrTiO3 films. Furthermore,

the existence of oxygen vacancies on the SrTiO3 side is verified by a blue-light

emission.

Introduction

The discovery of two-dimensional electron gas (2-

DEG) at the epitaxial heterointerfaces between two

insulating perovskite oxides [1] provides potential

opportunities for oxide-based electronic devices due

to the intriguing properties, such as high electron

mobility [2], superconductivity [3], magnetism [4–7],

Rashba spin–orbital coupling [8]. At present, some

dominant mechanisms have been proposed to

explain the interfacial conductivity, including elec-

tronic reconstruction based on the polarization

catastrophe, thermal interdiffusion of cation across

the interface, strain-induced polarization and the

creation of oxygen vacancies in SrTiO3 (STO)

substrates [1, 2, 9, 10]. In particular, it has been also

demonstrated that a 2-DEG could be formed by

growing amorphous oxide layers on TiO2-terminated

STO substrates, such as LaAlO3 (LAO), Al2O3 and

YAlO3, and the conductivity is attributed to the

presence of interfacial oxygen vacancies [11, 12]. In

addition, 2-DEG at the interface between a spinel

Al2O3 epitaxial films and STO substrates has been

observed with an extremely high carrier mobility at

2 K [2]. Generally, the conductivity of 2-DEG at the

heterointerfaces between Al2O3 films and STO can be

dominated by many factors, such as substrate tem-

perature, oxygen partial pressure and target–sub-

strate distance [13]. In addition, different deposition

methods, such as pulsed laser deposition (PLD),
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molecular beam epitaxy and atomic layer deposition,

can also greatly influence the conductivity [14, 15]. In

fact, one important role in the formation of a 2-DEG is

single-crystalline TiO2-terminated STO substrates

used in growing functional oxides. This limits the

realization of full potential of oxide 2-DEG devices in

the technology integrating with semiconductors. One

practicable way is to deposit a buffered STO layer,

which offers the potential for overcoming the hur-

dles. Meanwhile, the high-mobility 2-DEGs at com-

plex oxide interfaces not only show promise for

multifunctional all-oxide devices with probably even

richer behavior than that in bulk, but also would

provide a wealth of opportunities to study meso-

scopic physics with strongly correlated electrons

confined in nanostructures. More importantly, this

also contributes to the deep understanding of

intrinsic mechanisms at interface conduction, such as

the oxygen vacancies and the polar discontinuity. For

this, we present a 2-DEG at interfaces between

amorphous Al2O3 and buffered STO films pre-de-

posited on (100)-oriented LAO single-crystal sub-

strates (Al2O3/STO/LAO). As a comparison, Al2O3

films are also deposited on pristine STO (Al2O3/P-

STO) and TiO2-terminated STO substrates (Al2O3/

TiO2-STO). The Al2O3/STO/LAO heterostructure

with a Al2O3 film grown at 500 �C is more conductive

with the electron Hall mobility as high

as * 164 cm2 V-1 s-1 and the sheet carrier density

of * 1014 cm-2 at 20 K, which is similar to previous

reports on LAO/STO [16]. The formation of 2-DEG

can be attributed to oxygen vacancies at the interface

created during the growth of Al2O3 films.

Experimental section

Commercially available 5 9 5 9 0.5 mm3 stoichio-

metric LAO and STO single crystals with the (100)

orientation were used in the present study. TiO2-

terminated STO surface was etched in buffered HF

solution and followed by cleaning in deionized water

and alcohol for 20 min. And then the substrate was

annealed at 780 �C for 2 h to get a defect-free surface

described previously [17]. Thin films of STO and

Al2O3 sequentially were deposited on LAO single-

crystal substrates by PLD using a KrF excimer laser

(Lambda Physik, k = 248 nm) with a laser fluence of

1.5 J cm-2 and the repetition rate of 1 Hz and 5 Hz,

respectively. The epitaxial films of STO were

deposited at 830 �C in an oxygen partial pressure of

1 Pa and then annealed for 30 min in situ. The Al2O3

films were deposited at 400, 500 and 600 �C (growth

temperature, Tg) for 2 min at 6 9 10-4 Pa without the

annealing treatment. The films were cooled down to

room temperature at a rate of 5 �C/min under the

deposition oxygen pressure. The thickness of STO

and Al2O3 films was estimated by X-ray reflection

(XRR) measurements by a PANalytical X’Pert Pro 95

X-ray diffractometer with Cu Ka X-ray source.

Structural characterization was performed by high-

resolution transmission electron microscopy

(HRTEM, Tecnai G2 F20 S-TWIN) to confirm the

epitaxial growth of films on LAO substrates. The

surface morphology was investigated by atomic force

microscopy (AFM, MFP-3D). Chemical composition

and valence were analyzed by X-ray photoelectron

spectroscopy measured with a photon energy of

hm = 1486.6 eV (XPS, Kratos Axis Ultra DLD). The

photoluminescence (PL) spectrum of films was per-

formed with a monochromatic light source consisting

of a 150 W xenon lamp. Electrical measurements

were carried out in a closed-cycle He refrigerator

with quartz glass windows in the temperature rang-

ing from 300 to 15 K. Hall effect of all heterostruc-

tures was measured in the Van der Pauw geometry,

and the sheet resistance was measured in the stan-

dard four-probe geometry with ultrasonically wire-

bonded aluminum wires as electrodes. Ohmic contact

property was confirmed by linear current–voltage (I–

V) characteristics.

Results and discussion

The structure of Al2O3/STO/LAO heterostructures is

shown in Fig. 1a. The heterostructures are fabricated

by depositing Al2O3 films on (100)-oriented LAO

single-crystal substrates with a buffered STO layer.

By the XRR measurements, the thicknesses of STO

and Al2O3 films are estimated to be about 145 nm

and 8 nm, respectively. As illustrated in Fig. 1b, the

heterostructure grown at 500 �C shows an atomically

flat granular surface with a RMS value of less than

600 pm, indicating high-quality films. To further

characterize the samples, the cross-sectional TEM of

Al2O3/STO/LAO heterostructure grown at 400 �C is

examined. Figure 1c shows an abrupt interface from

a crystalline state of STO films to an amorphous state,

suggesting the amorphous growth of Al2O3 films at
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400 �C. As shown in Fig. 1d, the results confirm the

high degree of crystallinity of epitaxial STO films,

providing an atomically smooth platform for the

uniform growth of Al2O3 films.

Compared with the insulating STO/LAO interface

deposited at the same conditions, the conductivity of

Al2O3/STO/LAO heterostructures originates from

the formation of 2-DEG at the interface between

Al2O3 and STO films. The temperature dependence of

sheet resistance for Al2O3/STO/LAO heterostruc-

tures at different Tg is shown in Fig. 2a. All samples

show a metallic behavior and the metallicity becomes

robust with increasing Tg. Namely, the room-tem-

perature sheet resistance decreases with increasing

growth temperatures of Al2O3 films. Interestingly, it

is found that the metallic behavior of Al2O3/STO/

LAO heterostructures shows a resistance minimum

followed by an increase at low temperature, which is

very different from the metallic behavior of pure 2-

DEG [18]. The resistance upturn, which also has been

observed at the amorphous LAO/STO interface [19],

can be attributed to Kondo-like scattering between

the interaction of charge carrier by localized spins

associated with Ti3? ions and the itinerant 2-DEG.

Therefore, the resistance–temperature curves over the

entire range are expressed on the basis of the fol-

lowing generalized equation [20]:

R ¼ R0 þ RaT
2 þ RbT

5 þ RKðT=TKÞ ð1Þ

RKðT=TKÞ ¼ RK;0
1

1þ ð21=s � 1ÞðT=TKÞ2

 !s

ð2Þ

where R0 is the residual resistance due to the frozen-

in disorder, the T2 term comes from the electron–

electron scattering and the T5 contribution has its

origin in the electron–phonon scattering. The last

term is the Kondo contribution. RK,0 is the Kondo

resistance at zero temperature, and TK is the Kondo

temperature. The parameter s is fixed at 0.225

according to the theoretical result obtained from the

numerical renormalization group. From the fits as

shown in Fig. 2a, it is clear that Eq. (1) expresses the

temperature dependence of resistance well. The fit-

ting parameters are listed in Table 1. The fitted TK

values are 45.5, 96.2 and 88.1 K for the samples at

Tg= 400, 500 and 600 �C, respectively. And they agree

well with the experimental results in Fig. 2a. There-

fore, the resistance upturn phenomenon observed in

Al2O3/STO/LAO heterostructures can be attributed

to Kondo scattering.

Figure 1 a Schematic

figure of the heterostructure.

b A representative surface

morphology of the Al2O3/

STO/LAO heterostructures

with Al2O3 films grown at

500 �C. c, d The cross-

sectional TEM images of the

Al2O3/STO/LAO

heterostructures with Al2O3

films grown at 400 �C.
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The temperature-dependent sheet carrier density

and mobility of Al2O3/STO/LAO heterostructures

are illustrated in Fig. 2b, c. The negative Hall coeffi-

cient obtained by Hall-effect measurements favors

electron-type charge carriers. The sheet carrier den-

sity is nearly constant in the whole temperature range

for all Al2O3/STO/LAO heterostructures. With

increasing Al2O3 growth temperature, the carrier

density is enhanced by more than two orders of

magnitude from 2.4 9 1013 to 3.0 9 1015 cm-2 at

room temperature, while the corresponding Hall

electron mobility decreases from 161.8 to 5.8 cm-2

V-1 s-1. The very high carrier density for the sample

grown in 600 �C may result in a 3D conductivity.

These phenomena can be ascribed to oxygen vacan-

cies which would be more at higher Tg [21]. Carrier

density and Hall electron mobility of Al2O3/STO/

LAO heterostructures are comparable with those of

crystalline LAO/STO heterostructures [22]. The

interface of Al2O3/SrTiO3 on LaAlO3 substrates

presents a robust 2-DEG, which has a higher mobility

than these integrated with non-STO substrates, such

as the LAO/STO grown on Si substrates

with * 10 cm2 V-1 s-1 even at low temperatures

[23]. It is noted that the increase of carrier density and

the decrease of carrier mobility with increasing Tg

lead to a decrease in the sheet resistance and further

modulate the transport properties of 2-DEG. More-

over, the temperature-dependent carrier density and

mobility of our Al2O3/STO/LAO heterostructures

are similar to those of crystalline Al2O3/STO

heterostructures [24]. Generally, dielectric constant

(er) of the STO increases with lowering temperature

[25, 26]. As the er increases, the dielectric screening of

ionized scattering potentials should be boosted due

to suppressed Coulomb potentials and consequently

results in the detrapping of localized carriers. Hence,

the electron–electron scattering will be enhanced

with increasing carrier density, thus accounting for

the decrease of mobility. For comparison, the Al2O3

Figure 2 a–c Temperature

dependence of sheet

resistance, carrier density and

electron Hall mobility for the

interface at different growth

temperatures of Al2O3 films.

d Temperature dependence of

sheet resistance for Al2O3/P-

STO, Al2O3/TiO2-STO and

Al2O3/STO/LAO

heterostructures.

Table 1 Fitting parameters of

the R versus T data at Al2O3/

STO/LAO heterostructures by

using Eq. (1) over the entire

temperature range

Sample (Tg/�C) R0 (X) Ra (X/K
2) Rb (X/K

5) RK,0 (X) TK (K)

400 333.346 0.01263 2.754 9 10-11 288.047 45.515

500 77.700 0.00233 1.455 9 10-11 181.639 96.244

600 4.621 0.00323 1.253 9 10-11 176.936 88.134
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films are deposited on TiO2-terminated and pristine

STO substrates at the growth temperature of 500 �C.
The representative transport properties of

heterostructures are shown in Fig. 2d. The Al2O3/

TiO2-STO heterostructure exhibits a metallic con-

duction, whereas the Al2O3/P-STO heterostructure

becomes also conductive and favors a semiconduc-

tive behavior with a metal–insulator transition at

189.6 K. This phenomenon suggests TiO2-terminated

surface is not necessary for the creation of 2-DEG. In

contrast, the Al2O3/STO/LAO heterostructure is

much more conductive. Obviously, besides previ-

ously reported strong effect of thickness and target–

substrate distance on the interface conduction, sheet

resistance is also strongly dependent on the surface

environment of substrate. Pristine STO surface has

many microdefects due to the cutting and polishing

during the preparation of STO. For the case of TiO2-

terminated STO substrate, etching the substrate in

buffered HF solution effectively removes the surface

defects and generates an atomic-scale smooth surface

with regular terraces. In addition, oxygen vacancies

are more easily created in the TiO2-terminated STO

surface, as the defect formation energy of TiO2-ter-

minated STO surface (5.94 eV) is considerably smal-

ler than that of the bulk (7.17 eV) [27].

To verify the chemical nature and element com-

position of Al2O3/STO/LAO heterostructures, the

XPS spectra of films are performed, showing clear

signatures of the expected aluminum (Al), titanium

(Ti) and oxygen (O) core levels with no

detectable contamination. Normalized core levels

spectra of Ti 2p for the surface of Al2O3/STO/LAO

with Tg = 500 �C and STO/LAO heterostructures are

shown in Fig. 3a. Normalized Ti 2p spectra of Al2O3/

STO/LAO heterostructures show stronger Ti3? signal

than those of STO/LAO heterostructures, which

indicates the generation of more oxygen vacancies in

STO during the growth of Al2O3 layer by PLD [28].

Indeed, each oxygen vacancy releases two electrons

that can occupy the initially empty Ti 3d band states,

resulting in Ti3? or even Ti2? low-binding energy

components. In Fig. 3b, the Ti 2p3/2 peaks for the

Al2O3/STO/LAO heterostructures at different grown

temperatures show a shoulder toward lower binding

energy. It can be attributed to the emission from the

2p level of Ti3?, which represents some additional

electrons accumulated in the other empty 3d shell of

Ti4? in STO [29]. The presence of Ti3? is probably a

manifestation of the formation of oxygen vacancies at

the STO side. The oxygen vacancies and the interfa-

cial conductivity may result from the redox reactions

at the interface by reducing STO films to oxidize the

oxygen-deficient overlayer. It is noteworthy that a

significant increase of the amount of Ti3? is presented

with increasing growth temperature from 400 to

600 �C, which strongly suggests an enhanced reduc-

tion of STO films and more oxygen vacancies [12].

This result strongly supports the fact that the two-

dimensional conduction character results from

interface-stabilized oxygen vacancies, confirming the

changes of sheet resistance for the sample grown

from 400 to 600 �C.
Figure 4 displays the room-temperature PL spectra

of the Al2O3/STO/LAO heterostructures. All the

samples show a broad luminescence band around

335–520 nm. The luminescence bands are distinctly

asymmetrical in the spectral shape and consist of two

broad visible emissions centered at around 365 nm

(3.4 eV) and 390 nm (3.2 eV), which are close to the

indirect gap energy (3.27 eV) and the direct gap

energy (3.46 eV) of STO, respectively [30]. And the

peak position with lower wavelength is slightly

changed with the growth temperature of Al2O3 films,

which is attributed to the variation of bandgap. These

results manifest that STO films dominate the PL

spectra in Al2O3/STO/LAO system. The long tail of

PL spectra between around 400 and 520 nm shows a

blue-light emission. This suggests that oxygen

vacancies on the STO side may be the origin of blue-

light emission, which agrees with the case of electron-

doped STO and LAO/STO heterointerfaces [18, 31].

The luminescence intensity of Al2O3/STO/LAO is

significantly increased with increasing growth tem-

peratures of Al2O3 films. This behavior is consistent

with the sheet resistance, implying that the lumines-

cence has a close relationship with the metallic con-

duction caused by the oxygen vacancy. These oxygen

vacancies can form the defect levels in the bandgap

and may be responsible for the luminescence emis-

sion [18]. The increase of PL intensity can be attrib-

uted to the increasing oxygen vacancies in

accordance with the conductivity with increasing

growth temperatures. In other words, these results

suggest that the interfacial conductivity of Al2O3/

STO/LAO originates from oxygen vacancies at the

STO side.
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Summary and conclusions

In summary, we have obtained a 2-DEG at the

Al2O3/STO/LAO heterostructures using pulsed laser

deposition. And the conductivity is closely related to

the growth temperature and dominated by oxygen

vacancies at the STO side of interface. In addition, the

Al2O3/STO/LAO heterostructures are more con-

ductive than Al2O3/P-STO and Al2O3/TiO2-STO

heterostructures. X-ray photoelectron spectroscopy of

the Ti 2p core level indicates the formation of oxygen

vacancies at the STO side of interface. The PL spectra

demonstrate that oxygen vacancies dominate the

interfacial conductivity of Al2O3/STO/LAO

heterostructures. These results promote the genera-

tion of oxide electronic devices and contribute to

further understand the origin of 2-DEG at oxide

interfaces.
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