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We have systematically investigated the electronic transport properties of the LaAlO3/SrTiO3

interfaces with several different metal capping layers. The sheet carrier density can be tuned in a

wide range by the metallic overlayer without changing the carrier mobility. The sheet carrier

density variation is found to be linearly dependent on the size of metal work function. This

behavior is explained by the mechanism of the charge transfer between the oxide interface and the

metal overlayer across the LaAlO3 layer. Our results confirm the existence of a built-in electric field in

LaAlO3 film with an estimated value of 67.7 eV/Å. Since the metallic overlayer is essential for devices,

the present phenomena must be considered for future applications. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4953586]

High mobility quasi-two-dimensional electron gas (q-

2DEG) at complex oxide heterointerfaces has attracted a

great deal of interest due to their rich physics and potential

applications in next-generation microelectronics.1 The

q-2DEG formed at the interface between the two band insula-

tors LaAlO3 (LAO) and SrTiO3 (STO) is a prominent exam-

ple.2 It has been discovered that at low temperature, the

LAO/STO interface shows a variety of electronic phases such

as ferromagnetism,3 superconductivity,4 even coexistence of

ferromagnetism and superconductivity.5,6 The LAO/STO

interface has been demonstrated to be a promising platform

to realize field-effect transistor,7,8 polar molecule sensors,9

nano-photodetectors,10 and even spintronic devices.11,12

The electric and magnetic properties of the LAO/STO

interface are sensitive to the sheet carrier concentration

nsheet. The sheet carrier concentration was initially controlled

by the oxygen pressure during the LAO layer growth, where

the oxygen vacancies act as electron donors.3 Modulation of

nsheet has also been obtained in a field effect transistor geom-

etry device, where an electric field is applied between the

interface and a metal13 or the ferroelectric14 gate electrode.

The transfer of electrons from the LAO surface to the inter-

face to overcome the electrostatic potential divergence built

by the polar field in LAO layer, known as the charge recon-

struction model, is believed to be one of the origins to the

conductive interface.15 This model represents that the elec-

tronic states of the LAO surface are closely related to the

interface conductivity. Therefore, attempts to control nsheet

through manipulating the LAO surface have been carried out

in several approaches. For example, the adsorbing polar

molecules,9 the writing of surface charge by atomic force

microscopy tip,8 and the capping of nanoparticles and polar

materials on LAO surface are employed to alter nsheet.
16,17

Considering that a metallic overlayer can significantly influ-

ence the surface electronic states of an oxide material,18

nsheet at LAO/STO interface should also be strongly modified

by a metallic contact.19 However, this issue has not been

addressed experimentally.

To develop practical devices, the integration of the me-

tallic contacts with the oxide interface is essential. For

instance, a metallic electrode on top of the LAO layer in the

field effect transistor device is indispensable.13,20,21 The tun-

neling injection from a ferromagnetic metal through LAO

into LAO/STO interface is a general approach for spin injec-

tion in spintronic devices.11 The impact of the metallic over-

layers on the interface properties needs to be considered

accordingly. Here, we report a systematically study on the

electronic transport properties of LAO/STO interface with a

variety of metallic overlayers. The sheet carrier concentra-

tion can be modified in a wide range by the metallic over-

layer without changing the carrier mobility. The built-in

potential across the LAO layer as a correction is needed for

different metallic electrodes and our newly estimated value

is 67.7 eV/Å.

A 5-nm-thick amorphous LAO (a-LAO) film was grown

on a TiO2-terminated STO (001) substrate by pulsed laser

deposition (PLD) with a shadow mask to define a proper

shape at room temperature at the oxygen pressure of

1� 10�1 Torr. After removing the shadow mask, another

LAO film was epitaxially grown on the sample by PLD at

750 �C and the oxygen pressure of 5� 10�5 Torr. The

detailed growth process and characterization of the epitaxial

LAO film has been described in detail in our previous

report.22 The thickness of the epitaxial grown LAO layer was

5 unit cell (u.c.) and monitored by in situ reflection high energy

electron diffraction. The sample was annealed at 550 �C under

atmospheric oxygen pressure for 4 h to remove the oxygen

vacancies in LAO. Figure 1(a) shows the atomic force micros-

copy (AFM) image of the 5 u.c. LAO film on STO. The atomi-

cally flat terraces and 1 u.c. step height suggest that the LAO

film is continuously formed. After the transport measurements

on the LAO/STO interface, a 20-nm-thick metallic top elec-

trode was ex-situ evaporated on the LAO surface by electron

beam evaporation through a shadow mask to define a propera)Electronic mail: dwu@nju.edu.cn
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shape. Finally, the conductive LAO/STO interface was pat-

terned into a cross geometry with a metallic top contact, as

schematically shown in Figure 1(b). Four Al wires were con-

nected to the LAO/STO interface by ultrasonic bonding in

four-probe van der Pauw geometry. The top metallic layer was

connected by a silver paint without contacting the LAO layer.

Figure 1(c) shows the typical current-voltage (I-V) curves

measured on the LAO/STO interface and between a gold top

electrode and the LAO/STO interface at 2 K. A linear I-V char-

acteristic is observed for the interface, indicating that Ohmic

contacts are achieved between Al wires and the interface by

wire-bonding. In contrast, a highly rectifying I-V curve across

the LAO layer is obtained, directly suggesting that the LAO

layer forms an asymmetric tunneling barrier. Here, a positive

bias voltage means that the voltage of the metallic electrode is

higher than that of the LAO/STO interface. Importantly, the re-

sistance of the interface is several orders of magnitude smaller

than that of the LAO tunneling barrier at low bias voltage

region. Therefore, when nsheet of the LAO/STO interface is

measured by the Hall effect at low current, the current tunnel-

ing to the gold electrode can be neglected.

nsheet of the LAO/STO interface is sensitive to the

growth condition. To reduce the uncertainty caused by the

sample-to-sample variation, we compare nsheet for the same

sample before and after the deposition of the metallic over-

layer unless otherwise specified. Figure 1(d) shows nsheet of

the LAO/STO interface with and without gold overlayer as a

function of the temperature. nsheet is about 1.09� 1014 cm�2

without Au overlayer at 250 K, which is consistent with the

previously reported areal carrier density of the interface

grown under the similar condition.23 After the gold layer

deposition, nsheet increases �40% to 1.48� 1014 cm�2 with

the same given temperature. nsheet gradually decreases as

decreasing temperature for both samples and nsheet of the

interface with gold overlayer is always smaller than that of

the interface with gold overlayer in all temperature range.

Unlike the gate electric field and polar molecular adsorption

changing nsheet and the mobility simultaneously,9,20 the Hall

mobility remains the same after the deposition of gold in all

temperature range, as shown in Figure 1(d). Although the

mobility of our samples is relatively low, it can still be

modulated in a wide range by the gate voltage (see the sup-

plementary material).24 Besides Au, we have extended the

investigation to a variety of the metallic overlayers: Al, Ti,

Co, and Pt. We found that nsheet can be modified in a wide

range by these metallic overlayers. The results of the change

of nsheet, Dn, after the deposition of the overlayers measured

at 2 K are summarized as a function of the work function in

Figure 2. Unlike the adsorption of the polar molecules,

which only increase the interface conductivity,9 the metallic

overlayer can increase or reduce nsheet and thereby the corre-

sponding conductivity. Moreover, Dn is comparable to that

by conventional gate field tuning approach. Dn monotoni-

cally decreases as increasing the work function, indicating

the strong correlation between the work function and nsheet.

The mobile carriers in the LAO/STO interface have

been suggested to be originated from the oxygen vacan-

cies,25–28 interface interdiffusion,29 and electronic recon-

struction.15 In our experiments, the metal overlayers are

grown at room temperature, and the LAO/STO interfaces are

from the same piece of sample. The interface interdiffusion

is expected to be the same for all samples. The redox reac-

tion at the LAO/STO upon the deposition of metal may

induce the oxygen vacancies.26,27 We did a control experi-

ment of depositing Al or Ti on an insulating LAO/STO inter-

face. The interface is likely insulating, suggesting that the

redox reaction mechanism may not play an important role

FIG. 1. Schematic and transport measurement of metal/LAO/STO devices.

(a) AFM image of the 5 u.c. LAO layer on STO. A clear step-and-terrace

surface is observed. (b) Sketch of the samples and the contact configurations

using silver paint (black circle) and wire bonder (red circle). a-LAO

indicates the amorphous LAO layer. (c) I-V curves of LAO/STO interface

and across LAO layer. (d) Temperature dependence of the carrier density

and mobility of the LAO/STO interface before and after depositing gold,

respectively.

FIG. 2. The change in the carrier density of the LAO/STO interface after

depositing Al, Ti, Co, Au, and Pt measured at 2 K, respectively. Straight line

shows the fitting result using Eq. (1).
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(see the supplementary material).24 Moreover, the alteration

of the oxygen vacancies and interface interdiffusion can

significantly cause carrier mobility change. The observed

unchanged carrier mobility [Figure 1(c)] strongly suggests

that the oxygen vacancies and interface interdiffusion are not

altered by the metal overlayer. Thus, these two mechanisms

can be ruled out for the observed phenomena.

The variation of the carrier density induced by the metal

overlayers can be understood by considering the charge trans-

fer between the LAO/STO interface and the metal overlayer

across the LAO layer. In the metal/LAO/q-2DEG tunnel

junctions, the charge tunneling occurs due to the different

work function DU¼Eq-2DEG�Em between the q-2DEG

work function Eq-2DEG and the metal work function Em even

without an external bias voltage, as schematically shown in

Figure 3(a). The charges tunnel into or out the LAO/STO

interface until the Fermi level of the two electrodes coincides,

as shown in Figure 3(b). The amount of Dn can be quantified

by treating the junction as a capacitor. DU/e acts as the bias

voltage across the LAO layer, where e is the elementary elec-

tric charge. With the above analysis, we can obtain that

Dn ¼ CDU

e2S
¼ er

4pkdLAOe
Eq-2DEG þ Ed � Emð Þ; (1)

where C is the junction capacitance, S is the junction area,

er¼ 25 is the dielectric constant of LAO, k is the Coulomb’s

constant, dLAO¼ 1.89 nm is the thickness of the 5 u.c. LAO

layer for the LAO lattice constant a¼ 0.378 nm, and Ed is

the ionic build-in potential across LAO layer. Utilizing Eq.

(1), we can well fit our measured data with only one parame-

ter of Eq-2DEGþEd (Figure 2), confirming that Dn is indeed

due to the work function difference induced charge transfer.

In our measurement, Dn is obtained from the Hall

measurement, i.e., only mobile charges are detected. The

reproduced fitting suggests that the transferred charges are

almost not trapped at the interface but contribute to the mo-

bile carriers. Moreover, the fitting yields Eq-2DEGþEd to be

5.35 eV. Given that the Fermi level of the LAO/STO inter-

face is about DE¼ 0.03 eV higher than the conduction band

minimum of STO and the electron affinity of STO ESTO is

4.1 eV,30 we can obtain Eq-2DEG¼ESTO�DE¼ 4.07 eV

(Figure 3(a)). Therefore, the ionic build-in potential across 5

u.c. LAO is Ed¼ 5.35�Eq-2DEG¼ 1.28 eV. For the 5 u.c.

thick LAO layer, the build-in electric field within LAO is

estimated to be 67.7 eV/Å, which is smaller than the previous

reported value of 80.1 eV/Å by studying the Zener tunneling

effect across LAO layer31 but larger than the 30 eV/Å meas-

ured by the cross sectional scanning tunneling microscopy.30

For both previous measurements, a metal overlayer was de-

posited on the LAO layer. If Em> 5.35 eV (<5.35 eV),

charges tunnel from (to) the metal layer to (from) the LAO/

STO interface, resulting in an enhancement (reduction) of

the electric field in LAO. Therefore, Ed could be misesti-

mated with a metallic overlayer. In fact, after considering the

charge transfer effect, the build-in electric field is estimated

to be 61.5 eV/Å in the Zener tunneling measurement,31 in

good agreement with our result.

In order to further understand the impact of the metal

overlayer on the LAO/STO interface properties, we studied the

tunneling effect between the interface and the different metal-

lic overlayer. Again, to reduce the sample-to-sample variation,

different metallic overlayers on the LAO/STO interface were

fabricated. To achieve this, after 5 u.c. LAO epitaxially grown

on STO, a 5-nm-thick amorphous LAO film was deposited at

room temperature by PLD with a shadow mask to form a

300-lm-wide stripe, as schematically shown in Figure 4(a).

About 300-lm-wide metallic strip defined by photolithography

was fabricated perpendicular to the bare LAO stripe. Different

metal overlayer was prepared in sequence. The optical micro-

graph of the sample layout is shown in Figure 4(b).

Figure 4(c) shows the I-V curves measured at 2 K

between the LAO/STO interface and different metallic over-

layers. The strong asymmetric behaviors strongly suggest

that the LAO barrier is asymmetric. The current strongly

depends on the type of the metallic overlayer. The higher the

work function of the metallic overlayer is, the stronger the

rectification behavior is observed, indicating that the built-in

electric field in LAO points from the LAO/STO interface to

the surface and the tunneling barrier height relies on the type

of the metallic overlayer. In order to extract the barrier

height / for different junctions, the I-V curves for the posi-

tive bias voltage V are fitted by the direct tunneling model

that is given by32

I¼ eS

2ph
/�eV

2

� �
exp

�4pdLAO 2m�ð Þ1=2

h
/�eV

2

� �" #(

� /þeV

2

� �
exp

�4pdLAO 2m�ð Þ1=2

h
/þeV

2

� �" #9=
;; (2)

where h is the Planck constant, and m* is the electron effec-

tive mass of the LAO/STO interface. The I-V curves can be
FIG. 3. Schematic band alignments of the metal/LAO/STO junction before

(a) and after (b) the charge transfer.
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well fitted by Eq. (2) [red solid line in Figure 4(c)]. Because

all junctions are based on the same conducting LAO/STO

interface, m* is considered to be the same for all junctions.

The fittings give m*¼ 0.6m0 for all junctions, where m0 is

the free electron mass, consistent with the previous reported

value.31 For simplicity, here, a square tunneling barrier is

used in Eq. (2), meaning that the obtained / is the average

barrier height.33 Figure 4(d) plots / obtained from the fitting

against the corresponding metal work functions. Clearly, /
monotonically increases as increasing work function. The

amount of charge transferring from the metal overlayer to

the LAO/STO interface relies on the value of the metal work

function. The transferred charge would build an additional

electric field in LAO layer, leading to / correlated with the

work function of the metal overlayer.

In conclusion, we have demonstrated that the carrier

density at the LAO/STO interface can be modified as large

as 7.5� 1013 cm�2 by a metallic overlayer without chang-

ing the carrier mobility, comparable to conventional gate

field tuning approach. The results present direct evidence

of the existence of the built-in electric field in the

LAO layer with an estimated field of 67.7 eV/Å. Our find-

ings provide a simple and powerful way in controlling this

system. Since the metallic overlayer is essential for devi-

ces, the present phenomena must be considered for

devices.
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