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ABSTRACT

Scattering mechanisms and electron transport properties of a two-dimensional
electron gas (2DEG) in the perovskite LaAlO3/SrTiO3 heterostructure have been investigated
theoretically at low temperature. The transport scattering time and electron mobility were
calculated by using Fermiûs golden rule based on the linear transport theory, and the scattering
potentials including scattering mechanisms of the dipole moment, cation intermixing, oxygen
vacancy and interface roughness were proposed. It was found that the calculated mobilities
provided good agreement to the experimental results with the samples grown at different oxygen
partial pressures. The 2DEG mobility was dominated by the dipole, cation intermixing and
interface roughness scatterings at the oxygen pressures of 10-4 Torr whereas the mobility was
limited by the oxygen vacancy scattering at the oxygen pressures of 10-6 Torr.
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Introduction
Transition-metal oxides (TMOs) have attracted significant scientific interests for the

next-generation nanoelectronic devices [1]. The prototype related heterojunction field effect
transistor (HFET) was discovered in 2004 by Ohtomo and Hwang [2] based on the interface
between two insulators LaAlO3 (LAO) and SrTiO3 (STO). Connecting to the formation of
two-dimensional electron gas (2DEG) at the interface of LAO/STO, high electron mobility
(1 m2/Vs) and high carrier density (3.3Ó1018 m-2) were reported [2-5]. These occurrences have
launched currently theoretical and experimental investigations on the applications of strong
correlated d electrons [1]. Many remarkable phenomena such as multiferroic [1], insulator-
to-metal transition [2], magnetism [6] and superconductivity [7] have also been exhibited in
TMO based devices which could not be seen in their bulk materials. Thus, the fundamental
understanding of scattering mechanisms in microscopic level is an important prerequisite to
enhance the transport properties of TMO based devices.

In the interface of LAO/STO or so-called heterostructure (HS), LAO film was grown
on the (001) STO substrate, and two types of interface termination as n-type and p-type could
be formed [2, 3]. The n-type related (LaO)+/(TiO2)

0 layers exhibited a conducting state because
it can induce a 2DEG in the (TiO2)

0 layer close to the interface [2, 3]. In order to explain
the origin of 2DEG in the STO layer, three distinct models were proposed as the electronic
reconstruction [3, 8], cation intermixing [9-11] and oxygen vacancy [12, 13]. First, the
electronic reconstruction model was the transformation of extra electron with 0.5 electrons
per unit-cell area from the LAO surface to the STO layer. Second, the cation intermixing was
the diffusion of La atom into STO as the n-type La-doped STO, generating a 2DEG in the
STO layer. Third, the oxygen vacancy as the donor in the STO substrate induced a 2DEG.
In contrast to n-type, the p-type containing (AlO2)

-/(SrO)0 layers showed an insulating state
[2, 3]. The induced hole from the electronic reconstruction model was compensated with the
induced electron from the cation intermixing and oxygen vacancy, and there was no available
carrier to conduct.

Recently, several refinements [2-5] in both experimental and theoretical investigations
have been demonstrated to understand the transport properties of 2DEG in LAO/STO HS. It has
been found that the electron mobility and density are sensitive to oxygen partial pressure in the
growth process. In the oxygen pressure of 10-4 Torr, moderately, the measured 2DEG mobility
was of 0.1 m2/Vs with electron density of 1018 m-2 [4, 5]. The 2DEG mobility was up to 1 m2/
Vs with electron density of 1021 m-2 at low oxygen pressure of 10-6 Torr [2]. However, the
insulating state was found in the samples grown at oxygen pressure more than 10-3 Torr [2-4].
Many experimental methods were proposed to adjust electron density and mobility including the
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variations of growth conditions, substrates, growth temperatures, post annealing, LAO thickness
and electrostatic field gating [14]. Later, Cen et al. [15, 16] demonstrated the process to tune
2DEG mobility and density using the conductive atomic force microscopy (CAFM). This
striking method changed the electron densities by injecting surface charges with CAFM tuning,
and revealed the decreasing of electron mobility with increasing electron density [17].

Moreover, the theoretical study on electron transport in the LAO/STO HS was
reported by Su and co-workers [18]. The electron mobility was calculated by using the Boltzmann
transport equation including scattering mechanisms of interface roughness, net charged layers,
acoustic phonon and polar optical phonon. The interface roughness and net charged layers
showed not only a dominant effect at low temperature but also phonons at room temperature.
However, the investigation [18] did not describe at least three important aspects observed in the
experiments. First, the theory did not explain the experimental results observed by the CAFM
tuning [17]. Second, the theory could not clarify the mobilities related the samples grown at
pressures between 10-4 Torr and 10-6 Torr. Third, the scattering from oxygen vacancy suggested
by experiments [12, 13] has not been included in the calculation.

In addition, Cantoni et al. [19] recommended that the induced polarization ΔP related
dipole moments from the lattice distortions of LAO film could be probed by using electron
energy loss spectroscopy (EELS) and scanning transmission electron microscope (STEM). Within
the polar nature of LAO and the electronic reconstruction model, the spontaneous polarizations
in LAO layer (P0 

= 0.5e/S) induced 2DEGs in STO layer (3.3Ó1018 m-2). On the other hand, the
irregular distance between LaO and AlO2 planes from the lattice distortions was the main
contribution to create the induced polarization in LAO layer. The induced polarization partially
compensated the spontaneous polarization leading to the electron density lower than 3.3Ó1018

m-2 [19]. However, the influences of the induced polarization and dipole moment on the electron
transport of LAO/STO HS remain to be explained.

In this work, we proposed the scattering models to calculate the low-temperature
electron mobility in the LAO/STO HS. The models suggested by the experiments [3, 8-13] such
as the dipole moment, cation intermixing, oxygen vacancy and interface roughness, were
included in the calculation. Using these models, we were able to comprehensively explain the
fundamental mechanisms behind the electron transport at low temperature. This paper was
organized as follows: first, the transport scattering rates and electron mobilities for different
scattering mechanisms were introduced. Second, the calculated mobilities were compared with
the experimental results included the CAFM tuning [2, 4, 17, 20, 27]. Conclusions were in the
last section.
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Scattering Mechanisms and Electron transport
In order to investigate transport properties, we are now dealing with scattering

mechanisms and electron mobilities in the perovskite LAO/STO HS at low temperature. We also
use the linear transport theory to calculate the electron mobility tr /m, where e is the
electron charge, tr is the transport relaxation time and m is the effective mass. Starting from the
scattering mechanism, the transport scattering rate based on Fermiûs golden rule can be written
as [21]

..................(1)

where  is the sheet density of scatters,  is the 2D Fermi wave vector and ε(q) =
(1 + qTF/q) is the dielectric function with the 2D Thomas-Fermi screening wave vector

. The Fourier transform of scattering potential related the envelope wave
function u(z) is of

..................(2)

It has been shown [14] that the triangular potential well was formed in the STO layer
by two main conditions, i.e. the polarization discontinuity at the heterointerface and electric field
from the positive charge of oxygen vacancies in the STO. At low temperature, the 2DEGs are
assumed to occupy the lowest subband. Thus, the Fang-Howard envelope wave function [22] can
be properly approximated as

..................(3)

and the variational parameter b is

..................(4)

where ε0 is the permittivity of free space and κSTO is the dielectric constant of STO.
The scattering theories of the 2DEG system have been developed by several authors

[21-25]. In this article, we provide a brief description of the most important scattering
mechanisms, i.e. dipole (DPS), cation intermixing (CIS), oxygen vacancy (OVS) and interface
roughness (IRS) scatterings . In addition, the scatterings between 2DEGs and these scattering
potentials are considered as the elastic collision. At this point, the Matthiessenûs rule can be used
to evaluate the total scattering rate including various scatterings as

..................(5)
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Dipole scattering (DPS)
The lattice distortions have been observed near the interface of LAO film [19].

The lattice distortions caused a local deformation in the LAO lattice leading to ΔP. The O atoms
in both LaO and AlO2 planes and the Al atom in AlO2 plane moved in the same direction toward
the surface, leading to the residual dipole moment between LaO and AlO2 planes. It should be
suggested that 2DEGs affect the residual dipole moments with the sheet density of ndip via the
Coulomb interaction. The scattering potential for dipole scattering [23] is given by

..................(6)

where d0 is the separated distance between LaO and AlO2 layers. Hence, the transport scattering
rate for DPS can be written as

..................(7)

where κLAO is the dielectric constant of LAO.

Cation intermixing scattering (CIS)
During the growth of LAO on STO substrate, atomic interdiffusions across the LAO/

STO interface, known as cation intermixing, have also been observed [9-11]. The diffusion of La
atom into STO generated the n-type La-doped STO while the diffusion of Sr atom into LAO
affected the positive charged layers with the sheet density of ni. These imply that the 2DEGs are
localized in STO side while the positive charged layers are mainly located in LAO side.
For these reasons, we present the scattering potential due to cation intermixing, the Coulomb
interaction with the remote positive charge [21] as

. ..................(8)

The radius d is a distance between 2DEGs and positive charged layers. The transport scattering
rate for CIS can be expressed as

. ..................(9)
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Oxygen vacancy scattering (OVS)
It has been recognized [12, 13] that the samples grown at the low oxygen pressure

(10-6 Torr) established a large number of oxygen vacancies in the STO substrate. Oxygen
vacancies transferred electrons to the TiO2 layer, leaving a positive charge behind. In this model,
we provide the distribution of oxygen vacancies in the STO layer as the background positive
charge with the volume density of Nov. In contrast to CIS, the 2DEGs and oxygen vacancies are
localized in the same STO layer. Thus, the transport scattering rate for OVS which is the
Coulomb interaction with the background positive charge [21], is given by

..................(10)

Interface roughness scattering (IRS)
The IRS was an important problem for electron transport in III-V, III-N and II-VI

semiconductor HSs [25]. The experimental result of LAO/STO HS using EELS and STEM
suggested that the rough interface due to cation intermixing was monitored [3]. Herein, the
fluctuation of rough interface can be characterized by the average height of rough interface (Δ)
and the correlation length (Λ) with the Gaussian correlation function as

 [22]. We assume the model of IRS by the interface roughness
coupled with average effective field [24], and the scattering potential is

..................(11)
where Eeff = ens/2ε0κinf is the average effective field and κinf is the dielectric constant at the
interface between LAO/STO layers. Thus, the transport scattering rate for IRS [25] can be
written as

..................(12)

Results and Discussion
In this section, we have reported the validity of scattering mechanisms in the electron

transport of LAO/STO HS at low temperature. The 2DEG mobilities including DPS, CIS,
IRS and OVS were obtained from the linear transport theory. The calculated results were
compared with the available experimental data from the samples grown at the oxygen partial
pressures of 10-4 Torr [4, 17, 20] and 10-6 Torr [2, 27]. In numerical evaluation, the existing
parameters including the effective mass of m = 0.5 m0 [26], dielectric constants of κLAO = 24 and
κSTO= 2400 [18] and Thomas-Fermi screening of qTF = 8.1Ó108 m-1 were used.
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Figure 1 Plot of the electron mobility as a function of the electron density. The solid line is the
total electron mobility including CIS, DPS and IRS, and the circle, solid circles and
squares are the experimental data from [4], [17], [20], respectively.

Figure 1 shows the calculated electron mobility as a function of the electron density
for the LAO/STO HS with scattering mechanisms of DPS, CIS and IRS. The experimental
results related the samples grown at the oxygen partial pressure of 10-4 Torr [4, 17, 20]
were also plotted. To fit the experimental results, we used the parameters derived from the
experiments, ni = 1.5 Ó 1016 m-2 [2], ndip = 4 Ó 1017 m-2 [19], κinf = 24, Δ = 0.3 nm and Λ = 1 nm
[2]. We extracted the intermediate value of the separated distance between LaO and AlO2 planes
(d0) with 1.9 Ó 10-10 m [19]. Moreover, the diffusion of Sr atom into LAO layer (d) with distance
of 3.971 Ó 10-10 m [2] was applied to calculate. It is readily seen that the total electron mobility

TOT based on the Matthiessenûs rule (solid line) shows good agreement with the experimental
results measured at 2 K [4, 17, 20]. The scatterings from DPS, CIS and IRS dominate the
2DEG mobility at low temperature and describe the scattering mechanisms for the samples
grown at the oxygen partial pressure of 10-4 Torr. From Figure 1, we are able to clarify the
relation between scattering mechanisms and electron densities. The CIS is the primary source for
limiting electron mobility in the electron density below 3.0Ó1016 m-2 while the IRS becomes
more significant in the electron density upper 8.0Ó1016 m-2. Intermediately, the DPS contributed
from the lattice distortion of LAO, suppresses the electron mobility.

Based on these reasons, we examined the mechanisms both CIS and IRS. The CIS
and IRS were similarly originated from the cation intermixing across the LAO/STO interface.
Although, the CIS showed a strong effect at low electron concentration, the IRS played a
dominant role at high electron concentration. By considering CIS, there were two different
stacking layers created in both STO and LAO layers, i.e. (Sr1-xLaxO)x+/(TiO2)

0 layers in STO
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side and (Sr1-xLaxO)x+/(AlO2)
- layers in LAO side [18]. While, the diffusion of La atom into

STO created 2DEGs due to the attractive force from the positive charged (Sr1-xLaxO)x+ layers,
the diffusion of Sr atom into LAO generated the positive charged (Sr1-xLaxO)x+ layers leading to
the CIS. When the electron density decreased, the CIS was presumably increased because of the
strong Coulomb interaction between 2DEGs and positive charged layers. In contrast, the IRS
increased with increasing electron density as shown in Figure 1. The 2DEG densities were
strongly enough to screen the Coulomb interaction from the CIS. Similarly, the distribution of
2DEGs was electrically pushed closer to the interface leading to increase the IRS.

Figure 2 Plot of the electron mobility including CIS, DPS and IRS as a function of the electron
density. The circle, solid circles and squares are the experimental data from [4], [17],
[20], respectively.

Next, we studied the influence of DPS on the electron mobility, as shown in Figure 2.
The total electron mobilities ( CIS+ DPS+ IRS) with various densities of dipole moment (ndip)
were presented in the same plot with the experimental results [4, 17, 20]. In order to
compare with experimental data, the previously results of ndip [19] were used, i.e. 1Ó1017 m-2

(dashed-dotted line), 4Ó1017 m-2 (solid line) and 8Ó1017 m-2 (dotted line). The explicit range of
ndip was 1Ó1017-2.5Ó1018 m-2 [19]. The magnitude of 2DEG mobility decreased with increasing
density of dipole moment. The calculated results also showed the upper-bound (dashed-dotted
line) and lower-bound (dotted line) corrections, and the experimental data were embedded in
the theoretical corrections in the range of electron density from 3Ó1016 m-2 to 7Ó1016 m-2.
These findings indicated that the DPS is one of dominant scatterings at low temperature, and
plays an important role in the 2DEG mobility at the intermediate electron concentration.
Moreover, the calculated curves showed a similar trend in the high electron density limit.
The result confirmed that the IRS is dominant scattering at high electron concentration.
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Figure 3 displays the total mobility ( TOT 
= CIS 

+ DPS 
+ IRS 

+ OVS), OVS and
experimental results related the sample grown at the oxygen partial pressure of 10-6 Torr [2, 27].
In the simulation, we used the oxygen vacancy density of Nov = 1.45Ó1033 m-3 [2]. It can be seen
in the picture that the OVS (dashed line) increases with increasing electron density, and matches
reasonably well with the available experimental data [2, 27]. However, the total electron
mobility OVS including CIS, DPS, IRS and OVS (solid line) shows the underestimated value for
the experimental data. These confirm that the oxygen vacancy scattering dominates the 2DEG
mobility for the samples grown at the oxygen partial pressure of 10-6 Torr. A number of oxygen
vacancies indicate how many 2DEG densities exist, and more electron densities lead to more
electron mobility.

Figure 3 Plot of the electron mobility as a function of the electron density. The solid square
and solid circles are the experimental data from [2] and [27].

In order to account for the insulator-to-metal transition in LAO/STO HS, the 2DEGs
were localized on the Ti 3d orbitals of TiO2 layer and generated conductivity [2]. This metallic
state could be explained by the overlap between the O 2p orbitals of AlO2 layer at the surface
and the Ti 3d orbitals of TiO2 layer at the interface [8]. The Ti 3d bands were split into the
three-fold degenerate t2g orbitals (xy, yz, zx) and two-fold degenerate eg orbitals (x2-y2, 3z2-r2)
[1, 8]. It is worth mentioning that the 2DEGs are highly mobile due to occupy in the Ti
3dxy orbitals having the light effective mass (~0.5 m0) [26]. Related to the energy band
diagram, the formation of 2DEGs in the STO layer suggests the existing of the interfacial
potential well in the STO layer. This potential well causes electrons moving freely in the
in-plane direction while the growth direction is limited.
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To discuss some basic features of 2DEG transport, the low-temperature mobility has
been calculated to understand the dominant scattering mechanisms at different oxygen pressure
ranges. The theoretical results showed good agreement with the experimental data. These
outcomes supported that the proposed models including CIS, DPS, IRS and OVS were realistic
to describe the scattering mechanisms in the LAO/STO HS. At the low pressure regime
(10-6 Torr), the electron mobility was dominated by the OVS. Oxygen vacancies in the STO
layer transferred electrons to the interfacial potential well with leaving a positive charge
behind. The background positive charge could act reversely to 2DEGs as the Coulomb
interaction. These results indicated that the oxygen vacancy was the electronic donor as well as
the scattering source for 2DEGs.

In the intermediate pressure regime (~10-4 Torr), the 2DEG mobility was limited by
the CIS, DPS and IRS. By considering the lattice distortions of LAO near the interface [19], the
O atoms both LaO and AlO2 planes and the Al atom moved in the same direction toward
the surface, leading to the residual dipole moments between LaO-AlO2 planes. The lattice
distortions in the LAO film made the induced polarization ΔP in the different direction to
the spontaneous polarization P0, reducing the total polarization P = P0 + ΔP. Therefore, the
modeling of DPS was the Coulomb interaction between 2DEGs and dipole moments located
at the LAO side, and showed an important scattering mechanism in the moderate electron
concentration. Furthermore, the cation intermixing across the interface provided key scattering
sources of CIS and IRS. By taking to account the CIS, the scattering was the Coulomb
interaction from the positive charged layers, Sr cations in the LAO. At low electron concentration,
the CIS was strongly compared with the DPS and IRS. Alternatively, the IRS played a major role
in the high electron concentration because the distribution of 2DEGs with increasing electron
density was strongly enough to screen the Coulomb interaction from CIS and DPS.

Conclusion
We have investigated the electron transport properties in the perovskite LAO/STO

HS at low temperature. The scattering mechanisms including DPS, CIS, IRS and OVS were
proposed to calculate the 2DEG mobility. The scattering models inspired from the experiments,
were practical to describe the scattering mechanisms in the system. The total electron mobility
with CIS, DPS and IRS showed good description to the experimental results with the
samples grown at the oxygen partial pressure of 10-4 Torr. It was found that the scattering from
the CIS, DPS and IRS produced strongly effect on 2DEG mobility in the low-, intermediate-
and high-concentration regions, respectively. Moreover, the electron mobility with OVS was in
reasonable agreement to the experimental data with the sample grown at the oxygen
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partial pressure of 10-6 Torr. These theoretical results gave insight into the nature of
low-temperature scattering mechanisms in the LAO/STO HS. So, we believe that our models will
be an explanation for the transport properties in other perovskite TMOs based HS.
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