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Abstract. The built-in electric field across LaAlO3/SrTiO; heterointerface, which hosts two-dimensional
electron gas (2DEG), is studied by off-axis electron holography in transmission electron microscopy (TEM).
Onthe contrary to the well-accepted polar catastrophe model, which indicates a Zener breakdown due to the
strong built-in electric field in LaAIO5 (~0.24 V/A), we find that such an internal electric field in LaAIO; is
almost negligible (<0.1 V//A) when compared to the band bending of SrTiOs. Our results suggest that the
emergence of 2DEG should have other explanations beyond the polar catastrophe model.

Introduction

The conducting two-dimensional electron gas (2DEG) emerged at the heterointerface between two band
insulators: LaAlO; (LAO) and SrTiO3 (STO) has attracted intense research interest since its discovery by
Ohtomo and Hwang [1]. Later on, a number of exotic physical properties have been found in such a model
polar/nonpolar heterointerface system, e.g. superconductivity [2] and ferromagnetism [3]. However, the
origin of the 2DEG still remains an open question. A well accepted interpretation for the conductivity was
made based on the polar catastrophe model [1,4,5], which postulates an intrinsic electronic reconstruction
mechanism due to the polar discontinuity at the interface. According to electrostatics, the polar discontinuity
between the nonpolar STO substrate and the polar LAO film would induce a strong built-in electric field
across the interface. Particularly, the electrostatic potential in LAO increases divergently with increasing LAO
thickness. As a result, at the critical thickness d.., a Zener breakdown will take place by means of charge

transfer from the O 2p valence band of LAO at the surface to the Ti 3d conduction band of STO at the
interface [7—9]. Based on this simple assumption by polar catastrophe model, the built-in electric field in LAO
can be estimated to be about ~0.24 /A However, the presence of this built-in electric field has been
questioned by numerous studies. For example, it is shown by X-ray photoemission [9-11] and scanning
tunneling microscopy [12] that the internal field is only ~0.02-0.03 /A, being much smaller than predictions
by polar catastrophe model. Furthermore, it was found that Ti** signal appears well below d,. [11], which

indicates a requirement of free charge density for coherent electron conduction. In order to explain these
controversial experimental findings, especially the lack of strong built-in electric field in LAO, the oxygen
vacancies model [13] and interface intermixing model [14] are proposed, respectively. Nevertheless, it is also
questioned whether these hypotheses could explain the appearance of the critical thickness d. for

conductivity.

In this work, we focus on a direct measurement of the built-in electrostatic potential and electric field across
the heterointerface by using electron holography. By comparing the built-in electric field in LAO film and that
inside the substrate, it is shown that the built-in electric field in LAO is much smaller than the band bending in
STO. Thus the built-in electric field should be <0.1 V/Aand cannot be simply explained by polar catastrophe
model. The reason for such a small electric field is then discussed.
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Experiments

The cross-sectional 20 u.c. LAO/STO (001) sample studied in this paper was prepared in a conventional
polishing and ion milling process [15]. Off-Axis Electron holography experiments were carried out on a FEI
Titan 60-300 electron microscope equipped with a CEOS image aberration corrector and a bi-prism at
Nanjing University. The microscope was operated at 300 kV in transmission electron microscope (TEM)
mode and the high-resolution electron holography images were recorded with a bias of 200 V applied on the
bi-prism. The bi-prismwas placed exactly parallel to the interface. Inorder to minimize the dynamical electron
diffraction effect, the sample was tilted with respect to the normal of the interface, while the interface was kept
edge on. The reconstruction of the amplitude A4 (r) and phase f (r) of the coherent electron wave

transmitted through the sample was performed by HoloWorks 5 plug-in for the software package Digital
Micrograph. In principle, the phase change 7 (r) of the exit electron wave can be approximately related to

the mean inner electrostatic potential V(r) of the sample as
Fr)» G (r)e @)
where C.=pE// s a constant that is related to the electron energy £ and wavelength /
(Ce =6.523" 10 ®radV'nm™ for 300 kV electrons) and ¢ is the sample’s thickness. Therefore, we can

estimate ¥ (r) and E(r)=-V"(r) from £ (r) straightforwardly if 7(r) and ¢ are known. However, an

accurate measurement of ¢ is generally complicated. As ¢ usually varies much less in a small region, we will
thus only focus on the relative mean inner potential difference instead of the absolute mean inner potential.
Ignoring the variation of thickness, Eq. 1 can be rewritten as

V(r) M7 (r) (2)
E(r):-V'(r)oc-f'(r) 3)

Therefore, the internal electric field could be readily obtained once 7 (r) is reconstructed by electron
holography.

Results and Discussions

Fig. 1 shows the recorded high-resolution electron holography and the corresponding Fast Fourier Transform
(FFT) images, respectively. The interference fringes can be clearly observed with fringe contrast better than
10%. The amplitude A (r) and phase 7 (r) of the exit electron’s wavefinction are reconstructed directly

from one of the sideband with a resolution of ~2.5 nm, where the center of the sideband is indicated by the
circle inthe FFT image. Then the reconstructed phase 7 (r) is further processed by taking the vacuum as a

reference and setting 7 (r) fromthe vacuumto zero. Fig. 2 displays the final reconstructed phase image £ (r)
[Fig. 2(a)] and the average line profile of 7 (r) [Fig. 2(b)] across the interface, respectively. Obviously,
f (r) varies fromthe LAO filmto the substrate in a continuous way. The width of this transition area is ~2 nm,
being close to the width of cation intermixing interface [4]. Away from the interface, 7 (r) is constant in LAO

and STO. Note that the phase change of LAO is larger than that of STO, indicating relatively larger mean
inner potential of LAO. This result is consistent with the mean inner potential of bulk LAO and bulk STO,
which is about -25.9 V and -22.3 V according to Refs. [16].
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Fig. 1. (Color online) (a) Electron holographic image of LaAlO5/SrTiO3 (001) heterointerface. (b)
Corresponding Fast Fourier Transform image of (a), where the sideband used for reconstruction is denoted
by the red circle.

The relative built-inelectric field £ is calculated fromthe derivative of 7 (r) profile and the result is shown

in Fig. 2(b) as well. Inaccordance with the mean inner potential, the built-in electric field resides essentially in
the interfacial region and the maximum is exactly at the interface. The negative sign of £ indicates that the
electric field is pointing from the interface to the substrate. As a result, free charge carriers are attracted to the
interface and form the 2DEG. Deep into the substrate, £ quickly decays to zero within ~2 nm. Note that
study by scanning tunneling microscopy shows that the decay length of the band bending in STO is ~0.8 nm
[12]. The built-in electric field in LAO near the interface (~2 nm) is negative as well, which probably is due to
the cation intermixing of the interface [14]. In comparison, away from the interface, the built-in electric field in
LAO slightly increases from zero to finite positive values, suggesting that the field is pointing from the interface
to the surface and is in agreement with predictions by polar catastrophe model. Moreover, the relative field
strength can be readily estimated from Fig. 2(b). As the electric field in STO is typically ~0.1 V/A [12,17], the
field in LAO should be in the same scale or even less than 0.1 /A, This finding contradicts to the prediction
by polar catastrophe model, but matches experiments [11,12] very well. We remark that such controversy is
not well understood within the framework of polar catastrophe model yet and it is either attributed to oxygen
vacancies or interface intermixing. To shed light on the underlying mechanism, we phenomenologically expand
the heterointerface’s total energy as a function of the order parameter polarization and electric field using
Landau theory. We found that the small built-in electric field can be immediately explained by the coupling
between the polarization and electric field within LAO/STO heterointerface, which thus leads to the small
inner potential and electric field. The details of the work will be reported elsewhere [18].

Note that at the surface of the film, the potential decreases to zero within a range of ~3 nm, which
essentially corresponds to the unavoidable surface glue layer. This will give rise to a strong variation of the
phase’s derivative. In fact, if we consider the surface of a material, its mean inner potential will rapidly
decrease to zero and give rise to a strong electric field localized at the surface. This is exactly what we have
observed in Fig. 2.
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Fig. 2. (Color online) (a) Reconstructed phase 7 () ofthe exit electron wave. (b) Profiles of the phase 7 (r)
(1 V(r)) and phase derivatives - '(r) (0 E(r)) across the heterointerface, where the interface and
surface of the 20 u.c. LaAlO; film is marked by the dashed lines.

Summary

We studied the built-in electric field in the 2DEG LAO/STO heterointerface by means of off-axis electron
holography in a TEM. By reconstructing the phase of the exit electron wave that transmits through the
heterointerface, we compared the relative strength of the built-in electric field in LAO and STO. It is found
that the built-in electric field in LAO is much smaller than the band bending of STO and <0.1 V/A. Our results
contradict the conventional understanding of the origin of 2DEG, which is believed to be essentially caused by
the strong built-in electric field within LAO. Hence, the emergence of 2DEG in LAO/STO heterointerface
should have other explanations. Recently, our combined experiments and theoretical calculations based on
Landau theory show that these controversies could be self-consistently explained if appropriate electrical
boundary conditions are considered.
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