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We investigate the effect of the laser parameters of pulsed laser deposition on the film sto-

ichiometry and electronic properties of LaAlO3/SrTiO3 (001) heterostructures. The La/Al

ratio in the LaAlO3 films was varied widely from 0.88 to 1.15, and was found to have a

strong effect on the interface conductivity. In particular, the carrier density is modulated

over more than two orders of magnitude. The film lattice expansion, caused by cation va-

cancies, is found to be the important functional parameter. These results can be understood

to arise from the variations in the electrostatic boundary conditions, and their resolution,

with stoichiometry.
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The discovery of a conducting layer formed at the interface between the wide band gap per-

ovskite insulators LaAlO3 (LAO) and SrTiO3 (STO)1 has led to extensive research on this system.

Several scenarios have been proposed to explain the origin of the conductivity: an electronic recon-

struction driven by the polar discontinuity between the (001) interfaces of polar LAO and nonpolar

STO,2 the formation of oxygen-deficient SrTiO3−δ during growth,3–5 or atomic diffusion near the

interface to create conducting LaxSr1−xTiO3 layers.6,7 All are possible contributing mechanisms

which are not mutually exclusive, and can interact in a highly complex way.8

In order to disentangle these effects, a central challenge experimentally is to understand the

sensitivity of the properties of this system to all of the standard control parameters in thin film

growth. These include the oxygen partial pressure,1,9 the post-annealing treatment,10,11 the growth

temperature12 and the LAO thickness.11,13,14 The latter effect, in particular the existence of a critical

thickness of 3–4 unit cells (uc) required for conductivity,13 can be interpreted to support the polar

discontinuity picture. However, it is clear that there are other, larger, characteristic thicknesses

which also influence the conductivity,11,14 indicating the need of more detailed considerations.

The strong asymmetry between the LaO/TiO2 (often called n-type in the literature) and AlO2/SrO

(p-type) interfaces, in particular the insulating nature of the latter1,15 as well as the structural

differences,2,16 not only emphasize the importance of the atomic scale details, but also imply that

oxygen vacancies and intermixing are not the sole cause of the conductivity.

In the case of pulsed laser deposition (PLD), the character of the ablating laser itself is well

known in oxides to be crucial to obtain precisely controlled film stoichiometry.17–19 Although

most LAO/STO samples are grown by PLD, the laser parameters are often not explicitly described

in many publications, and the study of their influence on the properties of this system is cur-

rently limited.20,21 Indeed, a priori the influence of stoichiometry variations of the LAO on the

conductivity in the underlying STO is rather indirect, compared to the typical optimization of
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electronic properties of conducting thin films by directly tuning their own cation ratio. However,

it is still quite possible that the above scenarios used to explain the interface conductivity can be

significantly impacted by a change in the LAO stoichiometry. In this letter, we report electronic

properties of various LAO/STO heterostructures with LAO grown using different laser fluences,

demonstrating a dramatic influence on the interface conductivity.

The samples were fabricated by PLD using a KrF excimer laser, in an on-axis geometry with a

substrate–target distance of 55 mm. The laser repetition rate was fixed at 2 Hz, unless otherwise

indicated. For the x-ray diffraction (XRD) and transport measurements, each LAO film was grown

on a 5 × 5 mm2 STO (001) substrate with a TiO2-terminated surface.22,23 The variable growth pa-

rameters were: the laser spot size A, the laser energy E, and the laser fluence f = E/A. The laser

beam was imaged to a rectangular spot on the single crystal LAO target using a four lens afocal

zoom stage. Before growth, the substrates were preannealed at 950 °C in an oxygen partial pres-

sure of 5×10−6 Torr for 30 mins. Following this anneal, the substrate was cooled to 800 °C and the

oxygen partial pressure was increased to 1 × 10−5 Torr, the film growth conditions. The LAO film

thickness was 25 uc, as monitored using in situ reflection high-energy electron diffraction. After

growth, the samples were cooled to room temperature in an oxygen partial pressure of 300 Torr,

with a one hour pause at 600 °C. These growth details (other than the laser parameters) are the

same as used previously.14

The out-of-plane lattice constant of the LAO films (cLAO) was evaluated using the (002) peak of

the XRD θ–2θ scans.24 For transport measurements, the samples were electrically contacted using

an ultrasonic wirebonder with aluminum wire, in a Hall bar configuration with voltage contacts

∼1 mm apart. The cation stoichiometry of the LAO films was measured by inductively coupled

plasma (ICP) spectrometry, using ∼400 nm thick amorphous LAO films grown on 10 × 10 mm2

B-doped Si substrates at room temperature. For these samples, in order to obtain the necessary
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thick films in a practical time, the repetition rate of the laser was increased to 10 Hz, while the

oxygen pressure was the same as used for the epitaxial growth.

LAO films were grown using a total of 11 different laser conditions, as summarized in Table I,

which also shows the cation ratios from ICP and cLAO from the XRD measurements. The La/Al

ratio was varied from 0.883 to 1.155, a range of more than ±10%, comparable to values reported

for other similar systems.17–19 Two of the films were La rich, while the remaining were La poor

to varying degrees, including two samples which were within 1% of La/Al = 1. As shown in

Fig. 1(a), cLAO increases for both the La rich and La poor films, relative to La/Al = 1, where we

estimate cLAO = 3.72 Å.

The estimated cLAO of the stoichiometric LAO film is in good agreement with calculations of

the Poisson ratio,25 assuming a tensile strain by the STO substrate.26 The cLAO expansion of the

off-stoichiometric films is expected, since cation vacancies in insulating films cause lattice expan-

sion due to Coulomb repulsion.18 We note that the formation of interstitial or anti-sites defects is

energetically unlikely.27 Theoretical calculations show that the formation energy of (V ′′′Al +
3
2V••O )

is larger than that of (V ′′′La +
3
2V••O ) in a wide range of the La-O-Al ternary phase diagram27 (here

we follow the notation of Kröger and Vink 28), which qualitatively explains why most growth con-

ditions result in La poor films. It is also suggested that V ′′′Al produce larger atomic relaxations as

compared to those from V ′′′La ,27 which may explain the asymmetry about La/Al = 1. Interestingly,

there are two films which are nearly stoichiometric from ICP, but show nontrivial expansion of

cLAO, which cannot be explained within the above scenario. A likely interpretation is that both La

and Al vacancies are kinetically induced in equal amounts at these conditions,27 and the oxygen

content differs between the two.

We next examined the effect of the laser parameters on the electronic properties of the

LAO/STO interface. In Fig. 1(b) we show representative examples of the film stoichiometry
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dependence of the interface conductivity. All of the samples show an upturn in the resistance at

low temperatures (T ), qualitatively consistent with previous reports.11,14 With increasing the film

off-stoichiometry, the sheet resistance becomes larger at all temperatures, and the upturn at low

temperatures becomes more dramatic. In the following we focus on the sheet carrier density (ns)

at 100 K, since at this temperature the resistance of all the samples was low enough to obtain clear

Hall effect data sets, with an estimated maximum error bar of . 10%. Also, the Hall effects at this

temperature were fully linear to the highest measured fields (8 T).

Figures 2(a) and (b) show ns(100 K) of the LAO/STO samples as a function of the LAO cation

ratio from ICP and cLAO, respectively. There is a clear and significant relationship between the film

stoichiometry, the lattice constant and the carrier density. Despite some scatter, the samples with

more off-stoichiometric films are found to have smaller ns [Fig. 2(a)]. Most notably, as shown in

Fig. 2(b), all the carrier densities simply scaled with the film lattice constant over more than two

orders of magnitude, independent of which cation(s) is (are) deficient.

Next, we discuss the possible mechanisms that may explain these results. The observed smaller

carrier density for cation off-stoichiometric samples [Fig. 2] is not consistent with a simple pic-

ture of intermixing, since the film off-stoichiometry should enhance the cation diffusion from the

substrate to the film, creating larger room for La ions to diffuse to the substrate, and enhance con-

ductivity. The data are also not consistent with a simple picture of oxygen vacancies by gettering

from STO, since this would tend to increase with the density of vacancies caused by cation off-

stoichiometry in LAO. Similarly, blocking of reoxidation from molecular O2 by the LAO should

decrease as the LAO thickness decreases, while experimentally we find that at fixed laser con-

ditions, thinner films show higher conductivity. Thus we focus on the role of the electrostatic

boundary conditions.

For simplicity, we consider the 10% La deficient case, La0.9AlO3−δ/SrTiO3, as shown in Fig. 3.
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Since La vacancies are negatively charged, it would be natural to assume that the off-stoichiometric

LAO film also has positively charged oxygen vacancies in order to maintain bulk charge neutral-

ity. Despite the uncertainty in the exact density of the oxygen vacancies on each layer, here we

illustrate the simplest case in which the oxygen vacancies are equally distributed amongst all

the oxygen sites. In this case, the absolute values of the charge density of each layer becomes

smaller [Fig. 3(a)], similar to (LaAlO3)x(SrTiO3)1−x solid solution films.29 Therefore, while there

still remains a polar discontinuity, the extra charge required to resolve it is less than that in the

stoichiometric structure, as schematically shown in Fig. 3(b).

Another important point is that the electronic reconstruction is not the only option for resolv-

ing the polar problem. Atomic reconstruction is also possible, as in conventional semiconductor

heterojunctions30 and at the p-type LAO/STO interface.2 In the case of the p-type interface, the

extra positive charge required for resolving the polar problem are provided by oxygen vacancies.2

Analogous to this, the extra negative charge required at the n-type interface may be provided by

excess oxygen. If the LAO film is fully stoichiometric, there is no room to accept the excess

oxygen, given the tightly packed perovskite structure, and it is highly energetically unfavorable.27

However, if the LAO film is significantly off-stoichiometric, it can accept the extra oxygen, as

schematically shown in Fig. 3(c). This atomic reconstruction resolves the polar problem without

doping electrons to the STO substrate, resulting in an insulating interface.

These two schematic extremes of the possible reconstructions qualitatively explains why the

film off-stoichiometry strongly reduces the sheet carrier density. In particular, the atomic recon-

struction model can explain the similar effect of La and Al vacancies [Fig. 2(a)]: since both cation

vacancies require oxygen vacancies to maintain bulk charge neutrality, essentially the same atomic

reconstruction is available in both cases. However, it is difficult to quantitatively explain our ob-

servation within these extremal models. In particular, purely within the electronic reconstruction
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model, a linear relationship between the cation ratio and ns is expected, which is not consistent

with the data. On the other hand, purely within the atomic reconstruction model, no conductivity is

expected when the film is off-stoichiometric. The experimentally realized situation is thus proba-

bly intermediate of these two extremes. We hope that these results will motivate further theoretical

study of defects and their energetics in off-stoichiometric heterostructures, in order to develop a

clearer microscopic understanding of the results presented in this letter.

To summarize, we found a strong impact of the LAO film stoichiometry, modulated by the

laser parameters, on the electronic properties of the LAO/STO interface. In particular, film

off-stoichiometry strongly reduced the carrier density at the interface. We propose that film off-

stoichiometry changes the balance between atomic and electronic reconstructions, the former

resolving the polar discontinuity without doping electrons. This film stoichiometry dependence

provides new insights into the microscopic carrier generation mechanisms at the LAO/STO inter-

face, and assists optimization of the electronic properties for future applications. These results

also gives better understanding of the growth dependence of the electronic phase diagrams of this

system, which is vital for disentangling many of the conflicting studies by various groups.
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5G. Herranz, M. Basletić, M. Bibes, C. Carrétéro, E. Tafra, E. Jacquet, K. Bouzehouane, C. Der-
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TABLE & FIGURE CAPTIONS

TABLE I: Cation ratio from ICP and out-of-plane lattice constant of LaAlO3 films grown at

different laser conditions.

FIG. 1: (color online) (a) Out-of-plane lattice constant of the epitaxial LaAlO3 films, as a

function of the cation ratio obtained from the amorphous LaAlO3 films grown at the same laser

conditions. Dashed curve is a guide to the eye. (b) Temperature dependence of the sheet resis-

tance of the LaAlO3/SrTiO3 samples with different film cation ratios. Numbers indicate the La/Al

atomic ratio from ICP.

FIG. 2: Sheet carrier density of the LaAlO3/SrTiO3 samples at 100 K as a function of (a) the

cation ratio from ICP and (b) the out-of-plane lattice constant of the LaAlO3 films. Dashed curves

are guides to the eye.

FIG. 3: (color online) Schematic structure, charge density ρ, electric field E and electrostatic

potential −eV of the La0.9AlO3−δ/SrTiO3 (001) heterostructure. (a) Unreconstructed structure with

oxygen vacancies equally distributed amongst all oxygen sites. Dashed lines denote E and −eV

of the stoichiometric structure. (b) Possible reconstruction via charge transfer, which induces less

electrons than in the stoichometric structure. (c) Atomic reconstruction via stoichometry change,

which resolves the polar problem without doping electrons to the substrate.
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TABLE I. H. K. Sato et al.

Fluence Spot area La/Al cLAO

f (J/cm2) A (mm2) atomic ratio (Å)
0.7 3.0 0.984 3.726
0.7 4.3 0.969 3.735
0.7 5.6 0.996 3.737
0.9 3.0 0.965 3.733
1.1 3.0 0.957 3.739
1.1 3.5 0.908 3.749
1.3 2.5 0.883 3.753
1.3 3.0 0.946 3.742
1.6 2.5 1.155 3.763
1.6 3.0 0.992 3.748
1.9 2.5 1.037 3.758
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FIG. 1. H. K. Sato et al.
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FIG. 2. H. K. Sato et al.
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FIG. 3. H. K. Sato et al.
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