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Two-dimensional electron gas (2DEG) in SrTiO3/LaAlO3 heterostructures has been extensively

studied in the last few years; however, little attention has been given to a practical way to contact

electrically the low dimensional gas at the interface. This work demonstrates a method to contact

the 2DEG formed at the oxide interfaces connected by platinum electrodes which were made by

the decomposition of organometallic gas using focused ion beams. On the surface, the electrodes

were defined through photolithography, and at the interface, the electrodes were deposited through

the focused ion beams and electrons, which were then evaluated. The quality of the interface

electrodes was evaluated at two different partial oxygen pressures (pO2) used for the film

deposition: low (10�4 mbar) and high (10�1 mbar). The electrode deposition conditions using

electrons or ions have resulted in different rates of metal deposition and interaction with the

interface leading to either metallic (2DEG) or insulating behavior. Published by AIP Publishing.
https://doi.org/10.1063/1.5046093

High mobility in two-dimensional electron gas (2DEG)

has been obtained in epitaxially grown III–V semiconductor

devices such as GaAs/AlGaAs heterostructures, and superlat-

tices were grown by high cost synthesis methods such as

Molecular Beam Epitaxy (MBE) or vapor deposition techni-

ques such as Metal Organic Chemical Vapor Deposition

(MOCVD).1,2 Among the most recent discoveries in high

electron mobility 2D materials are heterostructured oxides

such as MgxZn1-xO/ZnO and SrTiO3/LaAlO3 (STO/LAO).3,4

The 2DEG found at the interfaces of STO/LAO heterostruc-

tures is of high importance for the development of electronic

devices,5 superconductors,6 and spintronics.7 Since the dis-

covery by Hwang and Ohtomo8 of an electron gas confined

in this heterostructure, numerous works have explored its

origin using different perovskites characterized by insulating

bands.9–11 Among those, the most accepted explanations to

the 2DEG observation are the polar catastrophe,12,13 the cat-

ionic intermixture,14 defects due to oxygen vacancies,15 or

strontium16 vacancies.

Electron gas present in the oxide heterostructure interfa-

ces can be obtained by a less complex process such as Pulsed

Laser Deposition (PLD), a better cost effective film deposi-

tion technique. Also, this technique is useful to develop devi-

ces ready for applications and for basic research. However,

regarding the construction of a useful device, there are sev-

eral steps between obtaining the high quality interface and

the application itself. Each step from the manufacture of the

samples to the transport measurements is of fundamental

importance in order to obtain a desired high mobility elec-

tron gas and all of the characteristic physical properties of

the system. In the case of the system studied in this work, the

STO/LAO heterostructures, there are five processing steps

that are critical: (i) the treatment of the substrate surface of

SrTiO3, (ii) the setting up of the deposition conditions of the

LaAlO3 film such as the partial pressure of oxygen (pO2)

during deposition, (iii) the sintering conditions after deposi-

tion, and finally, (vi) the process of contacting the electron

gas at the interface. Regarding the pO2 conditions for LAO

film growth on STO, it was noted by Kalabukhov et al.17 and

also by several other works15,18 that a metallic behavior for

films deposited at partial oxygen pressures lower than 10�3

mbar was always obtained. In these samples, the Hall mobil-

ity decreased from 104 cm2 V�1 s�1 for deposition at 10�6

mbar O2 to a mobility of 103 cm2 V�1 s�1 at 10�4 mbar, and

an insulating behavior was observed for the pO2 below 10�2

mbar. This is related to the oxygen vacancies created during

the deposition process, and it is one of the responsible factors

for the conductivity in the STO/LAO heterostructures.

Establishing good electrical contacts to the oxide hetero-

structure interface where the electron gas is confined deter-

mines the reproducibility and reliability of the transport

measurements and the efficiency in capturing the interface

charge carriers. The first study of this system8 regarding the

electrical contact behavior has been made by laser-annealed

ohmic contacts to reach the interface where the 2DEG is

formed. This contact method produced an array of micro-

cracks on the surface of the LAO films and then exposed the

electron gas to the environment causing the loss of the qual-

ity of electron transport properties.19 In another study, sam-

ples have been electrically contacted through the surface

using different geometries, and to contact the interface, an

ultrasonic wirebonder with aluminum wire was used.20–22a)E-mail: rafaelciola@yahoo.com.br

0003-6951/2018/113(13)/131603/5/$30.00 Published by AIP Publishing.113, 131603-1

APPLIED PHYSICS LETTERS 113, 131603 (2018)

https://doi.org/10.1063/1.5046093
https://doi.org/10.1063/1.5046093
https://doi.org/10.1063/1.5046093
mailto:rafaelciola@yahoo.com.br
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5046093&domain=pdf&date_stamp=2018-09-28


By this method, mechanical deformation behavior dominated

by the fracture in grain boundaries was observed,23 leading

to damage of the samples and consequently of their electrical

properties. Other possibilities for the electrical contact of the

interface are ion or wet-etching. However, these techniques

can mask the conductivity and/or degrade the conductivity

as already studied.24,25 Several techniques use patterning

schemes that do not cause degradation of the interface,

requiring the deposition of some amorphous films layers and

different lithographic steps.19,26 In summary, it was observed

that surface/interface contact techniques usually have prepa-

ration sequences which cause damage to the sample or at

least mask its transport properties.

In this letter, we evaluated a protocol for making the

contact with the two-dimensional electron gas trapped at the

interface of STO/LAO. For this, we deposited the films by

the PLD technique in two conditions: one, where the thin

films were deposited at low pO2, which commonly has the

2DEG behavior and the other one at a higher O2 pressure

that usually has insulating behavior.17 Then, we designed a

standard electrode pattern on the surface of the film by con-

ventional photolithography and evaluated two innovative

procedures for contacting the electron gas at the interface.

The deposition of platinum by ions and electrons was per-

formed using focused ion beam (FIB) microscopy. LAO

films were grown on TiO2-terminated STO monocrystalline

(100) substrates by PLD in a high vacuum chamber, using a

KrF excimer laser with a wavelength of 248 nm at a repeti-

tion rate of 2 Hz and the laser fluency on the target surface of

�1.8 J cm�2, with 240 laser shots (�4.5 nm film thickness).

The deposition temperature was 730 �C, and two oxygen par-

tial pressures were used as described in Table I. The

substrate-target distance was 40 mm. After LAO growth, the

samples were thermally treated at 550 �C for 60 min (in situ)

at an oxygen partial pressure of 200 mbar.

Figure 1(a) depicts an AFM analysis of the surface

morphology of the film, with a smooth and regular surface,

showing a quadratic roughness of 0.4 nm. Between the

homogeneous regions of the film, steps are formed, due to

the previous treatment performed on the surface of the sub-

strate.27 On the top of this surface morphology type, the con-

tact patterns for the surface and interface were built to

evaluate the 2DEG. For this purpose, the conventional pho-

tolithography technique was used for making surface con-

tacts. The contacts consisted of 15 nm of Ti followed by

80 nm of Au, thus forming the surface electrode [Figs. 1(b)

and 1(c)]. The entire procedure was performed in a clean

TABLE I. Growth conditions of the films and method of depositing the

electrodes.

Sample High-IBID Low-IBID High-EBID Low-EBID

Deposition pO2 (mbar) 10�1 10�4 10�1 10�4

Deposition electrode IBID IBID EBID EBID

FIG. 1. (a) AFM image of the surface

of the film obtained by PLD and

(b)–(g) illustrative diagram of the sur-

face and interface contacts made for

analysis of the electric transport

properties.
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room. For the interface contacts, the electrodes were made

through a FIB microscope (FEI Helios Nanolab 600I). Using

this procedure, we were able to drill holes of 400 nm in

diameter and 250 nm in depth in samples. This depth was

deep enough to overcome the surface electrode, the LAO

film, and the top surface of the STO substrate and reach the

2DEG, as seen in Figs. 1(d) and 1(e). The holes were made

using the gallium ion beam (at 8 kV and a current of

0.11 nA). Then, inside the holes, platinum ions were depos-

ited forming a Pt electrode which was in contact with the

two-dimensional electron gas as seen in Figs. 1(f) and 1(g).

The whole electrode deposition process was investigated

using two configurations of the FIB system: EBID—Electron

Beam-Ion Deposition in the 10 kV@0.17 nA configuration;

and IBID—Ion Beam-Ion Deposition using 16 kV@0.13 nA.

The procedure for preparing the interface electrodes was per-

formed with few steps and avoided exposing the interface

containing the 2DEG to the environment.

The scanning electron microscopy images shown in Fig.

2 illustrate the steps described in Fig. 1. Figure 2(a) depicts

the surface electrodes deposited by the lithographic process,

consisting of 10 lm wide parallel bars and separated by an

equal distance from each other. Figures 2(b) and 2(c) show

the surface electrodes after being drilled through the FIB

microscope. It is possible to observe from these images a

homogeneous pattern of holes [Fig. 2(b)], showing the repro-

ducibility of transport measurements in the sample. It is also

important to verify that it is possible to realize the hole and

electrode deposition at a specific site of the film surface for

electrical characterization, due to the characteristics of the

FIB. It is important to take into consideration the terraces,

ledges, and steps formed on the surface of the STO substrate

after removal of atomic layers of SrO27 to obtain the Ti-O

termination. This is a crucial step for obtaining the 2DEG at

the interface of the STO/LAO heterostructure.28

Figures 2(d)–2(f) display the surface of the electrodes,

after deposition of Pt in the holes, by EBID and IBID tech-

niques, respectively. For both used techniques, the com-

plete filling of the holes was observed. The beam induced

deposition techniques are characterized by a process

whereby a solid material can be deposited inside a solid

substrate by means of the primary beam of electrons or

ions, through decomposition of a molecular precursor. In

this process, a vapor precursor is introduced into the sub-

strate and adsorbed onto the surface site. That site is

exposed to a beam of electrons or ions, inducing dissocia-

tion reactions and resulting in a deposited solid and a vola-

tile by-product.29 Comparing Fig. 2(d) with Fig. 2(f), the

electrodes obtained from IBID are denser than those depos-

ited by EBID, which is likely due to the high deposition

rate.30 This results in changes of the resistivity of deposited

electrodes by EBID and IBID. Previous studies showed that

the resistance of electrodes deposited by ions is usually

lower.30,31 Our results demonstrate that the photolitho-

graphic process, coupled with the technique of focused

beam microscopy, allowed us to draw any geometry along

the surface of the films. Additionally, it is also possible to

make the electrodes along the direction of the steps formed

on the surface of the film. This is interesting for local analy-

sis in the sample without damaging the surface.

In order to evaluate the efficiency of the techniques used

in the preparation of the electrodes, electrical transport mea-

surements were performed and the results are shown in

Fig. 3. Four systems were evaluated by varying the pO2 in

deposition and the method used for achieving the electrical

contacts, as described in Table I. The temperature-resistance

analysis (Fig. 3) was carried out at different temperatures

from 10 to 300 K using a closed-cycle helium cryostat

(JanisVR , model CCS150). The resistance was obtained using

common dc techniques (KeithleyVR , model 2400C), and for

high resistance measurements, an electrometer (KeithleyVR ,

model 6517B) was used. Figures 3(a) and 3(b) show the

resistance of the system with the interface electrode obtained

by IBID. For the system deposited at high pO2 [Fig. 3(a)],

the electrical resistance over the entire temperature range

(10–300 K) is very high (1019–1020 X). For the system depos-

ited at low pO2 [Fig. 3(b)], the electrical resistance is of the

order of 1011 X at 10 K and decreases approximately two

orders of magnitude with increasing temperature. In both

cases for the films with the electrodes made by IBID, no

metallic behavior was observed, which would infer the pres-

ence of 2DEG. Clearly, the system with interface electrodes

obtained by EBID [Figs. 3(c) and 3(d)] showed distinct

behavior from those obtained by IBID. In Fig. 3(c), for the

films obtained at high pO2, the behavior is also insulating;

however, these have lower electrical resistance (108 X). At

low deposition pressures [Fig. 3(d)], the films presented a

metallic behavior—increase in the resistance as the tempera-

ture increases—which can be considered a clear evidence of

the presence of a highly conducting two-dimensional elec-

tron gas between the STO/LAO insulating perovskites. The

inset in the figure shows a current–voltage characterization

with a linear relationship between the applied voltage

and current, indicating an ohmic behavior. The density of

carriers and mobility for this sample were found to be

FIG. 2. (a) SEM image of electrodes deposited by lithography before dril-

ling, (b) and (c) after holes are made by FIB, and after deposition of plati-

num by (d) EBID and (e) and (f) IBID.
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2.63� 1012 cm�2 and 276 cm2 V�1 s�1, respectively. These

values are in agreement with those published earlier in the

literature.4,32 Thus, by using the method presented here for

obtaining both 2DEG and electrical contacts, we have

found devices (EBID) which are potentially useful for prac-

tical applications (resistance � kX).

Regarding the deposition conditions of the films, as

expected and previously explained above, the systems

obtained at high pO2 have insulating behaviors due to the

dependence of the resistance with the structural formation

of the film, such as the absence of oxygen vacancies in the

structure.15,17,18 Two tests with different deposition pres-

sures were performed precisely to evaluate whether the

interface electrodes would have the capacity to differentiate

the electric response of different structures formed at the

interface. Concerning the interface electrodes, one would

expect metallic behavior for the system obtained at low

deposition pressure by IBID, because the electrodes were

denser as observed in the micrograph analysis and therefore

a greater amount of gas was converted to the platinum in

the deposition.30 However, only the electrodes obtained

through the EBID technique proved to be effective in

detecting the two-dimensional electron gas and to analyze

the variation of the deposition conditions. Previous studies

of metallic patterns deposited by IBID and EBID showed

that when performing halos of different distances within

these patterns, the contacts obtained by ions had lower

resistance.31 The lower resistance was the result of the pres-

ence of defects that originated during the deposition. The

IBID technique causes damage to the surfaces which are

exposed to the ions because of the high energy Gaþ ions

used during this procedure.33 In our case, this is decisive

for analysis of the 2DEG.

Based on the above results, we can propose a simple

model described by the following equations: Eq. (1) repre-

sents the interface formation process of 2DEG; when the

focused beam (used for contacts definition) interacts with the

interface region where the 2DEG is present, there is another

kind of interaction as described by Eqs. (2)–(3)

MOy ! MOy�1:V
x
O ! MO00y�1:V

��
O; (1)

MOy�1:V
x
O�!

2Gaþ
MOy�1:V

��
O þ 2Gax; (2)

MOy�1:V
x
O�!

e�
MO00y�1:V

��
O þ e�: (3)

In these equations, MOy is a metal oxide, VO is an oxy-

gen vacancy, and the superscripts x and �� represent the neutral

and doubly ionized charges, respectively. The symbol 00 repre-

sents a pair of electrons. Equation (2) describes the interface

contact through the deposition of an electrode by using ions

(IBID), in which the interaction of electrons at the interface

with the ions avoids the observation of the 2DEG. Equation

(3) describes the interface contact through the deposition of

the electrode by electrons, in which there is no change in the

2DEG which could be caused by the definition of the elec-

trode contacts (as it was seen in the IBID technique).

In this article, we demonstrate a method of fabricating inter-

face contact to analyze the 2DEG between oxide heterostruc-

tures. We evaluated the two possibilities of Pt deposition using

ion beams through IBID and EBID. The IBID technique masked

the electrical properties of the interface proving not to be useful

for the analysis of the two-dimensional electron gas. By using

EBID, it was possible to detect the presence of the electron gas.

This technique does not lead to exposure of the electron gas to

the environment and fissures or cracks on the sample’s surfaces

and does not require many processing steps and sequences using

amorphous films and lithographic processes.
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FIG. 3. Temperature-dependent resis-

tance at different pO2 (high and low)

of films using (a) and (b) IBID and (c)

and (d) EBID interface electrodes,

respectively. The inset shows current-

voltage characterization for the low-

EBID sample.
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