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ABSTRACT

We provide insights into the influence of surface termination on the oxygen vacancy incorporation
for theperovskitemodelmaterial SrTiO3 during annealing in reducinggas environments.Wepresent
a novel approach to tailor the oxygen vacancy formation by controlling the termination. We prove
that a SrO-termination can inhibit the incorporationof oxygenvacancies across the (100)-surface and
apply this to control their incorporation during thin film growth. Utilizing the conducting interface
between LaAlO3 and SrTiO3, we could tailor the oxygen-vacancy based conductivity contribution by
the level of SrO termination at the interface.
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1. Introduction

Transition metal oxides have become a central topic in

research over the past decade due to their manifold inter-

esting properties [1,2]. One of the most commonly used

perovskites is SrTiO3 (STO), which o�ers the advantage

of a well-known defect chemistry. Typical applications

for STO as a functional material are resistive switching

devices [3], catalysis [4] or thermoelectrics [5].

Regardless of the application, the oxidation state

of STO is a key parameter. In the �eld of thermo-

electrics, oxygen vacancies are used to tailor the ther-

mal conductivity of STO [5,6]. When using STO for

(photo-)catalysis, speci�c doping with oxygen vacancies

is utilized to increase the activity [7,8]. Resistive switch-

ing of STO is based on the generation and redistribution

of oxygen vacancies. Thus oxygen vacancies generated

during growth or dedicated annealing steps de�ne its

switching properties [9,10].
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The central role of oxygen vacancies for all STO appli-

cations has resulted in intense research e�orts to under-

stand and control their formation [11–22]. Apart from

the classic in�uence factors temperature and pressure

[19–21], it was found that e.g. UV radiation [12,23–27]

plays a crucial role. STO substrates are easily reduced

during thin �lm growth at low oxygen pressure. This is

a drawback as it can mask the functional properties of

the deposited thin �lm. Although a strong termination

dependence of the oxygen exchange kinetics has been

demonstrated for other perovskites [28–30], it has only

been scarcely considered for STO(100) [21,31,32], which

can exhibit a TiO2-termination, a SrO-termination or

a mixed termination [33,34]. The termination of STO

especially plays a key role for applications, which rely on

interfaces. Examples are the properties of magnetic het-

erojunctions [35], interface dependent superconductivity

[36], and the formation of a two-dimensional electron gas
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(2DEG), as observed at the interface of the model system

LaAlO3(LAO)/STO [37–45]. The latter one is an out-

standing candidate for an all-oxide �eld e�ect transistor

[46–52].

Both properties, termination and oxidation state, thus

play a central role in the �eld of STO applications. Yet

their interplay has not been investigated so far, which

is especially surprising as an in�uence of the termina-

tion layer on the oxygen exchange kinetics is well known

for other perovskite systems. In this work, we will thor-

oughly investigate the role of the STO termination on

the oxygen exchange kinetics. We �nd that the TiO2-

termination is more favorable to form oxygen vacancies,

while the SrO-termination can completely suppress their

formation. Hence, we present a new method to tailor the

oxygen vacancy formation in SrTiO3, namely by a pre-

cise control of the termination. In the course of this, we

will present evidence for an instability of the SrO termi-

nation under ambient conditions. Finally, we will apply

this knowledge to LAO/STO and show that we can tailor

the resistivity of both, the crystalline system grown under

reducing conditions and the amorphous system. As the

resistivity for both systems depends on oxygen vacancies,

we thus prove termination control is a new method for

controlling the formation of oxygen vacancies.

2. Experimental

To systematically control di�erent degrees of SrO-

termination, SrO was deposited on TiO2-terminated

STO (treatment with bu�ered HF) [33,34] from a SrO2

target with a laser �uence of 0.81 J/cm2 utilizing a Com-

pex 205F -– COHERENT 248 nm excimer laser at an oxy-

gen pressure of 10−7mbar and 800◦C substrate temper-

ature with a target substrate distance of 44mm. The SrO

coverage was controlled using the secondary spots of the

re�ective high energy electron di�raction pattern, which

correspond to a SrO termination due to the higher atom

form factor of Sr (supplementary Figure 1(a))[53,54].

The deposition of both, crystalline and amorphous LAO,

was performed at the same target substrate distance, at

10−4mbar and with a laser �uence of 1.3 J/cm2 from

a single crystalline LAO target. Amorphous LAO was

grown at room temperature and crystalline LAOat 800◦C

with subsequent quenching (cool down time to below

400◦C was about 40 s). The crystalline thin �lms were 8

unit cells thick, the amorphous about 12 unit cells.

For the in situ annealing process samples were

annealed under oxidizing conditions after termination to

minimize adsorbates. Subsequently, the annealing exper-

iment was performed for 1 h at an oxygen pressure of

10−6mbar at 800◦C with subsequent quenching (cool

down time to below 400◦C was about 40 s).

The ex situ samples were stored at room temperature

under ambient conditions for 60 h before being exposed

to the same annealing conditions.

Electrical characterization at room temperature was

performed using a Lakeshore 8400 Series Hall measure-

ment setup. Low-temperature electrical characterization

was performed with a physical property measurement

setup. The XPS is a PHI 5000 Versa Probe and the AFM

a Omicron VT AFM XA. The photoemission angle was

45◦ and the spectra were �tted using Casa XPS with a

Shirley background and a convolution of Gaussian and

Lorentzian line shape.

3. Results

3.1. Interplay of termination and oxygen vacancy

incorporation

In order to investigate the termination dependent oxy-

gen vacancy incorporation, STO single crystalswere SrO-

and TiO2-terminated selectively. The resulting topogra-

phies are shown in Figure 1. Figure 1(a) shows an

atomically �at TiO2 terminated sample and Figure 1(b)

shows a sample with 50% of SrO termination, result-

ing in an island type coverage. Figure 1(e) shows a SrO

terminated sample. The successful SrO termination is

underlined by the conserved STO step height (supple-

mentary Figure 1(b,c)). We further utilize XPS mea-

surements to con�rm the successful termination of the

respective samples. Comparing the Sr 3d spectra (sup-

plementary Figure 2(a)) and the Ti 2p spectra (supple-

mentary Figure 2(b)) we �nd 54% Sr/(Sr+Ti) and 46%

Ti/(Sr+Ti) for a SrO termination and 48% Sr/(Sr+Ti)

and 52% Ti/(Sr+Ti) for a TiO2 termination, respectively.

These values are in good agreement with our previously

published work [55].

After termination, we applied the in situ anneal-

ing process at 10−6mbar and 800◦C. The subsequent

quenching of the samples preserves the defect equilib-

rium achieved at high temperatures. Figure 1(c) shows

the resulting carrier concentration n, which is a mea-

sure for the oxygen vacancy concentration, for TiO2 and

SrO terminated STO (red square). The resulting car-

rier concentration for the TiO2 terminated sample is

5 × 1018 cm−3, a typical value observed for the applied

conditions [11,56]. The carrier concentration of the SrO

terminated sample after the same treatment is, however,

below the measurement limit (< 1010 cm−3). This is a

�rst hint to a termination dependency of the oxygen

vacancy formation.

The observed behavior, however, changes drastically

after SrO terminated STO was exposed to ambient con-

ditions for 60 h. The annealing of ex situ samples results
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Figure 1. (a) Topography of a TiO2 terminated sample and (b) of a 50% terminated sample. (c) Carrier concentration of TiO2 terminated
(left) and SrO terminated (right) STO after 1 h of annealing at 10−6mbar oxygen pressure and 800◦C for an in situ sample (red) and a
sample stored 60 h in air (blue). (d) The topography of the SrO terminated sample after 60 h of air storage and (e) the topography of a
SrO terminated sample measured in situ before storage in air. The topography in (d) was measured for the sample presented in (e), after
that sample was exposed to air for 60 h.

in high carrier densities independent of the termination

(blue triangles). Ambient storage thus a�ects the reduc-

tion of SrO-terminated STO, while the carrier concentra-

tion of TiO2-terminated STO remains unchanged.

Concomitant to the reduction behavior of SrO-

terminated STO, also the topography changes, when

exposed to ambient conditions. Figure 1(e) shows the

topography of an in situ annealed sample and Figure 1(d)

shows the topography of the same sample, but stored 60 h

in ambient. While the vicinal surface is atomically �at in

the beginning, we can observe features of about 0.2 nm

height decorating the unit cell step terraces after ambi-

ent storage. The topography of TiO2-terminated STO

showed no change after ambient storage. This is a �rst

hint towards the SrO termination being instable, forming

Sr containing agglomerates and thus partially opening

the SrO termination, revealing parts of a TiO2 termina-

tion after ambient storage.

3.2. Stability of the SrO termination

We investigated the changes of the surface con�guration

during exposure to ambient conditions further using in

situ and ex situ XPS in order to investigate the surface

chemistry before and after ambient exposure.

The C 1s (Figure 2, top), O 1s (Figure 2, center) and

Sr 3d spectra (Figure 2, bottom) were recorded. The C 1s

spectrum is of interest as exposure to ambient is expected

to give a signi�cant rise to adventitious carbon, which is

unavoidable even for in situ samples, due to omnipresent

C-residuals [57,58]. The O 1s and Sr 3d spectra are of

interest to probe chemical changes in the SrO termina-

tion layer. The center and right columns show the com-

parison of the spectra before (in situ) and after (ex situ)

exposure to the ambient for a SrO and a TiO2-terminated

sample, respectively.

The �ts in the left column of Figure 2 are representa-

tively depicted for the SrO-terminated sample and were

obtained in the same manner for the TiO2-terminated

sample. The chemical information is gained from these

�ts. The comparisons in the center and right column

elucidate the di�erences occurring for both termina-

tions before and after exposure to the ambient. The C 1s

spectra (Figure 2(a)) are �tted with a carbonate compo-

nent for the highest binding energy (EB) and a hydro-

carbon component (EB ≈ 286 eV). The O 1s spectra

are �tted using 4 components (Figure 2(b)). The low-

est EB component represents metal oxide bonds in the

STO bulk. The highest EB component represents car-

bonates [59–61]. Both of the intermediate EB can be
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Figure 2. Top row shows the fits for (a) the C 1s, (b) O 1s and (c) Sr 3d spectra. The center row shows the comparisonof normalized spectra
before (in situ), blue, and after (ex situ), red, ambient exposure for a SrO-terminated sample, the bottom row for a TiO2-terminated sample,
respectively. For the C 1s spectrum the change by ambient exposure is more significant for the (d) SrO-terminated sample than the (g)
TiO2-terminated sample. The same is observed for the SrO- (e) and TiO2-termination (h) for the O 1s spectrum and the Sr 3d spectrum,
(f ) and (i), respectively.

ascribed to hydroxides and other non-carbonate contam-

inations, and are referred to as contaminations peaks.

The Sr 3d spectra are composed of a doublet from

the STO bulk and a second, surface-related doublet at

higher binding energies, as is typically observed for STO

(Figure 2(c)) [62].

In order to estimate changes of the surface stoichiom-

etry, we compared the peak areas of the di�erent core-

levels. In case of the C 1s spectra, we use the area ratio

of the C 1s and Sr 3p3/2 peaks (Figure 2(d,g)) to obtain a

C/Sr ratio. We further use the area of the carbonate and

the hydrocarbon peak to obtain a relative carbonate con-

tribution. For the O 1s spectra, we use the areas of the

carbonate and the contamination peaks in relation to the

metal oxide peak to obtain a relative carbonate contribu-

tion and a non-carbonate contamination concentration,

respectively. The relative contribution of the Sr related

surface component to the Sr 3d signal is obtained from

the ratio of the doublet at high binding energy and the

doublet from the bulk STO.

These ratios can be found in Table 1 for SrO and

TiO2-terminated samples, measured in situ and after 60 h

of ambient exposure (ex situ). After air exposure, the

C/Sr ratio increases markedly, to 40%, for both, TiO2-

and SrO-termination. For both samples, there is no dis-

cernible C 1s carbonate component, when measuring

in situ. Ambient exposure gives rise to this component,

3.0% for the TiO2-termination and 6.5% for the SrO-

termination. The carbonate component is thus markedly

the highest for an ambient exposed SrO-termination.

Similarly, the O 1s spectra do not exhibit a carbonate

component when measuring in situ, but after expo-

sure to ambient, this component is 7.5% for the TiO2-

termination and 9.5% for the SrO termination. Again
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Table 1. Ratios obtained from XPS fits for in situ and ex situ sam-
ples, for both TiO2- and SrO-termination, respectively.

In situ Ex situ

Termination TiO2 SrO TiO2 SrO
C/Sr ratio (C 1s) 2.1% 8.6% 40% 40%
Carbonate contribution (C 1s) – – 3.0% 6.5%
Contamination concentration (O 1s) 24% 21% 28% 30%
Carbonate contribution (O 1s) – – 7.5% 9.5%
Sr related surface component (Sr 3d) 18% 18% 18% 21%

the carbonate component is thus the most pronounced

for an ambient exposed SrO-termination. The 3d sur-

face component of the Sr 3d spectra is 18% for the

TiO2-termination in and ex situ and for the in situ SrO-

termination. Ambient exposure of the SrO-termination

increases this spectral weight (21%). This means that the

3d surface component of the Sr 3d spectra only changes

after ambient exposing the SrO-terminated STO.

The strong increase of the C/Sr ratio for both termi-

nations is typical for XPS measurements after ambient

exposure due to adventitious carbon in the form of car-

bonate and hydrocarbon [57,58,63,64]. The more pro-

nounced carbonate component of the C 1s and O 1s

spectra for the SrO-termination points towards the for-

mation of SrCO3, naturally occurring when SrO reacts

with CO2 of the atmosphere [65]. This is also substanti-

ated by the increase of surface component obtained from

the Sr 3d spectrum after ambient exposure exclusively for

the SrO-termination, as the component could be SrCO3

related. It thus seems that the SrO-termination is instable

under ambient conditions due to the formation of SrCO3,

eliminating the oxygen vacancy formation inhibiting the

e�ect.

3.3. Application to LAO/STO heterostructures

As we have developed a method to tailor the oxygen

vacancy incorporation in STO by control of the surface

termination under UHV conditions, we next transferred

this newmethod to a thin �lm system, namely LAO/STO.

Since its discovery by Ohtomo et al. [38] LAO/STO is by

far the most researched oxide 2DEG system.

The formation of a 2DEG results from the evasion

of the polar catastrophe by the transfer of half an elec-

tron to the TiO2-terminated n-type interface, ultimately

resulting in a 2DEG [45]. In the same way, one would

expect half a hole to be transferred into the p-type inter-

face for a SrO-termination. The potential build-up is,

however, in this case compensated by positively charged

oxygen vacancies rather than holes [66]. This results in

an insulating interface for the SrO-termination [45]. The

n-type conducting interface was shown to prevail for

interfaces with up to 83% SrO-termination, which can

be explained by the formation of the 2DEG in the TiO2-

terminated areas and percolation paths in between those

areas [43,44].

If LAO/STO structures are grown at low oxygen

pressures the conduction mechanism changes. We have

previously shown that the growth of crystalline LAO

at oxygen pressures ≤ 10−3mbar results in a shift

from 2DEG conductivity to bulk conductivity, when

quenching the sample immediately after growth [11,22].

The appearance of bulk conductivity in crystalline

LAO/STO can be explained by the incorporation of oxy-

gen vacancies in the STO bulk, which contribute elec-

trons to the conduction band. During its low-pressure

growth, LAO sucks oxygen from the underlying STO

substrate resulting in the formation of oxygen vacan-

cies in the STO [17]. The shift towards bulk conduc-

tivity can easily be identi�ed as it is accompanied by

a shift towards much lower resistivity, based on the

change of the conductivity mechanism from 2D to 3D

[11,14,22,38–43,67–69].

Similar to the bulk conductivity of crystalline LAO/STO

grown at low pressures, the 2DEG conductivity of the

interface between amorphous LAO and STO single

crystals relies on the incorporation of oxygen vacan-

cies into the STO lattice. The main di�erence is their

con�nement to the interface in case of amorphous

LAO/STO [14,37,70]. Amorphous LAO/STO therefore

can be expected to be sensitive to the oxygen vacancy

incorporation at the interface. We thus expect to see

di�erences in the conductivity depending on the ter-

mination for both, crystalline LAO/STO grown in the

bulk-conducting regime (i.e. grown at low pressures) and

for amorphous LAO/STO.

Figure 3(a) shows the sheet resistance of crystalline

LAO/STO in dependence of temperature obtained for

di�erent STO terminations. The sheet resistance of

LAO/STO with 0% SrO-termination is about 100Ω at

room temperature and about 10−2
Ω below 10K. This

corresponds to a dominant metallic bulk conduction of

STO, as expected for these growth conditions [22]. An

increase of the SrO-termination to 50% results in an

increase of the sheet resistance, to about 104 Ω at room

temperature and about 103 Ω below 50K. This is the typ-

ical temperature dependency of the sheet resistance for

crystalline LAO/STO dominated by 2DEG conductivity

[11,14,22,38–43,67–69]. Increasing the SrO-termination

further to 100% did, in agreement with observations

reported in literature [43,44], result in insulating samples,

whose sheet resistance is above the measurement limit

(108 Ω ).

Figure 3(b) shows the sheet resistance of amorphous

LAO/STO in dependence of temperature and STO termi-

nation. Amorphous LAO/STO with 0% SrO-terminated
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Figure 3. Sheet resistance in dependence of temperature of
(a) crystalline LAO/STO with different STO terminations and (b)
amorphous LAO/STO with different STO terminations. 100% SrO-
termination results in insulating behavior for both heterostruc-
tures. 50% SrO-termination results in 2DEG conductivity for both,
as does 0% SrO termination in the amorphous case. The 0% SrO-
terminated crystalline LAO/STO showsmetallic conductivity. LAO,
both crystalline and amorphous was deposited at 10−4mbar. The
schematic illustrations are not drawn to scale.

STO has a sheet resistance of about 104 Ω at room tem-

perature and about 103 Ω below 50K. This is in good

agreement with the temperature-dependent resistivity

of the 2DEG formed by amorphous LAO/STO, now

solely relying on the incorporation of interface oxygen

vacancies [14,37,70]. Increasing the SrO-termination of

the STO substrate to 50% results in a slight increase

of the sheet resistance by a factor of two. A further

increase to 100% results, as for the crystalline case, in

an insulating sample. Hence, only a negligible amount

of oxygen vacancies has formed at the SrO-terminated

interface.

Figure 3 shows that we can utilize the termination

control of the STO substrate to tailor the sheet resis-

tance in LAO/STO heterostructures. As the sheet resis-

tance of both, crystalline LAO/STO grown in reducing

conditions and amorphous LAO/STO, is de�ned by the

oxygen vacancies [11,14,22,37–43,67–70], we have suc-

cessfully tailored their incorporation. This also explains

the shift from bulk dominated to interface dominated

conductivity for crystalline LAO, when increasing the

SrO-termination to 50% (Figure 3(a)), resulting in a dras-

tic conductivity change over 5 orders of magnitude. The

oxygen vacancy incorporation is limited to the remain-

ing TiO2-terminated areas, as shown in the top sketch

in Figure 3(a). Considering a homogeneous di�usion of

the oxygen vacancies, this limits the conduction to perco-

lation paths at the interface in between these areas. The

resulting con�ned conductivity is comparable to the con-

ductivity of amorphous LAO/STO (Figure 3(b)), which

is also dominated by oxygen vacancies con�ned to the

interface, as shown in the according sketches. We can

thus in the same way explain the increased resistivity for

amorphous LAO/STO.

4. Discussion

Considering all the results described above we present

a more complete picture of the role of the termination

of STO for its oxygen exchange kinetics. Applying con-

ditions known to be reducing for STO single crystals

[11,56], we are only able to e�ciently incorporate oxy-

gen vacancies into the TiO2-terminated single crystal.

The SrO-terminated sample remains insulating. We con-

clude that the incorporation of oxygen vacancies is inhib-

ited, as other kinetic and thermodynamic factors, e.g. the

di�usion coe�cient in the bulk, are not a�ected by ter-

mination. We, thus, infer a termination in�uence on the

oxygen exchange kinetics, which we will discuss in more

detail in the following.

The surface reaction of the oxygen vacancy incor-

poration is known to be a multi-step process, which

is in�uenced by several parameters [24,25]. Consider-

ing that previous ab initio calculations have shown the

formation energy of oxygen vacancies to be lower for

TiO2-terminated STO as compared to SrO-terminated

STO[31,32], it is conceivable that the termination has an

in�uence on one or more steps of the surface reaction.

Ox
O,surface ⇋

1

2
O2 + V••

O + 2e−

In particular a high formation energy of oxygen vacancies

in SrO-terminated STO could fully depress the oxygen

vacancy incorporation at SrO-terminated surfaces. The

schematic of this is shown in Figure 4.

Another possible mechanism behind the inhibited

oxygen vacancy incorporation is SrO acting as a di�usion

barrier for oxygen [71]. However, an increased di�usion

barrier was only shown for SrO in a rock salt structure.

For SrO in the perovskite structure of STO, the e�ect was

not observed [53]. We thus rule out the explanation of

a SrO di�usion barrier, leaving the increased formation

energy as a decisive parameter.

The observed behavior, however, changed drastically

after SrO-terminated STO was exposed to ambient con-

ditions. Similar vacuum annealing of ex situ samples now

resulted in high carrier densities independent of termi-

nation, indicating that the blocking e�ect of the SrO ter-

mination layer was eliminated by air exposure. This was

accompanied by the formation ofmorphological features,
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Figure 4. Schematic of the oxygen vacancy incorporation at the
STO surface for different terminations. Due to the higher forma-
tion energy of oxygen vacancies for a SrO-termination, the oxygen
vacancy incorporation is suppressed.

indicating a clustering of SrO related particles [53]. Uti-

lizing XPS measurements these particles were identi�ed

as SrCO3.

If a SrO-termination inhibits the formation of oxygen

vacancies, the formation of SrCO3 can explain the elim-

ination of the e�ect under ambient conditions. The for-

mation of islands after ambient exposure results in pores

in the oxygen blocking SrO-termination layer, revealing

the TiO2-terminated STO, which then allows pathways

for the incorporation of oxygen vacancies. Moreover, the

resulting SrCO3 clusters do not necessarily have a high

formation energy for oxygen vacancies.

In principle these results, which were obtained for

the (100) crystal orientation, could also be the key

to explain similar e�ects observed for other crystal

directions [72,73]. However, the vastly di�erent surface

chemistry will surely require future additional calcula-

tions and experiments to fully understand the role of the

respective terminations.

To pro�t from our new method to tailor the oxygen

vacancy incorporation properties we applied it to the

model application of the 2DEG at the LAO/STO het-

erointerface. Crystalline LAO/STO dominated by bulk

conductivity and amorphous LAO/STO both rely on

oxygen vacancy incorporation. In the case of crys-

talline LAO/STO fabricated under reducing conditions

we observe a transition from bulk conducting STO (0%)

to interface conductivity (50%) and �nally to insulating

(100%) with an increasing amount of SrO-termination.

We explain the drastic change from bulk to interface con-

ductivity with the conductivity of the 50% case being

dominated by interface-near oxygen vacancy percolation

paths. For amorphous LAO/STO we do as well observe

a transition to insulating behavior, when increasing the

SrO-termination to 100%.

Considering crystalline LAO/STO this is especially

interesting, as it was found that the conductivity in the

initial report of 2DEG conductivity by Ohtomo et al.

[38] was in fact dominated by bulk conductivity, hence

by oxygen vacancies [39,40]. Nevertheless, conductivity

was only observed for TiO2-terminated STO [38]. This

e�ect could not be explained within the polar catastro-

phe scenario. With our �ndings we are able to explain

this phenomenon via the kinetic inhibition of the oxygen

vacancy incorporation for the SrO-terminated sample.

They show that in the SrO terminated case no oxygen

vacancies are being created during the growth of LAO

in reducing conditions at elevated temperatures, corrob-

orating the aspired blocking of oxygen di�usion through

the termination layer, and argue against a di�usion lim-

ited process.

5. Conclusions

With this work, we have provided a novel way to tai-

lor the oxygen vacancy incorporation in STO by con-

trolling its termination. We have demonstrated that a

SrO-termination of STO completely inhibits the incor-

poration of oxygen vacancies for otherwise reducing

conditions. By systematically controlling the termination

of STO it is thus possible to tailor the areas of oxy-

gen vacancy incorporation. Due to the widespread use

of STO as a substrate, this result is highly interesting.

A speci�c application for which we employed this new

method is LAO/STO 2DEG heterostructures. By doing

so, we were not only able to directly in�uence the con-

ductivity of these heterostructures but did also improve

their understanding. Further applications include, but are

not limited to: (i) oxides that require low oxygen pres-

sure growth due to thermodynamic reasons (e.g. LaVO3

[74–76], EuTiO3 [77]), for which �lm properties would

otherwise be masked by oxygen vacancies induced in

STO; (ii) metals, which induce the incorporation of oxy-

gen vacancies at the interface [78]. For the LAO/STO

system in particular these insights could provide a conve-

nient pathway to intentionally patterning the electron gas

for complex electronic applications. This pathway could

be further fueled by the recent results providing insights

into the di�erent assembly possibilities of sub-monolayer

SrO[79].
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