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Recently, 2-dimensional electron gas (2-DEG) was discovered at the
interface of Al2O3/SrTiO3 (STO) heterostructures, in which the
amorphous Al2O3 layers were grown by atomic layer deposition
(ALD). The saturated electron density at the Al2O3/STO heterostructures above the critical thickness of Al2O3 is explained by an
oxygen diﬀusion mechanism.

The observation of 2-dimensional electron gas (2-DEG) was
reported at the epitaxial interface of two perovskite-insulators
between LaAlO3 (LAO) and SrTiO3 (STO), and it has attracted
great interest in oxide electronics.1,2 It was found that electrons
were conned at the interface when an epitaxial-LAO lm was
grown by pulsed laser deposition (PLD) or molecular beam
epitaxy (MBE) on STO substrates.3–7 These heterostructures were
explained by a polar catastrophe mechanism, where the
metallic channel was created above the critical thickness of LAO
(4 unit cell) lm, and the densities of the conned electrons
were constant above a critical thickness of the LAO layer.8
Recently, it was discovered that a 2-DEG can also be created by
growing amorphous LAO lms on STO substrates, for which the
polar catastrophe mechanism does not apply.9,10 More remarkably, a 2-DEG also formed by growth of amorphous Al2O3 lms
on STO substrates, in which the Al2O3 does not have a perovskite-based crystal structure, so no perovskite could be induced
in the Al2O3 near the substrate.10
These amorphous LAO and Al2O3 lms and the resulting
2-DEG were made by atomic layer deposition (ALD). It is
important to note that ALD is widely used to grow functional
lms of high quality in microelectronic applications, and the
ALD process provides great opportunities due to its massproduction compatibility, especially for Al2O3 ALD, based on
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its ideal ALD reaction.11,12 It turned out that the origin of the
formation of 2-DEG using amorphous oxides grown by ALD is
the creation of oxygen vacancies in the STO surface, where
free electrons are generated. Interestingly, the amorphous
Al2O3/STO heterostructures also showed a critical thickness of
the lms for a transition to a metallic interface, and the
conned electron densities were constant above the critical
thickness of Al2O3 layers, although the origin of the carrier
generation appears to be completely diﬀerent from the polar
catastrophe of epitaxial LAO/STO heterostructures. The selflimited electron densities at Al2O3/STO heterostructures oﬀer
great advantages in the control of the electron densities.
However, no reason has been proposed for the saturation of
the electron density above a critical thickness of the amorphous Al2O3 layer. It has been suggested by several
researchers that oxygen vacancies generated in the STO
substrates are a possible origin of the conductivity induced at
the interface during the growth of LAO layers on STO.13–15 In
this communication, the variation of electron density at the
interface of the amorphous Al2O3/STO heterostructures is
explained based on an oxygen diﬀusion model. It has been
proposed that Al2O3 layers grown by ALD are highly eﬀective
as diﬀusion barriers and encapsulating layers for many
applications.16–18 Indeed, Al2O3 layers deposited on polymer
substrates at a low growth temperature (<200  C) protected
them from attack by several gases.16–18
Al2O3 lms were grown on TiO2-terminated (001) STO single
crystals at a growth temperature of 300  C by ALD at a working
pressure of 400 mtorr (base pressure 30 mtorr). Trimethylaluminum (TMA, Al(CH3)3) was used as the Al-precursor and H2O
was used as the oxygen source for the deposition of Al2O3 lms.
100 nm-thick Au electrodes (diameter of 1 mm with 10 nm-thick
Ti adhesion layer) were deposited at the four corners of the
samples for Hall measurements using the van der Pauw
conguration. X-ray photoelectron spectroscopy (XPS, K-Alpha,
Thermo Scientic) measurements were performed in order to
determine the oxidation states of titanium ions near the
surface.
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STO substrate through the growing Al2O3 layer may be calculated using the transmission rate and the growth rate of Al2O3
lm during the ALD process. Fig. 1c shows the transmission
rate (T) of oxygen atoms through an Al2O3 layer as a function of
Al2O3 thickness using the value of 2.5  1010 oxygen atoms per
cm2 per s at a 1 nm thickness. This value was adopted by tting
the plateau value of the data in Fig. 1d, which results in a
permeation rate similar to the literature value.16 The net oxygen
atoms transmitted through the growing Al2O3 layer until the
Al2O3 ALD cycle number becomes x can be estimated by
summing the transmission rate of oxygen atoms through each
Al2O3 layer at every 0.09 nm thickness as below:


x
X
1
3s
(1)
T1:0
1:2 þ 0:09ðn  14Þ
n¼14
Fig. 1 (a) A schematic of creation mechanism of 2-DEG by the diﬀused-out
oxygen atoms from STO surface through the grown amorphous Al2O3 layer by
ALD,10 (b) the variation in the electron densities at Al2O3/STO heterostructures
depending on the Al2O3 ﬁlm thickness, (c) a transmission rate of oxygen atoms
through the Al2O3 layer as a function of Al2O3 thickness using the value of 2.5 
1010 oxygen atoms per cm2 per s at a 1 nm thickness, (d) the number of total
oxygen atoms transmitted during Al2O3 ALD was calculated using eqn (1), and
the experimental curve is obtained by dividing the number of electrons in (b) by
2 (assuming that one oxygen vacancy generates two free electrons).

Fig. 1a shows a schematic of the creation mechanism of
2-DEG by oxygen atoms diﬀusing out from the STO surface
through the amorphous Al2O3 layer grown by ALD, as proposed
before by our research group.10 Fig. 1b shows the electron
densities obtained by Hall measurement at Al2O3/STO interfaces depending on the Al2O3 lm thickness.10 The electron
densities at Al2O3/STO interfaces abruptly increased and then
reached a constant electron density of 3  1012 cm2 above an
Al2O3 lm thickness of 1.2 nm. The transition occurs sharply
at an Al2O3 thickness of 1–2 nm.
The thermodynamic driving force for the out-diﬀusion of
oxygen atoms from the STO is the formation of strong bonds
between oxygen and aluminum atoms in TMA molecules
chemisorbed onto the surface.10 The diﬀusion of oxygen is
limited by the growing Al2O3 lms, because the Al2O3 lm is a
good barrier against diﬀusion of oxygen atoms.16,18 It is known
that the transmission rate of the oxygen atom through the
barrier layer is in inverse proportion to the barrier thickness.19
Thus, the total oxygen vacancies generated at the STO substrate
can be calculated by summation of the oxygen atoms diﬀusing
through the Al2O3 layer during the whole Al2O3 ALD process
above an Al2O3 lm thickness of 1.2 nm (14 cycles of Al2O3
ALD, which will be discussed below), when the catalytic reduction of STO begins.
It has been reported that the oxygen atoms diﬀused out from
the substrate to the surface due to the concentration gradient of
oxygen during the TiO2 ALD on Ru substrates, which increased
the growth rate of the TiO2 lm.20 In this case, we assumed that
oxygen atoms diﬀuse out from the STO substrate to the surface
owing to the thermodynamic potential of TMA for the reduction
of STO during TMA pulse.
The ALD process consists of a certain number of ALD
cycles.11 Thus the number of oxygen atoms transmitted from the
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where T1.0 is a transmission rate of oxygen atoms through 1 nmthick Al2O3 layer. This functional form can be estimated from
the observed value of 2.5  1010 oxygen atoms per cm2 per s at a
1 nm thickness.16 The term 1/[1.2 + 0.09(n  14)] indicates the
transmission ratio between x nm-thick Al2O3 compared to 1 nmthick Al2O3 layer, which is unit-less. The term of ‘n’ is a cycle
number of Al2O3 ALD, and a growth rate of Al2O3 lm at 300  C
is 0.09 nm per cycle, which was extracted from the plot of the
Al2O3 thickness as a function of ALD cycle number.10 Here, the
injection time of TMA is 3 s during the ALD of Al2O3. The
calculation of net oxygen atoms transmitted through the
growing Al2O3 layer were started at n ¼ 14 because no reduction
of STO happened below n < 14 as proved by X-ray photoelectron
spectroscopy (XPS) in Fig. 2a.
The XPS result in Fig. 2a indicates that the Ti3+ peak
(reduction from Ti4+) started to appear at n of 14 (1.2 nm of
Al2O3 thickness obtained by extrapolation of the Al2O3 thickness
vs. ALD cycle number plot10). During the rst 13 cycles, the TMA
was not eﬀective in reducing Ti and removing oxygen atoms.
One possible explanation for this incubation period is that the
deposited Al2O3 acts as a catalyst for the reduction of STO by
TMA. Until suﬃcient Al2O3 catalyst is accumulated on the
surface, only a negligible amount of reduction takes place. For
lms thicker than n of 14, the rate-limiting step in the reduction
becomes diﬀusion through the growing Al2O3 lm, rather than
the catalytic surface reaction. For n of 14 and subsequent cycles,
the number of oxygen atoms removed during each ALD Al2O3

Fig. 2 (a) A normalized XPS spectra of Ti 2p in Al2O3/STO heterostructures with
increasing n at a given TMA pulse of 3 s, (b) the variation in the electron densities
of Al2O3/STO heterostructures as a function of Al2O3 ﬁlm thickness for various
TMA pulse times.

Nanoscale, 2013, 5, 8940–8944 | 8941

View Article Online

Published on 12 August 2013. Downloaded on 13/09/2013 23:58:17.

Nanoscale
cycle can thus be calculated using eqn (1) and plotted in Fig. 1d.
The simulated result shows a trend similar to the experimentally estimated number of oxygen vacancies. This total number
of oxygen vacancies was estimated from the electron densities
obtained by Hall measurement, assuming that one oxygen
vacancy generates two free electrons and all the oxygen atoms
(diﬀused out) are consumed to oxidize TMA molecules (number
of oxygen atoms diﬀused out is equal to the number of oxygen
vacancies at the STO substrate). The simulated curve shows
saturation behavior with increasing Al2O3 layer thickness
because the transmission rate of oxygen atoms quickly
decreases with increasing the barrier thickness as shown in
Fig. 1c, which results in a self-limited density of oxygen vacancies. Although we cannot determine an exact value of T experimentally, it is now possible to explain why the total number of
oxygen atoms diﬀused out was saturated with increasing Al2O3
thickness using a reasonable value of T. Meanwhile, no
noticeable change was observed below and above the critical
thickness of Al2O3 in the XPS spectra of Sr 3d peak.
The self-limited density of oxygen vacancies in Al2O3/STO
heterostructures is consistent with the XPS result (in Fig. 2a) at a
given TMA pulse of 3 s. Fig. 2a shows normalized XPS spectra of
Ti 2p in Al2O3/STO heterostructures with increasing n at a given
TMA pulse of 3 s. The Ti3+ peak was not detected until n of 11;
however, it started to appear and increased at n ¼ 14, and
abruptly increased at n > 16. The intensity of Ti3+ further
increased with increasing n, and the intensity was saturated
above n of 27 (2 nm), which is in good agreement with the
saturated electron densities as shown in Fig. 1b.
Fig. 2b shows the variation in the electron densities of
Al2O3/STO heterostructures as a function of n for various TMA
pulse times. It should be noted that saturated growth behavior
was obtained in the Al2O3 ALD with TMA pulse times of 3–15 s
due to the self-limiting surface reactions. It appears that the
transition n for the creation of electrons was reduced when the
injection time of TMA was increased from 3 to 9 and 15 s.
Interestingly, the saturated electron densities (3  1012 cm2)
above n > 27, were not increased further, even though the TMA
pulse time was increased from 3 to 15 s. This is because a thicker
Al2O3 layer is grown by the increased number of reactions
between TMA molecules and out-diﬀusing oxygen atoms from
the STO substrate which forms more Al2O3, as the TMA pulse
time is increased. The thicker Al2O3 layer reduces the transmission rate of oxygen atoms, which results in similar electron
densities irrespective of TMA pulse time as discussed below.
Fig. 3a–f show the Ti 2p XPS spectra in Al2O3/STO heterostructures depending on n for various TMA pulse times. The
increment of Ti3+ peaks was not noticeable at a n of 8 even
though the pulse time of TMA molecules was increased up to
15 s. It was also negligible at a n of 11 with TMA injection of 3 s;
however, it was increased substantially with TMA injection of 9
and 15 s. The peaks of Ti3+ kept increasing with n up to 22, and
the intensity of Ti3+ was higher when the TMA injection time
was longer. However, it was saturated at a n of 33 irrespective of
TMA pulse time, in agreement with the saturated electron
densities due to the saturated oxygen vacancies. In other words,
although the electrons are created faster in the transition
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Fig. 3 (a–f) The Ti 2p XPS spectra in Al2O3/STO heterostructures depending on n
for various TMA pulse times.

regime when the TMA pulse time is long, it reaches the
maximum electron densities earlier (n < 33) because the transmission rate of oxygen atoms is decreased due to the thicker
Al2O3 layer by the reaction of oxygen atoms diﬀusing out with
chemisorbed TMA molecules. As a result, the rate of out-diﬀusion of oxygen atoms slows down by the additionally grown
Al2O3 layer. It has been reported that metal-oxide lms can be
grown by oxygen atoms that diﬀuse out from the substrate
during the precursor pulse step.20,21 Indeed, it was conrmed in
our study that more Al2O3 lm was grown when the TMA pulse
is longer even though the n is identical as shown in Fig. 4a,
especially for n of 16. Fig. 4a shows the Al 2p XPS spectra of
Al2O3/STO heterostructures at a n of 16 for various TMA pulse
times. The intensity of the Al 2p peak was higher with a longer
TMA pulse time, which indicates that a thicker Al2O3 lm was
grown with the increased TMA pulse time. However, the
diﬀerence in the peak intensities was negligible when the Al2O3
layers were grown on silicon substrates where oxygen diﬀusion
does not happen from the silicon substrate, as shown in Fig. 4b

Fig. 4 The Al 2p XPS spectra of (a) Al2O3/STO heterostructures and (b) Al2O3/Si
structures at a n of 16 for various TMA pulse times.
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(the diﬀerence of the Al2O3 lm thickness was just 0.1 nm
between TMA pulse times of 3 and 15 s, which was determined
by ellipsometry).
There is one apparent discrepancy between the electrical
measurements and the XPS analysis. For example at n of 16,
substantial electron densities of 1012 cm2 were created with
TMA injection times of 9 and 15 s. However, no electrons (below
the detection limit of the Hall measurement) were generated
with a TMA pulse time of 3 s as shown Fig. 2b, although there is
a substantial amount of Ti3+ (Fig. 3d). This indicates that a
certain minimum amount of Ti3+ is needed to achieve a conducting channel, which requires that small oxygen-decient
areas must be suﬃciently connected to generate percolation
paths of electrons as illustrated in Fig. 5. Unless those areas
(which have oxygen vacancies) are suﬃciently connected, the
lateral resistance must be very high, i.e., the Al2O3/STO interface
is macroscopically insulating.
It is also important to note that TMA pulses alone (n of 16)
without introducing any H2O does not generate Ti3+ irrespective
of the TMA pulse length. The XPS curves were unchanged when
just TMA is pulsed and no water pulses are used (not shown
here). This observation may be explained if a critical minimum
thickness of the Al2O3 layer is necessary to catalyze the reduction of the STO surface. Another limiting factor is that once one
monolayer of TMA is adsorbed, no more TMA can be chemisorbed because the surface is covered with non-reactive methyl
groups. Further exposures of TMA provide only brief collisions
with the surface that do not last long enough for the TMA to
react with oxygen in the substrate.
The re-oxidation by H2O pulse might be possible during the
Al2O3 ALD. We think that the reduction process by TMA dominates the re-oxidation process by H2O because a TMA pulse is
followed by an H2O pulse for all the deposition cycles. If the reoxidation by H2O were dominant, it would not be possible to
observe any oxygen vacancies in the STO substrate even above
the critical thickness of Al2O3 layer.
In summary, the origin of self-limited saturated electron
densities was explained based on a model in which oxygen
diﬀuses out from the STO surface and reacts with chemisorbed
TMA on the surface of the growing Al2O3 layer. Above an Al2O3
layer thickness of 2 nm grown on a STO substrate, the reduced
oxygen transmission rate through the Al2O3 layer shuts oﬀ
further reaction between oxygen diﬀusing from the STO and
chemisorbed TMA. The oxygen vacancies produced near the
surface of the STO provide free electrons (about 2 electrons per
oxygen vacancy). A 2-DEG is rst detected aer 2 nm of Al2O3

Fig. 5 The illustration of oxygen deﬁcient region in STO substrate in cases of
TMA pulse time of (a) 3 s and (b) 15 s at n of 16, respectively.
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is deposited. However, reduced titanium ions (Ti3+) detected by
XPS provide direct evidence that oxygen has already been
removed from the surface of the STO, even when less than 1.5
nm of Al2O3 has been deposited without showing macroscopic
conductivity. These apparently conicting observations can be
reconciled assuming that only isolated patches of conducting
interface are created. Only when the Al2O3 thickness reaches 2
nm do the conducting patches connect together to form
percolation paths that provide macroscopic conductivity.
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