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We have studied the electronic properties of the 2D electron liquid present at the LaAlO3/SrTiO;
interface in series of samples prepared at different growth temperatures. We observe that interfaces
fabricated at 650 °C exhibit the highest low temperature mobility (=10000cm? V~!'s~!) and the
lowest sheet carrier density (=5 x 10'>cm~2). These samples show metallic behavior and
Shubnikov-de Haas oscillations in their magnetoresistance. Samples grown at higher temperatures
(800-900°C) display carrier densities in the range of ~2 —5 x 103 cm~2 and mobilities of
~1000cm? V~'s~! at 4K. Reducing their carrier density by field effect to 8 x 10! cm~2 lowers
their mobilities to ~50cm? V~!s~! bringing the conductance to the weak-localization regime.
© 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4907676]

Transition metal oxide heterostructures are very promising
for nano-electronics since they allow the realization and tuning
of new electronic phases.lf3 In this respect, the interface
formed by the two insulating perovskites LaAlO; (LAO) and
SrTiO; (STO) is attracting a lot of attention due to the presence
of a two-dimensional electron liquid (2DEL),* whose density
can be tuned by electric field effect revealing a rich phase dia-
gram.> The origin of conduction is thought to be linked to the
polar discontinuity between the two materials.”'°

A key ingredient for electronic applications is the charge
mobility u. LAO/STO interfaces typically display mobilities
of 1000cm?V~' s~ at low temperature,'""'* a value relatively
low if electrons are provided by charge transfer. Hence,
different studies have attempted to pinpoint the origin of the
scattering mechanisms that limit the electron mobility at the
interface. Thiel et al. observed a dramatic reduction of the con-
ductance of the 2DEL when the density of dislocations is
increased, and suggested that the region of influence of these
line defects extends well beyond their physical size."’ In a
related work, Fix and coworkers considered the effect of vici-
nal substrates (i.e., step edge density) on mobility.'* In agree-
ment with previous results, > the proximity of the charge
distribution to the interface was pointed out to be an important
factor in determining the scattering rate. Similar considerations
were also raised for heterostructures of LaTiOz/SrTiO; where
the electric field effect was used to modify the charge profile.'®
The role of the LAO thickness on the electron mobility at the
LAO/STO interface was also studied, revealing a strongly
reduced mobility in heterostructures made of thick LAO
films."” More recently, the presence of tetragonal domains in
STO (at low temperature) was demonstrated to alter locally the
conductance.'®!' Finally, the control of the LAO surface state
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was shown to be an efficient lever to enhance the interfacial
electron mobility.®*?!

In this letter, we perform a systematic study of the effect
of the growth temperature (7,) on the transport properties of
the LAO/STO interface. In samples grown at 800-900 °C,
called “standard” samples, carrier densities in the 2 — 6
%103 cm~2 range are observed while mobility at low tem-
perature reaches ~1000cm” V~!s~!, Reducing the growth
temperature to T, =650 °C leads to a lower carrier density,
of the order of a few 10'> cm~2, and a much higher mobility
reaching 8000cm” V~!'s~! allowing the observation of
2D-quantum oscillations.?? Concomitantly, whereas the Hall
resistance R,,(B) is found to be temperature dependent and
to display a non-linear behavior at low temperature for
“standard” samples, R,,(B) is T independent and linear for
interfaces grown at 650 °C. We also show that using the elec-
tric field effect to reduce the Hall carrier density of high T,
samples (having initial high carrier densities) to values
observed in low T, samples, the magnetoresistance differs
from the one observed for high-mobility samples.

LAO thin films were grown by pulsed laser deposition
at an oxygen pressure of 8 x 107> mbar and post-annealed
for 1 h at 530°C in 200 mbar of oxygen.”* The KrF excimer
laser was set for a fluence of 0.6J cm ™2 with a repetition
rate of 1 Hz. Growth temperatures T, ranged from 650 °C to
900 °C, as measured on the substrate by an optical pyrome-
ter. The thickness of the LAO layer was kept within the
range of 5-10 unit cells.” Periodic oscillations in the reflec-
tion high energy electron diffraction (RHEED) intensity
reveal a layer-by-layer growth for all T,. The RHEED dif-
fraction pattern indicates that the 2-dimensional character is
maintained even for the lowest T,. Atomic force microscopy
confirms that the film surfaces reproduce the step-and-terrace
morphology of the TiO,-terminated (001) STO substrates.>*
X-ray 0-20 scans for the 001 reflections show diffraction
peaks with finite size fringes in agreement with the layer
thickness and an intensity independent of T,. The above
structural characterization revealed no effect of the substrate

© 2015 AIP Publishing LLC
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temperature on the growth mode or the crystalline quality of
thin LAO layers.

For DC transport measurements, 500 um wide Hall
bridges were patterned using standard photolithography tech-
niques and an amorphous STO hard mask.?

In the top panel of Fig. 1, the room temperature (RT)
sheet resistance R; (296 K) is plotted as a function of the
growth temperature. We note that upon decreasing T,, down
to 650 °C the RT sheet resistance R increases by roughly an
order of magnitude. This evolution is mainly related to a
reduction of the carrier density, the increase in the Hall
mobility being less than a factor of 2.%® The lower panel of
Fig. 1 shows a large increase in the electron mobility at low
temperatures: as T, is reduced from 900 to 650°C, u goes
from 600 to 8000cm?>V~!'s~! at 1.5K.

In Fig. 2, we plot (left) the Hall resistance R,,(B) meas-
ured at 1.5K as a function of the magnetic field and (right)
its field derivative as a function of the magnetic field B and
temperature T for heterostructures grown at three different
temperatures.

Samples grown at T, =650°C exhibit a linear R,,(B)
essentially temperature independent. For growth tempera-
tures of 800 and 900 °C, the Hall resistance R,,(B) displays a
more complex behavior. In the 100-300K temperature
range, R.,(B) is linear in magnetic ﬁeld and its derivative
(OR,,/0B) is temperature independent.?” Below ~100K, the
Hall response becomes a non-linear function of the magnetic
field and its low field derivative increases at low tempera-
ture. The temperature dependence of the inverse Hall con-
stant estimated at B — 0 is shown in Fig. 3.
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FIG. 1. Top panel: Evolution of the sheet resistance (left scale) and inverse
Hall constant (right scale) measured at RT as a function of the growth tem-
perature T,. RT stands for 296 K and 260 K for the resistance and Hall meas-
urements, respectively. The lines are guides to the eye. Bottom panel: Hall
mobility as a function of temperature for samples grown at 900 °C (brown
stars), 800 °C (gold diamonds), and 650 °C (blue squares). The dashed line
shows a fit assuming p oc T* with o being —2.8. This temperature depend-
ence is also observed in bulk doped-STO.
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FIG. 2. (Left) R, vs. magnetic field B measured at 1.5K for three growth
temperatures. (Right) First derivative of R,y (B) as a function of magnetic
field and temperature. For each growth temperature, the value of the deriva-
tive has been rescaled by its value at 160K (ORyy,/9B)/(ORyy/OB)|r_ 160k t©
highlight the presence of non-linearities.

Analyzing the low temperature magnetotransport for
samples grown at 900°C with a two channel conduction
model reveals contributions from a band with a low carrier
density (1 —5 x 102cm™2) and a high mobility (in the
range of 1000 — 2000 cm? V~!'s~!) and from a band with a
higher carrier density (=5 — 6 x 10'3 cm~2) and low mobil-
ity (in the range of 100 —200cm?V~!s7!), in agreement
with previous reports.”®° The dependence on magnetic field
of the low field Ry for the different temperatures can be cap-
tured by the same two-band model (see Fig. 3) taking into
account the temperature dependence of the scattering time
(1/t =1/t + 1/7;, 1. and 7; being the elastic and the inelastic
scattering times, respectively, and 7; o< T~ >%, see Fig. 1) and
keeping the density of each band constant.*® Thus, the tem-
perature and field dependencies of the Hall resistance can be
quantitatively explained by the presence of carriers with dif-
ferent mobilities in the system. This analysis also suggests
that the correct estimate of the total mobile carrier density
can be obtained from the slope of the Hall effect at high
fields in the low T range or above 100 K.*!

The presence of charge carriers with different masses (and
thus different mobilities) at the LAO/STO interface has been
anticipated by ab initio calculations.'®** The predicted
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FIG. 3. Temperature dependence of the inverse of the Hall constant meas-
ured at B — 0 (defined as OR,,/0B|;_,) for interfaces grown at different
temperatures (symbols) and calculated using the model described in the text
(dashed line).
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electronic structure of the confined electron liquid is character-
ized by a lifting of the 1,, degeneracy of the 3d orbitals with
the lowest d,, sub-band(s) having a lower energy than the low-
est d/d,. sub-bands. Experimental evidence supporting
this model came from linear dichroism measurements® pro-
viding an estimate of their splitting of ~50meV. According to
this picture, for large densities, the Fermi level should cross
sub-bands with d.. and d,. (m* = 2.2 m., m. being the electron
mass) character and then multi-channel conduction is
expected. For low carrier densities, only (a) d,, sub-band(s)
with an effective mass m* = 0.7 m. should contribute to the
transport. However, more recently resonant photoemission
spectroscopy”’ supported by ab initio calculations have
revealed that the electronic band structure is modified along
with the carrier density, probably related to a change in the
confinement potential; d,./d,, sub-bands are still observed at
low carrier density interfaces.

Fig. 4 shows the change in magnetoresistance at 1.5K
for a sample grown at 650°C (u = 5050cm? Vs 1): it
amounts to 20% for a magnetic field of 7T. Above 4T, we
observe the appearance of Shubnikov-de Haas oscillations.
This large magnetoresistance suggests that also for these
low carrier densities multiple channels contribute to the
transport. Further evidence of the population of d../d,. orbi-
tals in LAO/STO interfaces grown at 650 °C were provided
recently by detailed analyses of the Shubnikov-de Haas
oscillations.*®

In order to shed further light on the effect of the carrier
density on the sample mobility, we performed a series of
field effect experiments in samples grown at 800°C. In
agreement with Bell and coworkers,15 we find that the domi-
nant effect of the electric field in the back gate geometry is
the modulation of the mobility. In Fig. 4, we show also the
low temperature magnetoresistance of a sample grown at
800°C. Using field effect, its carrier density was tuned to
match that of the high mobility sample® (Rg'e™' =8
x 1012 cm %), As a result, the mobility was reduced to
34cm?V~!s~!. Fig. 4 shows that whereas the high mobility
sample displays a positive magnetoresistance, the change in

LI s s

R, "e"=0.8 10"%cm™

FIG. 4. Comparison between the magnetotransport of two interfaces exhibit-
ing the same sheet carrier densities but grown at different temperatures. For
the interface grown at 800 °C, the electric field effect was used to reduce the
carrier density. A low value for the mobility (34cm? V~!s7!) is measured
and analyses of magnetotransport reveal a weak localization regime. For the
one grown at 650°C, Shubnikov-de Haas oscillations can be observed
revealing high-mobility.
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resistance of the 800 °C sample is negative and on the scale
of ¢*/mh. This behavior has been shown to be the signature
of weak-localization.*” This comparison reveals strikingly
different magnetotransport behavior in samples with similar
carrier densities and confirm the low dimensional nature of
this conducting system where transport regimes are deter-
mined by the characteristic scattering lengths (elastic, phase,
and spin-orbit) more than their carrier density.

These results emphasize the open question on the origin
of the carrier mobility at the LAO/STO interface: what is
determining the high u observed in low T, samples com-
pared with the low u measured in high T, samples for the
same doping? The shape of the confinement potential is re-
sponsible for the proximity of the conducting layer to the
interface. Hence, any disorder, as for instance interface inter-
mixing, would affect differently the electron mobility
depending on the charge profile." In this scenario, the elec-
tric field effect results suggest that the charge profile at the
same density can be different. On the other hand, if interface
perfection is modified by the growth temperature,*' then the
same charge profile would generate a different electronic
mobility.

Both situations can be at play in our samples; further
detailed structural analyses, like surface x-ray diffraction,
could help to address this important point.

In conclusion, transport properties of LaAlOz/SrTiOs
interfaces were shown to be very sensitive to the sample
growth temperature. For a substrate temperature of 650 °C, the
carrier mobility reaches 8000 cm? V~!'s~! and Shubnikov-de
Haas oscillations appear in the magnetotransport. These sam-
ples also show a low carrier density of ~2 x 10'> cm~2. Field
effect experiments reveal that the carrier density is not the pa-
rameter determining the mobility. Further optimization of the
growth conditions remains a key to the observation of clean
superconductivity and other quantum effects in this complex
oxide 2D electron system.
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