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Using advanced technique combining pulsed laser deposition growth of LaAlOs, LaTiOs and
SrTiOs we effectively constructed half-integer unit cell number LaAlO;-SrTiO; heterostructures
where all interfaces are of LaO-TiO, type, and two dimensional electron gas (2DEG) forms
symmetric n-type bilayer. Using ultra high vacuum scanning tunneling microscopy we
investigated the properties of surface 2DEG in these heterostructures. Our results indicate that
surface 2DEG is strongly, within one unit cell, confined at the interface. Tunneling spectroscopy
of surface 2DEG reveals thickness dependent band gap changes attributed to quantum size effect.
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[. INTRODUCTION

Atomic layer controlled deposition of epitaxial heterostructures has resulted in significant
advances in the growth of superlattices [1] and quantum wells [2]. The interfaces in these
artificial structures have an important role in enabling and determining novel material
functionalities and novel device applications. An interesting example of such novel interface-
induced functionalities is the formation of two-dimensional electron gas (2DEG) at the interface
of complex oxides LaAlO; (LAO) and SrTiO; (STO) [3]. In these heterostructures the 2DEG can
be confined within several unit cells near the interface [4, 5]. Physically important ground states
(magnetic and superconducting) of this 2DEG have been suggested and experimentally
demonstrated [6-8], and critical applications in field-effect transistors have been proposed [9].

Several theoretical models have been proposed explaining different mechanisms
contributing to formation of this 2DEG [4, 5, 10, 11] including: electrostatic doping produced by
interfaces and doping induced by oxygen vacancies. The theoretical proposals of multiple
LAO/STO-based 2DEG heterostructures have also been presented in the literature [4, 12]. The
interest to multiple 2DEG heterostructures is stimulated by their potential applications in
electronic devices including high-power electronic devices. According to these theoretical
proposals [12], when LAO layer contains integer or half-integer unit cell (uc) number (see Figs.
lab) the 2DEGs developing at its opposite sides have either opposite (n-type vs. p-type) or same
carrier types, respectively. In the Figs. 1a and 1b, we show atomic layer structures for two basic
types of such multiple-2DEG systems. While the “asymmetric” heterostructures, corresponding
to Fig. la, have been already produced and experimentally studied [13, 14], growth of
“symmetric” heterostructures requires solving a challenge of controlled half-integer uc number

deposition. An interesting approach for design of such “symmetric” heterostructures is inserting



a single uc of LaTiO; (LTO) into the oxide matrix using pulsed laser deposition (PLD) technique
[15]. As we show in the Fig. 1b, inserting a single uc of LTO indeed makes the heterostructure
symmetric: both interfaces here are of LaO-TiO, type, and according to theory [4, 12] there have
to be two symmetric n-type 2DEGs inside of such heterostructures, a buried 2DEG below LAO
film and a surface 2DEG on top of LAO film. The formation of surface 2DEG makes these
heterostructures an interesting system for scanning tunneling microscopy (STM) studies. Unlike
the buried 2DEG that was extensively studied in earlier STM works [16, 17], the surface 2DEG
will be extremely sensitive to environment. For example, it is anticipated that the electronic
structure can be modified by adsorbed molecules, charge transfers to these molecules,
contamination induced surface states, and Fermi level pinning at these surface states. Please note
that while both n-type 2DEGs in such symmetric heterostructures are being affected by
interfacial doping, the detailed physical mechanisms of such doping (for Fig. 1b case) may be
different. Whereas the buried 2DEG is attributed to LAO-STO interfacial polarization [4, 5], the
formation of surface 2DEG may be additionally enhanced by LTO-induced doping. In the bulk
form LTO is known to be Mott-Hubbard insulator with correlation gap of ~0.2 eV [18]. The
earlier studies of LTO-incorporating oxide interfaces [18, 19] considered LTO acting as a dopant
layer due to the constituent T°" ions, whose 3d' electrons can “migrate” into the empty 3d°
orbitals in the STO.

In this manuscript, we present the first STM study of symmetric n-type 2DEG bilayer
heterostructure grown by PLD. Our results confirm the formation of n-type surface 2DEG
strongly confined at the interface, and whose formation most likely occurs due to interfacial
doping mechanisms. We also report, for the first time, STM observation of band gap “blue shift”

in ultra-thin STO capping layers, attributed to quantum size effect.



II. EXPERIMENT

The heterostructures were grown in an epitaxial PLD chamber equipped with
differentially pumped reflective high energy electron diffraction (RHEED) gun for layer-by-layer
monitoring and controlling the sample growth. The substrate was undoped (001)-oriented STO.
The substrate temperature during PLD deposition was 800°C. The oxygen pressures during the
sample growth were: a) 10” Torr for growth of 10 uc of LAO, b) 5x10 Torr for growth of 1 uc
of LTO, and c) 107 Torr for growth of 3 uc of STO capping layer. Using very low oxygen
pressure in case of LTO is required because another material phase (La,Ti,0O; rather than
LaTiO3) grows in an oxygen reach environment [20]. High oxygen pressure for growth of STO
capping layer was selected in order to eliminate oxygen vacancies in this layer. The thickness of
LAO layer (10 uc) was chosen to at least by a factor of two exceed the critical thickness for
formation of 2DEG in single-interface heterostructures, which is known to be 4 uc [3-5, 16, 17].
After accomplishment of PLD growth and extracting the samples from the PLD chamber, the
interfaces were directly observed using high-resolution transmission electron microscope (TEM)
(see Fig. 2a), and the atomically flat surface geometry of heterostructures was confirmed using
ambient atomic force microscopy (AFM) (see Fig. 2b). The samples were then loaded into UHV
chamber equipped with: variable-temperature scanning tunneling microscope from RHK
Technology (model UHV300), in-situ heating stage for sample bakeout, and in-situ contacts for
direct monitoring of surface electrical conductivity. The contacts were thin tantalum foils
mechanically clamped to the surfaces of studied samples (see Fig. 2c). The initial surface
resistance was >100 GCQ, the same “infinite” value that we saw just before loading the samples.
We attribute this to contamination induced electronic structure changes possibly affecting not

only the topmost layer in the studied heterostructures. The samples were then in-situ annealed to



350°C for 12 hours. The annealing temperature was chosen to efficiently outgas the adsorbed
molecules from STO surface, but to prevent spontaneous formation of oxygen vacancies. The
earlier studies have shown that formation of oxygen vacancies on STO surface requires
annealing to significantly higher temperatures (>640°C) [21, 22] compared to annealing
temperatures that were used in our study (see also the Discussion part). The annealing was
performed in a sequence of 3 hour long steps. After each of these annealing steps the sample was
allowed to cool down to room temperature, and its electrical resistance was measured. The room
temperature surface resistance decreased continuously, and finally reached a value of *2x10° Q
[23]. For reference, typical reported 2DEG room temperature sheet resistances for LAO/STO
interfaces grown under similar conditions are in the range 10 - 10° Q [24, 25]. In order to
additionally verify surface 2D nature of observed conductivity, the measurements were also
performed on PLD grown LAO/STO samples (10 uc LAO) without the STO-LTO capping layer,
using the same method of mechanically clamped Ta foils [26]. For these uncapped samples
electrical conductivity was not observed both before and after UHV annealing.

The presence of n-type surface 2DEG was confirmed by STM measurements performed
after UHV annealing. The STM measurements were performed at room temperature, using
commercial Pt-Ir tip (from Bruker Corp.) that was in-sifu cleaned by electron beam heating. In
the Fig. 3a we show the 200x200 nm* STM image of the sample surface obtained after restoring
surface 2DEG. The image was obtained at 30 pA tunneling current and 2.5 V sample bias. The
STM image reveals atomically flat terraces and additional isolated STO islands having typical
size and typical lateral separation of ~ 100 A. The lateral cross section of the STM image, shown
in the Fig. 3b, indicates that the height of these islands is 4 A, which corresponds to STO uc

height (@ = 3.9 A). These observations confirm that PLD growth of STO capping layer occurs by



whole unit cells rather than by individual TiO, and SrO atomic layers. From the Fig. 3a we also
conclude that the islands cover 40% of the surface area. The ultrathin (“graphene-like”)
geometry of STO capping layer and the presence of islands makes these heterostructures an
interesting model system for study of quantum confinement effects, such as band gap vs.
thickness dependence.

In the Fig. 4a we show the typical tunneling current-voltage characteristic measured on
top of STO island. The tunneling band gap of 3.9 eV and significant n-type asymmetry can be
easily observed on this data after logarithmic linearization of the tunneling I-V curve [27], as
shown in the inset of Fig. 4a (solid circles). Such processing of the I-V curve is usually a
necessary step because it eliminates the exponential increase of tunneling current at large bias
values [27, 28]. The positions of valence band maxima (VBM) and conduction band minima
(CBM) are indicated by vertical arrows. The measured band gap value is significantly larger than
the bulk band gap in STO crystals £y = 3.2 eV [29]. We attribute this to quantum size effect
(QSE) [28, 30]. To verify this hypothesis a similar measurement was performed between the
islands, where STO thickness is 3 rather than 4 unit cells. This measurement revealed an
additional 0.1 eV increase of CBM position and 0.5 eV decrease of VBM position, as we also
show in the inset of Fig. 4a (empty circles), altogether indicating 0.6 eV increase of the tunneling
band gap. The band gap increase occurs due to formation of electronic subbands produced by
QSE. The lowest unoccupied and the highest occupied subbands are the easiest for experimental
detection, because only these subbands are directly involved in the apparent increase of the
tunneling band gap. As it was earlier shown [27, 28], observation of detailed structure of QSE
subbands on tunneling I-V curves is possible only under special conditions and requires (a)

cryogenic temperatures, (b) ideal reflection conditions, and (c) significant out-of-plane vs. in-



plane effective mass anisotropy facilitating formation of narrow resonance-like subbands. These
criteria are apparently not satisfied for reported here experimental setup, which explains why the
subbands are not resolvable. Estimated from the tight binding model increase of the tunneling
band gap due to contribution of lowest unoccupied and highest occupied subbands is given by

AEy ~ Up (1 — cos =) (1)
where U, represents the average width of conduction and valence bands in the perpendicular to
interface direction, » is the number of unit cells, and the “n+1” correction from the tight binding
model was described in Ref. [28]. For studied here STO films AEj; is indeed anticipated to be ~1
eV [29]. In the Fig. 4b, the experimental data are compared to band gap vs. thickness dependence
expected from Eq. (1) for Uy = 4 eV, and excellent agreement is observed. Besides electron
interference, other contributions to QSE may arise from size-dependent interactions in thin films.
For example, confinement induced increase of band gaps was reported for van der Waals
coupled layered 2D semiconductors [31], where interlayer electron transport is usually not
considered as ballistic.

I11. DISCUSSION

The earlier transport measurements on LTO doped interfaces [18, 32, 33] revealed the
two-carrier nature of 2DEG in such heterostructures. It has been shown that 2DEG at LTO doped
interfaces represents a mixture of strongly-confined (confined within 1-2 uc) and weekly-
confined (confined within 5-10 nm) components [18, 32, 33]. Interestingly, the incomplete band
bending observed by tunneling spectroscopy on STO capping layers (Fig. 4a) may indicate that
surface 2DEG in our samples is strongly confined at the interface, i.e. confined within 1 uc. The
Fig. 5a illustrates band bending in STO capping layer corresponding to this situation. According

to Fig. 5a, tunneling measurements on top of STO capping layers reveal n-type “echo” of



strongly-confined 2DEG. Upon decreasing the thickness of STO capping layer the average band
gap position shifts towards lower energies, in accordance with Fig. 5a prediction. Thus, our
studies did not reveal weakly-confined 2DEG component. It seems likely that weakly-confined
2DEG component has been caused by oxygen vacancies, not present at the surfaces of studied
here samples. The observed Arrhenius type decrease of resistance in 300-650 K range (Fig. 5b)
[23], with activation energy close to 0.2 eV, indicates that Mott-Hubbard gap is preserved in
LTO layers [18]. In Ref. [20] metallic carrier density in epitaxial 40—100 uc thick LTO layers
has been reported and attributed to suppression of Mott-Hubbard gap due to strain caused by
STO substrate. In our samples the epitaxial strains are anticipated to be comparable, and in a
view of our new results it seems likely that reported in Ref. [20] effects could be caused by other
mechanisms. In particular, those effects could be caused by strain-relaxation, expected to occur
for 40—100 uc thickness range, accompanied by formation of LTO dislocations possibly
responsible for observed there LTO metallicity.

Our interpretation of surface conductivity recovery as a result of annealing induced
desorption seems rather natural for 350°C annealing process used in our study. Indeed, surface
desorption energies are usually significantly lower than energies required for oxide unit cell
decomposition. The first process is usually accompanied by breaking of van der Waals bonds
between the adsorbed molecules and the sample surface, whereas the second process requires
breaking of covalent bonds inside unit cell. For example, for typical CO desorption energy of 0.4
eV [34] and oxygen vacancy formation energy at STO surface of 4.87 eV (8 eV for bulk STO)
[35], the rates ratio for these two processes would be ~10'. The evidence of anomalous buildup
of surface Ti’" states in 250°C UHV annealed STO crystals has been reported in Ref. [36] and

attributed to surface oxygen vacancy segregation [37, 38]. On surfaces of our samples, the



vacancy segregation mechanism unlikely takes place because of the presence of two interfacial
diffusion barriers produced by LAO film. Besides, our results indicate that surface 2DEG is
strongly confined at STO-LTO interface, and LTO Mott-Hubbard gap manifests in transport
measurements [23], which makes even less likely the possibility of oxygen vacancy contribution
to observed effects (although it cannot be completely ruled out). The comparison of STO-LTO
capped and uncapped PLD grown samples shows that our simple contact preparation technique
is sufficient for contacting 2DEG through 3-4 uc of STO, and prevents contacting another,
significantly deeper located, interfacial 2DEG. The described in this work realization of multiple
n-type 2DEG heterostructures, based on LTO uc incorporation, is not the only possible; other
realization methods, based on multistage LAO-STO deposition have been described earlier [39].
IV. CONCLUSIONS

In conclusion, using innovative materials design approach we have constructed
symmetric heterostructures in LAO/STO oxide matrix and experimentally observed tunneling
into surface 2DEG. Our results suggest that interface induced doping is most likely responsible
for formation of surface 2DEG. The ability to design and grow heterostructures with atomic-
scale precision, to bring 2DEG to the surfaces of studied samples and to directly perform
tunneling measurements on this 2DEG certainly opens new experimental pathway for studies of
quantum effects in ultrathin films of semiconductors and physically important ground states of
interfacial 2DEG, and for understanding its performance at the nanoscale for field-effect
transistor applications.
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Figure Captions

Figure 1 (color online)
a. Atomic layer structure for asymmetric 2DEG bilayer heterostructure. The AlO, layers are
negatively charged, whereas the LaO layers are positively charged. Subsurface 2DEG is n-type,
surface 2DEG is p-type.
b. Atomic layer structure for symmetric 2DEG bilayer heterostructure studied in this work. In
this heterostructure both subsurface and surface 2DEGs are n-type. Symmetrization is achieved

by deposition of single unit cell of LTO.

Figure 2 (color online)

a. High resolution TEM image of 2DEG bilayer heterostructure grown by PLD method. Before
TEM measurements, the surface of heterostructure (the upper side of the image) was coated with
amorphous carbon.

b. Ambient AFM image measured after removing the sample from the PLD chamber.

c. Schematics of UHV STM experimental setup. For STM measurements the bias potential was
applied to sample contacts, and the STM tip was used to measure the current. To avoid the back-
gating effect, during STM measurements the top and the bottom 2DEGs were electrically

connected to each other [26].

Figure 3 (color online)
a. The 200x200 nm® STM image obtained after final UHV annealing of the sample. The image
was obtained at 30 pA tunneling current and 2.5 V sample bias.

b. The lateral cross section of the STM image in Fig. a.
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Figure 4 (color online)

a. Tunneling I-V curve measured on top of STO island after final UHV annealing of the sample.
The horizontal axis shows sample bias (sample-to-tip bias).

Inset: (Solid circles) The same I-V curve after logarithmic linearization shows the asymmetric
tunneling band gap characteristic for n-type doping. Solid arrows indicate the locations of
valence band maxima (VBM) and conduction band minima (CBM). (Empty circles) Similar
tunneling measurement performed between STO islands revealed larger band gap value. The
VBM and CBM for this curve are indicated by dotted arrows. For both curves, the logarithmic
linearization [27] uses function arcsinh(I/I,) with I,= 0.3 pA.

b. Comparison of experimental data (circles) and anticipated from QSE band gap vs. thickness

dependence (diamonds). Bulk band gap is shown as dashed horizontal line.

Figure 5 (color online)

a. Illustration of electronic band bending above LAO film in STO-LTO capped sample.
Tunneling measurements on top of STO capping layers reveal n-type “echo” of strongly
confined at the interface 2DEG. Please note that STO thickness change from 4 to 3 uc (25%) is
anticipated to shift both CBM and VBM positions towards lower energies. However, the
corresponding band gap changes induced by QSE are more significant, resulting in CBM instead
shifting towards higher energies.

b. Thermally activated transport revealed by post-annealing resistance vs. temperature
measurements in 300—650 K range. The activation energy is close to 0.2 eV, i.e. LTO Mott-

Hubbard gap.
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