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Extraordinary electronic properties can emerge at the interfaces
between metal oxides [1-10]. Interfacial behaviors have enabled a
wide range of applications from electronic communication, energy
conversion and storage, to data processing and memory. In recent
years, unprecedented progress has been made in exploring and
exploiting the emergent and/or enhanced properties of these inter-
faces, and it is becoming clear that interface engineering provides a
new opportunity for advanced devices in the near future. The capa-
bility of using interfaces to manipulate material properties offers
an effective means to achieve intriguing phenomena. Examples
include the interfacial superconductivity in engineered oxide thin
films [3,4,11,12], and a high-mobility electron (hole) gas at the
interface between two insulating oxides such as LaAlOs; (LAO)
and SrTiO3 (STO) [1,13-16]. The formation of highly conducting
or even superconducting interfaces between two insulating mate-
rials opens a new route for the development of high-performance
platforms such as transparent conducting oxide (TCO) films, which
represents an ideal model system for electronic and optoelectronic
applications [5].

Thus far, the interface-induced emergent properties are usually
generated in heterostructures and depend highly on the interfacial
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chemistry and configuration, where precise control of surface ter-
minations is indispensable [1,6,17]. For example, in the LAO/STO
system, the conducting or insulating interface is determined by
the surface termination of STO, that is, TiO,-terminated STO brings
a conducting interface while the SrO termination induces an insu-
lating interface. More recently, we have illustrated an alternative
and simpler system of bilayer TiO, thin film possessing a
crystalline-amorphous homointerface [7], where the electronic
properties were significantly modified and a conducting layer
was formed by electronic reconstruction across the homointerface
between the crystalline and amorphous TiO, layers. Nevertheless,
it is still not clear whether such electronic reconstruction across
the crystalline-amorphous homointerface is universal for binary
oxides or limited to certain materials systems.

In this work, by using a series of characterization methods
including transport measurements, terahertz spectroscopy, scan-
ning transmission electron microscopy, and electron energy-loss
spectroscopy, we present an insightful understanding of the elec-
tronically reconstructed interface and propose a strategy for realiz-
ing the highly conductive metallic interfaces in metal oxide films.
More specifically, the metallic interface is induced by electronic
reconstruction in crystalline-amorphous bilayer films of the oxides
whose cations (metal ions) possess multiple valence states. In par-
ticular, tin oxide (SnO,) bilayer film with such a crystalline-
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amorphous homointerface exhibits an electrical resistivity as low
as 4.8 x 1074 Q cm (in comparison, the resistivities are 0.08 and
65 Qcm for the single-layer crystalline and amorphous films,
respectively) and an optical transmittance of ~90% in the visible-
light region, showing great promise as an alternative to TCO films.

Bilayer SnO, thin films were prepared by growing an epitaxial
SnO, layer on M-cut Al,O3 substrates at 700 °C using pulsed laser
deposition (PLD), then deposited an amorphous layer at 100 °C
on top of the epitaxial layer. Single-layer epitaxial and amorphous
films were also prepared as reference samples. Further experimen-
tal details can be found in Table S1 (online). As shown in Fig. 1a, a
peak assigned to rutile-type Sn0O, (0 0 2) (P4,/mnm, a=b=4.738 A,
c=3.187 A) is evident in the X-ray diffraction (XRD) patterns of the
bilayer and single-layer epitaxial (or crystalline) films, indicating a
preferred orientation along (0 0 1) of the films grown at 700 °C. By
contrast, the single-layer film deposited at 100 °C does not have
any SnO, diffraction peak, suggesting its amorphous nature.
Fig. 1b shows the XRD Phi-scans of SnO, films and M-cut Al,O3
substrate. The four-fold symmetry of SnO, (1 0 1) planes, together
with the XRD normal scan, confirms that the epitaxial relationship
between the film and substrate is SnO,(0 0 2)||Al,03(1010) and
SnO,, [0 0 1]||Al03 [0001].

Scanning transmission electron microscopy (STEM) was
employed to examine the microstructure and interfacial configura-
tion of the bilayer film. The cross-sectional STEM image in Fig. 1c
shows that the thicknesses of the crystalline (i.e., epitaxial) and
amorphous layers are 37 and 13 nm, respectively. As shown in
Fig. 1d-f, high-angle annular dark field scanning transmission elec-
tron microscopy (HAADF-STEM) images confirm the high crys-
tallinity of the bottom layer and the amorphous nature of the top
layer, where the epitaxial growth and sharp interface between
the sapphire substrate and crystalline SnO, layer can be clearly
seen while the crystalline-amorphous interface is relatively rough.
Selected-area electron diffraction (SAED) of the crystalline layer
further confirms its high crystallinity and (0 0 1) oriented epitaxial
growth (Fig. 1g).
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The temperature-dependent electron transport properties of the
Sn0, films were evaluated by electrical resistivity (pxx) and Hall
resistivity (pyx) measurements. As shown in Fig. 2a, the bilayer film
exhibits dramatically different transport behavior from the single-
layer ones (crystalline or amorphous). The room-temperature (RT)
resistivity of the bilayer film is 4.8 x 10~* Q cm, which is several
orders of magnitude smaller than those of the single-layer films.
More interestingly, the bilayer SnO, film exhibits a metallic con-
ducting behavior, whose resistivity decreases upon cooling from
RT to 110 K. By contrast, both the single-layer films show insulating
or semiconducting behavior with their resistivity increasing expo-
nentially with decreasing temperature. In the bilayer film, possible
origins of its high conductivity include (i) oxygen vacancies formed
in the amorphous layer; (ii) electron transport at the interface
between crystalline-SnO, layer and M-Al,O3; substrate; and (iii)
interfacial electron transport between the crystalline and amor-
phous layers. The former two possibilities can be ruled out by com-
paring the temperature-dependent resistivities of these three types
of films. That is, both the single-layer amorphous and crystalline
films exhibit much higher resistivity and insulating R-T behavior,
where oxygen vacancies also exist in the single-layer amorphous
film and the crystalline film possesses the crystalline-SnO,/M-
Al,O3 interface. More detailed discussion on the interface-
dominated conductivity can be seen in the Supplementary data
(online). Further, in order to investigate whether such a metallic
interface is orientation-dependent, the bilayer SnO, films deposit
on various substrates of R- and M-cut Al,O; as well as rutile
TiO2(0 0 1) were compared in Fig. S1 (online). These films clearly
possess different orientations for the crystalline layer but exhibit
the same metallic conduction behavior. Moreover, a bilayer film
with doubled thicknesses for both crystalline and amorphous layers
shows similar sheet resistances (Fig. S2 online), which confirms the
interface-dominated conduction. Therefore, the metallic conduc-
tion in the bilayer SnO, film stems from the formation of a conduct-
ing sheet at the crystalline-amorphous interface. Note that the
resistivity-temperature (pxx-T) curve of the bilayer SnO, film
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Fig. 1. Structural characterizations of the tin oxide films. (a) XRD 20-w scans of the three types of SnO, films on M-cut Al,05 single-crystal substrate. (b) Phi-scans for the
(10 1) reflections of the SnO-, films and (1012) reflection of the M-cut Al,03 substrate. (¢) Cross-sectional TEM image of the bilayer film, which shows that the thicknesses of
the crystalline (epitaxial) and amorphous layer are 37 and 13 nm, respectively. HAADF-STEM images of the crystalline-amorphous interface (d), substrate-crystalline
interface (e), and the crystalline layer (f). The inset in (f) shows the crystal structure of SnO, in the corresponding orientation (Sn in purple and O in red). (g) SAED pattern of

the crystalline SnO, layer.
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Fig. 2. Electrical properties of the three types of tin oxide films. (a) Resistivities of the bilayer film (black), the single-layer crystalline (red), and the amorphous (blue) films.
The solid orange line is the fitted px(T) curve using a parallel conduction channel model. The inset shows the resistivity of the bilayer film plotted on a logT scale. (b, c)
Temperature-dependent sheet electron concentration (Nspeet) and Hall mobility (uy) of the bilayer film. The solid red lines are a guide to the eye.

exhibits an upturn below 110 K. Such an upward trend in resistivity
cannot be interpreted in terms of the Arrhenius equation (pxx oc exp
(Ea/kgT), where E, is the activation energy and kg is Boltzmann con-
stant), but well agrees with the —logT law (see the inset of Fig. 2a).
This suggests that the increase in resistivity at low temperatures is
probably caused by the electron localization due to disorder poten-
tials, rather than the reduction of thermal activation energy [18].

Hall effect measurements were performed by scanning the
magnetic fields at fixed temperatures down to 10 K. The Hall resis-
tivity pyy is linear with the magnetic field at each temperature and
the Hall coefficient is negative, indicating electron-dominant con-
duction in the bilayer SnO, film. Fig. 2b, c displays the temperature
dependence of the sheet carrier concentration (Nsheer) and Hall
mobility (py) of the bilayer film. The Ngheer and py values at RT
are ~10" cm~2 and 27 cm? V™! 57!, respectively. The Ngpeer Of the
bilayer film decreases slightly with increasing temperature, which
is apparently in contradiction with a typical semiconductor (or an
insulator) in which the carrier concentration increases exponen-
tially as temperature increases [18]. This further confirms the
metallic conducting behavior of the bilayer film. By designing such
a crystalline-amorphous interface, the electron transport proper-
ties of the bilayer oxide films are comparable to or even better than
the values obtained in the TCO films via ion doping (Table S2
online). Therefore, both high carrier concentration and high mobil-
ity are achieved concurrently in the oxide films by constructing a
crystalline-amorphous homointerface.

The metallic character of the bilayer SnO, film was further con-
firmed by its optical conductivity, which was measured using
time-domain terahertz (THz) spectroscopy (Fig. S3 online). Optical
conductivity is sensitive to the presence of metallic conduction,
with its zero-frequency extrapolation being the direct-current con-
ductivity which exhibits a Drude response in the low-frequency
range [19]. As shown in Fig. 3, a pronounced Drude response is
shown for the bilayer film, which was fitted by the Drude model.
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where g, is the optical conductivity, Z; is the vacuum impedance
(=377 Q), w is the photon energy, €, and 1/t correspond to the
plasma frequency and scattering rate of the free carriers, respec-
tively. The low-frequency Drude response of the bilayer film clearly
indicates its metallic conduction. The zero-frequency value of the

@ Bilayer SnQO, film

20005 m Crystalline
¢ Amorphous
2000 —— Drude fitting

Transport result

1000

o1(w) (A1 ecm™)

R e
00 05 10 15 20
Frequency (THz)

Fig. 3. THz optical conductivities of SnO, bilayer (sphere), crystalline (square) and
amorphous (diamond) films at RT. The solid line is a Drude fit to the data of the
bilayer film, which gives a reasonably good description of the experimental data.
The star symbol at zero frequency represents the conductivity value obtained from
transport measurement.

Drude fit is in line with the result from the transport measurement
(shown as a star in Fig. 3), whose values are 1725 and 2083 Q!
cm™!, respectively. In contrast, the optical conductivities of the
single-layer films are significantly smaller and frequency indepen-
dent, which suggest their non-metallic transport behavior.

We have demonstrated interface-induced metallic conduction
in bilayer SnO, thin films. Such an intriguing phenomenon moti-
vated us to uncover its underlying mechanisms. In the bilayer film,
oxygen vacancies form in the amorphous layer due to the low-
oxygen pressure (1076 Torr) during film growth. Meanwhile, Sn
has accessible mixed-valence states of Sn** and Sn?*. In order to
maintain the charge neutrality, the formation of one oxygen
vacancy needs to be accompanied by the reduction of one Sn**
ion to Sn?*, yielding Sn,?*Sn(;_}"0,_. Two extra electrons, which
occupy the conduction band (CB) orbital in each Sn?*, are transfer-
able and could migrate across the interface when energetically
favorable. Defects in the amorphous layer (such as oxygen vacan-
cies and disorders) could result in the formation of a narrow band
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of states close to the bottom of CB where the Fermi level (Eg) is
pinned [18,20]. Thus, Er in the amorphous layer is closer to CB than
it is in the highly crystalline layer. On the other hand, the highly
crystallized layer ensures low defect content, leading to a low car-
rier concentration but a relatively high mobility. Once the amor-
phous layer is stacked on the crystalline layer, electrons transfer
from the amorphous layer to the crystalline surface to balance
their chemical potentials, as schematically illustrated in Fig. 4a.
The transferred electrons would be confined in the near-interface
region of the crystalline layer due to the built-in potential [13].
We would like to point out that these electrons distribute inhomo-
geneously at the interfacial region, as evidenced by the upturn of
the resistivity-temperature curve below 110 K. Such an upward
trend can be interpreted by the -logT law (see the inset of
Fig. 2a), which suggests that the increase in resistivity at low tem-
peratures is due to electron localization [18]. Experimentally, the
microscopic distribution of Sn valence states at the interface was
probed by electron energy loss spectroscopy (EELS). Despite the
substantial overlap between the O-K and Sn-M,5 edges, it is still
possible to distinguish the oxidation states of Sn** and Sn?* using
EELS where the oxygen edges exhibit different configurations
[21,22]. Specifically, the Sn** state corresponds to a O-K fine struc-
ture with peak separation of about 6 eV, whereas the Sn?* state
contributes to an obviously narrower energy interval. EELS spectra
collected at the interface, 0.5, 1.0, 2.0, 3.0, and 4.0 nm away from
the interface as well as the standard EELS spectra for pure SnO,
and SnO are displayed in Fig. 4b, which indicates the existence of
Sn?* in the amorphous layer, at the interface, and in the crystalline
layer close to the interface within about 2 nm (see more details in
Supplementary data online). Consequently, the confined electrons
in the near-interface region give rise to a high carrier concentra-
tion, as reflected by the transport measurements shown in Fig. 2.
These interfacial electrons are compensated by the reduced Sn?*
that places the two electrons into the CB orbitals of crystalline
Sn0,. The electron mean free path [ is determined to be 20 nm
(see details in Supplementary data online), which is an order of
magnitude larger than the interfacial thickness. This suggested that

(b)

although the crystalline-amorphous interface is relatively rough,
the transferred electrons can be well confined in a thin region
(~2 nm) where the metallic sheet forms. Therefore, the electronic
reconstruction occurs by the electron transfer, forming the quasi
two-dimensional electron gas (quasi-2DEG) at the interface
[1,23,24].

The electronically reconstructed interface has been demon-
strated in the SnO, bilayer film as well as in the TiO, system we
studied earlier [7]. The next question is whether such an electronic
reconstruction at the crystalline-amorphous interface of oxides is
universal or unique to certain systems. Unlike conventional semi-
conductors where each ion has a fixed valence, metal oxides have
another option for charge rearrangement in addition to composi-
tional compensation [2,25]. That is, mixed-valence charge compen-
sation occurs if electron redistribution is energetically more
favorable than the redistribution of ions such as oxygen vacancy.
Here, we propose that interfacial electronic reconstruction exists
in the crystalline-amorphous bilayer films of oxides whose cations
(metal ions) possess multiple valence states. For both SnO, and
TiO,, the metal ions have two different valence states (+2 & +4
for Sn, and +3 & +4 for Ti). Mixed-valence charge compensation
is favorable for charge rearrangement since the energy required
to change the valence is usually small in the oxides whose metal
ions adopt multiple-valence states [26]. Hence, electronic recon-
struction can be achieved in these multiple-valence metal oxides,
resulting in both high electron concentration and high mobility
at the crystalline-amorphous interface. In this case, instead of the
polar discontinuity in LAO/STO heterostructures, mixed-valence
charge rearrangement at the interface induces the electronic
reconstruction.

For comparison, we constructed the crystalline-amorphous
bilayer film for an oxide without multiple oxidation states, zinc
oxide (ZnO), in which only +2 valence is accessible for the Zn ion.
ZnO films (bilayer, single-layer crystalline and amorphous) were
deposited using PLD, and the experimental details and XRD pat-
terns are shown in Table S3 (online) and Fig. 4c, respectively. In
contrast to SnO,, ZnO bilayer film exhibits semiconductive
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Fig. 4. (Color online) Origin of the metallic conduction at the homointerface. (a) Schematic illustrations of the crystalline-amorphous interface structure (left panel) and the
corresponding schematic of the band diagram (right panel) before and after reconstruction, where electrons transfer from the top amorphous layer to the bottom crystalline
layer, achieving electronic reconstruction and creating the quasi-2DEG. Ec and Er are the conduction-band-edge and Fermi-level energies, respectively. (b) Selected O-K EELS
spectra recorded at various positions near the crystalline-amorphous interface, which indicates the existence of Sn>* in the amorphous layer, at the interface, and in the
crystalline side close to the interface (within about 2 nm). The top and bottom dot lines are the EELS spectra for pure SnO and SnO,, respectively. XRD patterns (c) and
temperature-dependent resistivity (d) of the ZnO bilayer films, single-layer crystalline and amorphous films.
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behavior in which the resistance increases with decreasing tem-
perature, similar to the single-layer crystalline and amorphous
films (Fig. 4d). In this situation, compositional compensation (such
as the formation of oxygen vacancies) is the only option for charge
rearrangement at the interface of bilayer ZnO film, and electronic
reconstruction would not happen. Oxygen vacancies, diffusing
from the amorphous to crystalline layer at the interface, play a
dominant role in determining the electrical conductivity, but no
substantial changes in the electronic properties can be achieved.
This further confirms that the interfacial electronic reconstruction
instead of the interfacial oxygen vacancy diffusion is responsible
for the formation of metallic interface. Particularly, in comparison
to the single-layer crystalline or amorphous film, SnO, bilayer film
exhibits significantly enhanced conductivity by several orders of
magnitude via electronic reconstruction, whereas the ZnO bilayer
film shows only a small improvement via the diffusion of oxygen
vacancies at the interface.

Most metal oxides are insulators or semiconductors when they
are perfectly stoichiometric. Once their composition deviates from
stoichiometry, which results in an excess or deficiency of the metal
or oxygen ions, the materials show increased conductivity due to
the increased carrier concentration. However, carrier mobility usu-
ally decreases with increasing carrier concentration because the
defects(suchas oxygenvacancies)actas charge trapping and scatter-
ing centers. This is why the single-layer amorphous film of tin oxide
cannot realize the high conductivity by itself. Alternatively, by engi-
neering the interface, electronic reconstruction happens in the
crystalline-amorphous bilayer films of the oxides whose metal ions
possess multiple valences. Consequently, the near-interface region
offers dual functionalities: high electron concentration provided by
the amorphouslayer and high electron mobility supplied by the crys-
talline layer. The reconstructed interface, as such, acts as the highway
for electron transport. Therefore, such an interfacial engineering
strategy concurrently enables high carrier concentration and high
mobility in the oxide films to achieve superior conductivity.

In addition to the electron transport property, optical trans-
parency is another key parameter for optoelectronic applications.
The bilayer SnO, thin film exhibits a high internal transmittance
of ~90% in the visible-light region (Fig. S4 online). Hence, interfa-
cial engineering of oxide bilayer films based on electronic interface
reconstruction can successfully promote electron transport with-
out significantly affecting transparency. It opens a new way for
exploring novel highly conducting oxide films and devices by con-
structing crystalline-amorphous homointerfaces. The interfacially
engineered bilayer films possess prominent electronic and optical
properties, rendering these materials promising for various appli-
cations including high-performance light-emitting diodes and
high-efficient photovoltaic devices.

In summary, we report the emergent property of metallic con-
duction forming at the crystalline-amorphous interface in bilayer
oxide films via interfacial electronic reconstruction. By employing
a series of characterization methods, we demonstrated that the
electronic-reconstruction-induced metallic interfaces are unique
to the oxide systems whose metal ions possess multiple valence
states such as tin and titanium. In particular, SnO, bilayer film with
such a crystalline-amorphous interface exhibits an electrical resis-
tivity as low as 4.8 x 10~% © cm and optical transmittance of ~90%
in the visible-light region, showing great promise for optoelec-
tronic applications. Our findings not only provide a strategy for
realizing highly conductive metallic interfaces in oxide films, but
also achieve an unprecedented understanding of the underlying
mechanisms of the electronically reconstructed interfaces in the
oxide homostructures. That is, in addition to the polar discontinu-
ity at the hetero-epitaxial LaAlO5/SrTiO5 interface, mixed-valence
charge rearrangement across the homointerfaces would be another
chance for the interfacial electronic reconstruction. Since the

exploration and understanding of the engineered interfaces in oxi-
des are just emerging, more novel phenomena are expected to be
uncovered by carefully designing the interfaces and optimizing
the growth conditions.
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