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high-performance optoelectronics such as 
light emitting diodes and laser diodes.[1–3] 
Such transparent contacts allow high 
charge injection and improve thermal 
stability, which is critical for reliable 
device operation. Electrodes with different 
metals and their combinations have been 
extensively explored,[4–8] which motivated 
researchers to examine the microscopic 
structures of the interfaces between semi-
conductors and metals.

Functional oxides have a broad range 
of technological applications due to their 
unique properties such as ferroelectricity, 
piezoelectricity, high-TC superconductivity, 
colossal magnetoresistance, and so on. 
Particularly, forming reliable, low-resist-
ance ohmic contacts are of critical impor-
tance to the advancement of oxide elec-
tronics. Majority of metals form Schottky 

barriers when deposited on oxide surfaces.[9–11] Among func-
tional oxides, Ti-based oxides including titanium dioxide (TiO2) 
and strontium titanium oxide (SrTiO3/STO) are widely inves-
tigated. STO is well known not only as popular substrate for 
film growth, but also for many interesting properties, such as 
superconductivity,[12] blue-light emission,[13–15] insulator–metal 
transition,[16] and photocatalytic properties.[17] Recently, STO has 
also been explored for resistive switching memory[18] and opto-
electronic applications.[19–21] Ti is one of the earth-abundant ele-
ments, and it is frequently used to form contacts with oxides. 
Although the importance of metal/oxide interfaces has been well 
recognized,[22–24] there have been few works devoted to under-
standing the microscopic phenomena at such buried interfaces.

In this work, we investigated the Ti/STO interfaces as a 
prototypical system using a series of complimentary imaging 
tools including high-resolution high-angle annular dark field 
(HAADF) and low-angle annular dark field (LAADF) scanning 
transmission electron microscopy (STEM), electron energy loss 
spectrum (EELS), and secondary ion mass spectrometry (SIMS). 
We observed substantial oxygen interdiffusion at the metal/
oxide interface, which is accompanied by the gradual evolution 
of the Ti valence from 4+, 3+ to 0. Importantly, we discovered 
atomic-thin layer of cubic perovskite Ti2O3 (Ti3+) and anatase 
TiO2 (Ti4+) at the interfaces prepared at room temperature and 
200 °C, respectively. Overall, our in-depth atomic-scale character-
izations of the Ti/STO interfaces provide valuable structural and 
chemical information for such heterostructures, which could be 
generalized to the investigation of other interface systems.

Metal/oxide interfaces are ubiquitous in a wide range of applications such as 
electronics, photovoltaics, memories, catalysis, and sensors. However, there 
have been few investigations dedicated to the nanoscale structural and chem-
ical characteristics of these buried interfaces. In this work, the metal/oxide 
interface between Ti and SrTiO3 (STO) is examined as a prototypical system 
using high-resolution scanning transmission electron microscopy and elec-
tron energy loss spectroscopy. An atomic-thin Ti2O3-like layer at the Ti/STO 
interface prepared at room temperature is discovered, and first-principles 
calculations predict a metallic band structure of this 2D electron system. As a 
universal feature of such interfaces prepared at different temperatures, near 
the interface nanoscale oxygen-deficient domains and continuous modulation 
of Ti oxidation states are found. Overall, these results directly reveal complex 
chemical and valence evolutions at the metal/oxide interfaces, providing 
microscopic insights on such heterostructures.

1. Introduction

Interactions between metals and oxides at their interfaces are 
key factors determining the performance of metal/oxide het-
erojunctions, which are ubiquitous in modern technologies 
including electronics, photonics, catalysis, energy conversion, 
sensors, and so on. It is well recognized that metal/semicon-
ductor interfaces must be properly prepared and controlled in 
order to achieve the optimal performance in functional devices. 
For example, ohmic contacts play a key role in the fabrication of 
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2. Experimental Results

2.1. Sample Growth and TEM Characterizations

Figure 1a is the schematic representation of the Pt/Ti/STO 
structure. The purpose of the top Pt layer is to protect the 
sample surfaces from mechanical damages during processing. 
The samples were prepared using direct current magnetron 
sputtering, and the thicknesses of the Pt and the Ti layers are 
50 and 65 nm, respectively. Focused ion beam (FIB) and Ar ion 
beam milling were used to prepare the TEM lamella. The cross-
section of the Pt/Ti/STO structure was characterized using an 
FEI aberration-corrected Titan Cubed transmission electron 
microscope operated at 300 kV. The evolution of oxidation 
state across the interface was obtained from the line scans of 
the EELS. More details on the fabrication and characterizations 
of the Pt/Ti/STO samples are described in the Experimental 
Section. The cross-section STEM image of the Pt/Ti/STO 
structure is shown in Figure 1b. The top Pt layer appears to be 
continuous, providing full coverage and surface protection.

To investigate the chemical evolution at the Ti/STO inter-
face, SIMS measurements were performed under the ultrahigh 
vacuum condition. The raw depth profiling data, displayed in 
Figure 1c, show the variation of O, Pt, Ti, and Sr signals as a 
function of the sputtering time for the sample deposited at room 
temperature. The most striking observation is the variation of the 
oxygen intensity at the Ti/STO interface as a result of oxygen dif-
fusion. Interestingly, a clear oxygen signal was observed in the Ti 
layer, which is accompanied by a notable drop of the oxygen level 
in the STO substrate near the interface. Furthermore, a notable 
increase of the Ti signal was observed in STO in the same inter-
face region, which could be associated with the high-concentra-
tion oxygen vacancies due to the matrix effect.[25,26]

High-resolution HAADF-STEM images of the metal/
oxide interface prepared at room temperature are shown in 
Figure 2. Surprisingly, in the overview [100] HAADF-STEM 
image (Figure 2a) collected at the Ti/STO interface, we observed 
an ultrathin well-defined crystalline layer of TiOx, which is 
formed as a result of interfacial oxygen diffusion. In such STEM 
observations, Sr atoms exhibit much brighter contrast than Ti 
atoms due to their much higher Z number. The lattice structure 
of this interfacial layer, as shown in Figure 2b, appeared to 

be similar to the STO substrate. However, different from the 
STO substrate, no Sr atom was observed in this ultrathin layer. 
Figure  2c shows the HAADF signal profile along with the 
image. The TiO2 termination layer on the STO single crystal 
substrate surface was clearly observed, and the crystalline struc-
ture above the TiO2 layer seems to exist mostly within one 
atomic layer. Most likely, Ti atoms react with the oxygen from 
the STO substrate, and the crystalline structure of the formed 
TiOx monolayer strictly follows that of the STO substrate under-
neath. Discontinuous Ti-containing crystalline structures also 
appear to exist in a couple of atomic layers above this TiOx layer, 
but the contrast in the HAADF images is much weaker.

As a reference, a high-resolution HAADF-STEM image and 
a HAADF signal profile were also collected at a Pt/STO inter-
face sample prepared under identical experimental conditions. 
As shown in the Figure 2d, no extra oxidized layer was observed 
above the TiO2-terminated STO substrate surface. Apparently, 
the structural differences between the Ti/STO and the Pt/STO 
interfaces are a result of the metal property: the noble metal Pt 
does not react with the oxygen ions from the STO substrate, 
while Ti is much more active and react with the oxygen ions 
diffused from the STO substrates. It is important to note that 
this atomic-scale oxidation reaction at the Ti/STO interface 
occurs even at room temperature, which thermodynamically 
requires no external activation.

2.2. EELS Characterizations of the Ti/STO Interface

To shed light on the evolution of Ti oxidation states at the Ti/
STO interface, we used EELS to investigate the samples. EELS 
is a powerful technique to study the element distribution and 
valence states at the atomic level.[27,28] In the EELS experiments, 
we analyzed the energy of the transmitted electron beam and 
performed the core level spectroscopy at the atom level. This 
technique allowed us to directly probe the internal structures 
at the Ti/STO interface, unlike surface-sensitive methods. As 
shown in Figure S1 (Supporting Information), EELS spectra 
were collected from three locations: inside the Ti layer (far from 
the interface), at the Ti/STO interface, and inside the STO sub-
strate (far from the interface). As expected, the EELS spectra of 
the Ti layer and the STO substrate are in line with the reports 
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Figure 1.  a) Schematic representation of the Pt/Ti/STO heterostructure. Thin films of 65 nm Ti and 50 nm Pt (protecting layer) were deposited on 
a (001) STO substrate using magnetron sputtering. b) Cross-section STEM image of the Ti/STO interface. c) SIMS depth profiles of the Pt/Ti/STO 
samples deposited at room temperature.
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on Ti0 and Ti4+ oxidation states, respectively. As shown in 
Figure S1a (Supporting Information), four peaks, i.e., t2g (L3) 
at 459.64 eV, eg (L3) at 462.92 eV, t2g (L2) at 465.18 eV, and eg 
(L2) at 467.26 eV were observed in the Ti4+ spectra. In contrast, 
there are only peaks of eg (L3) at 458.91 eV and eg (L2) at 464.61 
eV observed in the Ti0 spectra. More importantly, as shown in 
Figure S1b (Supporting Information), the Ti-L2,3 edge spectrum 
collected from the interface appears to be much more complex, 
and it cannot be taken as a simple superposition of the spectra 
from the Ti layer (Ti0) and the STO substrate (Ti4+).

In order to investigate in detail the evolution of Ti oxidation 
states across the Ti/STO interface, EELS line scans were col-
lected at the atomic level. Figure 3 shows the data taken on the 
sample deposited at room temperature. Specifically, the tita-
nium L2,3 (Ti-L2,3) and oxygen K (O-K) edges can be simulta-
neously recorded, with an energy resolution of ≈0.1 eV and a 
spatial resolution of ≈0.4 nm. We performed a line scan from 

the Ti layer to the STO substrate, crossing the Ti/STO inter-
face. Figure 3a presents the scan direction and position, which 
overlays with the high-resolution HAADF-STEM image of the 
Ti/STO interface. The region of EELS line scans has a length 
of 9.6 nm. The background-subtracted EELS spectra for both 
Ti-L2,3 and O-K edges are shown in Figure 3b, and the valence 
evolutions of Ti and O appear to occur gradually. The spectra, at 
the interface and the points where Ti oxidation states change, 
are highlighted. As references, as-received STO substrate and 
commercial Ti2O3 powder were also measured, and their EELS 
data are shown in Figure S2 (Supporting Information). In the 
spectra of Ti-L2,3 edge shown in Figure 3b, peak broadening 
and less pronounced peak splitting were clearly observed at the 
Ti/STO interface, which could be attributed to the presence of 
Ti3+ valence.[29] Here, it should be noted that we cannot exclude 
the existence of Ti2+ between the Ti3+ and Ti0 layer. As shown 
in Figure S3 (Supporting Information), the EELS spectra for 
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Figure 2.  a) HAADF-STEM image of the Ti/STO interface prepared by sputtering Ti at room temperature. b) The images, from left to right, are lattice 
structure, high resolution HADDF-STEM image (in Grayscale) overlaid with supposed structure and high resolution HADDF-STEM image (in Tempera-
ture scale) for the area marked with a yellow rectangle in (a), respectively. O: red. Sr: blue. Ti: cyan. c) High-resolution HAADF-STEM image (upper) 
for the cross-section of Ti/STO interface, at a smaller scale than (a). And the HAADF signal profile, obtained from the whole above image, was shown 
at the bottom. HAADF signal profile for the yellow dashed line squared area was inserted. d) High resolution HAADF-STEM image (upper) for the 
cross-section of Pt/STO interface, deposited at room temperature, and the HAADF signal profile, obtained from the blue rectangle area, was shown at 
the bottom. Red dashed lines in this figure and others mark the TiO2 termination layer of the STO substrate.
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Ti2+ and Ti3+ are quite similar, especially at the Ti-L2,3 edge (two 
peaks).[30] Moreover, the intensity of the O-K edge is weak and 
noisy, which cannot be used to distinguish Ti2+ from Ti3+.

Figure 3c shows the peak positions of Ti-L2,3 edge along the 
line scan direction. Clearly, the Ti-L2,3 oxidation states change 
from Ti4+ in the STO substrate to Ti3+ at the interface, then to 
Ti0 in the Ti metal layer. The interfacial region with the domi-
nant Ti3+ oxidation state spans ≈3.2 nm. Figure 3d shows the 
integrated intensity of O-K edge as a function of the distance 
from the interface. The decrease of oxygen intensity from the 
STO substrate to the Ti layer illustrates the chemical evolu-
tion of the content as a result of the oxygen diffusion from 
the oxygen-rich STO to the oxygen-less Ti. Comparison of 
Figure 3c,d indicates the strong correlation of the evolution of 
Ti oxidation states and the oxygen diffusion. Overall, in this Ti/
STO sample prepared at room temperature, the oxidation of the 
Ti layer and the reduction of the STO substrate occur within an 
interfacial region with a thickness of 6.8 nm.

Based on the EELS spectra of Ti-L2,3 and O-K edges, we 
distinguished the nanoscale evolution of oxidation states at 
the Ti/STO interface as six regions, as shown in Figure 3e. 

The region I is featured by four clear and sharp peaks at the 
Ti-L2,3 edge, indicating the characteristic Ti4+ ions in STO. The 
integrated intensity of oxygen remains constant in this region 
(Figure 3d). In the region II, the integrated oxygen inten-
sity starts to decrease from the STO substrate to the Ti layer, 
as a result of the oxygen diffusion. Concurrently, Ti4+ par-
tially changed into Ti3+, in order to maintain the charge neu-
trality in the region. As shown in Figure 3b,c, the four peaks 
at the Ti-L2,3 edge became broader, with peak separations less 
pronounced, and even part of the t2g peaks at the Ti-L2,3 edge 
could not be unambiguously identified, demonstrating the 
existence of Ti3+.[29] In the region III, the integrated intensity 
of oxygen-related EELS peaks keeps decreasing, and the EEL 
spectra of Ti-L2,3 edge shows the characteristic two-peak feature 
of Ti3+ shown in Figure 3b. In the region IV, oxygen signal was 
detected in the Ti layer, indicating the oxygen diffusion into the 
metal Ti layer. In this region, the EEL spectra of Ti-L2,3 edge still 
shows the feature of Ti3+ (Figure 3b), indicating the formation 
of a TiOx (Ti2O3-like) interfacial layer. In the region V, the two 
peaks of Ti-L2,3 edge slightly shift to lower energies, indicating 
the emergence of the Ti0 component. Finally, in the region VI, 
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Figure 3.  a) High resolution HAADF-STEM image of the Ti/STO interface prepared at room temperature. (b) EELS spectra of Ti-L2,3 and O-K edges 
obtained from line scans across the interface shown in (a). The spacing along the line scan between consecutive EELS spectra is 4 Å. The spectra at 
the interface and the evolution points with different oxidation states are highlighted by thicker lines. For the spectra of Ti-L2 and Ti-L3, peak broadening 
and less pronounced peak splitting at the interface were clearly observed, indicating the valence evolution of Ti (from Ti4+ to Ti3+, and then to Ti0).  
c) Peak positions of Ti-L2,3 edges. d) Evolution of the integrated intensity of O EELS edges. The gradual fading intensity indicates the oxygen diffusion 
from the STO substrate to the Ti layer. e) Schematic presentation for the evolution of Ti oxidation states across the Ti/STO interface.
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the integrated intensity of oxygen decreased to the minimum, 
and the EELS data at the Ti-L2,3 edge indicate the pure Ti0 in the 
Ti metal layer. Moreover, theoretical fitting was performed, and 
as shown in Figure S4 (Supporting Information), the result is 
consistent with the profiles of experimental line scans. Interest-
ingly, each region with different Ti oxidation states has a thick-
ness of ≈1.6 nm, and the overall chemical and valence evolu-
tions occur within a thickness of ≈6.8 nm (regions II, III, IV, 
and V) at the interface, and the TiOx (Ti2O3-like) alloy layer in 
regions IV and V has a thickness of 3.2 nm.

2.3. Observation of Oxygen-Deficient Domains

It is well recognized that oxygen vacancies are ubiquitous in 
oxides, and their characteristics are important to understand 
the physical properties of oxides and to harness their func-
tionalities. There are few reports on how oxygen vacancies 
are distributed at metal/oxide interfaces because interfaces 

are buried underneath the top layers and difficult to directly 
probe. Atomic-scale study of oxygen vacancy profiles in STO 
was carried out in 2004 using LAADF imaging and EELS.[27] 
The LAADF images record dechanneling from the strain field 
surrounding the oxygen vacancies, while the HAADF images 
are sensitive mostly to atomic number. In order to image the 
oxygen vacancies, we decreased the ADF inner angle from 
70 to 25 mrad to switch from the HAADF imaging mode to the 
LAADF mode.

Figure 4 shows the LAADF image and the EELS analysis of 
oxygen-deficient domains near the Ti/STO interface prepared 
at room temperature. Some small domains with sizes of a few 
nm and bright contrast to the surrounding areas were observed 
in the STO substrate (Figure 4a). The oxygen deficiency caused 
some tiny structural changes in the STO lattice, and the white 
contrast in the LAADF images evidences the strain field sur-
rounding the oxygen-vacancy-containing domains. In fact, the 
brightness of the oxygen-deficient domains is directly corre-
lated with the density of oxygen vacancies.[27] To illustrate the 
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Figure 4.  a) LAADF-STEM image of the room-temperature Ti/STO interface sample. Scale bar: 5 nm. Two marked areas were chosen for EELS measure-
ments. b) EELS spectra of Ti-L2,3 and O-K edges obtained from those two domains shown in (a), compared with the stoichiometric STO. c) EELS fitting 
according to Ti < Ti3 4I X Y= × < > + × >+ + , with the constraint that X + Y = 1. The EELS spectra for Ti3+ and Ti4+ were taken from the commercial 

Ti2O3 powder and the stoichiometric STO substrate, respectively. d) Parameter 
( ( ))
( ( ))

3 0

2 3 0
R

I e L I
I t L I

g

g
=

−
−  plotted as a function of X. We set the intensity for 

the valley point between eg(L3) and t2g (L3) as I0. The values of R and X for the areas A and B are highlighted.
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effectiveness of this approach, two areas (marked with A and 
B with different contrast in the LAADF imaging) were selected 
for EELS analysis. Figure 4b shows the EEL spectra of Ti-L2,3 
and O-K edges from the areas A, B and the stoichiometric STO 
substrate. These data indicate that the Ti valence shifts from 
4+-like in STO to 3+-like in oxygen-deficient domains, which is 
expected since oxygen vacancies are electron donors.

In addition, the O-K edge fine structure is sensitive to the 
O-O ordering and damps out as the vacancy concentration 
increases. According to the EELS fittings in Figure 4c, we could 
obtain the value of δ in SrTiO3–δ with a precision of 1% for the 
oxygen-deficient SrTiO3–δ areas. The reference spectra for Ti4+ 
and Ti3+, used in the fittings in Figure 4c, were taken from a 
bare STO substrate and commercial Ti2O3 powders, respec-
tively. Assuming that the actual EELS spectra at the Ti-L2,3 edge 
is the superposition of Ti4+ and Ti3+ with different weights, fit-
ting the data to < Ti < Ti3 4I X Y= × > + × >+ + , with the 
constraint of X + Y =1 can be used to reveal the fractional con-
tributions of Ti4+ and Ti3+.[31] In order to conveniently link the 
experimental data with the fitting result, we defined a param-

eter 
( ( ))

( ( ))
3 0

2 3 0

R
I e L I

I t L I
g

g

=
−
−

 with I0 being the intensity of the valley 

point between eg(L3) and t2g(L3) peaks for each Ti-L2,3 spectrum. 
Then, we obtained the value of R for each spectrum of Ti-L2,3 
edge., which has a one-to-one correspondence with the value 
of X (Figure 4d). As examples, R (X) values calculated from the 
experimental spectra, taken from the oxygen-deficient areas A 
and B, are 10.2381 (0.42) and 5.0645 (0.24), respectively. Since 
one oxygen vacancy in SrTiO3–δ will result in two Ti3+ ions, the 
value of δ should be half of X. Thus, the values of δ for area A 
and B are ≈0.21 and ≈0.12, respectively, which falls in the range 
of δ reported for similar oxygen-deficient SrTiO3–δ films.[27]

2.4. Properties of Ti/STO Interfaces Prepared  
at Higher Temperatures

Temperature of the STO substrate during the Ti layer growth 
is clearly an important parameter because more substantial 

oxygen diffusion is expected at the Ti/STO interface at higher 
temperatures. In order to investigate the temperature depend-
ence, we prepared another Ti/STO interface sample by depos-
iting the Ti metal layer at 200 °C. As shown in Figure 5, the 
HAADF-STEM image of the 200 °C sample significantly differs 
from the room temperature one. An inhomogeneous interfa-
cial layer with nm-scale crystalline domains was observed in 
the Ti side near the interface. Interestingly, the high-resolution 
HAADF image and its fast Fourier transform (Figure S5, Sup-
porting Information) indicate that the lattice of this interfacial 
layer is consistent with that of anatase TiO2. In fact, the in-plane 
lattice parameters of TiO2 match well with those of STO, as 
shown in Figure 5c. The anatase TiO2 has a tetragonal structure 
(a = b = 3.785 Å; c = 9.514 Å), while STO has a cubic structure 
(a = 3.905 Å). According to Figure 5a and Figure S5 (Supporting 
Information), the “epitaxial” relationship is [100]TiO2//[100]
STO with in-plane mismatch of ≈3.1%. This small lattice mis-
match resulted in the formation of nanoscale TiO2 domains on 
the STO when the sample was prepared at 200 °C. In fact, the 
higher oxygen content in this interfacial layer, compared to the 
TiOx layer observed in the room temperature sample, is in line 
with the more substantial oxygen diffusion from the STO sub-
strate to the Ti metal layer at the higher growth temperature.

As expected, larger oxygen-vacancy domains were observed 
at higher temperature (200 and 600 °C) samples, which are 
shown in Figure S6 (Supporting Information). Much larger and 
brighter areas are observed in the LAADF images obtained on 
these higher temperature samples, which is consistent with 
the more oxygen diffused from STO to Ti expected at higher 
temperatures. Moreover, for the sample prepared at 600 °C, the 
EELS data shown in Figure S6 (Supporting Information) indi-
cate that the whole Ti layer was oxidized by the oxygen diffused 
from the STO substrate.

3. First-Principles Calculations of the Ti/STO Interface

As one of the most important findings in this work, an ultrathin 
(one unit cell) Ti2O3-like layer was discovered at the Ti/STO 
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Figure 5.  a) High resolution HAADF-STEM image of the Ti/STO interface prepared by depositing Ti at 200 °C. b) From left to right: lattice structure, 
high-resolution HAADF-STEM image (in the gray scale) with supposed structure and high-resolution HAADF-STEM image (in the “temperature” scale). 
c) c-plane views of STO (left) and anatase-structured TiO2 (right). Red: O; Blue: Sr; Cyan: Ti.
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interface fabricated at room temperature. In a general perspec-
tive, our experiments provide a viable approach toward the syn-
thesis of atomic thin oxide layers. It could be expected that the 
property of this TiOx layer at the Ti/STO interface is different 
from those of both Ti and STO. However, it is difficult to probe 
the transport properties of this atomic thin layer because the 
top metallic Ti layer is highly conductive. Instead, we turned to 
calculations using density functional theory to predict the pos-
sible physical properties of this interfacial layer containing Ti3+ 
ions.

In our calculations, the model Ti2O3/STO heterostructure is 
consisted of two SrO layers, three TiO2 layers, and one TiO layer, 
and the relaxed lattice structure is shown as inset in Figure 6a. 
Cubic-structured perovskite Ti2O3 (a = b = c = 3.90 Å; α = β = γ =  
90°) and STO were used in modeling the superlattice. Details 
of the calculation are shown in the Experimental Section. Based 
on the generalized gradient approximation (GGA) optimized 
structure, the hybrid functional calculations based on Heyd–Scu-
seria–Ernzerhof (HSE) exchange were performed to give a more 
accurate description of the band structure of this interface. The 
density of states (DOS) and atomic projected DOS (pDOS) of the 
interface are shown in Figure 6a. Layer-resolved pDOS results, 
shown in Figure 6b, indicate that the electronic states around 
the Fermi energy mainly comes from the contribution of Ti 3d 
orbitals, especially from the sandwiched TiO layer, where a 2D 
electron gas could be generated. Interestingly, the pseudogap 
tendency is observed, implying a probable localization of carriers.

As a comparison to the Ti3+-contained interface, we also cal-
culated the band structure of bulk Ti2O3 using the same HSE 
method. Bulk Ti2O3 usually features a corundum (trigonal) 
lattice (R3c space group, #167; a = b = 5.15 Å, c = 13.61 Å;  
α = β = 90°, γ  = 120°), and it is a narrow band gap (≈0.1 eV) 
semiconductor.[32] The total DOS of the cubic Ti2O3/STO inter-
face and bulk Ti2O3 is shown in Figure S7 (Supporting Informa-
tion). As expected, a band gap of 0.09 eV was obtained for bulk 
corundum Ti2O3, which is in contrast to the metallic cubic-
structured Ti2O3/STO interface. It would be interesting to etch 
off the top Ti layers from the Ti/STO interface samples and to 
directly probing the physical properties of the Ti2O3/STO inter-
face, which is however out of the scope of this work.

4. Conclusion

In summary, we characterized the chemical and valence evolu-
tion at the Ti/STO interface using complementary microscopic 
techniques. Interestingly, an atomic-thin Ti2O3-like interfa-
cial layer was observed at the Ti/STO interface in the sample 
deposited at room temperature. Furthermore, oxygen vacancies 
were generated in the STO substrates in all samples, and the 
density and size of oxygen-deficient domains increases with the 
Ti deposition temperature. When the Ti deposition tempera-
ture increased to 200 °C, we observed an ultrathin continuous 
TiO2 interfacial layer between the STO substrate and nanoscale 
island-like domains of crystalline anatase TiO2. Clearly, such 
metal/oxide interfaces are far from atomically sharp as people 
usually perceive, and the interfacial phases with varied Ti oxida-
tion states must be carefully considered. In addition, our cal-
culation results suggested that the ultrathin Ti2O3 (Ti3+)/STO 
interface possesses metallic transport properties and may serve 
as a 2D electron gas system in future studies. Overall, our work 
demonstrated the intricate nanoscale chemical and valence 
evolution at the Ti/STO interface as a prototypical metal/oxide 
system, providing insights on the operation of interface-based 
devices.

5. Experimental Section
Sample Preparation: The Ti layer with thickness of ≈65 nm was 

deposited on a single crystal STO (001) substrate by direct current 
magnetron sputtering. Ti target with purity 99.999% was used in the 
sputtering process. Note that the TiO2-termination of our substrates 
were obtained by chemical etching using HCL-HNO3 as acidic 
solution,[33] which was found to produce less defects on the STO 
surface compared with the conventional buffered hydrofluoric acid etch 
method.[34,35] The base pressure of the chamber before deposition was 
better than 2.0 × 10−7 Torr. During the deposition, the Ar pressure was 
kept at 5.0 mTorr with Argon flow (20 SCCM). The sputtering power was 
fixed at 150 W. The substrate temperatures were maintained at room 
temperature, 200, and 600 °C, respectively. Prior to the deposition, Ti 
target was presputtered for 20 min, inside of the chamber, to remove 
the oxidation layer on the surface of Ti target and the oxygen in the 
chamber. After the deposition, ≈50 nm Pt thin films were deposited on 
the samples without breaking the vacuum to prevent the oxidation.

Figure 6.  a) Total DOS and atomic pDOS of the Ti2O3/STO interface calculated using the HSE method. The crystal structure of the interface is shown 
as the inset. b) Layer-resolved pDOS of TiO2 and TiO planes shown in the inset of (a). The Fermi level is positioned at zero, around which the states 
mostly come from the Ti ions in Layer 2.
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Transmission Electron Microscopy: Focused ion beam (FEI Helios 400S) 
had been used to prepare the cross-section samples for S/TEM analysis. 
S/TEM lamella of ≈100 nm thick had been transferred to a half moon FIB 
grid by the in situ lift out method, followed by a low kV cleaning of Ar ion in 
a Fischone Nano Mill 1040. The damaged layer during FIB preparation had 
been removed and the final thickness of the sample was ≈20 nm. Part of 
the Pt layer was removed during the S/TEM specimen preparation. To avoid 
oxidation, these samples were transferred to the TEM, immediately. Then, 
the cross-section of the Pt/Ti/STO structure was characterized by Mono-
Probe Cs scanning transmission electron microscope (Titan, FEI). Electron 
diffraction patterns were obtained with a TitanST electron microscope 
operated at 300 kV. HAADF-STEM images were obtained with aberration-
corrected Mono-Probe Cs scanning transmission electron microscope 
(Titan, FEI) operated at 300 kV using the convergence semiangle of  
21 mrad. The inner collection semiangle of the HAADF was 70 mrad.

SIMS: SIMS depth profiling experiments were performed using 
a dynamic SIMS instrument from Hiden Analytical company 
(Warrington-UK) operated under ultrahigh vacuum conditions (typically 
10−9 Torr). The dynamic SIMS was equipped with an argon gas source. 
Throughout the sputtering process, the selected positive ions were 
sequentially collected using a MAXIM spectrometer equipped with a 
quadrupole analyzer. After passing through a triple filter system, ions 
were measured using a pulse counting detector having a 4 keV post 
acceleration potential to increase the detection efficiency at high masses.

First-Principles Calculation: The calculations were performed based on 
the projector augmented wave approach as implemented in the Vienna ab 
initio simulation package.[36–38] The electronic correlation was treated in 
terms of the GGA with Perdew–Burke–Ernzerhof functional modified for 
solids parametrization.[39] The structural optimization and electronic self-
consistent interactions were performed using a plane-wave cut-off 500 eV  
and a Γ-centered Monkhorst–Pack k-point mesh of 7 × 7 × 5. Both the 
out-of-plane lattice vector c and the internal atomic positions were fully 
optimized until the Hellman–Feynman forces converged to within 
10 meV Å−1, while the other two in-plane lattice constants were fixed to the 
substrate. Based on the GGA optimized structure, the hybrid functional 
calculations based on HSE exchange were also performed to pursuit a 
better description of band structure.[40] Due to its extreme demand of CPU-
time, the k-point mesh was reduced to 5 × 5 × 2 in the HSE calculation.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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