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ABSTRACT

We investigate the surface electronic structure of SrTiO3 (STO) films grown by a hybrid molecular beam epitaxy that are both stoichiometric
and nonstoichiometric by means of x-ray photoelectron spectroscopy and electron energy loss spectroscopy. Increasing the fraction of the
surface that is terminated with an SrO layer is correlated with a decrease in the chemical potential whereby the valence band maximum
moves closer to the Fermi level, but without a significant change in the bandgap. Inasmuch as SrO-terminated STO (001) has previously
been shown to act as an electron scavenger in which carriers from the bulk are trapped, we argue that the high fraction of SrO in the terminal
layer is what lowers the chemical potential in Sr-rich STO. Our experimental results provide important insights into various physical phe-
nomena that can occur on STO (001) surfaces and their effect on bulk electronic properties.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0082636

SrTiO3 (STO) is of interest for both fundamental understanding
and applications in oxide electronics and has received considerable
attention as a result. STO is also widely used as a substrate and a bot-
tom layer for heterojunctions, some of which have exhibited unex-
pected physical phenomena. For example, the heavily studied LaAlO3/
SrTiO3 heterostructure exhibits a two-dimensional electron gas
(2DEG) with an insulator-to-metal transition (IMT) as well as ferro-
magnetism and superconductivity.1–3 These exotic phenomena have
been explained by electronic reconstruction and quantum confine-
ment of electrons owing to the polar discontinuity at the interface.4,5

In addition, oxygen vacancies and interdiffusion of cations at the inter-
face of the heterostructure can induce exotic phenomena by causing
electronic reconstruction as well.6–8

STO surfaces also exhibit unusual and interesting behavior. For
example, an in-gap state was detected by x-ray photoelectron spectros-
copy (XPS) on the surface of electron-doped STO(001).9–11 This state
was concluded to originate from delocalization of electrons generated by
doping and oxygen vacancy creation. Additionally, a 2DEG has also
been shown to form on a SrO-terminated STO(001) surface after expo-
sure to ultraviolet light.12 These results demonstrate that surface compo-
sition is an important factor in driving interesting physical phenomena.

To understand the correlations between surface chemical state
and the corresponding physical properties, it is of interest to examine
surface electronic structure as film stoichiometry and surface termina-
tion are varied. Chambers and Sushko13 investigated the work func-
tion of SrO- and TiO2-terminated STO films using angle-integrated
ultraviolet photoelectron spectroscopy (UPS). The work function of
the SrO-terminated STO film was lower than expected based on first-
principles calculations. These authors suggested that the discrepancy
can be associated with the small electronic affinity induced by defects
on the SrO-terminated surface. Such defects also appear to be impor-
tant in the formation of a 2DEG on the SrO-terminated STO surface.12

Pal et al.11 found an IMT on SrTiO3�x film surfaces using XPS. The
IMT was generated by the evolution of the in-gap state with increasing
annealing temperatures, which in turn results in itinerant electrons
due to oxygen vacancy formation. However, despite much effort to
understand the electronic structure of STO surfaces, there are very lit-
tle done to understand the relationship between the surface composi-
tion and electronic structure in STO.

Here, we investigate the electronic structure of homoepitaxial
STO(001) films grown by hybrid molecular beam epitaxy (hMBE) as
the film stoichiometry is varied from Sr-rich to stoichiometric to Ti-
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rich. The hMBE method enables state-of-the-art control over stoichi-
ometry by means of growth window utilization.14,15 We use XPS to
determine surface termination, composition, and valence band (VB)
properties. Additionally, we have probed the electronic structure of the
conduction band (CB) by means of electron energy loss spectroscopy
(EELS), using the O 1s photoelectron as our probe.16,17 Using XPS and
XPS-derived EELS simultaneously, we find that increasing the fraction
of the terminal layer that consists of SrO decreases the chemical poten-
tial [i.e., moves the valence band closer to the Fermi level (EF)] without
a measurable change in the bandgap. Indeed, our results point to the
composition of the terminal layer as the driver behind chemical poten-
tial evolution as a function of overall film stoichiometry.

15 nm STO films with different compositions were grown on
STO(001) substrates using hMBE [see Fig. 1(d)] at a substrate temper-
ature of 900 �C. Sr was evaporated from an effusion cell. Activated
oxygen was supplied using a radio frequency oxygen plasma source at
an oxygen pressure of 5� 10�6 Torr. A metal-organic chemical pre-
cursor for Ti, titanium tetra isopropoxide (TTIP, 99.999%, Sigma-
Aldrich, USA), was used as a Ti-source. To vary the film stoichiometry
in a controllable way, the beam equivalent pressure (BEP) of Sr was
fixed at 8.50� 10�8 Torr by keeping the Sr cell temperature at 475 �C
while the BEP of TTIP was set at 5.2� 10�6, 6.1� 10�6, 6.9� 10�6,
and 8.7� 10�6 Torr, leading to TTIP/Sr BEP ratios of 6.14, 7.14, 8.19,
and 10.28, respectively. The films were cooled to 250 �C in the pres-
ence of oxygen plasma in order to suppress oxygen vacancy formation.
The surface structure and morphology of the STO films were

investigated by in situ reflection high-energy electron diffraction
(RHEED, Staib Instruments) and ex situ atomic force microscopy
(AFM, Bruker), respectively. Structural properties and the lattice
parameters of STO films were determined from high-resolution x-ray
diffraction (XRD) (SmartLab XE, Rigaku) and reciprocal space map-
ping (RSM) in the vicinity of the (103) substrate peak. XPS (Physical
Electronics VersaProbe III) was carried out with a monochromatic Al
Ka x-ray source, a pass energy of 55 eV, and an energy step size of
0.1 eV. An argon gas cluster ion beam (Ar-GCIB) with an energy of
1 keV at an incidence angle of 30� was used to clean the surfaces for
30 s prior to XPS scans. The absence of a grounding wire from the film
surfaces to the sample holder required the use of a low-energy electron
flood gun to compensate the positive photoemission-induced surface
charge. The use of the flood gun allowed spectra to be recorded with-
out line shape distortions. However, flood gun usage also resulted in
arbitrary binding energies that are typically lower than they would be
if the film was grounded due to the accumulation of a net negative
charge on the surface. In order to facilitate extraction of physically
meaningful binding energies, all spectra were, therefore, shifted so
the associated C 1s feature from aliphatic carbon on the surface fell
at 286.0 eV, the binding energy measured for a properly grounded
Nb-doped STO (001) bulk crystal with surface contamination. The
measured x-ray photoelectron spectra of the Sr 3d, Ti 2p, and O 1s
core-levels were fitted using a combination of Gaussian and Lorentzian
(GL) line shapes after subtracting the Shirley background. The O 1s
EELS were acquired by XPS after cleaning film surfaces for 4min using

FIG. 1. (a) RHEED patterns along the [100] azimuth and (b) AFM images for STO films with different TTIP/Sr BEP ratios. The white arrows in (a) point to half-order spots indic-
ative of surface reconstruction. (c) RSMs for the STO films near the (103) Bragg peak of the STO substrate. (d) Schematic of the sample structure. (e) Out-of-plane lattice
parameters calculated from the RSM results and Ti 2p/Sr 3d peak area ratios determined from the XPS as a function of TTIP/Sr BEP ratio. The blue-shaded region marks the
growth window for stoichiometric STO films.
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the Ar-GCIB. All O 1s EELS were shifted so that the zero-loss peak
with the highest intensity was 0 eV. In the O 1s EELS, the electron
energy loss peak at �5 eV was fitted using GL line shapes after the
Shirley background subtraction.

Figure 1(a) shows the RHEED patterns along the [100] azimuth
of STO films as a function of the TTIP/Sr BEP ratio. All RHEED pat-
terns are streaky and exhibit Kikuchi bands indicating that all films
have smooth surface morphology and high crystalline quality.15 In
addition, half-order reconstruction spots are observed for stoichiomet-
ric films, i.e., TTIP/Sr BEP ratios of 7.14 and 8.19 [see white arrows in
Fig. 1(a)] similar to what has been reported in the literature.15,18,19

Figure 1(b) shows the corresponding AFM images. The root-mean-
square (RMS) roughness ranges from 0.13 to 0.22 nm, indicating that
all films have smooth surfaces.

Figure 1(c) shows RSMs near the (103) Bragg peak of STO as a
function of the TTIP/Sr BEP ratio. The film peak falls below the sub-
strate peak when the TTIP/Sr BEP ratio is 6.14, indicating a higher
out-of-plane lattice parameter in the film. The film and substrate peaks
then merge into a single Bragg reflection as the TTIP/Sr BEP ratio
increases to 7.14 and 8.19. Finally, the film peak reappears below the
substrate peak when the TTIP/Sr BEP ratio¼ 10.28. RSMs further
confirm fully coherent films. Consistent with the RSMs results, the
XRD 2h–x scans (Fig. S1) show increased lattice parameters for

samples with the TTIP/Sr BEP ratio of 6.14 and 10.28 in addition to
revealing no phase impurities. Since the lattice parameter of STO is
sensitive to cation stoichiometry, the values obtained from XRD can
be used to construct a growth window to determine the BEP ratio
range over which stoichiometric films grow.14 Figure 1(e) shows the
out-of-plane lattice parameters determined from the RSMs along with
the Ti 2p/Sr 3d peak area ratios obtained from XPS as a function of the
TTIP/Sr BEP ratio. Figure 1(e) further reveals that the Ti 2p/Sr 3d
peak area ratios in STO films remain unchanged within the MBE
growth window, whereas it varies outside it in agreement with the Sr-
rich and Ti-rich growth conditions.

Figures 2(a)–2(c) show Sr 3d, Ti 2p3/2, and O 1s core-levels for
the STO film set. The dashed lines indicate average binding energies
of Sr2þ 3d5/2 (133.7 eV) and Ti4þ 2p3/2 (459.2 eV), and lattice O 1s
(530.4 eV) features for STO films with TTIP/Sr BEP ratios of 7.14 and
8.19, respectively, which are within the growth window. The Sr 3d
spectra were fit using two identical spin–orbit (SO) split doublets rep-
resenting the “surface” layer and the “bulk” layers. The SO splitting
was fixed at 1.76 eV, which is appropriate for Sr 3d3/2 and Sr 3d5/2.

20,21

Regardless of the cation stoichiometry, all films showed SrO surface
features (light green region) in their Sr 3d spectra. Surface SrO can
generally be attributed to Sr-(OH) adsorbent, and/or the SrO-like
secondary phases near the surface.20,21 Whether the surface SrO is

FIG. 2. (a) Sr 3d, (b) Ti 2p3/2, and (c) O 1s core-level spectra for STO films prepared with various TTIP/Sr BEP ratios. Vertical dashed lines represent the average binding
energies for Sr2þ 3d5/2 (133.7 eV), Ti

4þ 2p3/2 (459.2 eV), and lattice O 1s (530.4 eV) for the stoichiometric STO films. (d) Core-level peak area ratios Ax/(ASr 3d þ ATi 2p
þAmetal oxide)� 100 where x ¼ Sr 3d, Ti 2p and lattice O 1s vs TTIP/Sr BEP ratio. (e) Binding energy shifts relative to those for the stoichiometric films. The blue-shaded
region shows the growth window for stoichiometric STO.
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from the mixed surface termination or due to a secondary phase was
recently investigated by Thapa et al.19 revealing that it is due to an
SrO-terminated STO surface. We further confirmed this by measuring
the Sr 3d spectrum for a TiO2-terminated Nb-doped STO substrate
and showing that the line shape does not show any sign of a second
spin–orbit doublet shifted to higher binding energy (Fig. S2), consis-
tent with the previous report.22 The Ti 2p3/2 core-level spectra were fit
using two features, one for Ti4þ and one for Ti3þ. The latter corre-
sponds to B-site Ti cations in SrTiO3 screened by electrons in the con-
duction band from nearby oxygen vacancies.11 The area under the
Ti3þ features is �2% of the total Ti 2p3/2 peak area for all films.
However, the films are insulating in transport. The O 1s core-level
spectra were fit to features representing the hydroxyl (O–H) and
organic carboxyl (C–O) surface contaminants, along with the metal
oxide film lattice (M–O).23,24 The O–H feature, which was present in
all samples, could be largely removed by Ar-GCIB treatment for all
but the most Sr-rich film (BEP¼ 6.14), as confirmed by the corre-
sponding C 1s spectra (see Fig. S3) and discussed in more detail below.
The detailed fitting results are listed in Table I.

To further characterize the chemical state of the film surfaces,
the peak area ratios, defined as Ax/(ASr 3d þ ATi 2p þAM–O) � 100,
where A is a peak area and x is the identity of the peak (e.g., O 1s),
along with the binding energy shifts relative to the energies of the
films within the growth window, were obtained from the fitting
results. The results are shown in Figs. 2(d) and 2(e), respectively. As
expected, the total Sr 3d peak area decreases and both the Ti 2p and
O 1s peak areas increase with the increasing TTIP/Sr BEP ratio.14

We note that the peak area ratios do not change within the growth
window due to the self-regulating stoichiometry control.25 Figure
2(e) shows the binding energy shifts of the sub-surface (SrLattice) Sr
3d5/2, Ti

4þ 2p3/2, and M–O O 1s peaks relative to the average of the
binding energies for the films with TTIP/Sr BEP ratios of 7.14 and
8.19. The binding energies of all peaks increase with the increase in
the TTIP/Sr BEP ratio.

The shift in binding energy for a given element common to two
different phases, DEB, is given by the DEB ¼ DEl þ KDEQ þ DVM

þ DER. Here, DEl is the change in chemical potential, K is the con-
stant of the Coulomb interaction between the valence and core elec-
trons, DEQ is the change in the number of valence electrons, DVM is
the change in Madelung potential, and DER is the change in the core-
level potential due to screening.11 All core-level binding energies
increase by similar magnitudes with the increasing TTIP/Sr BEP ratio,
which along with the relatively minor changes in the material structure
means that DVM and DER are likely negligible. Furthermore, since
there is no significant difference in the valence for either Sr or Ti,
KDEQ is expected to be small. Therefore, we conclude that DEB is

dominated by DEl. As we will see below, there is direct evidence for
this conclusion in the VB spectra and the O 1s EELS data.

We acquired x-ray excited VB and O 1s EELS at the same posi-
tion on each film, as shown in Figs. 3(a) and 3(b), respectively. The
VB spectra show two features at �4 and �7 eV that originate from
non-bonding states and bonding states resulting from hybridization
between Ti 3d and O 2p orbitals, respectively.11,26,27 However, the two
features in the VB spectra are dominated by O 2p orbitals because the
cross section of the O 2p is higher than that of the Ti 3d.11 Both peaks
move to high binding energy with the increasing the TTIP/Sr BEP
ratio. Interestingly, there is a weak feature between the Fermi level and
the O 2p peak that appears to reveal an in-gap state for the film with a
TTIP/Sr BEP ratio of 6.14, as seen in the inset of Fig. 3(a). The in-gap
state has been attributed to the presence of oxygen vacancies in
STO.11,28 However, the Ti 2p and O 1s core-level spectra show no fea-
tures related to the oxygen vacancies. As a result, the in-gap feature
cannot be attributed to oxygen vacancies. Alternatively, the in-gap
state has been assigned to absorbed O–H bound to the STO sur-
face.29,30 Indeed, the film for which the TTIP/Sr BEP ratio is 6.14
yields the most intense O–H feature in its O 1s spectrum.
Additionally, the absorbed O–H bonding induces a peak at �11 eV
[Fig. 3(a)], which has also been observed previously.29,30

Figure 3(b) shows the O 1s EELS for the STO film set. Inelastic
scattering of outgoing photoelectrons can result from plasmon and/or
inter-band transitions, leading to distinct features separate from the
more intense “no-loss” peak. The first inter-band transition associated
with excitation from the top of the VB to the bottom of the CB can be
measured when the bandgap is larger than the full-width at half maxi-
mum of the no-loss peak.16,27,31 Accordingly, the O 1s spectrum (mea-
sured FWHM ’ 1.4 eV) can be used to investigate the unoccupied
electronic states of STO (Eg ¼ 3.25 eV). Figure 3(b) reveals four dis-
tinct loss features labeled A, B, C, and D at �6 eV, �12 eV, �20 eV,
and �30 eV, respectively, along with Ti 2s peak at �36 eV. The peak
A arises from transitions from the largely O 2p-derived valence band
to the largely Ti 3d-derived conduction band. This rather broad fea-
ture includes a number of closely spaced dipole-allowed inter-band
transitions. As a result, the peak energy of feature A is greater than the
bandgap. Nevertheless, the energy of feature A can be used to track
changes in the bandgap as the stoichiometry is changed.16,27,31 The
peak B is attributed to the plasmon excitation energy from the O 2p
band in valence band. The origin of the peak C is not clear, but it may
be induced by the excitation of valence or semi-core states. The peak
D is associated with the inter-band transitions between the shallow
Sr 4p and O 2s core-level and conduction band.16 Significantly, none
of these loss energies change as the STO stoichiometry is changed.
Specifically, the inset of Fig. 3(b) shows no obvious change in the

TABLE I. Binding energy and FWHM of the deconvoluted Sr 3d, Ti 2p3/2, and O 1s core-level x-ray photoelectron spectra of STO films with different TTIP/Sr BEP ratios.

TTIP/Sr BEP ratio

Binding energy (eV) FWHM (eV)

Lattice Sr2þ 3d5/2 Surface Sr2þ 3d5/2 Ti4þ 2p3/2 M–O Lattice Sr2þ 3d5/2 Surface Sr2þ 3d5/2 Ti4þ 2p3/2 M–O

6.14 133.60(7) 134.35(7) 459.06(7) 530.20(7) 1.19 1.55 1.29 1.34
7.14 133.73(7) 134.40(7) 459.21(7) 530.38(7) 1.13 1.49 1.29 1.39
8.19 133.78(7) 134.49(7) 459.27(7) 530.44(7) 1.12 1.44 1.28 1.37
10.28 133.96(7) 134.72(7) 459.41(7) 530.68(7) 1.15 1.38 1.32 1.40
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position of peak A. We show in the bottom panel of Fig. 3(c) the peak
energy for feature A as a function of the TTIP/Sr BEP ratio (see Fig. S4
for the detailed fits).16 There is no change within experimental error,
indicating no change in bandgap with film stoichiometry.

We also extracted the valence band maximum (VBM) values for
the film series as shown in the upper panel of Fig. 3(c). We performed

linear extrapolations of the leading edges of the VB spectra to the
energy axis (see Fig. S5).26,27 The VBMs for the films with TTIP/Sr
BEP ratios of 7.14 and 8.19 are similar to the that of bulk STO
(�3.2 eV), as expected for flatband, stoichiometric STO(001). The
VBM increases with the increasing TTIP/Sr BEP ratio. Thus, the
valence band moves away from the Fermi level even though the

FIG. 3. (a) Valence band spectra and (b) O 1s XPS EELS for the STO films with various TTIP/Sr BEP ratios. The insets in (a) and (b) show the valence band spectra near the
Fermi level and the peak A in O 1s XPS EELS, respectively. (c) Valence band (VB) maximum and inter-band transition energy as a function of the TTIP/Sr BEP ratio. The
blue-shaded region shows the growth window for stoichiometric STO films.

FIG. 4. (a) SrOSurface/(SrOSurface þ SrOLattice) and chemical potential shift relative to the chemical potential of two films with a TTIP/Sr BEP ratio of 7.14 and 8.19 as a function
of the TTIP/Sr BEP ratio. (b) Schematic of stoichiometry dependent electronic structure of STO based on the experimental results. The chemical potential relative to the VBM
clearly increases in going from Sr-rich to Ti-rich, whereas the bandgap remains unchanged within experimental error.
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bandgap does not change. The change in VBM is associated with a
variation in chemical potential. The chemical potential can be influ-
enced by the O vacancy concentration or variation of the surface elec-
trostatic potential.11,13 Since there is no evidence for a change in O
vacancy concentration, as judged by the magnitude to the Ti3þ 2p3/2
feature [Fig. 2(b)], we attribute the chemical potential change is due to
variation of the surface electrostatic potential.

The surface electrostatic potential for STO films can be influ-
enced by surface stoichiometry.13,19 Our results show that the fraction
of the SrO surface-termination layer was found to decrease with the
increase in the TTIP/Sr BEP ratio. Figure 4(a) shows the dependences
of the SrOSurface/(SrOSurface þ SrOLattice) ratio and the chemical poten-
tial on the TTIP/Sr BEP ratio. With the increasing TTIP/Sr BEP ratio,
the SrO surface-termination fraction decreases and the chemical
potential increases.

Based on these experimental results, a plausible stoichiometry-
dependent band structure model of STO film is shown in Fig. 4(b).
For the Sr-rich STO, the valence band is relatively close to the Fermi
level since the SrOsurface fraction decreases the chemical potential. In
the case of stoichiometric STO, the valence band moves away from the
Fermi level due to an increase in chemical potential. Since the Ti-rich
STO film has the smallest amount of SrOsurface, its chemical potential
is greatly increased and, thus, the valence band is further away from
the Fermi level. These results demonstrate that the surface electronic
structure of STO films can be driven by surface properties.

In conclusion, we have investigated the surface electronic struc-
ture of STO films with a range of stoichiometry through the XPS
valence band spectra and O 1s EELS. Structural characterization of the
samples is performed by XRD, RHEED, and AFM. It was found that a
high fraction of the SrO-terminated surface reduces the chemical
potential of STO films but without a change in the bandgap. Since
STO is widely in the oxide electronics to stabilize two-dimensional
electron gases or other exotic interfacial ground states, our work pro-
vides important information to tailor device design based on STO-
related heterostructures.

See the supplementary material for wide-angle XRD, Sr 3d core-
level spectrum for a Nb-doped STO, binding energy calibration, O 1s
EELS, and Valence band spectra for STO films with different TTIP/Sr
BEP ratios.
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