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The experimental determination of valence band offsets (VBOs) at interfaces in complex-oxide

heterostructures using conventional soft x-ray photoelectron spectroscopy (SXPS, h�� 1500 eV)

and reference core-level binding energies can present challenges because of surface charging when

photoelectrons are emitted and insufficient probing depth to clearly resolve the interfaces. In this

paper, we compare VBOs measured with SXPS and its multi-keV hard x-ray analogue (HXPS,

h� > 2000 eV). We demonstrate that the use of HXPS allows one to minimize charging effects and

to probe more deeply buried interfaces in heterostructures such as SrTiO3/LaNiO3 and SrTiO3/

GdTiO3. The VBO values obtained by HXPS for these interfaces are furthermore found to be close

to those determined by first-principles calculations. VC 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4795612]

INTRODUCTION

Multilayer (ML) structures of metals and semiconduc-

tors have been extensively studied in terms of their electronic

structure, including Schottky barrier heights and band off-

sets.1 Recently, new classes of heterostructures consisting of

complex-oxides have attracted great interest because they

possess functional properties not present in the associated

bulk materials or in single layers.2–4 For instance, although

the bulk materials composing the multilayers are insulators,

their superlattices can show metallic conductivity, due to

unique interfacial properties. The carrier confinement and

transport properties of these heterostructures depend crit-

ically on the band lineups of buried interfaces, or equiva-

lently on their conduction band offset (CBO) and valence

band offset (VBO).5 How the bands offsets are distributed

between the valence and conduction bands is not known a
priori but must be experimentally or theoretically deter-

mined. The determinations of VBOs in these classes of heter-

ostructures thus provide crucial information regarding the

nature of charge transport and quantum confinement at their

interfaces, and are important for designing devices making

use of these phenomena. In this article, we consider two dif-

ferent oxide heterostructures: SrTiO3 (STO), a wide-gap

band insulator with a bulk bandgap6 of 3.25 eV in contact

with LaNiO3 (LNO), a correlated metal that exhibits a metal-

to-insulator transition (MIT) in sufficiently thin and strained

layers;7 and STO in contact with GdTiO3 (GTO), a Mott-

Hubbard insulator with a small bandgap of �0.8 eV.8,9 The

latter interface exhibits a two-dimensional electron gas

(2DEG) and ferromagnetism at the interface with STO.10,11

X-ray photoemission spectroscopy (XPS), which pro-

vides both core- and valence-level spectra from bulk refer-

ence compounds and heterostructures, is an established

technique for determining VBOs, beginning with studies of

semiconductors,12–14 and more recently complex oxides.15,16

With XPS, the electrostatic potential at the interface can be

monitored and the band bending and the band discontinuity

of the heterostructure are determined. Compared to optical

or transport methods, XPS provides a direct measurement of

the band offsets, and the interpretation of the experimental

results is straightforward.

In this paper, we report the VBOs of STO/LNO and

STO/GTO heterostructures as determined by both traditional

a)Present address: SPECS Surface Nano Analysis GmbH, Voltastraße 5,

13355 Berlin, Germany.

0021-8979/2013/113(14)/143704/7/$30.00 VC 2013 American Institute of Physics113, 143704-1
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soft XPS (SXPS, h�� 1500 eV) and hard XPS (HXPS,

h�� 2000 eV). We demonstrate the advantages of HXPS

measurements in achieving a sufficient probing depth capable

of fully resolving the buried interfaces in heterostructures, as

well as being less susceptible to charging effects.

The experimental VBO values obtained by HXPS are

compared to theoretical values estimated by first-principles

calculations based on density functional theory and using a

hybrid functional for the separate bulk materials and for the

respective interface.17–19

SAMPLES AND EXPERIMENTAL PROCEDURE

The samples, all grown in (001) orientation on

(LaAlO3)0.3(Sr2AlTaO3)0.7 (LSAT) substrates, were meas-

ured by SXPS (h�¼ 833 eV) and HXPS (h�¼ 2500 eV,

4000 eV, and 6000 eV), although all energies were not used

for all samples, as specified below. We use pseudocubic

notation for the rhombohedral LNO and orthorhombic GTO.

The thicknesses are presented in pseudocubic unit cell (u.c.)

dimensions, which are 1 u.c.¼ 3.934 Å for bulk STO with

perovskite structure, 1 u.c.¼ 3.820 Å for bulk LNO with per-

ovskite structure, and 1 u.c.¼ 3.930 Å for bulk GTO. We

note that all films are coherently strained to the LSAT sub-

strate, which changes the unit cell dimensions of the films.

Seven samples consisting of bilayers, trilayers, and MLs

were studied, with their configurations given in Table I. The

epitaxial STO/LNO superlattice (sample #1) consisted of a

bilayer of [3 u.c. STO/4 u.c. LNO] repeated 10 times, as shown

in Fig. 1(a). In addition, two bilayers consisting of 2.6 u.c. LNO

and 3.7 u.c. LNO on top of a thick layer of STOs (samples #2

and #3, respectively) were grown. All the STO/LNO samples

above were deposited by rf magnetron sputtering.7

Epitaxial STO/GTO superlattice samples (#4 and #5)

consisted of bilayers [8 u.c. STO/2 u.c. GTO] and [5 u.c.

STO/2 u.c. GTO] repeated 20 times, respectively, as shown in

Fig. 1(b). Sample #5 had in addition a cap layer of 4 u.c. of

STO. Two samples consisted of trilayers: #6¼ [3 u.c. STO/

50 u.c. GTO/3 u.c. STO] and #7¼ [4 u.c. STO/8 u.c. GTO/

50 u.c. STO] were also grown on top of an LSAT substrate.

All STO/GTO samples were deposited by hybrid molecular

beam epitaxy.11 Finally, three bulk reference samples of

thickness �70 nm were grown: #8¼STO, #9¼LNO, and

#10¼GTO.

The samples were characterized in several ways7,10,11

including transport measurements and transmission electron

microscopy (TEM), as reported in other publications.7,10

TEM images show that the samples were epitaxial and that

their interfaces were sharp, with roughness or interdiffusion

between the two constituents of less than one atomic layer.

Transport measurements revealed metallic conduction for

the superlattices #1¼ STO/LNO7 and all STO/GTO

superlattices.10,11

All SXPS and HXPS data were collected at room tem-

perature in ultra-high vacuum environment (ca. 10�9 Torr),

without any kind of surface cleaning after atmospheric expo-

sure. The less reactive STO top layers in samples #1, #4, #5,

#6, and #7 served to minimize surface reactions and contam-

ination, although STO is known to absorb carbon hydroxide

species upon air exposure.20 SXPS experiments were carried

out at beamline (BL) 7.0.1 of the Advanced Light Source

(LBNL, Berkeley) with a hemispherical electron analyzer

(VG Scienta R4000) and a typical energy resolution of

300 meV. The HXPS experiments were performed at three

facilities: BLP09 of PETRA III (DESY, Hamburg) with a

similar hemispherical analyzer (SPECS Phoibos 225 HV)

and resolutions of 400 meV, at BL15XU (Ref. 21) of SPring-

8 (Hyogo, Japan), also with a VG Scienta R4000 and resolu-

tions of 240 meV and at BL9.3.1 of the Advanced Light

Source (LBNL, Berkeley) with a hemispherical analyzer

(Scienta SES 2002) and resolutions better than 600 meV.

Energy scales were checked frequently in all cases by meas-

uring the Fermi energy of a Au reference sample. Checking

VBO values based on data from one or more of the HXPS

facilities showed self-consistency and overall accuracy to

within 6100 meV. Broad-scan survey spectra from some of

the HXPS (h�¼ 5950 eV) data are shown for STO/LNO

superlattice #1 in Fig. 1(a) and for STO/GTO multilayer #4

in Fig. 1(b). These spectra reveal peaks from all of the

expected elements, with the only detectable contaminant

being a surface layer of carbonaceous material (about 10 Å

thick as estimated using the SESSA program22). We see no

evidence in the Sr and Ti core photoelectron spectra of any

multiple chemical states, consistent with the previously men-

tioned stability of STO.

TABLE I. Summary of the experimental values of VBOs as a function of photon energy for several samples of STO/LNO (Nos. 1–3) and STO/GTO (Nos.

4–7). These values are obtained from Eq. (1), where layer A is STO and layer B is LNO or GTO, respectively. The values of the VBOs are positive and the

VBM is located higher in binding energy for STO. The VBOs calculated by density functional theory are reported for STO/LNO and STO/GTO.

Soft-XPS

(h�¼ 833 eV)

Hard-XPS

(h�¼ 2500 eV)

Hard-XPS

(h�¼ 4000 eV)

Hard-XPS

(h�¼ 6000 eV) Theory

Sample # VBO (eV) VBO (eV) VBO (eV) VBO (eV) VBO (eV)

1 ML [3 u.c. STO/4 u.c. LNO]10 2.5 6 0.3 1.75 6 0.05 2.25

2 2.6 u.c. LNO/thick STO 1.5 6 0.3

3 3.7 u.c. LNO/thick STO 1.015 eV 1.025 6 0.1

4 ML [8 u.c. STO/2 u.c. GTO]20 2.94 6 0.05 2.56

5 4 u.c. STO/ML [5 u.c. STO/2 u.c. GTO/]20 3.3 6 0.1

6 3 u.c. STO/50 u.c. GTO/3 u.c. STO 3.5 6 0.1

7 4 u.c. STO/8 u.c. GTO/50 u.c. STO 3.2 6 0.1

143704-2 Conti et al. J. Appl. Phys. 113, 143704 (2013)
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DATA ANALYSIS AND EXPERIMENTAL RESULTS

We applied the XPS VBO method developed initially

for semiconductor13,14 heterostructures and more recently

applied to complex-oxide heterostructures.15,16 The basic

assumption is that the spectrum of the heterostructures is the

superposition of the individual spectra of each layer, with the

core levels fixed in energy relative to the local valence-band

edge and shifting with it according to the mean local poten-

tial near an interface. The VBOs at the STO/LNO or STO/

GTO interfaces are thus obtained from the following

equation:15,16

DEVBOðA=BÞ ¼ ðEA0

CL � EB0

CLÞ � ½ðEA
CL � EA

VÞ � ðEB
CL � EB

VÞ�;
(1)

where DEVBO is the VBO of layer A relative to layer B (if

positive, the valence bands of A are shifted to higher binding

energy compared to those of B, and if negative, they are

shifted to lower binding energies), A refers to energies meas-

ured in STO and B to energies measured in LNO or GTO,

EA
CL is the binding energy of a core level in A, EA

V is the bind-

ing energy of the valence band maximum in A, EB
CL and EB

V

are the same two quantities in B, (E
AðBÞ
CL � E

AðBÞ
V ) are thus the

differences between core-level and valence-band maxima

(VBM) for each bulk material A (or B), and ðEA0
CL � EB0

CLÞ is

the difference of the same two distinct core-levels chosen for

A and B in the heterostructures.

The atomic core level to be used must be unique to a

single layer of the superlattice; for instance, we cannot use

the Ti2p core level as a reference to determine the STO/

GTO band offset, since both STO and GTO contain Ti. In

addition, it is important to determine these individual core-

level binding energies to an accuracy13 of 620 meV or better

in order to arrive at a �6100 meV overall error bar for the

VBO, whose determination involves several of these binding

energies in differences and sums. To achieve this accuracy,

the core levels must be as intense and narrow in energy

width as possible. Suitable choices that meet these criteria

are: Sr 3d and La 4d for STO/LNO and Sr 3d and Gd 3p1/2

for STO/GTO, as shown in Fig. 2. The difference between Sr

3d, La 4d, and Gd 3p1/2 core levels and their respective

VBM binding energies is measured in the bulk STO, bulk

LNO, and bulk GTO, respectively, as shown in Figs.

2(a)–2(c) and the separation of the Sr 3d and La 4d, or Sr 3d

and Gd 3p1/2 is measured in the heterostructures, as shown in

Figs. 2(d) and 2(e). After subtracting a Shirley background

from the XPS spectra, the core-level peak positions are

FIG. 1. Schematic of the multilayer samples #1 and #4, together with their associated HXPS survey spectra using excitation at h�¼ 5950 eV: (a) from

STO/LNO multilayer (#1); (b) from STO/GTO multilayer (#4). Various stronger photoelectron peaks are labeled.

143704-3 Conti et al. J. Appl. Phys. 113, 143704 (2013)
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obtained by fitting these peaks with Voigt functions.23 This

permits finally determining binding energies within about

1/10 of the experimental resolution, or the 620 meV men-

tioned above.

The VBM of STO and LNO bulk samples was deter-

mined using a linear regression fit to different sets of data

points along the leading edge of the valence band for STO

and LNO bulk samples, as discussed by Chambers et al.15,16

and is shown in the insets of Figs. 2(b) and 2(c). Chambers

et al. compared three methods for finding the VBM, and a

linear extrapolation method was found to yield more physi-

cally reasonable VBM values compared to the other meth-

ods. In any case, due to the sensitivity of the VBM to the

choice of points on the leading edge used to obtain a regres-

sion line, five different sets of points were selected over the

linear region of the leading edge to perform regressions.

Using this method, we estimate an uncertainty of less than

100 meV for the value of the VBM.

The VBM of GTO is shown in Fig. 2(c). The intense

feature below �4 eV is formed by bands of predominantly O

2p character, as verified in the calculations discussed below.

The broad feature closer to the Fermi level centered at

�1.3 eV is attributed to Ti 3d states.24,25 By analogy to the

valence band spectra of other strongly correlated titanates,26

this broad peak is identified as the lower Hubbard band

(LHB). The VBM for the bulk GTO was defined as the maxi-

mum of the LHB.

Before reporting our VBO results, it is important to con-

sider the surface sensitivity of any XPS measurement, espe-

cially since the thickness of the topmost STO or LNO layers

in our samples ranges from �10 Å to �16 Å. Considering

the presence of carbon-containing contamination on the top

surface, we estimate that the first STO/LNO or STO/GTO

interface is at about 20–26 Å beneath the surface. To be able

to measure the band bending at this first interface in the soft

XPS regime (with its limited informational depth), we col-

lected data at a photon energy of h�¼ 833 eV. The electron

inelastic mean free path (IMFP) in STO calculated at a ki-

netic energy of 833 eV using the TPP-2M formula27,28 is

about �16 Å, so we conclude that measuring photoelectrons

emanating from the buried interface should be feasible.

Other measurements were made at much higher energies,

and thus much higher IMFPs, as discussed below.

Measuring the VBOs at such energies with a highly

focused soft x-ray synchrotron radiation beam was found to

be challenging because of the charge accumulation at the

surface when photoelectrons are emitted. As shown in

Fig. 3(a), these effects can cause the whole spectrum to shift

in time as the charge builds up. One way to correct for this

shift is to choose a core level (e.g., C 1s or Sr 3p) as a refer-

ence, and to extrapolate the shift to a true zero time, i.e.,

before charge accumulation (not necessarily the t¼ 0 spec-

trum) shown in Fig. 3(a). After the core-level peaks are prop-

erly aligned and the spectral shift caused by surface charging

is corrected, the VBO can be determined. After performing

such a correction to the data, we obtain DEVBO¼ 2.5 eV

6 0.3 eV for the #1 (STO/LNO)10 superlattice and DEVBO

¼ 1.5 eV 6 0.3 eV for the interface STO/LNO in the bilayer

#2¼ (2.6 u.c.)LNO/STO. However, this method is somewhat

cumbersome as well as imprecise, as it assumes a relatively

slow and systematic growth of the charging shift in time,

which may be true in some cases, but not others.

Furthermore, the shifting of spectra on the energy scale can

lead to difficulties in resolving different chemical states; and

a different degree of charging in different regions of the

FIG. 2. Examples of determination of key energies for VBO determination

via Eq. (1), as related to samples #1 and #4 and with 5950 eV photon energy.

(a)-(c) Core- and valence-spectra for bulk reference samples of STO, LNO,

and GTO, respectively, with the insets for the valence spectra showing the

linear fits used to determine VB maxima. (d) and (e) The differences

between reference core levels in two multilayers, STO/LNO, sample #1, and

STO/GTO, sample #4.

143704-4 Conti et al. J. Appl. Phys. 113, 143704 (2013)
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surface may cause a given peak to broaden or to split into

more than one peak.

Owing to the detrimental effects mentioned above, it is

important to avoid, or at least reduce, charging, which turns

out to be possible using HXPS. HXPS provides two advan-

tages: the charging effects have been empirically found to be

much reduced, as shown for two other samples in Fig. 3(b),

and the probing depth is larger, thus allowing one to probe

more than one buried interface in the heterostructure, with

less regard for surface contaminants, or surface reaction of

the capping layer. The reduction in charging is probably due

to the greatly reduced photoelectric cross sections at higher

energies, and thus to a lower degree of charging per unit vol-

ume, combined with the greater IMFPs, which distribute the

region measured over a greater volume. Thus, for some of

the samples introduced above, we have measured VBOs at

several hard x-ray energies, including 2500 eV, 4000 eV, and

6000 eV.

The values of the VBOs of STO at the interface with

LNO and GTO as a function of the XPS photon energies are

summarized in Table I and Fig. 4. These results are plotted

against both photon energy (top scale) and estimated IMFP

at that photon energy (bottom scale).27,28 Figure 4 shows that

the VBOs measured by SXPS and HXPS for the nickelate

samples are different for the #1 superlattice. A possible ex-

planation could be that, with SXPS, in addition to a possible

experimental error due to the charging problem, there may

be an insufficient probing depth to clearly resolve the inter-

face due to the short IMFP� 16 Å. But beyond this, the

lower photoelectron energy will emphasize more the region

just near the surface of the top layer and the first buried inter-

face, and thus sample the VBO in a different way. A future

study in which the VBO of a given system is measured in

more detail as a function of photon energy would permit

understanding this difference more quantitatively and per-

haps also measuring the profile of the band offset as a func-

tion of distance from the interface.

As one can see from Fig. 4, the VBOs in the superlattice

(#1) are larger by about 1 eV than those of the bilayers (#2

and #3), suggesting enhanced charge buildup at the buried

interfaces in the multilayer. A possible explanation of this

difference could be that, in the multilayer, STO is on top of

LNO, whereas in the bilayers, LNO is on top of STO. A

recent paper29 has analyzed position-averaged convergent-

beam electron diffraction (PACBED) in scanning transmis-

sion electron microscopy to derive the degree of NiO6

octahedral tilting at the STO/LNO interface, and has shown

that epitaxial strain plays a significant role in determining

properties such as electrical resistivity and metal-insulator

transitions. Thus, we suggest that the different NiO6 octahe-

dral tilts near the STO/LNO and LNO/STO interfaces could

be one of the explanations for the difference in the VBOs

between the bilayer and the multilayer, as well as between

the soft x-ray and hard x-ray results.

FIG. 3. (a) SXPS spectra at h�¼ 833 eV obtained from multilayer STO/

LNO sample #2 as a function of time, showing increasing shifts approxi-

mately linear in time because of the charge accumulation at the surface. (b)

HXPS spectra at h�¼ 5950 eV for two samples: bilayer 1.4 nm LNO/STO

(#3) and multilayer STO/LNO (sample #1). In (b), the peaks do not shift or

broaden with time, indicating reduced or minimal charging problems.

FIG. 4. Valence band offsets as a function of photon energy (top scale) and

of IMFP, as calculated by the TPP-2M formula (bottom scale) and measured

for the top interfaces of our STO/LNO (#1) and LNO/STO (#2; #3) samples.

The number of bilayers and thus interfaces sampled increases with photon

energy.
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Turning now to the STO/GTO samples for which only

HXPS (h�� 6000 eV) data were obtained, the VBO values

for the two heterostructures are: DEVBO¼ 2.90 6 0.05 eV for

multilayer #4 and 3.3 6 0.1 eV for multilayer #5, which are

close to one another. Similar VBO values of 3.5 6 0.1 eV

and 3.2 6 0.1 eV have been determined for the bilayers #6

and #7, respectively. We note that while the top of the va-

lence band of STO is composed of O 2p states, in GTO it is

derived from Ti 3d states, i.e., the top of the lower Hubbard

band. For the STO/GTO samples, no SXPS data was col-

lected due to the charging of the bulk GTO sample, which

prevented measuring the VBM within even 0.5 eV precision.

Thus, an accurate comparison of experiment with theory

below is not possible for this case.

FIRST-PRINCIPLES CALCULATIONS OF BAND
ALIGNMENTS

Band alignments between STO and LNO or GTO were

calculated using density functional theory with a screened

hybrid functional16,17 and are summarized in Fig. 5. The

bulk calculations for STO, LNO, and GTO were performed

using 20-atom supercells, whereas the interface calculations

were performed for superlattices oriented along the [110]

direction; this orientation was chosen in order to avoid

effects of charge transfer across the interface in the case of

STO/GTO. STO along the [110] direction is composed of

alternating planes of [Sr2þTi4þO2�] and [(O2�)2], whereas

in the case of GTO the alternating planes are [Gd3þTi3þO2�]

and [(O2�)2]. In both cases, the alternating planes have for-

mal charges of 4þ and 4�. Thus, the (STO)n(GTO)n super-

lattices along [110] minimize the effects of polar

discontinuity and provide a more accurate representation of

the intrinsic band lineup between STO and GTO.

The calculated VBO for the STO/LNO interface is

2.25 eV, which is in reasonable agreement with the experi-

mental values of 2.5 eV in SXPS and 1.75 eV in HXPS for

multilayer #1.

For the STO/GTO interface, the first-principles calcula-

tions predict 2.56 eV for the VBO, as shown in Fig. 5, again

in reasonable agreement with the experiments.

CONCLUSIONS

In summary, we have determined VBOs for several heter-

ostructures of the complex-oxide pairs STO/LNO and STO/

GTO, and the values obtained are in good agreement with

first-principles calculations based on density functional theory,

providing an important link between experiment and theory

for such materials. We have also demonstrated that hard x-ray

photoemission at �2 keV is a useful method for determining

VBO in complex-oxide superlattices, because charging effects

are much reduced, multiple interfaces more characteristic of

the “bulk” heterostructure can be probed, and the measure-

ments can be carried out with less regard for surface contami-

nants or surface reaction on the capping layer than in soft x-

ray photoemission at lower energies. The variations of VBOs

with photon energy that we see also suggest that future sys-

tematic measurements with variable photon energy could be

useful for determining the detailed profile of the potential near

an interface, providing an additional dimension to VBO stud-

ies that may be key in understanding the interface electronic

structure, magnetism, and transport properties.
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