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The electronic structures of semiconducting heterojunctions are critically dependent on composition including
the presence and concentrations of dopants, both intended and unintended. Dopant profiles in the interfacial
region can have major effects on band energies which in turn drive transport properties. Here we use core-level
photoelectron line shapes excited with hard x rays to extract information about electric fields resulting from
internal charge transfer in epitaxial La0.03Sr0.97ZrxTi1–xO3/Ge(001) (0.1 � x � 0.7) heterostructures. Experi-
ments were carried out for heterojunctions involving both n- and p-type Ge substrates. These heterojunctions
were not amenable to electronic characterization of all regions by transport measurements because the doped
substrates act as electrical shunts, precluding probing the more resistive films and masking interface conductivity.
However, the core-level line shapes were found to be a rich source of information on built-in potentials that exist
throughout the heterostructure, and yielded valuable insight into the impact of band bending on band alignment
at the buried interfaces. The electronic effects expected for Ge with uniform n- and p-type doping are eclipsed
by those of unintended oxygen dopants in the Ge near the interface. This study illustrates the power of hard
x-ray photoemission spectroscopy and related modeling to determine electronic structure in material systems for
which insight from traditional transport measurements is limited.
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I. INTRODUCTION

Complex metal oxide/group IV semiconductor heterojunc-
tions are a rich test bed for discovering electronic structures
that arise by forming interfaces of materials that are fun-
damentally different electronically, yet sufficiently similar
structurally to facilitate heteroepitaxy [1–15]. Atomically
well-defined interfaces of covalent semiconductors and at
least partially ionic complex oxide semiconductors and insu-
lators are expected to exhibit unique electronic structures that
do not appear in homogeneous bulk environments [14,16–19].
Indeed, discovering and exploiting these properties represents
a significant scientific challenge with intriguing possibili-
ties for technological applications centered around combining
the unique properties of complex oxides with those of con-
ventional, high-mobility semiconductors. However, a major
challenge in this endeavor is that of engineering the interface
to gain control over the band alignment. In many device ap-
plications, leakage currents resulting from type-II or type-III
band alignment preclude successful implementation of such
heterostructures. For example, despite being able to improve
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performance by inserting a thin buffer layer of alkaline earth
oxide AEO (AE = Sr, Ba) [2,20], epitaxial SrTiO3 (STO) was
ultimately rejected as a gate replacement oxide for SiO2 in
Si-based CMOS technology because of leakage resulting from
type-II band alignment.

The STO/Si(001) interface has been much more exten-
sively studied than have those of other complex oxides and
traditional semiconductors. Nevertheless, it is of consider-
able current interest to couple the dielectric, ferroelectric,
and magnetic properties of complex oxides with the facile,
high-mobility conductivity of semiconductors such as Ge and
GaAs, in addition to Si. Ge poses some challenges not found
with many other traditional semiconductors. One pertains to
its small band gap, 0.66 eV. When combined with wide-
gap complex oxides, the conductivity of Ge can dominate
transport measurements. Indeed, the ability of Hall and resis-
tivity measurements to distinguish contributions to electrical
transport from multiple materials and interfaces conducting in
parallel requires that relative conductivities of the individual
components be comparable. For instance, both ρ(T ) vs T
and Hall data for a system consisting of a single wide-gap,
highly resistive material in contact with a low-gap, conductive
semiconductor will be dominated by the latter and little if
any information about the electronic structure of the former is

2475-9953/2022/6(1)/015002(14) 015002-1 ©2022 American Physical Society

https://orcid.org/0000-0003-3006-7989
https://orcid.org/0000-0001-7193-2583
https://orcid.org/0000-0001-5770-8462
https://orcid.org/0000-0001-7338-4146
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.6.015002&domain=pdf&date_stamp=2022-01-21
https://doi.org/10.1103/PhysRevMaterials.6.015002


S. A. CHAMBERS et al. PHYSICAL REVIEW MATERIALS 6, 015002 (2022)

forthcoming. We have found this to be the case in measuring
lateral transport properties for STO-based complex oxides on
Ge. Because of this difficulty, it is of interest to employ an
experimental technique that is equally sensitive to all layers in
the system, independent of their individual conductivities. In
principle, hard x-ray photoelectron spectroscopy (HAXPES)
can yield such information over depth scales that are suffi-
ciently large to enable multilayer systems to be probed across
relevant Thomas-Fermi screening lengths.

Previously, SrZrxTi1−xO3 (SZTO) on Ge was shown to
exhibit a type-I band alignment, in which the conduction band
of SZTO is above that of Ge [12]. This band arrangement
could potentially facilitate electron transfer from the SZTO
to Ge provided the former is electron doped, analogous to
modulation doping at AlxGa1−xAs/GaAs heterojunctions. To
explore this possibility, we utilize HAXPES and related mod-
eling [21,22] to a family of La0.03Sr0.97ZrxTi1–xO3/Ge(001)
(LSZTO/Ge) heterojunctions fabricated on both n- and p-
type Ge, in which La is utilized in an attempt to dope
carriers into SZTO. We find, instead, that hidden sources
of dopants and space charge, namely, oxygen impurities in
Ge, can play a dominant role in altering band alignment and
built-in fields across our LSZTO/Ge heterojunctions. Map-
ping built-in potentials using HAXPES enables such hidden
distributions to be detected without any a priori knowledge
or assumptions.

II. EXPERIMENT AND MODELING

Epitaxial films of La0.03Sr0.97ZrxTi1–xO3 (LSZTO) were
grown at University of Texas at Arlington for 0.1 � x � 0.7
on (001)-oriented, n- and p-type Ge wafers using reactive
molecular beam epitaxy (MBE) in a custom-built chamber
operating at a base pressure of <3 × 10−10 Torr. The native
Ge oxide layer was removed using a wet etch process [23].
The wafers were heated to 650 °C for 5 min and a sharp (2 ×
1) reconstruction was observed in the reflection high-energy
electron diffraction (RHEED) pattern, indicating a clean, re-
constructed Ge surface. A half monolayer of Sr was then
deposited at 465 °C to form an oxidation resistant template for
subsequent layers of LSZTO. The substrate was then cooled
to room temperature at which time 2.5 monolayers (ML)
of SrO and 2 ML of (Ti, Zr)O2 were codeposited at room
temperature and heated to 500 °C to form 2.5 unit cells (u.c.)
of crystalline SrZrxTi1–xO3. LSZTO films of various thick-
nesses and compositions were subsequently grown at 580 °C
by codeposition of La, Sr, Zr, and Ti in a background oxygen
pressure of 4 × 10–7 Torr. Thermal effusion cells were used
to evaporate La, Sr, and Ti, while Zr was evaporated using
an electron-beam evaporator. All fluxes were calibrated using
a quartz crystal microbalance. Typical growth rates were ∼1
u.c. per min.

HAXPES measurements were made at the Diamond
Light Source (UK) on Beamline I09. An x-ray energy of
5.9 keV was selected using a Si(111) double crystal
monochromator followed by a Si(004) channel-cut high-
resolution monochromator. A Scienta Omicron EW4000
high-energy hemispherical analyzer was set to a 200 eV pass
energy resulting in an overall experimental resolution of ∼250
meV, as judged by fitting a Fermi function to the Fermi edge

of a gold foil. The binding energy scale was calibrated using
the Au 4f7/2 core level (CL) along with the Fermi edge of a
gold foil. The films were found to be highly resistive. To avoid
surface charging, we reduced the incident x-ray flux until a
further fivefold reduction did not yield a measurable shift in
the binding energy of the Ti 2p3/2 CL.

Angle-integrated spectra were measured with an angle of
x-ray incidence of approximately 10° relative to the surface
plane. The angle between the analyzer lens axis, which lies
in a horizontal plane, and the incoming x rays was 93°. Thus,
the photoelectron take-off angle was 13° off normal. Angle-
resolved spectra were measured using an angular mode of
the EW4000 analyzer. Here, the ∼50° fan of acceptance was
resolved by 700 pixels of a CCD camera, each ∼0.07° wide,
ranging in emission angles from ∼8° to ∼58° off normal.
Spectra were then summed over 5° intervals to result in a set
of ten spectra with central emission angles ranging from ∼10°
to ∼55° off normal.

In order to extract information about the detailed depen-
dences of the LSZTO and Ge band edges on depth, we utilize a
recently developed algorithm designed to deconvolve hetero-
junction CL line shapes into a set of layer-resolved spectra that
yields a binding energy profile for each component material in
the heterostructure [22]. For many years, as-measured CL and
valence-band binding energies have been utilized to determine
valence-band offsets (VBOs) using the method originally de-
veloped by Kraut et al. [24,25]. This approach tacitly assumes
that the bands are flat throughout the heterostructure. Based
on this assumption, straightforward algebraic combinations of
these binding energies yield experimental VBOs. Inclusion of
band gaps for the component materials enables determination
of the conduction band offset (CBO). However, more recent
observations of asymmetric CL peak broadening have been
interpreted as being due to the presence of built-in potentials
and have been used to extract band-edge profiles within the
different components of the heterojunction [21,22]. These
band-edge profiles have in turn been found to have a sub-
stantial impact on the numerical values of the band offsets
within the system, which are simply the differences between
band-edge energies evaluated directly at the interface [18,26].
These observations have proliferated with the utilization of
HAXPES [26,27]. Here, the larger probe depths allow more
deeply buried interfaces to be interrogated across electroni-
cally relevant Debye or Thomas-Fermi screening lengths. As
a result, charge-transfer phenomena across interfaces have
been detected that typically do not take place when the layer
thicknesses are limited to a few unit cells.

Cross-sectional scanning transmission electron mi-
croscopy (STEM) samples were prepared using a FEI
Helios NanoLab Ga+ DualBeam Focused Ion Beam (FIB)
microscope with a standard lift-out procedure. STEM
high-angle annular dark field (STEM HAADF) images were
collected on a probe-corrected JEOL GrandARM-300F
microscope operating at 300 kV, with a convergence
semiangle of 29.7 mrad and a collection angle range of
75–515 mrad. To improve signal to noise and remove scan
artifacts, drift-corrected images were prepared using the
SmartAlign plugin [28]; for this, a series of ten frames
were collected at 512 × 512 px (pixels) resolution with a
2 μs px–1 dwell time and 90° rotations between frames. A
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FIG. 1. Representative STEM/HAADF image for a 12 nm
La0.03Sr0.97Zr0.5Ti0.5O3/p-Ge(001) heterojunction along the
[110]LSZTO and [010]Ge zone axes. The lower image is a magnified
version of the part of the upper image within the yellow box.

rigid alignment was then performed, followed by an average
background filter to improve signal to noise for the lower
image in Fig. 1.

Time of flight secondary ion mass spectrometry (ToF
SIMS) measurements were performed with a TOF.SIMS5 in-
strument (IONTOF GmbH, Münster, Germany) using a dual
beam depth profiling strategy. A 1.0 keV Cs+ beam (∼45 nA)
was used for sputtering. The Cs+ beam was scanned over a
300 × 300 μm2 area. A 25.0 keV Bi3

+ beam (∼0.57 pA) was
used as the analysis beam to collect SIMS depth profiling data.
The Bi3

+ beam was focused to be ∼5 microns diameter and
scanned over a 100 × 100 μm2 area at the center of the Cs+

crater.
The electrical transport characteristics of the LSZTO films

on Ge could not be probed due to Ge substrate issues.
We were unable to make Ohmic contacts to heterojunctions
(HJs) made from n-Ge, possibly because of pn junction
formation on the Ge side of the interface. (The formation
of a p-type region near the interface due to the presence
of O impurities and charge transfer to the LSZTO films
is discussed in Sec. III A.) Additionally, p-Ge wafers were

found to be degenerately doped at both doping concentra-
tions used, resulting in high conductivity at all temperatures.
As a result, the p-Ge substrates acted as electrical shunts
for the HJs, precluding measurement of interface and film
properties. In order to obtain some insight, we deposited a
12 nm LSZTO film (x = 0.5) on the insulating oxide sub-
strate (LaAlO3)0.3(Sr2AlTaO6)0.7(001) (LSAT). The results
are shown elsewhere (see Fig. S1 in the Supplemental Ma-
terial [29]). The film was highly resistive (Rs = ∼107� near
300 K).

Density functional theory (DFT) calculations were carried
out for the stoichiometric SrZr0.5Ti0.5O3 (SZTO)/Ge hetero-
junction represented using the periodic slab model. The Ge
slab was 19 atomic planes thick; it was terminated with (001)
planes with the lateral cell corresponding to the �2×�2 bulk
diamond crystallographic cell and 2 × 2 bulk perovskite cell.
Dangling bonds on one side of the Ge slab were saturated
with hydrogen atoms. The simulated SZTO film was 3 u.c.
thick, terminated with a (Zr, Ti)O2 plane. Here we adopted
the interface structure reported earlier in Ref. [30] that is
consistent with the result of the STEM analysis of the samples
used in this study. The lateral cell parameters of the slab
supercell were fixed at the values a = b = 8.069 Å, while the
off-interface parameter was fixed at 90 Å; this leaves a vac-
uum gap of well over 30 Å. We considered four nonequivalent
arrangements of Zr and Ti atoms in the SZTO film (see the
Supplemental Material [29]). The total energy of each system
was minimized with respect to the internal coordinates. The
calculations were performed using the VASP package [31,32]
and the PBESOL density functional [33]. Projector-augmented
wave potentials were used to approximate the effect of the
core electrons [34]. A �-centered 2 × 2 × 1 k mesh was used
for Brillouin-zone integration in the structure optimization
calculations; a 8 × 8 × 1 k mesh was used for calculations of
the density of states (DOS). The plane-wave basis-set cutoff
was set to 500 eV. The total energy convergence criterion was
set to 10–5 eV. The charge population analysis was performed
using the method developed by Bader [35,36].

III. RESULTS AND DISCUSSION

A. Electronic properties of n-and p-Ge(001)
as probed with HAXPES

We have characterized our n- and p-Ge(001) substrates
with their respective thin (2-3 nm) GeOx native oxides using
HAXPES. It has been previously shown that the Fermi level
of clean n- and p-type Ge(001)-(2 × 1) is pinned at the
valence-band maximum (VBM) [26,37–39]. However, this is
not the case when an interface to GeO2 is formed, as seen
in Fig. 2(a). The VBM (averaged over the probe depth), as
estimated by extrapolating the VB leading edge to the energy
axis, is ∼0.3–0.5 eV below the Fermi level, with the largest
value for n-Ge. The VB intensity from the thin native oxide
falls several eV below the Fermi level owing to the much
larger band gap of GeO2 and the large valence-band offset
(VBO) of the GeO2/Ge interface [40]. As a result, the VBM
is that of the underlying Ge(001). The much narrower Ge
3d core-level (CL) spectra for the same three Ge samples
are shown in Fig. 2(b). The 3d5/2 peak energy for n-Ge is
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FIG. 2. Valence-band (a) and Ge 3d (b) HAXPES spectra measured at hν = 6 keV for n- and p-Ge(001) crystals with their thin native
oxides. The spectrum for n-Ge has been shifted 0.22 eV to lower binding energy to overlap with the two p-Ge spectra to facilitate line shape
comparison.

0.22 eV higher than those for p-Ge, which are nearly the same.
The differences in VBM and CL binding energy for the three
samples are presumably due to the positions of the Fermi level
within the gap as well as differences in band bending and
depletion width. In Fig. 2(b), the 3d spectra have been aligned
to more clearly see the effect of these electronic properties
on the line shapes. The overall width of this spin-orbit split
doublet is expected to vary with dopant kind and quantity as
the Fermi energy within the gap, the surface potential (band
bending), and depletion width change.

To get an idea of what magnitude of variation can be
expected from these samples, we first turn to charge neutral-
ity considerations to estimate the expected value of the bulk
Fermi energy for each sample based on its nominal dopant
concentration, as supplied by the wafer vendors. For n-Ge,
the Fermi energy (EF ) relative to a band edge is given by the
level at which charge neutrality occurs, that is, the EF value
for which n = N+

D + p. Here n and p are the itinerant electron
(hole) concentrations in the conduction (valence) bands due to
thermal excitation across the gap and N+

D is the ionized donor
concentration. Likewise, the charge neutrality condition that
determines the Fermi energy for p-Ge is p = N−

A + n where
n and p are defined above and N−

A is the ionized acceptor
concentration. These equations are readily solved graphically
as seen in Figs. S2(a)–S2(c) in the Supplemental Material
[29]; also see [41]. Combining bulk Fermi energies with the
estimated surface VBM values shown in Fig. 2(a), along with
depletion widths calculated using Poisson’s equation with
appropriate boundary conditions, leads to the approximate
energy diagrams shown in Figs. S2(d)–S2(f). This analysis
suggests that the depletion width for the heavily doped p-Ge
sample (see Fig. S2(e) in the Supplemental Material [29]) is
rather small and comparable to the HAXPES probe depth for
Ge 3d at hν = 6 keV (∼20 nm). As a result of a ∼0.3 V
potential drop across the probe depth, the Ge 3d line shape

for this sample is expected to exhibit more broadening than
that for n-Ge, for which only ∼0.1 V is dropped across a
slightly greater distance (see Fig. S2(f) in the Supplemental
Material [29]). Even less broadening is expected for the lightly
doped p-Ge sample for which ∼0.1 eV is dropped across
∼350 nm (see Fig. S2(d) in the Supplemental Material [29]).
Inspection of Fig. 2(b) shows that this trend is borne out in
the actual spectra. Moreover, this analysis suggests that the
width of the 3d spectrum for the lightly doped p-Ge sample
is not affected by band bending in any significant way and
can thus be used as a basis spectrum to extract information
about the built-in potential that broadens the spectrum for
the heavily doped p-Ge sample. To carry this out, we have
used our fitting algorithm discussed elsewhere [21,22]. The
results are summarized in Fig. 3. The best fit [Fig. 3(a)] is the
sum of appropriately attenuated basis spectra assigned to the
top 350 atomic planes (depth = 49.4 nm) and subjected to a
systematic search over binding energy (EGa3d5/2) space within
the first 250 of these planes, with the constraint of a monotonic
change in EGa3d5/2 with depth. The resulting family of spectra
are shown as a heat plot in Fig. 3(b). Also shown in yellow
is the associated VB-edge profile, EV (z), obtained using the
relation EV (z) = EGa3d5/2(z) − 29.34 (eV) where the offset
value (29.34 eV) was determined using spectra for the low-
doped p-Ge sample, for which band bending across the probe
depth is negligible. Figure 3(b) reveals that the surface VBM
for the heavily doped p-Ge sample is actually 0.60 eV below
the Fermi level, rather than 0.37 eV as suggested by the (depth
averaged) VB leading edge in Fig. 2(a). Moreover, the VBM
decreases quadratically by ∼0.32 eV in going from the surface
to a depth of ∼6 nm and then drops an additional ∼0.05 eV to
a depth of 50 nm. Within the bulk, the VBM is ∼0.2 eV below
the Fermi level, greater than expected for the nominal p-type
dopant concentration. This result may result from the presence
of an unintended donor impurity that can partially compensate
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FIG. 3. (a) Fit of the Ge 3d spectrum for the heavily doped p-Ge(001) crystal to a sum over layers within the probe depth, using the Ge
3d spectrum for the lightly doped p-Ge(001) crystal, which is in a flat-band state, as the basis spectrum for each layer. (b) Heat plot showing
the family of spectra which when summed together yield the best-fit spectrum in panel (a). Also shown in (b) is the valence band edge profile
obtained from the Ge 3d5/2 binding energy profile (yellow curve).

the holes (such as oxygen; see discussion below), or from Ge
monovacancies which have been shown by perturbed angular
correlation experiments to be deep-level acceptors that fall
0.2 eV above the VBM [42].

To summarize, the difference in binding energies for n- and
p-Ge (∼0.2 eV) is smaller than one might expect because the
total movement of the Fermi level across the gap in going from
n type to p type must be less than the band gap, and the Ge
gap is relatively low (0.66 eV). However, the built-in potential
resulting from band bending affects the width of exceptionally
narrow core-level features such as Ge 3d5/2 and 3d3/2 [full
width at half maximum (FWHM) = ∼ 0.5 eV] if it amounts
to at least a few tenths of an eV across a depletion width that is
comparable to the probe depth. Unfortunately, we cannot use
the Ge 3d CL to probe the Ge side of the LSZTO/Ge interfaces
because of strong overlap with Zr 4p (see Fig. 7). We therefore
use the Ge 2p3/2 CL, an intense feature of greater width than
Ge 3d5/2 which is nevertheless sufficiently sensitive to band
bending to be useful.

B. Heterojunction spectra and their interpretation

A set of five heterojunctions consisting of, nominally,
12 nm films of LSZTO with different Zr mole fractions was
deposited on n- and p-type Ge. We refer to these as samples
(a-e) and the associated film compositions along with sub-
strate dopant type (n or p) and dopant density are listed in

Table I. X-ray reflectivity (XRR) and STEM HAADF images
indicate excellent crystallinity as well as reasonably smooth
surfaces and interfaces (see Fig. S3 in the Supplemental Ma-
terial [29]). Likewise, the RHEED patterns are consistent with
the expected heteroepitaxial orientation, (001)LSZTO||(001)Ge

and [110]LSZTO||[100]Ge (see Fig. S4 in the Supplemental
Material [29]), based on lattice matching. As seen in Fig. 1 for
one of the interfaces with La0.03Sr0.97Zr0.5Ti0.5O3, a represen-
tative STEM HAADF image reveals a structurally coherent
interface with no evidence of amorphous GeO2. The film is
uniform and shows no sign of extended structural defects or
phase separation. Since the HAADF signal is proportional to
average atomic number (Z), we estimate the average signal
intensity for the two sublattice planes as ZA site = 0.03ZLa +
0.97ZSr = 39 and ZB site = 0.5ZZr + 0.5ZTi = 31. The com-
parison of ZA site and ZB site indicates that the slightly brighter
planes correspond to the A-site layers of the film, as marked
by the structural diagram in Fig. 1. The target film thickness
(12.0 nm) was confirmed by XRR scans and HAADF images
(see Fig. S3 in the Supplemental Material [29]).

For heterostructures with as many elements as are found in
the present set, overlap of CL peaks from different elements,
particularly those on opposite sides of the interface, is of
concern when trying to determine band-edge profiles and band
alignment. To identify peak interferences, we examine the
HAXPES survey spectra shown in Fig. 4. There is significant

TABLE I. Core-level binding energies along with valence-band maxima and estimated band gaps for the films in LSZTO/Ge(001)
heterojunctions (all in eV).

12 nm La0.03Sr0.97ZrxTi1–xO3/Ge(001) Ti 2p3/2 Sr 3d5/2 EV Ti 2p3/2–EV Sr 3d5/2–EV Eg

(a) x = 0.1, n-Ge (1.5 × 1017 cm–3) 459.36 134.06 3.5 455.9 130.6 3.3
(b) x = 0.3, n-Ge (1.5 × 1017 cm–3) 459.56 134.21 3.7 455.9 130.5 3.5
(c) x = 0.5, p-Ge (1.5 × 1015 cm–3) 459.30 134.10 3.5 455.8 130.6 3.8
(d) x = 0.5, n-Ge (1.5 × 1017 cm–3) 459.58 134.25 3.6 455.9 130.7 3.8
(e) x = 0.7, p-Ge (2.0 × 1018 cm–3) 459.72 134.29 3.9 455.8 130.4 4.2
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FIG. 4. Wide HAXPES scans for the set of La0.03Sr0.97ZrxTi1–xO3/Ge(001) heterojunctions. The designations (a)–(e) correspond to those
in Table I which gives the Zr mole fraction on the B sites (x) along with the substrate dopant type and concentration for each sample.

overlap between Ge 3d and Zr 4p, precluding the use of the
former to track the band-edge energy on the Ge side of the
interface. Instead, we select the Ge 2p3/2CL as it does not
interfere with any others. Likewise, there is strong overlap
between Zr 3d and Ge 3s which prevents us from using Zr 3d
to monitor band edges in the LSZTO films. Rather, we choose
Ti 2p and Sr 3d which stand alone at their respective binding
energies. Additionally, the integrated CL peak areas above the
background were used to estimate film compositions. This
analysis indicates that the stoichiometries targeted by atom
beam flux measurements prior to film growth were achieved.

We now address the question of band-edge energies rela-
tive to the Fermi level (FL) in the Ge substrates and LSZTO
films by analyzing the valence-band (VB) spectra, shown in
Fig. 5. Previous work shows that the FL is close to the valence-
band maximum (VBM) at surfaces of n- and p-Ge(001) and
near in energy to the conduction band minimum (CBM) in

epitaxial STO on p-Ge(001) [26]. Additionally, the high band
gaps of LSZTO result in the film VBM values being a few
eV below the FL for the entire film set. Therefore, the leading
edges of the HJ VB spectra are purely Ge 4s/4p derived and
extrapolating these to the energy axis yields estimates of the
VBM relative to EF on the Ge side of the interfaces. These
extrapolations lead to Ge VBM values of ∼0.2 to ∼0.3 eV
relative to the Fermi level. To determine the VBM within
the various films, we subtract an appropriately shifted and
weighted Ge reference spectrum from each heterojunction
spectrum, as shown at the bottom of Fig. 5 for heterojunction
(c). Extrapolating the leading edge of the difference spectrum
to the energy axis then yields the VBM for each film and these
values, denoted as EV , are listed in Table I. Also shown in
Table I are estimated band-gap values for the LSZTO films
as determined using the dependence of the band gap on the
Zr mole fraction predicted by hybrid functional theory [43] in
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FIG. 5. Valence-band spectra for the set of
La0.03Sr0.97ZrxTi1–xO3/Ge(001) heterojunctions. The designations
(a)–(e) correspond to those in Table I. The film spectra were isolated
by subtracting an appropriately shifted and scaled Ge spectrum from
each heterojunction spectrum, as shown for heterojunction (c) at the
bottom. From the difference spectra, the valence-band maxima of
the films (EV ) were determined by extrapolating the leading edge to
the energy axis.

conjunction with the band gaps of the end members SrTiO3

(3.25 eV) and SrZrO3 (5.6 eV) (see Fig. S5 in the Supplemen-
tal Material [29]).

CL line shapes are key to determining the band-edge
energy profiles in heterojunctions. It is important to select
nonoverlapping CLs with large cross sections and relatively
simple line shapes. Figure 6 shows Ti 2p and Sr 3d CL
spectra for the five LSZTO films along with reference, flat-
band spectra for bulk SrNb0.01Ti0.99O3(001). There are clear
differences in the heterojunction spectra relative to those for
the Nb:STO standard, and these differences carry information
about built-in potentials in the heterojunctions. As a first step
in the analysis, we fit the CL spectra using single Voigt func-
tions for each spin-orbit component to determine the Ti 2p3/2

and Sr 3d5/2 peak energies. We then combine these values
with the VBMs for the LSZTO(001) epitaxial films taken
from Fig. 5 to yield energy differences between the CLs and
the film VBM for each heterojunction, ECL–EV (see Table I).
Taking averages over the five heterojunctions yields values

FIG. 6. Ti 2p and Sr 3d spectra for the set of
La0.03Sr0.97ZrxTi1–xO3/Ge(001) heterojunctions, overlapped
with those for a TiO2-terminated SrNb0.01Ti0.99O3(001) single
crystal (dashed). The designations (a)–(e) correspond to those in
Table I. The vertical lines correspond to the Ti 2p3/2 and Sr 3d5/2

peak energies at which the Fermi level would be directly at the
conduction band minimum. The fact that the Ti 2p3/2 and Sr 3d5/2

peaks are at higher binding energies for x = 0.1 (a) and 0.3 (b)
indicates that the Fermi level is in the conduction band for these
HJs. The FL then drops into the gap for x = 0.5 (c), (d) and 0.7 (e).

130.6(1) eV and 455.9(1) eV for Sr 3d5/2 and Ti 2p3/2, re-
spectively, which we use throughout the rest of the analysis.

We also need a (ECL–EV ) value for Ge(001). After removal
of the GeOx features (Fig. S6 [29]) the Ge 2p3/2 line shapes
for n- and p-type Ge(001) substrates are virtually identical,
but the binding energy is ∼0.2 eV higher for n-Ge than for
p-Ge because of the different Fermi energies. The VBM for
n-Ge is also ∼0.2 eV larger than that for p-Ge. Combining
VBM values from VB spectra with Ge 2p3/2 binding energies
(Fig. 7), the values of (EGe2p3/2–EV )Ge are 1217.33(5) eV for
both n- and p-Ge(001). This energy difference in turn enables
determination of band offsets in the flat-band limit as well
as band-edge profiles from layer-resolved CL binding energy
profiles determined by carrying out a more rigorous fit of the
heterojunction spectra, as described below.

Using the (ECL–EV ) values given above, we have placed
vertical lines in Fig. 6 to indicate the Ti 2p3/2 and Sr 3d5/2

peak energies above which the Fermi level would be in the
CB. The peaks are at higher binding energies than the vertical
lines for x = 0.1 and 0.3, revealing that the FL is in the bottom
portion of the CB for these HJs. In contrast, the peak is on
the low binding energy side of the vertical lines for x = 0.5
and 0.7, indicating that the FL crosses over into the gap for
x � 0.5.

The heterojunction CLs are broader than those measured
for the reference bulk STO crystal for all x values. Moreover,
the HJ Ti 2p3/2 spectra exhibit at least some intensity on the
low binding energy side, including a feature at ∼454.5 eV,
which is close to the binding energy expected for Ti0 [44]. A
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FIG. 7. Ge 3d and Zr 4p (left) along with Ge 2p3/2 (right) spectra
for the family of La0.03Sr0.97ZrxTi1–xO3/Ge(001) heterojunctions,
overlapped with those for a n-Ge(001) bulk crystal (dashed). The
designations (a–e) correspond to those in Table I. Strong overlap oc-
curs between Ge 3d and Zr 4d . However, the Ge 3d5/2 feature is fully
exposed and shows a prominent knee at ∼28.7 eV. A pronounced
asymmetry is visible on the low binding energy side of the Ge 2p3/2

spectra as well. These features are due to photoemission from layers
within the depletion zone created by an electric field at the interface,
as explained in the text.

similar feature is visible in the Zr 3d spectra despite strong
overlap with the Ge 3s (see Fig. S6 in the Supplemental
Material [29]). The broadening of the Ti 2p3/2 and Sr 3d5/2

peaks is consistent with the presence of internal electric fields
in the films and the low-energy features in the Ti 2p and Zr
3d spectra suggest either the presence of secondary phases
containing reduced Ti and Zr metal, or strong screening of
B-site Ti4+ and Zr4+ cations by trapped itinerant electrons.
There is no evidence for secondary phases in any of these
films or in numerous other STO, SNTO, and SZTO films
deposited epitaxially on Ge and Si using the same deposition
parameters. We therefore conclude that these low-energy fea-
tures are due to strong screening of B-site Ti and Zr cations by
La donor electrons and electrons that cross the interface from
the Ge side, as discussed in detail below.

Figure 7 shows the Ge 3d/Zr 4p and Ge 2p3/2 regions for
the HJ set. As mentioned above, we use the Ge 2p3/2 CL to
monitor the Fermi level position and detect built-in potentials
within the Ge substrates because strong overlap between the
Ge 3d and the Zr 4p CLs precludes using the narrower Ge 3d
for this purpose. This overlap is clearly seen on the left side
of Fig. 7. Although broader than the Ge 3d , the Ge 2p3/2 is an
intense singlet with a well-defined peak energy that is straight-
forward to determine by spectral fitting after removal of the
surface GeOx (x � 2) features and the interfacial germanate

FIG. 8. Schematic diagram showing the relationship between
core-level and valence-band energies as well as band offsets.

peak from the spectra from pure Ge and the HJs, respectively
(see Fig. S7 in the Supplemental Material [29]). All Ge 2p3/2

peaks show clear asymmetric broadening to the low binding
energy side which is also visible as an unresolved feature on
the low-energy side of the Ge 3d5/2 peaks. This broadening,
which is not seen in the pure Ge spectra, is consistent with the
occurrence of upward band bending in the Ge. Superimposed
on the Ge 2p3/2 spectra in Fig. 7 is a blue window indicating
the range of peak energies for which the Fermi level would be
in the Ge gap, based on the value of (EGe2p3/2–EV )Ge. For all
heterojunctions, the peak falls at or below the midgap point,
consistent with the Ge VBM values estimated from the VB
spectra for the HJs (Fig. 5).

The binding energies taken from the CL spectra in Figs. 6
and 7 can be used to estimate the band alignment within the
flat-band approximation via the Kraut method [24,25]. Here
we use two combinations of CLs to determine the VB offset
(�EV ) and check for consistency. They are (i) Ti 2p3/2 and Ge
2p3/2 and (ii) Sr 3d5/2 and Ge 2p3/2. As seen by inspection of
the schematic energy diagram in Fig. 8, the relevant formulas
are

�EV = (EGe2p3/2 − EV )Ge − (ETi2p3/2 − EV )LSZTO

− (EGe2p3/2 − ETi2p3/2)HJ, (1)

and

�EV = (EGe2p3/2 − EV )Ge − (ESr3d5/2 − EV )LSZTO

− (EGe2p3/2 − ESr3d5/2)HJ. (2)

The CB offset (�EC) is given by

�EC = ELSZTO
g − EGe

g − �EV . (3)

The resulting numbers are shown in Table II and the band
alignments are diagrammatically illustrated in Fig. 9. All HJs
exhibit a type-2 (staggered) band alignment in the flat-band
approximation. The fact that the Ti 2p and Zr 3d spectra show
features characteristic of strongly screened B-site cations sug-
gests that the La donor level is hybridized with the B-site
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TABLE II. Band offsets and band edges relative to the Fermi level for LSZTO/Ge(001) heterojunctions determined under the assumption
of flat bands throughout (all in eV).

Heterojunction �EV (Ge 2p/Ti 2p) �EV (Ge 2p/Sr 3d) �EV (Average) �EC (Average) EV (Ge) EC (Ge) EV (LSZTO) EC (LSZTO)

(a) x = 0.1, n-Ge 3.2 3.2 3.2 –0.5 0.3 –0.4 3.5 0.2
(b) x = 0.3, n-Ge 3.4 3.3 3.3 –0.5 0.3 –0.4 3.7 0.2
(c) x = 0.5, p-Ge 3.2 3.3 3.2 –0.2 0.2 –0.5 3.5 –0.3
(d) x = 0.5, n-Ge 3.4 3.4 3.4 –0.3 0.3 –0.4 3.6 –0.2
(e) x = 0.7, p-Ge 3.6 3.5 3.6 –0.1 0.2 –0.5 3.9 –0.3

cation valence orbitals. Such hybridization in turn indicates
that the La donor level is near in energy to the CB minimum
(CBM), which is largely Ti 3d and Zr 4d derived [43,45]. To
verify this property, we performed DFT generalized gradient
approximation (GGA) calculations for La0.25Sr0.75ZrxTi1–xO3

using PBESOL. We show the total and layer-resolved DOS
elsewhere (see Fig. S8 in the Supplemental Material [29]).
The La donor levels appear just below the Fermi level in
all cases, with the CB DOS appearing just above the Fermi
level. However, close proximity of the La donor level to the
Fermi level does not result in high conductivity in LSZTO. As
discussed below, the difference in Ti 3d and Zr 4d orbital en-
ergies predicted by DFT (Fig. S10 [29]) results in percolative
and apparently highly resistive conduction paths.

While the flat-band approximation inherent in the Kraut
method is convenient and easy to use, the broadening of
the CLs is indicative of built-in potential(s) in the HJ
that can strongly modify the band alignment relative to
the flat-band picture. In order to explore this possibility,
we select heterojunctions (c) and (d), consisting of 12 nm
La0.03Sr0.97Zr0.5Ti0.5O3 films grown on p-type and n-type
Ge(001), respectively, to probe band-edge profiles via HAX-
PES fitting and analysis. Specifically, the Ge 2p3/2 and Sr 3d
spectra were fit to sums of layer-resolved spectra to determine
band-edge profiles, as described elsewhere [21,22].

We show in Figs. 10 and 11 the best fits of the HJ spectra
and the associated layer-resolved CL binding energy heat
maps, respectively. The excellent matches between the mea-
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FIG. 9. Band alignments in the flat-band approximation for the
family of heterojunctions, determined using Eqs. (1)–(3).

sured Ge 2p3/2 spectra and the best-fit sums over layers seen
in Fig. 10 result only for physically reasonable energy profiles
in which the binding energy gradients are constrained to be
negative (i.e., ∂ECL/∂z < 0, where z is the distance from the
interface with the sign convention shown in Fig. 11) [22].
The sharp drops in Ge 2p3/2 binding energy close to both
interfaces seen in Fig. 11 are revealed in the raw spectra
by the asymmetries on the lower binding energy sides (see
Figs. 7 and 10). Significantly, these spectra cannot be well
fit without inclusion of strong upward band bending at the
interface. To verify that these asymmetries are indeed due to
layers with lower binding energy close to the interface (as
opposed to deeper in the bulk), we performed angle-resolved
HAXPES measurements, as shown elsewhere (See Fig. S9
in the Supplemental Material [29]). Here we show the raw
spectra without removal of the interfacial germanate feature
because this feature is a useful marker for the interface. Both
the interfacial germanate feature and the protrusion on the

Ge 2p3/2 Sr 3d

LSZTO
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on n-Ge
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FIG. 10. Best fits of heterojunction spectra to the sums of
layer-resolved, flat-band spectra shown in Fig. 11 for 12 nm
La0.03Sr0.97Zr0.5Ti0.5O3 on n-type and p-type Ge(001).
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FIG. 11. Layer-resolved binding energy profiles determined by fitting Ge 2p3/2 and Sr 3d spectra for 12 nm La0.03Sr0.97Zr0.5Ti0.5O3 on
(a) n-type and (b) p-type Ge(001). Strong built-in potentials are clearly visible in both the substrates and the films, indicating charge transfer
across the interface and from the interior of the film to the surface, respectively.

low binding energy side increase in intensity relative to the
bulk Ge lattice peak as the photoelectron emission direc-
tion moves away from the surface normal, establishing that
the protrusion does indeed originate in Ge layers close to
the interface.

Surprisingly, the Ge 2p3/2 heat maps (Fig. 11) reveal sharp
drops in binding energy on the Ge side of the interface for
both n- and p-Ge, consistent with upward band bending for
both doping types. Upward band bending is expected for HJs
involving n-Ge provided electrons can readily transfer across
the interface into the film. However, the built-in potential is
expected to exhibit a lower gradient over a much larger depth
range for the doping level used here. Likewise, downward
band bending over at least ∼15 nm is expected to occur for
HJs prepared using p-Ge with the doping levels we have
used. The strong upward band bending in the Ge is similar
to that observed for 12 nm SrNbxTiO3–x on Czochralski (CZ)
and n-type Si(001) prepared similarly by MBE [18,19]. This
behavior was ascribed to the presence of unintentional, ion-
ized O donors in the near-interface Si region and subsequent
electron transfer across the interface into the SrNbxTiO3–x.
The present results suggest that electron transfer from some
unintentional, ionized donor in the Ge occurs across the inter-
face and into the LSZTO as well. The Sr 3d binding energies
for both heterojunctions drop sharply at the surface (Fig. 11),

indicative of upward band bending at the LSZTO film surface,
as also observed for the SrNbxTiO3–x/Si(001) system.

The best fits for the Sr 3d HJ spectra (Fig. 10) are
achieved by modeling the presence of antiphase domain
boundaries (APBs) and stacking faults in the LSZTO films
similar to those we have observed in epitaxial STO films
on Ge(001) [26]. These stacking faults were in general ob-
served to nucleate on steps at the substrate surfaces. We
have assumed equal volumes of the two stacking sequences
(AO)(BO2)(AO)(BO2) · · · and (BO2)(AO)(BO2)(AO) · · ·
from the interface in our fitting. Inspection of the Sr 3d heat
maps (Fig. 11) reveals that the binding energies gradually
decrease in going from the interface toward the surface but
then drop sharply across the top nanometer of the films, again
similar to what has been observed for SrNbxTiO3–x/Si HJs
[18].

Figure 12 shows the HJ band-edge profiles that result by
subtracting (EGe2p3/2–EV )Ge and (ESr3d52–EV )LSZTO from the
binding energy profiles for Ge 2p3/2 and Sr 3d5/2, respec-
tively, as seen in Fig. 11. For HJs involving both n- and p-Ge
substrates, the Fermi level is in the lower half of the gap well
below the interface. This result is consistent with the tendency
for bulk Ge to be p type as a result of Ge vacancy acceptors
[42]. However, the VBM shoots sharply upward within ∼1 nm
of the interface and crosses the Fermi level and then rolls over
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FIG. 12. Band-edge profiles extracted from binding energy pro-
files shown in Fig. 11 for 12 nm La0.03Sr0.97Zr0.5Ti0.5O3 on
n-type and p-type Ge(001) by first subtracting (EGe2p3/2–EV )Ge and
(ESr3d5/2–EV )LSZTO to get the VB edges, and then subtracting bulk
band gaps to get the CB edges.

and flattens within the u.c. closest to the interface. The strong
upward band bending in the Ge is consistent with electron
transfer from Ge to LSZTO and the Ge band flattening directly
at the interface is expected if a thin layer of mobile holes is
present on the Ge side of the interface that would screen the
electric field. The large electric field on the Ge side for both
kinds of interfaces transforms the band alignment from type
II (straddled) in the flat-band approximation (see discussion
surrounding Fig. 9) to type III (broken) when the effects of
band bending are included. The transition from type II to type
III is likely driven by modulation of the interface dipole due
to the presence of space charge, as recently demonstrated in
the STO/Si interface [19].

The Fermi level in both La0.03Sr0.97Zr0.5Ti0.5O3 films is
seen to be close to the CB minimum near the interface with
Ge in Fig. 12, consistent with electron transfer from the Ge.
Additionally, a strong built-in potential is present near the
surface of both films, resulting in sharp upward band bending.
These results are consistent with surface depletion accompa-
nying electron transfer from the interior of the LSZTO films to
surface acceptors via some form of out of plane conductivity
near the bottom of the CB, which is largely Ti 3d and Zr 4d
derived. Our DFT calculations (Fig. S10 [29]) indicate that
the Zr 4d projected density of states (DOS) is ∼2 eV higher
in energy than that for Ti 3d . As a result, band transport is
expected to be significantly impeded relative to that in pure
La-doped STO because Zr effectively disrupts the continuous
charge-transfer pathways typical of STO by introducing lo-
cal potential energy barriers within the conduction band. We
therefore conclude that the transport is percolative in nature,
resulting in high resistivity, as measured. In this case, we
expect to see evidence of Ti and Zr cation screening because
of electrons trapped at the B sites; these electrons originate
from La donors throughout the film as well as charge transfer
across the buried interface. Indeed, angle-resolved Ti 2p3/2
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FIG. 13. ToF SIMS sputter depth profiles for
La0.03Sr0.97Zr0.5Ti0.5O3 on p-type Ge(001). The 49TiO– trace
provides an upper limit for the 18O

– knock on. The higher 18O
–

signal in the subinterface region establishes the presence of oxygen
there, some of which may be thermal donors.

measurements (Fig. S11 [29]) indicate that the low-energy
feature at ∼454.5 eV in the Ti 2p3/2 spectrum is distributed
across the film, reflecting the presence of carriers throughout.

The highly resistive nature of these films can be understood
by the CB-edge behavior seen in Fig. 12. Strong upward band
bending puts the CB minimum well above the Fermi level in
the top half of each film and is expected to lead to surface
depletion. Indeed, Fig. 12 constitutes the first direct electron
spectroscopic evidence for surface depletion in a semicon-
ducting complex oxide despite the detection of electrical dead
layers in epitaxial films of n-SrTiO3 and other oxides for
decades. Lateral electron transport is further impeded by the
energy mismatch between Ti 3d and Zr 4d derived DOS at
the B sites and the associated effect on carrier pathways, as
discussed above.

C. Unintentional doping of the Ge and its effects

The strong upward band bending in HJs made from both n-
and p-Ge reveals that the effect of the original dopant profile
in Ge is eclipsed by a stronger extrinsic electronic perturbation
that imparts a sizable electric field across the first ∼1 nm of
the Ge. The similarity between the band-edge profiles shown
in Fig. 12 and those deduced for the SrNbxTiO3–x/CZ Si(001)
heterojunction [18] is consistent with the unintentional donor
(O) in SNTO/Si also being operative in LSZTO/Ge. Indeed,
O is detected in the Ge by time of flight secondary ion
mass spectrometry (ToF SIMS) as it was in Si for SNTO/Si.
However, making a connection between the O atom profile
detected by ToF SIMS and the built-in potential detected
by HAXPES is not nearly so straightforward as it was for
SrNbxTiO3–x/CZ Si(001).

Figure 13 shows the depth profiles for 18O
–, 70Ge

–
, and

49TiO– in La0.03Sr0.97Zr0.5Ti0.5O3/p-Ge(001). The TiO– ion
is included because it is very sensitive, indeed more sensitive
than 18O

–, to knock-on effects in which atoms in the film
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are driven into the substrate by the sputtering beam. After
normalizing the signals in the LSZTO film, the 18O

– signal
is seen to be larger than that for 49TiO– in the subinterface
region, indicating that some 18O

– is present on the Ge side of
the interface following film growth. The O may diffuse from
the oxide film during film growth, or it may be present as
a native impurity that concentrates near the interface during
film growth. Additionally, some of the O impurities may not
be electrically active. Compared to the underlying Si in the
SrNbxTiO3–x/CZ-Si HJs, there is a higher overall O concen-
tration in the subinterface region of the Ge and the O profile
extends to a greater depth in LSZTO/Ge.

It is well known that CZ Si contains 15–30 ppm of O
as a result of crystallization in a quartz crucible. This O
diffuses to and concentrates near the surface of the crystal
during annealing and can be etched away to increase overall
purity [46]. In our context, however, it is the O concentra-
tion gradient near the semiconductor surface that creates the
interesting and unexpected electronic effects we observe for
both SNTO/Si and LSZTO/Ge. It has also been known for
decades that Ge crystals contain O impurities at much lower
concentrations than those found in CZ Si which also act as
shallow donors [47–55]. Oxygen diffusing into the melt dur-
ing bulk crystal growth can occupy interstitial sites (Oi) in
Ge upon solidification, resulting in the formation of Ge-O-Ge
moieties that can be detected by vibrational spectroscopy if
present at sufficiently high concentrations. Such impurities
are electrically inactive. However, Oi species are known to
convert to GeOx clusters (x = 1 to 4) at temperatures in the
range of 300°–500 °C, with GeO4 being the dominant species
at equilibrium. These GeO4 clusters are electrically active and
are known as thermal donors (TDs), similar to the SiO4 TD
clusters that form in Si [56]. These species are double donors
with electron energy levels 0.017 and 0.037 eV below the CB
minimum, as extracted from Hall data.

IV. SUMMARY

We have probed the potential energy landscape in
La0.03Sr0.97ZrxTi1–xO3/n- and p-Ge(001) (0.1 � x � 0.7) het-
erostructures and have detected hidden space-charge regions
using hard x-ray photoelectron spectroscopy and related mod-
eling. Unusual core-level line shapes betray the existence of
built-in potentials in both the Ge substrates and the epitaxial
oxide films which we extract by fitting the measured spectra
to sums of layer-resolved, flat-band spectra with optimized
binding energies. Angle-resolved measurements corroborate
the results we obtain by fitting angle-integrated spectra and
utilizing physically reasonable boundary conditions. We find
evidence for electron transfer from the Ge into oxide films, as
well as from the interior of the oxide films to their respective
surfaces. The source of the electrons that cross the buried in-
terfaces appears to be unintentional O donors that accumulate
very near the heterojunctions.
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