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ABSTRACT
We combine state-of-the-art oxide epitaxial growth by hybrid molecular beam epitaxy with transport, x-ray photoemission, and surface
diffraction, along with classical and first-principles quantum mechanical modeling to investigate the nuances of insulating layer formation in
otherwise high-mobility homoepitaxial n-SrTiO3(001) films. Our analysis points to charge immobilization at the buried n-SrTiO3/undoped
SrTiO3(001) interface as well as within the surface contamination layer resulting from air exposure as the drivers of electronic dead-layer
formation. As Fermi level equilibration occurs at the surface and the buried interface, charge trapping reduces the sheet carrier density (n2D)
and renders the n-STO film insulating if n2D falls below the critical value for the metal-to-insulator transition.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0098500

INTRODUCTION

The technological utilization of advanced materials typically
involves the formation of interfaces with terrestrial environments.
These environments include earth’s atmosphere, bodies of natural
water, such as streams, lakes, and oceans, and electrochemical cells,
among others. In all cases, chemisorption and/or chemical reac-
tions that occur at exposed surfaces can alter the properties of the
material, sometimes in substantial ways. At the same time, gaining
fundamental understanding of the base-line properties of materials
can require preventing contact with such environments or clean-
ing the surface after such contact to keep the material in a pristine
state. Accordingly, both kinds of measurements are of considerable
value.

Here, we illustrate the interplay of experiments using samples
with natural surface contamination due to atmospheric exposure

and clean surfaces as we seek to understand electronic dead-layer
formation in a prototypical complex oxide semiconductor, SrTiO3.
This phenomenon is typically ascribed to surface depletion in which
the near-surface region of a semiconductor is devoid of carriers
and, thus, not conductive, despite the presence of ionized dopants
throughout the region. For example, in well-studied III–V semicon-
ductors, such as n-GaAs(001), dangling bonds on clean surfaces,
as well as surface impurities resulting from air exposure, can act
as mid-gap acceptors that draw electrons from the sub-surface
region as the surface and bulk Fermi levels equilibrate, leaving
behind ionized donors but no mobile charge. The result is elec-
tronic dead-layer formation that is detected by electronic transport
measurements.1 At the same time, Fermi level pinning at or near
mid-gap is typically evident in photoemission measurements for
all but certain crystallographic orientations, freshly cleaved and in
ultrahigh vacuum.2–4 Charge trapping at the buried interface was
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also inferred by CV measurements for n-type GaAs(001) epitaxial
films grown on undoped substrates and interface states were thought
to be responsible.1 However, the surface is often the point of focus
because of the plethora of entities that can accumulate with suffi-
ciently high concentration to act as deep-level acceptors that pin the
Fermi level.

Homoepitaxial films of LaxSr1−xTiO3 on undoped SrTiO3(001)
(STO) substrates have also been reported to exhibit surface
depletion.5,6 For example, it was suggested in Ref. 5 that, for
x = 0.05, dead-layer formation occurs when the near-surface region
is depleted of electrons as they flow into unoccupied acceptor surface
states, resulting in upward band bending of magnitude ∼0.7 eV in
air-exposed films. This interpretation is commonly invoked in inter-
preting transport data for n-STO epitaxial films up to the present.7
However, other studies reveal that bulk single crystals of n-STO(001)
exhibit no such large upward band bending, at least in the (001)
orientation.8–11 Adsorption of O2 at 80 K on clean n-STO(001)
results only in slight (∼0.2 eV) upward band bending due to elec-
trons being drawn to and localized at surface-bound O2 molecules.12
Moreover, there is no evidence that intrinsic acceptor surface states
pin the Fermi level deep in the gap of clean STO(001).13–15 Under-
standing and ultimately mitigating dead-layer formation is very
important for taking full advantage of complex oxide heterostruc-
tures in devices, and combining measurements of samples with and
without clean surfaces is a useful way to probe these phenomena.
Here, we seek to understand the cause(s) of dead-layer forma-
tion in n-STO using compositionally and structurally well-defined
homoepitaxial films prepared by hybrid molecular beam epitaxy
(h-MBE)16 and investigated in pristine ultra-high vacuum condi-
tions as well as in laboratory air. Our results point to both the
n-STO surface and the buried n-STO/undoped STO interface as
contributing to dead-layer formation in n-STO.

RESULTS AND DISCUSSION
Electronic transport and x-ray photoelectron
spectroscopy (XPS)

Hall and resistivity data taken in laboratory air for a set of sto-
ichiometric, structurally well-ordered DyxSr1−xTiO3 films (see the
supplementary material for experimental and modeling informa-
tion as well as supporting data) with the same dopant concentration
(x = ∼0.01) but different thicknesses (t) are clearly suggestive of

carrier depletion. We show in Fig. 1(a) sheet carrier concentrations
(n2D) extracted from data collected at 300 K as a function of t. The
n2D value for the 32 nm film is zero because the resistance of this
film is too large to measure with the van der Pauw geometry. A
linear fit of the n2D values for t = 65, 89, and 146 nm crosses the
film thickness axis at 41.7 nm, the apparent dead-layer thickness
for this Dy0.001 Sr0.999TiO3 film set. The slope of the n2D vs t line
yields the bulk carrier concentration, 2.08 × 1019 cm–3. The trapped
charge density within a 42 nm thick dead layer at this volume dopant
concentration would be 8.8 × 1013 cm–2. The room-temperature
mobilities range from 6.7 to 8.9 cm2/V s, typical of epitaxial
n-STO(001).5,6,16

To predict the extent of band bending that would be expected if
surface depletion is the sole cause of these dead layers, we integrate
the one-dimensional Poisson equation using boundary conditions
appropriate for a free surface with acceptor states, along with 3D car-
rier density and dead-layer thickness values from the transport data,
and dielectric permittivity of κ = 300 (a typical room-temperature
value for STO bulk crystals and high-quality epitaxial films). This
calculation yields a surface potential (ϕ) of 1.1 V dropped across a
depletion zone width of 42 nm. Taking the bulk Fermi level to be
degenerate with the conduction band minimum (CBM) below the
depletion zone, the bands would bend upward toward the surface,
placing the valence band minimum (VBM) ∼2.1 eV below the Fermi
level at the surface, as shown in Fig. 1(b).

We now compare this prediction to the surface potential deter-
mined directly by x-ray photoelectron spectroscopy (XPS) based
on core-level binding energies that are referenced to the top of
the valence band in bulk n-STO. The measured Sr 3d5/2 and Ti
2p3/2 binding energies (Fig. 2) excited with AlKα x-rays for the
Dy0.001 Sr0.999TiO3 films with surface contamination present range
from 133.71(2) to 133.76(2) eV and from 459.15(2) to 459.18(2) eV,
respectively, for the three thicker films. From these binding ener-
gies, we conclude that the bands are flat at the surfaces of all films
within experimental sensitivity and error, as can be seen by compar-
ing the peak energies with the positions of the green vertical lines
labeled flat band (see Fig S2 and accompanying text). Not only do
the binding energies fall within <0.1 eV of those expected if the
bands are flat and the Fermi level is at the conduction band mini-
mum, but there is no peak broadening relative to spectra for clean,
flat-band, bulk SrNb0.01Ti0.99O3(001). Such broadening would reveal
the presence of built-in potentials across the probe depth.17 If sur-
face depletion as modeled in Fig. 1(b) is occurring, the Ti 2p3/2 and

FIG. 1. (a) Measured sheet carrier con-
centration as a function of film thickness
for Dy0.001 Sr0.999TiO3 films deposited on
SrTiO3(001) with an 8 nm buffer layer
of STO. A linear fit to the experimental
data indicates a dead-layer thickness of
41.7 nm. (b) Band-edge profile expected
if electron transfer to surface states in the
gap occurs for a bulk carrier density of
2.08 × 1019 cm−3 and a depletion width
of 41.7 nm, assuming κ = 300, based on
Poisson modeling.
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FIG. 2. Sr 3d and Ti 2p3/2 core-level XPS for t nm Dy0.001Sr0.999TiO3/8 nm
SrTiO3/SrTiO3(001) without surface cleaning after the transport measurements in
Fig. 1(a) were made. The green and red vertical lines indicate the expected Sr
3d5/2 and Ti 2p3/2 binding energies for the flat-band condition and upward band
bending of magnitude 1.1 V, respectively.

Sr 3d5/2 peaks would fall at 132.6(1) and 458.0(1) eV, respectively,
which are marked with brown vertical lines in Fig. 2. The energies
of the vertical lines are based on the measured photoelectron atten-
uation lengths for the Sr 3d5/2 and Ti 2p3/2 core levels excited with
AlKα x-rays in STO (1.91 and 1.45 nm, respectively)18 being much
less than the predicted depletion width (42 nm). In this case, the XPS
core-level (CL) measurements would probe only the top few percent
of the depletion zone and, thus, directly reflect the full extent of the
band bending.

In contrast to the 65, 89, and 146 nm films, the 32 nm film was
plagued by surface charging during XPS, revealing insufficient con-
ductivity to facilitate compensation of the positive photoemission-
induced surface charge from the grounded sample holder. However,
surface charging in the 32 nm film was completely eliminated by
annealing in activated oxygen at 500 ○C to remove the surface con-
tamination and the clean-surface binding energies for this film
match those of the thicker films after the same oxygen annealing
rather closely. Surface cleaning resulted in shifts of 0.25–0.35 eV
to lower binding energy for all four films, indicating the onset of
upward band bending of this magnitude (see Fig. S3).

Surface depletion of the magnitude expected based on Poisson
analysis of the transport data [Fig. 1(b)] should also leave the near-
surface region in an insulating state, resulting in surface charging in
XPS. If this were the case, obtaining the spectra shown in Figs. 2 and
S3 (for which the binding energies are accurately referenced to the
Fermi level) would not have been possible. We have also measured
ultraviolet photoelectron spectroscopy (UPS) using He I VUV light
without any surface charging on h-MBE grown La0.02Sr0.98TiO3(001)
films.15,19 UPS spectra are much more susceptible to charging than
XPS because of the higher brightness of the VUV light source.
Therefore, something other than conventional surface depletion

is contributing to the electronic dead layers in these n-type STO
homoepitaxial films. One possibility is polarization-induced dipole
layers perpendicular to the surface. Such layers could trap itiner-
ant charges, rendering the film insulating or at least highly resistive
across the depth over which the polarization occurs. To test this
hypothesis, we performed a near-surface structure determination
using crystal truncation rod (CTR)measurements, along with coher-
ent Bragg reflection analysis (COBRA), for a 15 u.c. homoepitaxial
Dy0.006 Sr0.994TiO3(001) film. This thickness was selected specifically
for COBRA measurements to ensure good sensitivity to both the
doped film and the undoped substrate below it.

Crystal truncation rod/COBRA analysis
and first principles modeling

Excellent fits of the raw CTR data were achieved using COBRA,
as shown in Fig. 3. The electron densities (ED) profiles generated
from COBRA analysis show well-resolved, sharp peaks for Sr, Ti,
and O atoms (see Fig. S4). The electron densities for all atoms are
constant within the bulk STO and the film. However, we observe
a slight dip in the Sr and Ti EDs at the substrate/film interface. It
was previously reported that thickness fringes can appear in XRD
for homoepitaxial STO films due to the presence of an interface
offset.20 This interface offset can cause laterally non-uniform lattice
distortions. Since COBRA averages all lateral variations into a single
“folded” unit cell based on the substrate crystal lattice,21 a drop in
ED is, thus, observed. This apparent drop at the substrate/film inter-
face is also seen in the layer resolved integrated EDs, or electron
numbers (EN), along the Sr and Ti columns (Fig. S5). Apart from
this artifact, we observe essentially constant EN values for Sr, Ti, and

FIG. 3. Overlay of experimental CTRs (blue dots) and COBRA fits (solid red
curves) for 15 u.c. Dy0.006 Sr0.994TiO3/SrTiO3(001).
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both apical and equatorial O atoms; these match well with the cor-
responding atomic numbers (38, 22, and 8, respectively) throughout
the homoepitaxial structure.

The atomic displacements extracted from COBRA analysis
(Fig. 4) yield a polarization profile (Fig. 5) that clearly shows
enhanced polar distortions near the film surface. Strong polar dis-
tortions near the surface could cause electron trapping, resulting in
locally enhanced electron density near the surface region.6,22 The
change of sign in the polarization profile after the 13th u.c. indicates
that some degree of polarization exists in the bulk of the film as well,
which is likely to influence the electronic properties of the system,
along with the surface polarization. The presence of an uncom-
pensated electric field and changes in surface stoichiometry during
cooling may be contributing factors to lattice polarization.6

We turn to first-principles modeling to determine the extent to
which the lattice polarization could trap charge. Since O2− anions
are highly polarizable, the positions of their nuclei do not coincide
with the positions of the maxima of their electron density, result-
ing in overestimated polarizations of the AO and BO2 planes in
COBRA. Since this error is smaller for cations, we used the posi-
tions of all Sr and Ti atoms as generated by COBRA. The positions
of O anions were then linearly interpolated between their in-plane
positions set according to the corresponding cation positions (R0)
and their positions generated using COBRA (RC) as R(p) = p∗RC
+ (1 − p)∗R0, where p is an interpolation parameter (0 ≤ p ≤ 1).
Calculations of the average electrostatic potential profile across the

FIG. 4. Interplanar spacings between consecutive planes calculated using the
z coordinates of the A-site cation (Sr) and B-site cation (Ti) for 15 u.c. Dy0.006
Sr0.994TiO3/SrTiO3(001) from COBRA. The dashed line shows the interface
between the STO substrate and the film. These spacings within the substrate are
constant and equal to 1.95 Å (3.905 Å × 0.5) within the analysis error range.
However, we see an abrupt increase in the Sr-to-Ti interplanar spacings and
a concomitant drop in Ti-to-Sr interplanar spacings at the substrate/film inter-
face, indicative of the lattice distortions mentioned above. Moving away from the
substrate/film interface, we continue to see fluctuations in Sr-to-Ti and Ti-to-Sr
spacings that reveal lattice polarization. It is also evident that the distortions are
more pronounced at the film surface than in the film interior.

FIG. 5. Lattice polarization for 15 u.c. Dy0.006 Sr0.994TiO3/SrTiO3(001) as deter-
mined from vertical displacements of apical oxygens (Oa), equatorial oxygens (Oe),
and B-site cations relative to the A-site cations in the same plane calculated from
COBRA.

slab [Fig. 6(a)] for 0.0 ≤ p ≤ 0.3 show that as p (the magnitude of
polarization associated with each atomic plane) increases, the poten-
tial in the central part of the film becomes lower than the potential
near the surface and in the substrate, i.e., a polarization-induced
potential well is formed. Calculations of the one-electron density
of states (DOS) projected onto the orbitals of atoms in the TiO2
planes [Fig. 6(b)] for the same interval of p show that the VB and
CB band edges, while flat for p = 0.0 and p = 0.1, exhibit consid-
erable bending at p = 0.3, further suggesting localization of the CB
electrons. To visualize the effect of the polarization on the spatial
distribution of the CB electrons, we calculated the charge density
associated with states in the energy range between the CB minimum
(EC) and the Fermi level (EF) and plotted the surfaces of constant
density for each case in Fig. 6(c). We note that further increasing the
value of p results in an additional shift of the DOS associated with
the TiO2 surface plane to higher energy leading to a closing of the
bandgap.

As the magnitude of the simulated polarization (represented by
the parameter p) increases, the preferred location of the CB electrons
shifts from the surface (at p = 0) to a portion of the film closer to
the buried interface (at p = 0.3). This localization is driven by lattice
distortions as captured by COBRA. While this analysis does not
reveal the atomic-scale origin of these distortions, it demonstrates
that lattice distortions along [001] alone are sufficient to cause
charge confinement along the surface normal in the n-STO film close
to the buried interface.

A classical electrostatic model of the buried interface

To probe the effect of lattice polarization from a different
angle, we turn to an independent theoretical approach based on
the solution of Maxwell’s equations with appropriate boundary
conditions. Fu et al.23,24 have formulated a model that predicts the
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FIG. 6. Electronic structure and localization of the electron charge at CB minimum as a function of out-of-plane polarization for Dy0.006 Sr0.994TiO3/SrTiO3(001). (a) Elec-
trostatic potential profiles averaged over the in-plane direction (X–Y plane) and over approximately one unit cell along the off-plane direction (Z). (b) DOS projected on the
TiO2 planes; dashed lines mark the position of the CB minima for each p. (c) Surfaces of the constant charge density associated with the electronic states in the energy
range: EC ≤ E ≤ EF . Sr, Ti, and O atoms are shown with green, blue, and red spheres, respectively. The interpolation parameter p is defined in the text.

sheet carrier density (n2D) and electric potential (ϕ) as functions
of distance from an n-STO/undoped STO(001) interface based on
a Landau–Ginzburg free energy expansion of the lattice polariza-
tion and the Thomas–Fermi approximation for the electrons. This
model assumes a strong nonlinear dielectric response to the built-
in electric field that results from Fermi level equilibration at the
interface and then calculates charge densities and potential profiles
accordingly. Consider a homojunction in which both the n-STO
and the undoped STO are several hundred nm thick and the car-
rier concentration in the n-STO is equal to the value measured for
our set of Dy0.001Sr0.999TiO3films on which we performed trans-
port and XPS measurements (no = 2.1 × 1019 cm−3). The model
predicts charge transfer from n-STO to STO and the formation of
an accumulation layer on the STO side. The carrier concentration,

n(z), exhibits an interfacial value of ∼0.5no that decays with a char-
acteristic length (d) in the accumulation region of 21 nm. As the
thickness of the n-STO layer is reduced, the model predicts that the
normalized carrier concentration within the n-STO film, n(z)/no,
drops along with the effective sheet carrier concentration, as shown
in Figs. 7(a) and 7(b). However, all three modeled films in Fig. 7(a)
exhibit accumulation layers with long tails and we tentatively assign
these as contributing to the electronic dead layers measured by
transport.

However, the surface and/or lattice polarization can also play
a role. Consider a film of thickness 40 nm for which the model
predicts that n2D = 5.5 × 1013 cm−2 [Fig. 7(b)]. For the same
film, the critical value for n2D at which the metal–insulator tran-
sition occurs at room temperature is given in this model by
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FIG. 7. Model predictions of the normalized carrier concentration (a) and sheet carrier density (b) for Dy0.001Sr0.999TiO3/undoped STO(001) as a function of film thickness.
Here, no = 2 × 1019 cm−3 and d = 21 nm. Comparison of the model prediction with transport data shows that for each film thickness, the actual sheet carrier density is
∼5 × 1013 cm−2 less than that predicted by the model, revealing some charge immobilization either in the surface contamination layer or within the corrugated potential
generated by lattice polarization. In the model, electrons that drift into the accumulation layer (z/d > 0) become part of the 12 nm dead layer.

nC = βN0.66

aB
t = 1.2 × 1013 cm−2.25 Here, N is the ionized donor con-

centration (2.1 × 1019 cm−3 in this case), aB is the Bohr radius,
t is the film thickness, and β = ∼0.5. Based on these numbers, a
40 nm Dy0.001Sr0.999TiO3 film should be metallic rather than insu-
lating. The actual insulating character of such a film suggests that
∼5 × 1013 cm−2 electrons are immobilized somewhere other than at
the buried interface, either by acceptor states associated with sur-
face contamination or by lattice polarization within the film. When
t increases to 60 nm, the model predicts that n2D = 9.4 × 1013 cm−2

and nC = 1.8× 1013 cm−2. Therefore, even if ∼5× 1013 cm−2 electrons
are immobilized at this surface, there are sufficient mobile carriers
remaining for the film to be metallic. The same is true for thicker
films. Thus, this model provides some insight into the observation
of a 42 nm dead layer in the Dy0.001Sr0.999TiO3 (001) film set.

To determine whether the built-in potential at the buried inter-
face is sufficiently large to be detectable by hard x-ray photoelectron
spectroscopy (HAXPES), we grew an 8 nm La0.01Sr0.99TiO3 film on a
400 nm undoped STO film in turn grown on a SrNb0.01Ti0.99O3(001)
substrate. These thicknesses were chosen to provide sufficient
n-STO and undoped STO layer depths for the electronic proper-
ties of the interface to be established while still being able to probe
the interfacial region by HAXPES. The CL spectra are shown in
the supplementary material (see Fig. S6) along with those measured
for a flat-band SrNb0.01Ti0.99O3(001) crystal. The Sr 3d and Ti 2p
line shapes for the two samples are virtually identical, indicating
no measurable band bending in the film within the probe depth.
The full widths at half maximum for both CLs are quite low (e.g.,
0.73 and 0.75 eV for Sr 3d5/2 for the bulk and the film samples,
respectively) and they are the same, consistent with negligible band
bending within the HAXPES probe depth. Based on previous XPS
for heteroepitaxial STO/Ge(001) heterojunctions excited with AlKα
x-rays,18 we estimate the photoelectron attenuation lengths (λ) for Ti
2p and Sr 3d at hν = 5.95 eV to be 6.3 and 6.6 nm, respectively. Defin-
ing the probe depth to be the distance over which 95% of the signal
originates (numerically equal to 3λ), the Sr 3d and Ti 2p intensities

carry information about built-in potentials to a depth of ∼19–20 nm
below the surface. Therefore, the measurements shown in Fig. S6
probe the entire 8 nm n-STO film and ∼11–12 nm of the underlying
undoped film. The absence of measurable band bending is under-
standable because our model calculations reveal that the potential
drop across the 8 nm La0.01Sr0.99TiO3 film and the first 11–12 nm
of the undoped SrTiO3(001) is only ∼40 meV, as shown in Fig. S7.
A 40 meV change in potential is not detectable with an instrumen-
tal resolution of 100 meV, the value for our HAXPES beamline and
spectrometer.

In a related vein, this model also sheds light on why there is no
detectable band bending at the film surfaces prior to cleaning (Fig. 2)
if indeed ∼5 × 1013 e−/cm−2 are trapped in the surface contamina-
tion layer. Poisson’s equation with κ = 300 predicts that this density
of trapped charge would lead to depletion of the top 24 nm of the
films and a total upward band bending of 0.36 eV. However, within
the Sr 3d5/2 (Ti2p3/2) probe depth of 5.7 nm (4.4 nm), the band
bending would be 0.15 eV (0.12 eV), both of which are below the
detection limit of XPS. Indeed, a simulation shows that the 0.15 eV
band bending over a depth of 5.7 nm results in a binding energy shift
of +0.04 eV relative to flat band and no measurable increase in peak
width (see Fig. 8).

In addition, this model provides an explanation for why the
32 nm film was insulating as prepared in both photoemission and
transport but became conductive upon surface cleaning (see Fig. S3),
only to become insulating again following recontamination in lab
air. If the insulating state results from charge trapping at the inter-
face as well as at the unclean surface, then surface cleaning by heating
in oxygen should at least partially restore the conductivity, which is
clearly observed. Indeed, Fig. 7(b) shows that the model predicts a
dead-layer thickness of 12 nm at the buried interface. As a result,
the top 20 nm of the 32 nm film should be conductive once the
surface-trapped charge is unbound by surface cleaning.

The principal shortcoming of this classical model is that, for
each film thickness, electrons that drift into the accumulation layer
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FIG. 8. Simulated Sr 3d line shape change based on the calculated depletion width and potential drop across the probe depth from the solution of Poisson’s equation with
a volume carrier concentration of 2.1 × 1019 cm−3 and a trapped electron density in the surface contamination layer of 5 × 1013 cm−2. (a) Calculated sheet carrier density
and depletion width vs band bending (the domain is a full span of possible band bending values based on the STO bandgap). (b) Surface potential vs depth specifically for
n2D = 5 × 1013 cm−2. (c) Layer-resolved Sr 3d spectra with binding energies scaling with the potential drop across the probe depth shown in panel (b) [each spectrum is
that measured for a flat-band SrNb0.01Ti0.99O3 (001) bulk crystal attenuated according to the layer depth below the surface and shifted relative to the surface-layer spectrum
according to the potential drop shown in panel (b)]. (d) Sum over layers from panel (c) along with the spectrum for the surface layer only (representing the flat-band condition).
As shown in panel (d), the binding energy and the full width at half maximum increase by negligible amounts upon simulating the expected potential drop associated with
trapped surface charge (blue) relative to those for the flat band condition (red).

[z/d > 0 in Fig. 7(a)] are naturally assigned as becoming part of
the 12 nm dead layer shown in Fig. 7(b). However, there is no
reason to think that electrons in the accumulation layer would be
immobilized, except for those far enough from the interface that the
carrier concentration is below the threshold for the metal–insulator
transition observed by Spinelli et al.26 Therefore, we suggest that

electrons that drift to the interface become trapped by interface
states, similar to what occurs at the n-GaAs/undoped GaAs(001)
homojunction.1 The nature and characteristics of these interface
states are not known at present for the n-STO/STO system; char-
acterizing and understanding these traps is a topic for future
research.
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CONCLUSIONS

In summary, we show that charge immobilization in homoepi-
taxial films of n-STO(001) occurs at both the buried n-STO/undoped
STO interface and at the surface when the latter is contaminated
due to air exposure. Analysis of results based on samples with air-
exposed and clean surfaces is required to sort out the role of the
surface in creating the dead layers. Carrier depletion exclusively
at the surface can occur for n-STO films grown heteroepitaxi-
ally on other substrates for which charge transfer from the n-STO
film to the underlying layer is prevented by the local electronic
structure there (e.g., that caused by heterojunction formation).7,27,28

However, in the homoepitaxial case, modeling based on classi-
cal electrostatics assuming a strong nonlinear dielectric response
to the electric field that forms at the buried interface as Fermi
level equilibration occurs suggests that both the surface and the
buried interface are involved in the dead-layer formation and that
neither results in sufficient band bending to be detectable by x-ray
photoemission.

SUPPLEMENTARY MATERIAL

See the supplementary material for experimental and modeling
information as well as supporting data.
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