PHYSICAL REVIEW MATERIALS 3, 125803 (2019)

Influence of crystalline order and defects on the absolute work functions and electron affinities
of TiO,- and SrO-terminated n-SrTiO3(001)
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We explore how the structure and composition of the terminal layer of n-SrTiO3(001) determine key surface
electronic properties. We have measured and calculated from first principles the absolute work functions and
electron affinities of bulk SrNby 1 Tip.9903(001) terminated along the TiO, and SrO planes. The match between
theory and experiment is quite satisfactory for the TiO, termination if an ideal, bulk-truncated surface structure
is assumed. In contrast, the ideal SrO termination leads to a calculated work function considerably lower than the
experimental value. We show that this discrepancy can be associated with defects on the SrO surface that act as
electron scavengers. These defects deplete the concentration of itinerant electrons in the subsurface region and
increase the negative charge density on the surface, thus increasing the work function. Several different surface
defect configurations were modeled; the ones that yield the best agreement with experiment involve Sr vacancies
in the terminal layer along with O>~, OH~ /H™ pairs or O,>~ occupying anion sites adjacent to the Sr vacancies.
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I. INTRODUCTION

Complex oxide surfaces are of considerable current interest
for both fundamental materials physics research [1-4] and
applications ranging from solid-state device technology [5]
to electrocatalysis and photoelectrochemistry [6]. The en-
ergy required to liberate electrons from a surface, i.e., the
work function (®), is a basic surface property that has been
accurately measured for many pure metals and elemental
semiconductors, such as Si and Ge [7]. Likewise, the electron
affinity () is a fundamental property governing the ease with
which electrons can be captured by a surface and has been
measured for several elemental materials. Both ® and x are
sensitive to the composition and structure of the surface. As a
result, these quantities are harder to definitively establish for
complex materials, such as metal oxides, because of the large
number of structural and compositional degrees of freedom
[8]. Additionally, the interfacial environment of the surface
(i.e., whether the surface is in ultrahigh vacuum or exposed to
a gas or solution ambient) can have a substantial effect on the
measured values of @ and y through adsorption of molecular
species.

For any material of interest, ® and yx for its free sur-
faces in a clean, ultrahigh vacuum environment constitute an
important baseline and should be accurately established as
part of determining these quantities and understanding their
behavior in electronic devices and energy capture and con-
version processes [9]. StNb, Ti;_,03(001), or Nb:STO, is the
prototypical complex n-type oxide semiconductor used exten-
sively in materials physics investigations, including exploring
various device concepts. Nb:STO is readily obtained as a bulk
single crystal and is frequently used not only as a substrate
on which heterojunctions are deposited, but also as an active
layer in heterostructures [10-13]. Additionally, epitaxial films
of n-SrTiO3(001) doped with Nbry;, Lag,, or Vo have been
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utilized in a variety of heterostructures, with impressively
high low-temperature electron mobilities in some cases [14].
Yet, despite decades of research on this material, there is no
consensus regarding @ and x values, precluding efforts to
predictively design and fabricate reliable functional systems
involving free STO(001) surfaces. A range of ® values appear
in the literature. For example, Susaki et al. [15-17] report
values from 4.0 to 4.8 eV for TiO,-terminated Nb:STO(001)
surfaces prepared in nominally the same way, and from 2.5
to 3.0 eV for SrO-terminated surfaces of homoepitaxial films
of undoped STO deposited on Nb:STO(001) substrates us-
ing pulsed laser deposition (PLD). These data were taken
with a macroscopic Kelvin probe in a measurement chamber
appended to the PLD system. This tool measures & values
relative to that of a stainless-steel counterelectrode which
is, in turn, calibrated against an electrode with an in situ
deposited Au film, assuming the latter to have a ® value of
5.1 eV. The wide range of values reported for TiO,-terminated
Nb:STO(001) was ascribed to different vacuum conditions for
the two sets of measurement, implying that the surfaces may
not have been clean [15,16]. Missing from the analysis of &
and yx is discussion of the dependence of these properties on
the presence of surface defects. Even though a conceivable
role for surface defects is widely acknowledged and signifi-
cant deviations of surface structures from ideal terminations
are directly observed [18], the atomistic structures of these
defects and relationships to STO electronic properties remain
elusive.

Quantifying ® and y is necessary to establish a reference
for such a widely used material. To this end, we have used
angle-integrated ultraviolet photoelectron spectroscopy (UPS)
to determine absolute values of ® and y for clean surfaces of
bulk Nb:SrTiO3(001) crystals with the two surface termina-
tions, as well as for oxygen-vacancy-doped (Vo) n-SrTiOs s
epitaxial films grown on p-Ge(001). We also address
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the influence of band bending on ® and x by measuring these
three properties simultaneously using UPS in conjunction
with x-ray photoelectron spectroscopy (XPS). The method-
ology presented here is readily transferable to other semi-
conducting surfaces. We have also carried out first-principles
calculations of the work functions for the two terminations of
STO(001) with a range of surface structures in order to link
the measured values to the details of the surface termination.

II. EXPERIMENTAL AND MODELING DETAILS

Bulk SrNbg 1 Tig.9903(001) crystals from CrysTec GmbH
were prepared by sonication in acetone and isopropanol, etch-
ing in buffered HF for 30 s, and rinsing in deionized (DI) water
followed by isopropyl alcohol. The wafers were annealed for
4 h at 1000 °C in an air-filled tube furnace, with 4-hr ramp-up
and ramp-down times, and then rinsed again in DI water. This
process results in a reasonably well-defined TiO,-terminated
surface with a terrace-step structure commensurate with the
vendor-specified crystal miscut (<~ 0.1°) [19]. Once under
vacuum, the surfaces were cleaned by annealing in an electron
cyclotron resonance oxygen plasma beam with an oxygen
background pressure of 1.5 x 107 Torr for 30 min at a tem-
perature of 600 °C. We have found this cleaning procedure to
consistently and reliably remove adventitious carbon from the
surfaces of several different oxide single crystals, including
(but not limited to) SrTiO3(001), MgAl,04(001), MgO(001)
and a-Al,03(0001), to levels below the XPS detection limit
(~0.1%). SrO-terminated surfaces were prepared by deposit-
ing 1.0 monolayer of SrO by plasma-assisted molecular-beam
epitaxy (MBE) on TiO,-terminated surfaces at a temperature
of 600—650 °C. Epitaxial films of Vp-doped n-SrTiO3(001)
were deposited on p-Ge(001) by MBE as described elsewhere
[20].

UPS and XPS measurements were carried out at ambient
temperature in an analytical chamber appended to the MBE
system equipped with an Omicron/Scienta R3000 analyzer
having a 30° acceptance cone. Monochromatic He I vacuum
ultraviolet (VUV) photons (hv = 21.2 eV) were used for UPS
and monochromatic AlKa x rays (hv = 1487eV) were used
for XPS. The energy resolution was ~60 meV in UPS and
~400 meV in XPS. The spectrometer resolution and absolute
binding energy scales were determined using the Fermi level
and the 3ds/, core level for a clean, polycrystalline Ag foil.
UPS valence-band (VB) spectra were collected with the sam-
ple biased to —10 V in order to accelerate photoelectrons near
the zero-kinetic-energy cutoff by 410 eV, thus minimizing
their loss from the signal due to stray magnetic fields, and
insuring that the sample rather than the analyzer work function
is measured.

In order to relate the observed dependence of the work
function on surface termination to the atomistic structure
of STO(001) surfaces, we represented both terminations us-
ing periodic slab models and used density-functional theory
(DFT) to calculate the corresponding work-function values.
Here, we used slabs that have mirror-symmetry TiO, planes
at their centers and equivalent atomic structures on both
terminating surfaces [Fig. 1(a)]. Unless stated otherwise, the
simulations were conducted for slabs containing 17 (TiO,
termination) and 19 (SrO termination) atomic planes. We used
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FIG. 1. (a) Periodic slabs with a 2ay x 2a, lateral cell used
to model TiO,- and SrO-terminated surfaces of SrTiO;(001). (b)
Electrostatic potential averaged in the x-y plane and plotted as a
function of slab z coordinate. The work function @ is defined by
the difference between the potential energy in the vacuum gap (Ey,.)
and the Fermi energy (Er) in the slab.

a 2ag X 2ag lateral cell, where the lateral lattice parameter ag
was fixed at the experimental value of 3.905 A; the off-plane
parameter was fixed at 50 A, which leaves a vacuum gap of
over ~15 A for all considered systems. The work function was
defined as the difference between the Fermi energy of the slab
and the electrostatic potential in the vacuum gap of the super-
cell [see Fig. 1(b)]. In turn, the Fermi energy was tied to the
energy of the highest occupied one-electron state at the bottom
of the conduction band (CB). To this end, the slab was n doped
and the amount of the excess electron charge (N,) at the bot-
tom of the CB was varied from le™ to 0.001e™ per supercell.
This excess electron charge was compensated using a homo-
geneous positively charged background. The work-function
values were calculated as functions of the electron charge in
the CB for the ideal and several defect-containing slab sur-
faces. We note that this approach creates an artificial electric
field due to excess positive charge in the vacuum gap and ex-
cess negative charge inside the slab. Therefore, at large values
of N,, the calculated work-function values are artificially low
due to the electric field generated by this charge distribution.
However, as the magnitude of N, is scaled downward, this
artificial field becomes small and eventually negligible.

The simulations were conducted using the Vienna Ab initio
Simulation Package (VASP) [21,22]. The projector-augmented
wave potentials were used to approximate the effect of the
core electrons [23]. In all cases, we used the Perdew-Burke-
Ernzerhof generalized gradient approximation developed for
solids (PBEsol) density functional [24]. Internal degrees of
freedom were fully relaxed. A gamma-centered k mesh was
used for Brillouin-zone integration: 2 x 2 x 1 mesh was used
for the structure optimizations and 4 x 4 x 1 for subsequent
single-point energy calculations. One-electron densities of
states (DOS) were calculated using a 12 x 12 x 1 k mesh.
The Hubbard U correction (Uss = U — J) was applied to
Ti 3d states in selected cases [24]. The plane-wave basis-set
cutoff was set to 500 eV. The n-type character for the STO
slab was simulated using either two oxygen vacancies (V) or
substitutional Nb dopants on Ti sites (Nbrp;) distributed in the
inner part of the slab.
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III. RESULTS

A. Surface stoichiometry

In order to accurately establish the STO(001) surface ter-
mination, we used Ti 2p and Sr 3d core-level XPS intensities
measured at normal emission and interpreted using a simple
model. For a 100% TiO,-terminated n-STO(001) surface, the
Ti 2p intensity can be expressed as

dorizp - e
Ty (0) = Al [ 22522\ 7, 6 - :
Tizp(0) 0< 19 (Ex );exp ATi2pCOS0
(1)

Here, Iy is the total incident x-ray intensity (photons/s), A

is the area defining the analyzer field of view, (%) is
the differential photoionization cross section, 7 (Ey, 0) is the
spectrometer transmission function, At is the electron at-
tenuation depth, 6 is the emission angle relative to the surface
normal, and c is the out-of-plane lattice parameter for STO.
The analogous expression for the Sr 3d intensity from the

same surface is

Is34(6) = AI()(dZSSr;d)T(Ek, 0) Z exp[_M}

i—o )»Sr:;dCOS@
@

X-ray photoelectron diffraction (XPD) effects [25] have been
neglected in writing down these formulae. XPD measure-
ments within a cone of emission centered at the surface nor-
mal for STO(001) shows that both Sr 3d and Ti 2p intensities
peak along [001] due to the well-known forward focusing
effect [25-28], resulting in comparable intensity enhance-
ments for both core levels. If the surface is SrO terminated
with 100% occupancy of all Sr sites in the top layer, the
arguments of the exponential terms in the sums over layers
can be exchanged in Egs. (1) and (2). If, however, there are Sr
vacancies in the terminal SrO layer, as our experimental and
theoretical work-function results suggest (discussed in Secs.
III B and I C), then Eq. (2) must be modified to read

dosi3q . ic
Is34(0) = Al T(E, 0 i -,
sr3a(0) 0( 10 > (Ex )lZO:PeXP( A3r3dcos9)
3

where p; is the fractional Sr occupancy of the ith SrO layer,
i = 0 being the terminal layer. If Sr vacancies are present only
in the top layer, pp < 1 and p; = 1 for all i > 0. In this case,
Eq. (3) can be combined with

Irinp(6) = A10<d2?22p>T(Ek, 0) Z exp[—M}

= ATi2pCOSO
4

to simulate the core-level XPS intensities for SrO-terminated
n-STO(001).

The lack of accurate, material-specific differential pho-
toelectric cross-sections values for Ti 2p and Sr 3d in
Nb:STO(001), along with inadequately characterized trans-
mission functions, render Eqgs. (1)—(4) of semiqualitative value
when predicting intensities and intensity ratios for a given
surface termination. (See, for example, the stark differences

in the Ti 2p line shapes for single crystals of STO(001) in
Ref. [29] and Ti,0j3 in Ref. [30], none of which are predicted
by calculated free-atom cross sections such as those found
in Ref. [31].) To mitigate this problem, we used the ratio of
the Ti 2p-to-Sr 3d peak area ratios for the two terminations,
denoted as ‘R, as calculated using Eqgs. (1)—(4) and compared
to experiment.

= [ITiZP (9 )/Isr3d (0 )]TiOZ term
[ITin(9 )/ISrSd (9 )] SrO term

Using this approach, all prefactors cancel out, leaving only
ratios of sums over layers, which in turn depend on electron
attenuation lengths and atom distributions as a function of
depth. The average Ti 2p3 >-to-Sr 3d peak area ratio measured
at normal emission (8 = 0°) with AlK« x rays after annealing
several as-prepared TiO,-terminated crystals in activated oxy-
gen is 0.674(5). The same ratio after deposition of 1.0 ML
SrO averaged over multiple samples is 0.565(1), yielding an
R value of 1.19(1). The R value calculated using Egs. (1) and
(2) with A values of 20 and 17 A for Sr 3d and Ti 2p, respec-
tively [32], is 1.24, in excess of the experimental value. To
account for this disagreement, we consider the possibility of
Sr vacancies on the SrO-terminated surface, as suggested by
our theoretical modeling of the work function (see Sec. IIIC).
Using Egs. (1)-(4) with pg = 0.75 (25% Sr vacancies) leads
to an R value of 1.18, in excellent agreement with experiment.
If the TiO,-terminated surface consists of two monolayers of
TiO, as suggested elsewhere [33], the corresponding R values
calculated using Eqgs. (1)-(4) with pp = 0.75 and 1.00 would
be 1.45 and 1.52, respectively, which are both considerably
larger than the experimental value.

&)

B. Work function and electron affinity measurements

A schematic energy diagram illustrating how we used UPS
to determine both @ and x for SrNbgy;Tipg903(001) (a
degenerately doped n-type semiconductor) with some band
bending 8V is shown in Fig. 2. (3V = Ey — E,, where Ey
is the valence-band maximum at the surface and E is the
bulk band gap.) The photon energy is represented by the
length of the red arrows marked 4v in the center of the figure.
Photoelectrons from the occupied states (indicated as VB
DOS in the lower right) produce the three-peak spectrum seen
in the upper right. This spectrum consists of the instrumentally
and vibrationally broadened valence-band density of states
(VB DOS) modulated by photoelectric cross sections for
the different elemental and orbital contributions to the VB
(shaded blue). Also visible is a broad band at higher binding
energy that cuts off at zero kinetic energy, E? (shaded red).
This band consists of inelastically scattered VB electrons.
The two red arrows represent photoelectrons excited from the
Fermi level (E, = 0, left), and from the low-energy cutoff
(Ex = 0, right). The position of the low-energy cutoff is
determined by the vacuum level (Ey,.), which is defined as
the energy of a free electron at rest within a few nanometers
of the surface [7]. The blue double-ended arrow labeled AE
is the energy difference between the Fermi level and the low-
energy cutoff in the measured spectrum. By inspection, the
work function, @, is given by ® = hv — AE, and the electron
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FIG. 2. Energy diagram for ultraviolet photoemission from an n-
type semiconductor with some upward band bending indicating how
the work function (&) and the electron affinity () can be measured.

affinity by x = ® + 48V (§V is negative for upward band
bending). For a degenerately doped n-type semiconductor, the
electron affinity is numerically equal to the work function if
there is no band bending (8V = 0).

For lightly doped semiconductors, the entire UPS spectrum
can shift if the positive charge caused by photoemission
from the intense He I beam is not fully compensated by
electrons from ground. Moreover, surface photovoltage (SPV)
effects can occur at any dopant concentration, also precluding
accurate measurement of 8V [34]. In order to detect these
artifactual spectral shifts, the energy distribution of the He
I-excited VB was compared with that measured using AlK«o
x rays by overlaying the two spectra and checking for good
overlap along the leading edge. The much lower x-ray flux re-
sults in negligible static charging and SPV, thereby generating
an internal standard for the VUV spectrum.

UPS spectra for what our modeling (Sec. III C) indicates
is a nearly defect-free TiO,-terminated Nb:STO(001) surface,
as cleaned by heating in activated oxygen in the appended
MBE chamber and after 15-min anneals in ultrahigh vacuum
at the indicated temperatures, are shown in Fig. 3(a). The
corresponding AlKo-excited Ti 2p3/, spectra are shown in
Fig. 3(b). The Ti 2p;,, line shapes reveal that the UHV
annealing does not result in any measurable V creation in
the Nb:STO lattice. Itinerant electrons from Vg would screen
structural Ti** cations, giving rise to the apparent presence of
Ti** since the bottom of the STO conduction band is Ti 3d
derived. This phenomenon would in turn produce a weak fea-
ture in the Ti 2p3,> spectrum shifted ~2 eV to lower binding
energy. However, no such feature is seen. Some Ti3t is also
expected due to screening of B-site Ti** cations by itinerant
electrons from Nb dopants [35]. However, no detectable Ti3t
feature was observed at 1 at %, the Nb concentration, most
likely because of the presence of deep-gap trap states in STO

/,
t t t 7/ t
(@) VB—He (b) Ti 2y, — AlKa.

— 0/0, annealed at 600°C
— UHV annealed at 600°C
— UHV annealed at 700°C
— UHV annealed at 800°C

459.12(6) eV
(flat band)

5V=-0.02(6) eV

5V =+0.07(6) eV

5V = +0.04(6) eV

5V'=-0.04(6) eV

15 10 5 07462 461 460 450 458 457 456
Binding Energy Relative to E¢ (eV)
FIG. 3. (a) Valence-band photoemission spectra excited with He
I vuv light, and (b) Ti 2p3/, core-level spectra excited with AlKa
x rays for bulk TiO,-terminated StNby ;Tip9903(001) as cleaned by
annealing in activated oxygen, and after anneals in ultrahigh vacuum
at temperatures ranging from 600 to 800 °C.

associated with interstitial O that are not of Ti 3d character
[36]. The band bending can be accurately determined from the
Ti 2p3/, and Sr 3ds,, binding energies using the expression

8V = 0.5{[Erizp3/2 — (Emizpsjz — Ev) ]
+ [Esraasj2 — (Eswzasj2 — Ev) o1} — Eg. (6)

Here we use measured differences between the Ti 2ps3)
and Sr 3ds;, binding energies and the VB maximum for a
reference surface of clean n-SrTiO3(001) to determine the
VB maximum relative to the Fermi level averaged over the
two core levels for the surface of interest. We then subtract
the STO band gap from this quantity to obtain §V. Our sign
convention is that §V is positive for downward band bending
and negative for upward band bending. The resulting values of
8V are shown adjacent to the Ti 2p3,, spectra in Fig. 3(b). The
UHYV anneals result in slight changes in 6V, modulating from
upward band bending as cleaned to downward band bending
after anneals at 600 and 700 °C, followed by a very nearly
flat-band state after the 800 °C anneal. Similarly, the UPS VB
spectra rigidly shift to slightly higher binding energy relative
to the as-cleaned surface, indicating slight downward band
bending after the anneals at 600 and 700 °C, to near flat band
after annealing at 800 °C. These trends are indicated by the
vertical dashed lines that show the energies at which the count
rates go to zero on both ends of each spectrum. Inspection
of these data reveals that the total spectral width is invariant
with respect to slight changes in band bending, indicating
that the vacuum level is pinned to the band edge for this
surface. This result suggests that for near-defect-free TiO,-
terminated n-STO(001), the surface charge that causes the
band bending also modulates the work function. In contrast,
the band bending was found to be much smaller than the
change in work function for n-ZnO(0001) and (0001) [8].

In order to determine @ for the two bulk terminations, the
trailing edge of the low-energy cutoff (E?) was extrapolated
to the energy axis for each He I-excited spectrum, examples
of which are seen in Figs. 4(a) and 4(b). Good overlap with
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FIG. 4. He I valence-band spectra for (a) TiO,- and (b) SrO-
terminated SrNby ; Tip99O03(001) from which the low-energy cutoffs
(EY) were measured to determine the work function. A reference
AlKa-excited spectrum, positioned according to the Ti 2p3,, and Sr
3ds,, core-level binding energies for the specific sample, is overlaid
to detect the presence of charging or surface photovoltage effects in
UPS. The spectrum in (a) is the one measured after the 800 °C anneal
(see Fig. 3).

the AlKa-excited spectra along the leading edge shows that
charging is negligible in the UPS spectra. The resulting &
values, given by hv — E?, are shown in Table I, along with
the corresponding 8V values from core-level binding energies.
Table I reveals that the work function is slightly higher after
annealing in activated oxygen to remove residual carbon com-
pared to its values after the UHV anneals. The @ values for
two SrO-terminated surfaces are both significantly lower than
those for the TiO,-terminated surfaces. For both terminations,
there is some variability in the work function. In the case of
the TiO,-terminated surface, the variation is tied to the amount
of band bending, as can be seen by comparing the electron
affinities, shown in the last column of Table I. The difference
in work function for our two terminations is somewhat larger
than that of Sokolovié et al. [18] obtained using a Kelvin probe
force microscope to measure the work-function difference be-
tween patches of TiO;- and SrO-terminated STO(001) cleaved
in UHV.

We also measure & for epitaxial n-SrTiOs.s (001) films on
p-Ge(001) and compare with results for bulk single crystals.
Antiphase boundaries (APBs) form in epitaxial perovskite
films grown on Group IV semiconductors due to the sym-

TABLE 1. Work functions and electron affinities for several
n-SrTiO5(001) surfaces.

SV (V) E’ (V) ®(@EV)P x (V)
(£0.06)  (£0.1) (£0.1)  (0.1)
TiO, termination
600 °C - activated O —0.04 16.4 4.8 4.7
600 °C UHV +0.04 16.7 4.5 4.5
700 °C UHV +0.07 16.7 4.5 4.6
800 °C UHV —0.02 16.5 4.7 4.7
SrO termination
As grown - crystal A —-0.21 17.6 3.6 34
As grown - crystal B —0.01 18.1 3.1 3.1
32 u.c. STO/p-Ge(001)  —0.06 17.7 35 34

28V = 0.5([Erizpsj2 — (Erizpzja — Ev)o] + [Eswzasja — (Esizas)2

— EV )ref]) —FE . where (ETj21)3/2 — EV )ref = 45587(4) eV and
(Esrzasj2 — Ev)er = 130.49(4) eV.

°® = hv — AE = hv — E.

x =hv—E2+6V.

metry mismatch, and we have observed these in our STO
films on Ge(001) [20]. In light of the stacking faults re-
sulting from APB formation, the surface is most likely of
mixed termination. Figure 5(a) shows the UPS spectrum for
32 u.c. of Vp-doped SrTiO3;5 on p-Ge(001), along with a
scanning transmission electron micrograph showing an APB
in the film [20]. The Ti 2p3/-to-Sr 3ds;, peak area ratio
for the film is 0.630, partway between those measured for
TiO; (0.675)- and SrO (0.565)-terminated bulk Nb:STO(001)
crystals, consistent with the film surface being of mixed
termination. However, determination of EY and 8V leads to
® and yx values of 3.5(1) and 3.4(1) eV, respectively, close to
those of SrO-terminated bulk Nb:STO(001) (crystal A). These
results are not inconsistent with the surface being of mixed
termination. If both terminations are present, the low-energy
cutoff from the SrO portion would extend further to the low
binding kinetic energy side than that of the TiO, portion. The
composite spectrum would thus consist of two overlapping
low-energy cutoffs with the former appearing like a “knee” on
the latter. To illustrate, we overlap VB spectra for the two bulk
terminations with that from the STO/Ge sample in Fig. 5(b),
having removed differences in band bending by aligning the
VB leading edges. A linear combination (LC) of the spectra
for the two bulk crystals using weighting factors of 0.59 and
0.41 derived from XPS analysis (see above) for the TiO, and
SrO terminations, respectively, is also included. As Fig. 5(b)
shows, the spectrum for the SrO termination dominates the
region near the low-energy cutoff in the LC and the trailing
edge of the LC nicely overlaps that of the actual STO/Ge
spectrum. The detailed structure of the inelastically scattered
electron tail for STO/Ge is not the same as that averaged over
the two bulk-crystal terminations, leading to differences in
the region between the low-energy cutoff and the VB proper.
However, the trailing edge at the low-kinetic-energy cutoff is
quantitatively mimicked.

C. The calculated effect of surface defects

Figure 6(a) shows the dependence of & calculated for the
TiO,- and SrO-terminated slabs on the amount of charge
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FIG. 5. (a) Valence-band spectrum for 32 u.c. of n-SrTiO3_4 on
p-Ge(001). Inset: scanning transmission electron microscopy image
of the interface showing a stacking fault in the film associated with
an antiphase domain boundary, resulting in both TiO,- and SrO
terminations on the film surface. (b) Overlay of the spectrum in (a)
with a linear combination of spectra for TiO,- and SrO-terminated
n-STO(001) showing that a portion of the STO/Ge surface exhibits
the same work-function value as SrO-terminated STO.

N, at the bottom of the CB. N, = le~ corresponds to an
electron concentration of one electron per slab, i.e., ~4.7 x
10%¢~/cm?, which is a few times larger than the nominal
concentration expected by the 1% Nb B-site doping in the
bulk of the STO crystals (1.67 x 10?°¢~/cm?). We previously
reported the existence of deep in-gap trap states in STO
which result in the bulk carrier concentration in Nb:STO
being ~30% of the nominal value determined by the Nb
dopant concentration [36]. In the near-surface region, the
carrier concentration may be lower due to the additional effect
of surface traps. Progressively scaling N, to lower values
allows us to estimate ® across a feasible carrier concentration
range and to eliminate the artificial electric-field contribution
discussed above. We consider the range N, = 0.001—-0.01e™
as being a reasonable estimate for the electron density that
allows us to probe the position of the CB minimum. The
corresponding range of calculated ® values (4.5-4.7 eV) for
the TiO,-terminated surface overlaps the experimental results
shown in Figs. 3 and 4 and agrees with earlier calculations
[37].

The situation is quite different for SrO-terminated STO.
In the case of an ideal termination, N, = 0.001e~ results in
a @ value of only ~2.3 eV [Fig. 6(a)]. While consistent
with previous simulations [37], this value is markedly lower
than the experimental values reported here. Our XPS results
(see Sec. III A) suggest that the SrO-terminated surface con-
tains a high concentration of Sr vacancies. We considered
the effect of these defects by calculating & for the SrO-
terminated surface containing equal quantities of Sr and O
surface vacancies. To capture a wide range of vacancy con-
centrations, we used Zﬁao X 2\/§a0 and 4ay X 4ag lateral
cells with the number of atomic planes selected such that the
volume of supercell remains approximately the same. The
inset in Fig. 6(b) shows the specific arrangement of 50%
surface vacancies in the case of the 2+/2ag x 2+/2aq cell.
Indeed, @ increases with decreasing SrO surface coverage,
reaching ~2.7 eV (for 23 2ay x 2+/2aq cell) and 2.9 eV (for
4ay x 4ay cell) for 50% coverage. We associate this effect
with exposure of the subsurface TiO, planes. In the case of
the ideal SrO-terminated surface, the Ti 3d states near the
surface are confined by the outermost SrO plane. The effect
of this confinement is reduced with increasing SrO vacancy
concentration at the surface and, in addition, the electrostatic
potential at the exposed Ti sites becomes less negative. Both
changes contribute to a shift in Fermi energy to lower values,
leading to a larger ®. However, even for 50% SrO coverage,
the calculated @ for this surface is lower than the experimental
values.

Another factor that can strongly affect @ is the orientation
of surface defects formed by Sr and O vacancies. For example,
if the Sr vacancy is in the outermost SrO plane and the O
vacancy is in the TiO, plane immediately below it, the Sr-O
vacancy configuration introduces a local dipole in the off-
plane direction. This out-of-plane Sr-O vacancy pair results
in a ® value of ~3.3 eV, which is ~1 eV larger than that
calculated for (1) the ideal SrO termination, and (2) the same
surface with in-plane SrO vacancies. While the off-plane
configuration of the Vs, — Vj pair is ~2.6 eV less stable than
the in-plane analog, this finding suggests that surface defects
giving rise to dipole moments normal to the surface with their
positive charge in the subsurface TiO, plane and their negative
charge in the terminal SrO plane would produce an electric
field that can shift ® upward by several tenths of an electron
volt.

To test this hypothesis, we considered several types of de-
fects that would produce such an electric field. As a baseline,
we selected the SrO-terminated surface with one-quarter of
the neighboring Sr and O atoms in the surface plane missing,
giving rise to in-plane Sr-O vacancy pairs (denoted hereafter
as Vs;0). We found that dissociative chemisorption of a water
molecule on Vg0, in which the OH™ occupies a Vg site
and the H' binds to a surface O*~ ion [Fig. 7(a)], has a
negligible effect on the work function [compare Fig. 7(e)
and Fig. 6(b)]. In contrast, adsorption of an oxygen atom
on the O end of a Vg0 [Fig. 7(b)] shifts the calculated
work-function value by ~0.7 eV to 2.9-3.1 eV [Fig. 7(e)]
depending on whether the CB electrons originate from bulk
O vacancies (Vo) or Nby. This configuration yields good
agreement with experiment for crystal B. In both cases, these
electrons are trapped by the adsorbed O. The effect is even
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FIG. 6. (a) The dependence of the calculated work function on the concentration of the electrons at the bottom of the CB for the ideal TiO,-
and SrO-terminated surfaces. The calculated ® is in good agreement with experiment for the TiO,-terminated surface but is underestimated
by ~1 eV for the SrO-terminated surface. (b) The work function increases with increasing concentration of surface SrO vacancies. The inset
shows the SrO vacancy arrangement for the 50% coverage case in the 2+/2ay x 2+/2aq cell.

stronger if the oxygen vacancy site is occupied by an O,
molecule [Fig. 7(c)]. This species also traps electrons from
Vo or Nby; and becomes 0,%". However, since the center of
the electron charge is shifted outward, the effective surface
dipole is larger and the work-function shift to 3.7-4.0 eV
[Fig. 7(e)] is greater. We note that the energy with which
O, is bound to Vo (3.9-4.1 eV per O, molecule) is similar
to that of O (4.2-4.4 eV per 1/20,). However, the former
does not require overcoming the dissociation barrier and is
therefore likely to dominate at room temperature. Finally, we
find that in regions with higher V5o concentrations, water

¥ ==O=

2Vsi0 + 2Nby; + Hy0

Vsro + 2Nby + O,

molecules can dissociate with the formation of an OH™ and
H™ ions occupying two surface O vacancy sites [Fig. 7(d)]; the
calculated binding energy is 3.8 eV per H,O molecule. The
work function calculated for this case [3.6-3.7 €V, as seen in
Fig. 7(e)] is in good agreement with experiment for crystal A.
We note that similar work-function values were obtained for
this configuration by representing n-STO using either bulk Vg
or Nbp;. Based on agreement between theory and experiment
for the work function, we conclude that the configurations
shown in Figs. 7(b)-7(d) are the most likely to be present on
the SrO-terminated surface.

(e) 4.0
3.5
53.0—:
(o 2
S 2.5
15} 4
= ]
L 2.0 00 Vgo+HO
= 1 0O Vge+Vo+O
(o) -
= 1.5 OO Vg0 +2Nby; + O
E 0Hd Vg0 + Vo + O,
1.0 OO Vg0 +2Nby; + O,
. 2Vg o+ Vo +H,0 &
0‘5_' 2VSrO : 2 2NbTi + HZO
R B L] B e o e B o AR
0.001 0.01 0.1 1

Ne in the Conduction Band

FIG. 7. Configurations of defects formed by surface SrO vacancies interacting with (a) H,O, (b) 1/20,, (c) O,, and (d) H,O, resulting
in the formation of an H™/OH™ pair. The n-type character of STO was simulated using subsurface donors: one V;, (not seen in the figure)
in (b) and (d) and two Nbry; in (c). (e) Dependence of the calculated work function for the defect-containing SrO-terminated surface on the
concentration of the electrons at the bottom of the CB. Configuration notations under images in (a)—(d) correspond to those in the legend in
(e). The horizontal pink bar in (e) indicates the maximum possible range of carrier concentrations that could exist for 1 at % Nb-doped STO.
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FIG. 8. Configurations of defects formed by the TiO,-terminated surface interacting with (a), (b) H,O (c), (d) O, 20,, and (e), (f) 1/20,.
The n-type character of STO was simulated using Vg in the subsurface in (b)—(f). (g) The dependence of the calculated work function for
the defect-containing TiO,-terminated surface on the electron concentration at the bottom of the CB. Configuration notations under images in
(a)—(f) correspond to those in the legend in (g). The horizontal pink bar in (g) indicates the maximum possible range of carrier concentrations

that could exist for 1 at % Nb-doped STO.

For completeness, we investigated the effect of the same
adsorbed species on the work function of TiO;-terminated
n-STO(001) (see Table II). We did not model the effect of
Ti vacancies since we have no evidence that they are present
on this surface. The considered defect configurations and the
calculated work-function values are shown in Fig. 8. We find
that the work function is unaffected by defects that do not
trap electrons originating from bulk Vp or Nby. For exam-
ple, the work function remains at ~4.5 eV after dissociative
adsorption of H,O [Fig. 8(a)] and O, [Fig. 8(c)], leading to
the formation of the surface Ht/OH™ pair and two peroxy
0,2~ species, respectively. The same holds for adsorption of
an isolated oxygen atom that forms surface 0,2~ [Fig. 8(f)].
In contrast, we find that adsorption of electron scavengers
increases the work function, as with the SrO termination. For
example, H,O dissociation accompanied by electron trapping

leading to the formation of an H™/OH™ pair [Fig. 8(b)],
nondissociative adsorption of O, leading to the formation
of superoxide O, [Fig. 8(d)], and adsorption of an oxygen
atom at the surface Ti site [Fig. 8(e)] all result in larger work
functions. Inasmuch as this effect depends on the surface
defect concentration and since the calculated binding energies
of adsorbed species to the defects at the TiO,-terminated sur-
face are noticeably smaller than those at the SrO-terminated
surface (see Table II), their effect on the work function is
small.

It is well known that density functionals based on the
generalized gradient density approximation, including PBEsol
used in this work, tend to underestimate the one-electron band
gap. We tested the robustness of our conclusions by calculat-
ing the electronic properties of select defect configurations

TABLE II. Calculated binding energies of adsorbed O, and H,O on the SrO- and TiO,-terminated surfaces of n-SrTiO;(001) and the
corresponding work-function values (&) for N, = 0.01e™. See Figs. 7 and 8 for geometrical configurations and the trends in ® with N,.
Negative binding energies correspond to metastable configurations. Nby; > species are omitted in the second column; each donates one electron
per Nb to the CB and their formal ionic charge remains 5+ throughout.

SrO termination Resulting species Binding energy (eV) D (eV)
Vs.0 + H,O Vs + H™ + OH~ 2.16 2.31
Vso + Vo +1/20, Vg + Vo't + 02" 422 3.04
Vsio + 2Nby + 1/20, Vs + 0* 4.45 2.82
Vsio + Vo + 0, Vs + Vo™ 4+ 0, 3.89 3.87
Vo + 2Nbp; + O, Vg + 0,2 4.14 3.57
2Vg0 + Vo + H,0 2Vg + Vo't +H™ + OH™ 141-1.71 3.60-3.72
2Vs0 + 2Nby; + H,0 2Vs, + H™ + OH- 3.86 3.50
TiO, termination Resulting species Binding energy (eV) D (eV)
H,0 H* 4+ OH~ 1.16 4.44
Vo + H,0 Vot +H™ + OH- -0.67 5.41
Vo + 0y + 204,52~ Vo +20,> -0.76 4.47
[Vo + 05 + 204,271 + O, Vot 4202 + 0, 1.23 6.62
Vo + 1/205cfgl Vott 4+ 0> 1.46 6.41
Vo + 1/205¢fg2 4 Ogys®” Vo + 0, -0.26 4.28
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FIG. 9. Layer-projected densities of states (DOS) for the SrO-terminated slabs containing surface electron trap defects, calculated as a
function of U.g: (a), (b) Vsro(surface) + Vot (bulk) + 0,2 (surface); (c), (d) 2Vio (surface) + Vo™t (bulk) + H™ (surface) + OH™ (surface).
The DOS in the TiO, planes were scaled by a factor of 0.5. Zero on the energy scales corresponds to the average electrostatic potential in the
vacuum gap. The positions of the CB minimum and VB maximum in the central part of the slab are indicated with red and blue dashed lines,
respectively. The Fermi level is at the bottom of the conduction band. As the value of U,y increases from 0 eV (a), (c) to 4 eV (b), (d), the band
gap increases as well but the work function remains unchanged. Similar behavior was found for Ues up to 8 eV.

using the Hubbard U, correction as defined in Ref. [24].
Figure 9 shows the one-electron DOS for SrO-terminated
STO(001), projected onto atomic planes for the two sur-
face defect configurations shown in Figs. 7(c) and 7(d) for
U.r = 0.0 and 4.0 eV. In both cases, bulk Vp was used to
mimic n-type STO and an additional charge of N, = 0.001e
was provided to occupy the states at the CB minimum. The
DOS were aligned such that the average electrostatic potential
in the vacuum gap (see Fig. 1) is at zero energy. We find that
the band gap increases with the value of U up to 8 eV. How-
ever, the energy of the CB minimum and, therefore, the work
function and electron affinity, remain essentially unchanged.

IV. DISCUSSION

Both XPS core-level intensities and UPS work-function
results, interpreted by ab initio calculations, point to the
SrO-terminated surface as being highly defective. Theoreti-
cal modeling suggests that Sr-O vacancy pairs form on the
surface, and that the anion sites are occupied with OH™/H~
pairs or O,>~. The driver behind Sr vacancy formation on this
surface is not known at present. A Sr sticking coefficient of
less than unity at our 600 to 650 °C growth temperature range
is not a likely explanation since shuttered MBE growth of

stoichiometric, homoepitaxial STO in which monolayer doses
of Sr and Ti were incident on the substrate in alternating,
sequential order has been reported for temperatures ranging
between 550 and 750 °C [38].

Having established the effect of several prototype elec-
tron traps on the work function and electron affinity, we
propose that the distribution of the measured work-function
values reported earlier [15-17] may stem not exclusively
from surface contamination, but also from variations in the
density and orientation of surface and near-surface defects
which impact the magnitude and the direction of the electric
field at these surfaces. In turn, the kinds and quantities of
these surface electron traps are tied to the nominal dopant
concentration, effective carrier concentration [36], and sample
processing conditions. For example, measurements for five
separate Nb:STO crystals, all prepared the same way to yield
a nominal TiO, termination, resulted in electron affinities
ranging from 4.7 to 3.9 eV. Moreover, these electron affinities
scaled with the Ti 2p-to-Sr 3d XPS peak area ratio. This result
suggests that some residual StO may have been present on
the TiO, terraces of samples exhibiting the lower electron
affinities. Indeed, one set of first-principles calculations (not
shown) predicts that the electron affinity drops from its clean
TiO, terminal layer value to 3.9 eV for a SrO coverage
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of 0.12 monolayer. As an outlook, we propose that more
fully elucidating the complex relationships between work
function/electron affinity and surface structure/composition
of important complex oxides, leading to the develop-
ment of the processing approaches that ensure reproducibil-
ity of the electronic properties, remains a worthy scientific
goal.

V. SUMMARY

Absolute work functions and electron affinities were
measured by means of in situ ultraviolet photoelec-
tron spectroscopy for clean TiO,- and SrO-terminated
Nb:SrTiO3(001). The data reveal that for the TiO,-terminated
surface, the vacuum level shifts in energy with band bending
as the surface is annealed in UHYV, suggesting that the vacuum
level is pinned to the band edge. The SrO-terminated surface
exhibits a markedly lower work function relative to that for the
TiO,-terminated surface, and the change in work function far
exceeds the change in band bending. These results indicate
that the charge distribution is qualitatively different in the
near-surface region of the SrO-terminated STO crystal, possi-
bly due to the presence of trapped charge on adsorbates bound
to vacancy defects on the latter. The work function and elec-
tron affinity of MBE-grown SrTiO3.5(001) on p-Ge(001) are
very close to those of SrO-terminated bulk Nb:SrTiO3(001).
However, the film surface most likely exhibits a mixed surface
termination due to the formation of stacking faults resulting

from the symmetry mismatch with the substrate. The common
work-function value for the bulk and heteroepitaxial film
surfaces can be explained by the dominance of the SrO surface
contribution for the latter; the secondary electron tail near the
low-energy cutoff coming from the SrO-terminated portions
of the surface overlaps and obscures the low-energy cutoff for
the TiO,-terminated portions of the surface.

The work functions for the two ideal and defect-containing
terminations were also calculated using ab initio DFT. Excel-
lent agreement was found for the TiO,-terminated surface by
assuming that the terminal plane is fully stoichiometric and
essentially defect-free. Good agreement was also found for
the SrO-terminated surface, but only for surfaces containing
Sr and O vacancies bound to adsorbed O, and/or H,O from
the vacuum environment of the MBE/XPS/UPS system which
in turn trap itinerant electrons from donor dopants.
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