
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Pushing the detection of cation nonstoichiometry to the
limit

Michele Riva, Giada Franceschi, Qiyang Lu, Michael Schmid, Bilge Yildiz, and Ulrike
Diebold

Phys. Rev. Materials 3, 043802 — Published 25 April 2019
DOI: 10.1103/PhysRevMaterials.3.043802

http://dx.doi.org/10.1103/PhysRevMaterials.3.043802


Pushing the detection of cation non-stoichiometry to the limit

Michele Riva,1, ∗ Giada Franceschi,1 Qiyang Lu,2 Michael Schmid,1 Bilge Yildiz,1, 2 and Ulrike Diebold1

1Institute of Applied Physics, TU Wien, Wiedner Hauptstraße 8-10/E134, 1040 Wien, Austria
2Laboratory for Electrochemical Interfaces, Departments of Nuclear Science and Engineering, and Materials Science and

Engineering, Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge, MA 02139, United States
(Dated: March 26, 2019)

Nanoscale complex-oxide thin films prepared by well-established growth techniques, such as
pulsed-laser deposition or molecular-beam epitaxy, often exhibit compositions that deviate from
the ideal stoichiometry. Even small variations in composition can lead to substantial changes in
the technologically relevant electronic, magnetic and optical properties of these materials. To as-
sess the reasons behind this variability, and ultimately to allow tuning the properties of oxide films
with precise control of the deposition parameters, high-resolution detection of the non-stoichiometry
introduced during growth is needed. The resolution of current techniques, such as X-ray diffrac-
tion, fluorescence or spectroscopy, is limited to estimating composition differences in the percent
level, which is often insufficient for electronic-device quality. We develop an unconventional ap-
proach based on scanning tunneling microscopy for enabling the determination of cation imbalance
introduced in thin-films with exceptionally small detection limit. We take advantage of the well-
controlled surface reconstructions on SrTiO3(110), and use the established relation between those
reconstructions and the surface composition to assess the cation excess deposited in pulsed-laser
grown SrTiO3(110) films. We demonstrate that a <0.1% change in cation non-stoichiometry is
detectable by our approach. Furthermore, we show that – for thin films that accommodate all the
non-stoichiometry at the surface – this method has no fundamental detection limit.

I. INTRODUCTION

Transition-metal oxides display a rich manifold of phe-
nomena taking place in their bulk, on their surfaces and
at their interfaces, which are driven directly by their local
structure and/or by the non-stoichiometry of their com-
position. In particular, oxide semiconductors, such as
SrTiO3, are gaining increasing interest for use in elec-
tronic devices1–3, especially in the form of nanoscale
thin films. Recent advances in the synthesis techniques
for such oxide films have stimulated the investigation
of novel electronic4–7, magnetic8–10, ferroic11, and ionic
properties12–15, enabled by the fabrication of multilay-
ers, superlattices and specialized interfaces16–19. Many
of these properties strongly depend on stoichiometry:
For example, a 1 at.% cationic composition deviation in
SrTiO3 can cause a variation in the carrier concentra-
tion of the order of 1020 cm−320. For this reason, strict
control over film stoichiometry is essential. Compared to
bulk crystals, however, it is generally much more diffi-
cult to accurately tune the composition in films of multi-
element complex oxides, such as SrTiO3

20–22. For ex-
ample, although pulsed laser deposition (PLD) is taken
as a technique to readily produce thin films with prop-
erties similar to the corresponding bulk material, small
changes in deposition conditions, such as laser fluence or
gas pressure, can lead to pronounced deviations in com-
position. Non-optimal PLD growth conditions for ho-
moepitaxial SrTiO3 films result in significant cation non-
stoichiometry20,22,23, extended lattice constants20,21,23,
and can even cause SrTiO3 films to become ferroelectric
at room temperature24,25.

The customary tools to characterize film stoichiometry
include ex-situ X-ray fluorescence (XRF), energy disper-

sive X-ray (EDS) or electron energy loss spectroscopies
(EELS) in a transmission electron microscope, X-ray
photoelectron spectroscopy (XPS), Rutherford backscat-
tering spectroscopy (RBS), and X-ray diffraction (XRD).
XRF, EDS, EELS and XPS directly measure composi-
tions and are characterized by accuracies in quantifying
the major elements of the order of a few percent26. RBS
is capable of sensitivities as low as 0.5% on elemental
ratios26, but relies on appropriate modeling of the mea-
sured spectra. XRD, instead, measures the film lattice
parameter, which is indirectly related to the stoichiom-
etry of the compound20,27,28. For example, for SrTiO3,
both Ti and Sr excess give rise to an expansion of the
lattice parameter relative to the stoichiometric value of
3.905 Å20,27,29,30. XRD is therefore limited to deviations
from stoichiometry that are sufficiently large to produce
detectable peak shifts. Furthermore, extended defects
in the lattice, such as dislocations and grain boundaries,
also lead to changes in the XRD patterns31, to the ex-
tent that films grown by molecular-beam epitaxy (MBE)
exhibit smaller lattice expansions with respect to PLD-
or sputter-deposited ones at comparable deviations from
the optimal stoichiometry27. As a result, significant un-
certainties exist in establishing a universal relation be-
tween non-stoichiometry and lattice expansion. The res-
olution of these standard characterization techniques in
measuring non-stoichiometry is significantly worse than
the 0.1% (or better) detection limit that is required for
oxide films suitable for electronic devices32,33. Such a
high sensitivity can be achieved with tools that exploit
structural features that greatly depend on cation com-
position. In SrTiO3, for example, it is now established
that the Sr/Ti ratio present at the surface strongly affects
the surface structure34–38. Recent reports have used re-
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constructions, observed by reflection high-energy electron
diffraction (RHEED), as a sensitive measure of SrTiO3

film stoichiometry33,39, revealing that SrTiO3(001) ho-
moepitaxial films exhibit significant changes in their sur-
face reconstructions upon varying the growth parame-
ters, even within the optimum growth window previously
established by XRD33. This indicates that detection of
such changes of the surface structure serves as a more
sensitive tool to optimize film stoichiometry than XRD
alone.

While electron diffraction readily provides qualitative
insights in the change of surface structure, significant
efforts are required for quantitative derivation of the
atomic structure of surfaces and the fractional presence
of reconstructions40. On the other hand, high-resolution
scanning probe techniques, such as scanning tunneling
microscopy (STM), provide unique resolution and direct
quantitative characterization of the surface atomic struc-
ture. We propose the use of STM as a novel method for
the detection of the cation imbalance deposited in thin
films, and demonstrate our approach for deducing the
cation excess introduced in homoepitaxial SrTiO3(110)
films grown by PLD with an unprecedented small detec-
tion limit, i.e., order of 0.1% of the ideal Sr/Ti ratio. Cen-
tral to our study of the SrTiO3(110) surface is the sur-
face phase diagram established by Wang and coworkers41,
which describes the dependence of several surface recon-
structions of SrTiO3(110) on the near-surface Sr/Ti ra-
tio. Importantly, we note that, for the case of oxide films
in which the non-stoichiometry is largely accommodated
at the surface – as it is the case for SrTiO3(110) – this
approach has no lower detection limit for the deposited
cation excess.

II. APPROACH

To enable the use of STM as a successful means to
assess the cation imbalance introduced in thin films, it
is first crucial to establish a quantitative relationship be-
tween surface composition and structure. Such a relation
between the composition of a surface and its structure
has been reported for several complex materials, includ-
ing LaAlO3(110)43, LiNbO3(0001)44, BaTiO3(001)45,
PbTiO3(001)46, and (001)-37,47, (110)-35,41, and (111)-
oriented48–50 SrTiO3. We choose to illustrate the prin-
ciples of our method on SrTiO3(110), as it is especially
well established – both experimentally and theoretically
– how its surface reconstructions are controlled by tuning
the surface composition.

Along the [110] direction, SrTiO3 is composed of alter-
nating (SrTiO)4+ and (O2)

4− planes, making this termi-
nation susceptible for the polar catastrophe, and intrinsi-
cally unstable in its bulk-terminated form51. Compensa-
tion of the diverging electrostatic energy is accomplished
by introducing reconstructed TiOx-rich layers bearing a
formal 2e− charge per bulk unit cell. Thanks to their ori-
gin in the polarity compensation, these reconstructed lay-

ers are exceptionally stable52. Monophase-reconstructed
surfaces can be prepared by carefully adjusting the sur-
face stoichiometry via Ar+ sputtering or deposition of
precisely defined Sr or Ti coverages, followed by high-
temperature annealing in oxygen atmosphere39,41. The
established relation between the relative changes in the
surface Sr and Ti content and the surface reconstructions
is illustrated in the surface phase diagram of SrTiO3(110)
in Fig. 1. The (6 × 1), (5 × 1), (4 × 1), (2 × 4),
(6 × 4), and (2 × 5) reconstructions are shown, as
confirmed by STM and low-energy electron diffraction
(LEED). Each of these surface reconstructions is enriched
in Ti as compared to the bulk of SrTiO3, and is composed
of a combination of tetrahedrally- and octahedrally-
coordinated TiOx units, additionally including a few Sr
atoms34,35,53,54. While the TiOx enrichment is required
to compensate for the polar nature of the SrTiO3(110)
surface, each of the structures in Fig. 1 has a slightly
different composition: Generally, structures on the left
of Fig. 1 are characterized by a smaller Ti enrichment
than those on the right. Each surface structure repre-
sents a thermodynamic equilibrium phase, as determined
by the cation chemical potentials, and can therefore be
reversibly and reproducibly prepared by tuning the near-
surface stoichiometry. This is achieved by deposition of
small amounts of Sr or Ti (followed by high-temperature
annealing in O2 ambient) via, e.g., MBE41 or PLD52,
as indicated in the bottom part of Fig. 1 in units of
monolayers (ML). In this context, 1 ML corresponds to
the number of Sr (or Ti) sites in a (SrTiO)4+ plane of
SrTiO3(110), i.e., 4.64× 1014 at./cm232. The determina-
tion of the Ti and Sr doses in Fig. 1 for the (6 × 1)-,
(5 × 1)- , (4 × 1)-, (2 × 4)-, and (6 × 4)-reconstructed
SrTiO3(110) surfaces has been obtained by Wang and
coworkers by depositing the pure metals after careful
calibration of the corresponding effusion cells32,41. To
this aim, the authors optimized the temperature of the
sources to achieve exactly stoichiometric co-deposition of
Sr and Ti, as determined by RHEED. No calibration of
the Ti dose needed to obtain (2 × 5)-reconstructed sam-
ples has been provided by these authors. We derived this
dose in Fig. 1 by scaling the PLD-deposited TiO2 amount
necessary to move from (4 × 1) to (2 × 5) to the cor-
responding dose that allows switching between (5 × 1)
and (4 × 1).

Based on the surface phase diagram in Fig. 1, it is
possible to derive the stoichiometry of a monophase sur-
face with respect to the one of an arbitrarily chosen ref-
erence structure. In fact, we show in Supplementary
Section S I42 that a one-to-one relation exists between
the relative doses in Fig. 1 and the difference in the
model compositions of the corresponding reconstructions.
Thus, for example, referring the (4 × 1) reconstruc-
tion to the (5 × 1), one obtains that the former has
(0.55−0.4)× (4.64×1014 at./cm2

) = 6.96×1013 at./cm2

Ti atoms more than the latter, or (1.5− 1.35)× (4.64×

1014 at./cm2) = 6.96× 1013 at./cm2 Sr atoms less.
The surface phase diagram in Fig. 1 allows the defi-
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FIG. 1. Surface phase diagram of SrTiO3(110) showing selected reconstructions with different periodicities and their appearance
in both STM images (top row; 12 × 12 nm2 each) and LEED (bottom row; 90 eV, one quadrant shown with inverted gray
scale). The reconstructed unit cells are outlined in white in each STM image. In each LEED pattern the bulk-derived diffracted
beams are highlighted with red circles. Each of the surface structures can be reversibly and reproducibly prepared by tuning
the local surface stoichiometry. This can be achieved by deposition of small amounts of Sr or Ti via MBE or PLD (followed by
high-temperature annealing in O2 ambient), as indicated in the bottom part. As described in Section III, in the present work
Sr was deposited via a MBE Knudsen cell, while we used a TiO2 PLD target as a Ti source. The surface phase diagram relates
SrTiO3(110) reconstructions to one another and to their relative near-surface cation composition. The absolute compositions
of (4 × 1) and (5 × 1) reconstructions is given in Supplementary Section S I42.

nition of the (relative) stoichiometry of the surface of a
multi-phase SrTiO3(110) sample. In case such a surface
is composed of i = 1, . . . , k reconstructions with frac-
tional coverages θi, its (relative) stoichiometry can be
expressed as

S =

k
∑

i=1

θi (si − sR) =

(

∑

i

θisi

)

− sR, (1)

where si and sR correspond to the stoichiometry of a
monophase surface with reconstruction i, and the one of a
chosen reference structure, respectively. These quantities
correspond to the cation doses reported in the surface
phase diagram of Fig. 1.

Equation (1) allows direct comparison of the stoi-
chiometry of any two SrTiO3(110) surfaces A, B in the
form

∆SA,B = SB − SA =
∑

i

(θB
i − θA

i )si, (2)

where the contribution of the (common) reference struc-
ture cancels out. It should be noted that A and B in
Eq. (2) are entirely generic surfaces. Therefore, this re-
lation can be used to compare the surface stoichiometry
of a SrTiO3(110) film with respect to its corresponding
substrate, as well as to compare the relative surface sto-
ichiometry of two deposited films, or the change in the
surface stoichiometry of a film as a result of post-growth
treatments. It should be emphasized that Eqs. (1) and

(2) describe only the stoichiometry of the very surface:
Conclusions concerning the stoichiometry of the bulk un-
derneath require to establish an appropriate relation be-
tween the stoichiometry of the surface and the one of the
bulk itself. Such a relation is derived in Section II A for
the growth of non-stoichiometric films, while in Supple-
mentary Section S IV42 we present some generalized mod-
els. Based on such models, we show in Section IV that
Eq. (2) allows us to experimentally quantify the total
non-stoichiometry of the deposited films with extremely
high sensitivity.

A simplified version of Eq. (2) can be used when the
same two reconstructions, at equilibrium with one an-
other, are present on surfaces A and B (with different
fractional coverages). In this case, the surface stoichiom-
etry change can be calculated as

∆SA,B = ∆θB,A
1 ∆s1,2, (3)

where ∆θB,A
1 = θB

1 − θA
1 is the difference in the cover-

age of the first reconstruction on the two surfaces, while
∆s1,2 = s1 − s2. Notably, this situation does not require
a complete quantitative knowledge of the surface phase
diagram: only the dose ∆s1,2 to switch between the ad-
jacent reconstructions of interest is needed.
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A. Deposition of non-stoichiometric films

For the sake of simplicity, one can exemplify the evo-
lution of the surface stoichiometry during the deposition
of non-stoichiometric material on a stoichiometric sub-
strate as follows. Assume that the deposited flux is char-
acterized by a constant non-stoichiometry, such that a
total excess x of one of the cations is introduced during
the growth of every layer. This hypothesis is reasonably
well verified in case the sticking coefficients of the de-
posited species do not change appreciably during growth,
or, equivalently, when the change in surface structure is
small enough to neglect such differences in sticking prob-
ability. We assume that a fraction xs of this cation excess
floats at the surface during growth (modifying the surface
reconstruction as discussed above), while the remaining
cation excess xb,f = x− xs remains stationary in the de-
posited layer (e.g., for kinetic reasons) and thus modifies
the composition of the bulk of the film. Both contri-
butions will affect the change in surface structure, and,
consequently, the evolution of the surface stoichiometry
according to Eq. (2). Specifically, during the growth of
each atomic layer, a cation excess x = xs + xb,f is intro-
duced in the surface layer. After the growth of the first
atomic layer, the surface stoichiometry changes, with re-
spect to that of the substrate Ssub, as

∆S(1) = S(1)− Ssub = x = xs + xb,f.

Upon growth of the second layer, a cation excess xb,f is
left behind in the subsurface layer, while xs is transferred
to the newly deposited layer. This quantity adds to the
excess x introduced directly from the deposition, so that

∆S(2) = S(2)− Ssub = xs + x = 2xs + xb,f.

Simple iteration of this reasoning leads to the expression
for the change of surface stoichiometry (with respect to
that of the substrate) upon growth of n layers

∆S(n) = nxs + xb,f. (4)

Therefore, Eqs. (2) and (4) allow to relate the change in
the surface stoichiometry, accessible by STM measure-
ments, to the excess number of cations incorporated both
into the surface and in the bulk of the growing film.

According to the model in Eq. (4), two limiting condi-
tions can be distinguished. On the one hand, the whole
cation excess can be incorporated into the bulk of the
growing film, so that xs = 0 in Eq. (4), and the film
non-stoichiometry is directly reflected in the surface sto-
ichiometry change, i.e.,

x = xb,f + xs = xb,f = ∆S(n). (5)

In this case, the change of surface stoichiometry does not
depend on the thickness of the film, and it is realized
already after the growth of the first oxide layer, and the
minimum detectable non-stoichiometry is limited by the
experimental uncertainty in measuring ∆S.

The other limiting case of Eq. (4), instead, occurs
when the surface accommodates the entire excess of
cations, while the bulk grows nearly stoichiometric (i.e.,
xb,f = 0). As it will be shown in Section IV this is the
case for our SrTiO3(110) films. In this condition, the
measured change of the surface stoichiometry is propor-
tional to the total excess x and to the film thickness n
as

∆S(n) = nxs + xb,f = nxs = nx,

so that the total excess x can be derived as

x = ∆S(n)/n. (6)

Importantly, Eq. (6) implies that arbitrarily small cation
imbalances can be detected by growing appropriately
thick films. In particular, if the same two reconstruc-
tions are present – at equilibrium with one another – on
the substrate and on the film, the minimum detectable
cation excess amounts to

xmin =
∆θmin∆s1,2

n
, (7)

as obtained from inserting Eq. (3) into Eq. (6). The
quantity ∆θmin in Eq. (7) corresponds to the minimum
detectable change of fractional coverage of one of the two
reconstructions. The minimum film thickness required
to obtain a desired detection limit xmin correspondingly
amounts to

n1,2
min =

∆θmin∆s1,2
xmin

. (8)

Thus, n1,2
min depends on the dose ∆s1,2 required to switch

between the adjacent reconstructions, as well as on the
experimental technique used, which defines ∆θmin. We
estimate that STM allows to discriminate a ∆θSTM

min =
0.05 areal coverage change with reasonable statistical ef-
forts, so that detection of a 0.1% cation imbalance is
obtained for film thicknesses larger than

n1,2
min, STM = 50∆s1,2.

For example, during deposition on a mixed (4×1)/(5×1)
surface (∆s1,2 = 0.15 ML) the minimum film thickness
required to obtain a 0.1% detection limit amounts to
n
(4×1),(5×1)
min, STM = 7.5 ML; instead, if the same detection

limit is desired during growth on (4×1)/(2×4) (∆s1,2 =

0.75 ML), a minimum film thickness n
(4×1),(2×4)
min, STM =

37.5 ML is necessary.
We would like to mention that the applicability of our

approach is granted for any experimental technique ca-
pable of accessing the structure of the material’s surface,
and is not restricted to scanning probe microscopies. In
fact, the method boils down to the determination of the
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fractional coverages of each reconstruction present at the
surface [Eq. (2)]. This can also be accomplished, for ex-
ample, by quantitatively analyzing LEED or RHEED
diffraction patterns. In this case, one should expect a
larger ∆θmin than with STM, and, consequently, an in-
creased detection limit for similarly thick films [Eq. (7)].

III. EXPERIMENTAL METHODS

One-side polished, Nb-doped (0.5 wt.%) SrTiO3(110)
single crystals (CrysTec GmbH) were treated ex situ

by sonication in heated neutral detergent (3% Extran®

MA02, 2 × 30 min) and ultrapure water (milli-Q™,
10 min), followed by boiling in milli-Q™ water (7 min).
This procedure is especially effective in removing con-
tamination by polishing remains. The samples were
then prepared in an ultra-high vacuum setup55 by re-
peated cycles of Ar+-ion sputtering (1 keV, 5–10 µA,
10 min), and annealing in O2 atmosphere (6×10−6 mbar,
1000◦C, 1 h), until no contamination was detectable by
XPS (SPECS Phoibos 100 analyzer, and Omicron non-
monochromatized dual-anode Mg/Al Kα X-ray source)
and STM (SPECS Aarhus 150).

The surface of the samples was prepared to show a
mixed (4 × 1)/(5 × 1) reconstruction, as judged
by LEED (Omicron SpectaLEED) and STM. This is
achieved by tuning the stoichiometry of the surface, ac-
cording to the phase diagram in Fig. 1. The correspond-
ing amounts of Sr and Ti were deposited at room tem-
perature on the sample surface, and subsequently post-
annealed in O2 (6× 10−6 mbar, 1000◦C, 30 min). Sr was
deposited by MBE from a Knudsen cell (Createc) held
at 420◦C, while Ti was grown by PLD from a preablated
single-crystalline rutile TiO2 target in 6 × 10−6 mbar
O2 (Coherent CompexPro 201 KrF laser, focused to
1.09 ± 0.04 mm2 at the target surface, as measured
on a polished, polycrystalline Cu target via optical mi-
croscopy; laser fluence 2.5 J/cm2; repetition rate 1 Hz;
target–substrate distance 55 mm).

SrTiO3 homoepitaxial films were grown on these sam-
ples by PLD from Nb-doped (0.5 wt.%) single crys-
talline SrTiO3 targets (MaTeck and CrysTec) at 750◦C
in O2 background (6 × 10−6 mbar), and post-annealed
for 10 min at the same conditions. The thickness of the
deposited films was measured by live-monitoring the in-
tensity of the specular spot of reflected electrons from
RHEED (Staib Instruments TorrRHEED, beam along
the [001] direction)55. The PLD growth of both the small
TiO2 amounts and the SrTiO3 films was performed as
previously described55. Specifically, a fresh, newly pol-
ished area of the target was chosen each time, and pre-
ablated at the same conditions used later for the growth.
The preablated area was scanned in the UV laser beam
such as to hit each spot with at least ten laser pulses (in
total, including both preablation and growth, each spot
on the target was hit a maximum of 48 times). During
preablation, the sample was kept in an adjacent, separate

chamber, to prevent deposition of unwanted species on
the surface55. The laser fluences (1.6–2.6 J/cm2) were al-
ways re-calibrated 1–2 min before growth: Pulse energies
were measured (Coherent EnergyMax) via a through-
chamber setup that automatically takes into account
the transmission of the UV entrance window. All the
growth experiments were carried out at 1 Hz repetition
frequency.

After growth, the samples were transferred – without
breaking vacuum – to the analysis chamber, where their
surface structure and stoichiometry were characterized
by STM, LEED, and XPS. All the uncertainties on the
surface stoichiometry changes correspond to 99% confi-
dence intervals, as derived from the evaluation of sev-
eral STM images (see Section IV for details) and exclude
possible uncertainties in the determination of the cation
doses reported in the surface phase diagram of Fig. 1.
These doses, however, are deemed to be accurate within a
few percent (see Supplementary Section S I for details42).

IV. IMPLEMENTATION

Figure 2 compares the morphology and structure of
an as-prepared SrTiO3(110) substrate and of the corre-
sponding ≈15-layers-thick (≈ 4.2 nm) homoepitaxial film
grown on it by PLD, at 1.9 J/cm2 fluence of the UV laser.
On large-area STM images [Fig. 2(a, b)], both substrate
and film show 20–300 nm-large, atomically flat terraces,
separated by single- or multi-layer steps. The deposi-
tion was interrupted just after the completion of the fif-
teenth atomic layer, as can be noticed from the in-situ

RHEED intensity oscillations in Fig. 2(i). As a result,
a few single-layer-high, atomically flat islands are visible
on the terraces of the surface of the film in Fig. 2(b)55.
Upon growth, the surface structure changes from pre-
dominantly (4 × 1)- to mainly (5 × 1)-reconstructed,
as seen from the LEED patterns in Fig. 2(g, h). This
corresponds to a change toward a more Sr-rich surface.
Such a change is reflected in the atomic-scale STM im-
ages of Fig. 2(c, d), as well as in their Fourier transforms
[Fig. 2(e, f)], whose intensity maxima closely mimic the
corresponding LEED patterns. In Fig. 2(c, d) lines with
(4 × 1) and (5 × 1) periodicities are highlighted for clar-
ity in red and blue, respectively. The narrower (4 × 1)-
reconstructed lines can also be distinguished by the reg-
ularly spaced, circular bright protrusions that have been
identified as isolated Sr adatoms54. Lines with (5 × 1)
periodicity, instead, are characterized by larger, irregu-
larly shaped bright features, and by regularly spaced dark
spots that correspond to antiphase domain boundaries53.

As compared to the qualitative picture provided by
LEED, STM allows a quantitative determination of the
relative coverage of the two reconstructions by directly
measuring the fractional areas occupied by the two re-
constructions. It should be noticed that, since (4 × 1)
and (5 × 1) belong to the same family of homologous
structures35, lines with the two periodicities are usually
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FIG. 2. Morphology (a, b – STM, 350×210 nm2), and atomic-
scale structure of (a, c, e, g) an as-prepared SrTiO3(110)
substrate, and (b, d, f, h) a 15.25 layers-thick homoepitax-
ial film grown on top of it (laser fluence 1.9 J/cm2). (c, d)
STM images (30 × 30 nm2), (e, f) Fourier transforms (one
quadrant, inverted gray scale), and (g, h) LEED patterns
(90 eV, inverted gray scale). In the left half of panels (c, d),
lines exhibiting (4 × 1) and (5 × 1) periodicities are high-
lighted in red and blue, respectively, while the corresponding
reconstructed unit cells are outlined in white. In panels (e,
f), the origin of Fourier space (bottom-left), as well as the
first-order (1× 1) periodicities are indicated with red circles.
Vertical dashes highlight maxima corresponding to the recon-
structed periodicities. In panels (g, h), bulk-derived (1 × 1)
diffracted beams are marked with red circles, while the peri-
odicity of reconstruction-related spots is marked by vertical
dashes. Panel (i) shows the intensity of the specular RHEED
spot during growth. Intensity maxima – with a periodicity
of 24.2 s – are highlighted by vertical, gray lines. In total
369 UV laser pulses were used for deposition.

interwoven, and do not phase-separate into distinct do-
mains. On several occasions [see, e.g., the (5 × 1) line
in the top-left part of Fig. 2(c), and the (4 × 1) line in
Fig. 2(d)] lines of one reconstruction can ‘jump’ one (or
multiple) lattice units along the [001] direction, so that
the lines can appear fragmented. Nonetheless, each of
them appears to continuously run on the surface along
the [11̄0] direction, so that the relative area coverage of
each of the structures can be determined by counting the
number of lines and scaling this number with the peri-
odicity of the corresponding structure. For example, the
relative coverage of (4 × 1)-reconstructed areas in a sam-
ple comprising (4 × 1) and (5 × 1) reconstructions can
be calculated as

θ4×1 =
4N4×1

4N4×1 + 5N5×1
,

where N4×1/5×1 are the number of (4 × 1) and (5 × 1)
lines in an STM image. This coverage can be directly
plugged into Eq. (2) to derive the change of surface sto-
ichiometry, as described in Section II. To gain enough
statistical significance, several STM images comparable
to those in Fig. 2(c) and (d) were acquired at different
spots on the sample, totaling 1000–2000 lines (typically
this corresponds to acquiring 15–30 images of 70×70 nm2

size). With this approach, we determine that 85.4±3.5%
of the surface of the substrate in Fig. 2(c) has a (4 × 1)
reconstruction, while 14.6±3.5% is (5 × 1)-reconstructed.
After growth of a 15.25 layers-thick film, 10.6± 1.4% of
the surface of the sample retains the (4 × 1) reconstruc-
tion, while 89.4± 1.4% is (5 × 1). According to Eq. (2),
this corresponds to a change in the surface stoichiometry
upon growth of 0.1122± 0.0080 ML Sr.

In the limiting case where the non-stoichiometry of
the deposited material is fully accommodated in the
bulk of the film [Eq. (5)], and when, consequently, the
change of the surface stoichiometry directly reflects the
off-stoichiometry of the bulk underneath, such a change
in the surface stoichiometry would correspond to a
Sr1.1122±0.0080TiOx film composition. This should be
clearly detectable by XPS, and should result in a severely
expanded (∆c = 10 − 15 pm) out-of-plane lattice pa-
rameter in XRD20. However, our XPS measurements
(see Supplementary material, Section S II42) show that,
within the error bars, the Sr 3d/Ti 2p intensity ratio
does not change as a result of the film growth. Given
that the inelastic mean free path for these photoelectrons
is approximately half the film thickness, the 0.4 ± 1.6%
measured change sets a rough upper limit to the film
off-stoichiometry of ≈ 2%. Consistently, high-resolution
XRD (see Supplementary material, Section S IV42) shows
only a single peak at the scattering angle 2Θ expected for
SrTiO3(110), and no additional features are visible at
those angles where a 10 pm out-of-plane lattice expan-
sion would be expected56. Therefore, neither XPS nor
XRD can distinguish between the substrate and the ho-
moepitaxial film in Fig. 2, while the difference is clearly
observable by STM.
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In the other limiting case, the surface is assumed to
accommodate the whole cation excess, while the non-
stoichiometry in the film bulk can be largely neglected.
It should be mentioned that segregation of cation non-
stoichiometry to the surface of growing films has been
previously invoked to explain the lack of expanded lat-
tice constants in XRD during the growth of SrTiO3(001)
thin films by PLD57 and sputtering58. As discussed in
the following, our experimental evidence supports that
this scenario applies to our SrTiO3(110) films, so that
the excess x = xs of Sr atoms in the deposited flux can
be evaluated from Eq. (6), and amounts to 0.74± 0.05%.
Therefore, our method allows the detection of deposited
cation excess well below 1%. The minimum detectable
cation imbalance introduced during the growth of films
with thickness comparable to those in Fig. 2 is deter-
mined by the 0.05% statistical uncertainty.

In order to support our hypothesis that the excess
deposited cations are largely accommodated at the sur-
face, homoepitaxial SrTiO3(110) films of varying thick-
ness were deposited at 1.7 J/cm2 laser fluence. Figure 3
reports the change of surface stoichiometry ∆S – quanti-
tatively determined by STM – as a function of the thick-
ness of the deposited film. It should be noted that each
of the films was grown on the same substrate, after the
surface had been re-prepared to exhibit a fractional cov-
erage of (4 × 1)-reconstructed areas ranging between
75% and 85%. As shown by the STM images in the
insets of Fig. 3, the surface structure of the film progres-
sively evolves from mixed (4 × 1)/(5 × 1)-reconstructed
to an essentially pure (5 × 1) periodicity. Correspond-
ingly, the change in surface stoichiometry ∆S linearly
increases with the thickness of the deposited film, con-
sistently with the model in Eq. (4). A linear fit to the
data (gray line in Fig. 3) allows us to estimate the frac-
tional excess of Sr atoms accommodated at the surface
(xs) and distributed in the bulk (xb,f), as the slope and
intercept of the fitting line, respectively. Specifically, we
find that a non-zero excess fraction xs = 0.99± 0.19% of
Sr atoms accumulates at the surface of the growing film
for each deposited layer. At the same time, there is no
statistical evidence that the amount of excess Sr cations
distributed in the bulk of the film (xb,f = 0.4 ± 1.4%) is
different from zero. An independent estimation of the to-
tal amount of cation excess in the bulk of the films is pre-
sented in the Supplementary material (Section S IVB)42:
The samples were annealed at elevated temperatures af-
ter deposition. This way, the cation non-stoichiometry
possibly accumulated in the bulk of the film could segre-
gate to the surface or get diluted into the substrate. Ei-
ther case would cause a change of the surface composition
and structure. We quantitatively determined the change
of surface structure upon post-annealing on a homoepi-
taxial SrTiO3(110) film, and estimated a maximum total
amount of Sr excess in the bulk of −0.10± 0.08%. This
supports the hypothesis that, under our experimental
conditions, a negligible fraction of the deposited cation
excess is incorporated in the bulk of the film. Most of
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FIG. 3. Change of surface stoichiometry upon homoepitax-
ial growth of SrTiO3(110) films of increasing thickness (laser
fluence 1.7 J/cm2), as derived from STM data. Error bars
correspond to 99% confidence intervals, as derived from the
statistical evaluation of STM images. Representative STM
images (50 × 30 nm2) are shown as insets. (4 × 1)- and
(5 × 1)-reconstructed areas are highlighted in red and blue,
respectively. The gray line represents a linear fit to the data,
while the shaded area corresponds to the 70% confidence band
of the fit. The slope (xs) and intercept (xb,f) of the linear fit
are reported together with their standard errors.

the excess cations deposited accumulate at the surface
during growth.

We hypothesize that this behavior is due to the
large variety of reconstructions characteristic of the
SrTiO3(110) surface that can effectively accommodate
excess cations at smaller energetic cost35 than by in-
troducing bulk defects. In SrTiO3, these bulk defects
commonly consist either of antisite point defects or of
{001}-oriented SrO planes30: The formation of anti-
site point defects requires significantly larger energy (1–
4 eV/defect59) than modifying the surface reconstruction
{. 0.2 eV/(1× 1) unit cell35}, while Ruddlesden-Popper
planes {0.5 eV per SrTiO3(001) unit cell60} would in-
evitably result in energetically expensive crystallographic
defects at our (110)-oriented surface.

The difference in the energetics of bulk defects forma-
tion (> 1 eV/defect30,59–65) and surface restructuring (a
few fractions of an electronvolt per unit cell47,50) is not
a specific property of our SrTiO3(110): Restructuring
of surfaces during growth will generally occur more fa-
vorably than introduction of bulk defects, provided that
kinetics allows it. Specifically, we anticipate that segrega-
tion of the deposited cation imbalance should effectively
occur under the following conditions:

(i) The material exhibits (at least two) surface-
composition-driven reconstructions. This appears
to be the case for a variety of complex oxide surfaces
other than our SrTiO3(110)37,43–50, and is likely
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true for other non-oxide materials.

(ii) The non-stoichiometry introduced during growth
is small enough, such that surface restructuring
allows its accommodation. Introduction of non-
stoichiometric bulk defects30,33 or precipitation of
secondary phases is likely to occur if the deposited
cation imbalance exceeds the largest excess that
can be accommodated in the surface reconstruc-
tions. If this is the case, traditional techniques will
be more suited.

(iii) The growth temperature and rate are chosen such
that equilibration of the surface structures is ap-
propriately established. The cation chemical po-
tentials during deposition are uniquely determined
by the combination of surface reconstructions, and
are fixed in case only the same two reconstructions
are present at all stages. This makes the inclusion
of non-stoichiometric bulk defects unfavorable (see
also Supplementary Section S IV42).

When these conditions are met so that the deposited
cation imbalance is largely accommodated at the sur-
face, the prowess of our method can be fully exploited
via Eq. (6). This should be possible for several materials
other than our SrTiO3(110) surfaces.

V. CONCLUSIONS

In conclusion, we introduce a novel approach to quan-
titatively determine the cation excess deposited during
the growth of complex-oxide thin films with exception-
ally small detection limit, based on the characteriza-
tion of their surface structure via scanning tunneling mi-
croscopy. The method relies on an established surface
phase diagram that relates specific reconstructions to one
another and to the corresponding difference in their near-
surface cation stoichiometry; the phase diagram can be
restricted to a minimum of two adjacent reconstructions,

and can either be derived from the literature or deter-
mined in the same experimental setup.

We demonstrate the prowess of the method by de-
termining the cation excess introduced in homoepitax-
ial SrTiO3(110) films grown by pulsed laser deposition
in the same vacuum system, and argue that deposited
cation imbalances deviating by less than 0.1% from the
ideal bulk concentration can be readily detected. Fur-
thermore, in cases where the cation excess is mainly ac-
commodated at the surface – as we demonstrate for our
SrTiO3(110) homoepitaxial thin films – this method does
not suffer from the existence of a fundamental detection
limit on the cation non-stoichiometry of the deposited
flux.

The rise of semiconductor-based electronics has gone
hand-in-hand with the technological advancements allow-
ing to reproducibly prepare materials with exception-
ally small defect concentrations. Similar control of de-
fects and composition is the key to making all-oxide elec-
tronics a reality, allowing to fully exploit the multitude
of functionalities of these fascinating materials. Precise
tuning of the oxide composition, however, necessarily re-
quires the development of reliable tools to detect cation
non-stoichiometry with extreme sensitivity: Our method
pushes down this detection limit by at least one order of
magnitude.
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