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ABSTRACT: We report the topochemical reduction of epitaxial thin
films of the cubic perovskite BaZrO3. Reduction with calcium hydride
yields n-type conductivity in the films, despite the wide band gap and
low electron affinity of the parent material. X-ray diffraction studies show
concurrent loss of out-of-plane texture with stronger reducing
conditions. Temperature-dependent transport studies on reduced films
show insulating behavior (decreasing resistivity with increasing temper-
ature) with a combination of thermally activated and variable-range
hopping transport mechanisms. Time-dependent conductivity studies
show that the films are stable over short periods, with chemical changes
over the course of weeks leading to an increase in electrical resistance.
Neutron reflectivity and secondary ion mass spectrometry indicate that the source of the carriers is most likely hydrogen
incorporated from the reducing agent occupying oxygen vacancies and/or interstitial sites. Our studies introduce topochemical
reduction as a viable pathway to electron-dope and meta-stabilize low electron affinity and work function materials.
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■ INTRODUCTION

BaZrO3 (BZO) is a cubic perovskite oxide broadly studied for
diverse applications such as in catalysis,1 in thermal barrier
coatings,2 and as an electrolyte in solid oxide fuel cells.3 BZO’s
high degree of chemical stability makes it an attractive
candidate for utilization in harsh environments. Some of its
appealing features are wide band gap (5.3 eV),4 ease of
doping,5,6 and low electron affinity.4,7,8 Electron affinity and
work function play a critical role in electrochemical reactions
such as oxygen reduction9 and CO oxidation,10 the electrical
properties of heterojunctions in complex oxides11 and
nitrides,12 and the efficiency of electron emission and
photoemission devices.12 Frequently, the low electron affinity
or work function of the materials is beneficial to drive these
processes. Hence, low electron affinity materials, which are
stable under adverse conditions, can find a wide variety of
applications. Unfortunately, typical low electron affinity
materials tend to be unstable metals susceptible to rapid
oxidation or stable insulators, which have a large band gap,
causing significant difficulties in creating itinerant carriers.
Aliovalent doping or alloying in these wide-band-gap materials
is thermodynamically unfavorable as the induced carriers are
unstable and reactive, which results in surface and bulk
compensation reactions to lower their energy. Therefore, the
kinetic stabilization of electron-doped low electron affinity
transition metal oxides such as BZO can be a viable path to
meta-stabilize these phases and overcome this challenge.

The wide band gap and low electron affinity of BZO
contribute to its high stability and low reactivity but
simultaneously impede efforts to introduce itinerant electrons.
Typical aliovalent substitutions replace an atom of parent
material with a foreign species, such as La for Ba or Y for Zr in
BZO, and/or substituting a proton on an oxygen site. Most
substitution efforts have centered on achieving high proton
conductivity with high transference number (low electronic
conductivity).3 Compared to perovskite titanates such as
SrTiO3, exchanging the B-site cation selection in the ABO3
perovskite structure from Ti to Zr considerably lowers the
electron affinity due to the higher relative energy of the Zr d-
band as compared to the Ti d-band.7 Hence, if one were to
apply the same doping methods used for SrTiO3 to BZO, we
would observe the formation of compensating point defects
such as Ba or Zr vacancies, or the stabilization of mobile
protons, instead of the desired electron doping. Specifically, the
locations of the conduction band, valence band, and charge
neutrality level in BZO, and similar wide-band-gap low
electron affinity materials, make traditional donor doping
extremely difficult if not impossible.6 One way to overcome
these thermodynamic limitations is to use kinetically controlled
doping methods to avoid compensation reactions. For
example, low-temperature topochemical reactions leverage
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the strong reducing or oxidizing character of a reactant to
create large, non-equilibrium, quantities of oxygen vacancies or
proton occupied oxygen vacancy sites.13 CaH2, LiH, and NaH
have been used to reduce numerous transition metal oxide
perovskites, such as nickelates,14,15 manganites,16,17 fer-
rites,18,19 and titanates,13,20 thereby creating metastable
compounds with a range of novel structures and, often
ordered, oxygen deficiencies.21 To the best of our knowledge,
this reduction method has not been used on zirconate
perovskites, though it has been successful in reducing and
proton-doping titanate perovskites, where bulk electron doping
methods have already been successful.20,22,23

During doping, charge compensation must occur to
maintain net charge neutrality, and the nature of this charge
compensation will determine the electronic properties of the
material. In perovskite titanates, compensation is achieved by
reducing Ti4+ to Ti3+. Though less common than its Ti3+

counterpart, Zr3+ is stable in compounds such as ZrN and,
potentially, ZrH3.

24 However, although BZO band structure
calculations suggest that BaZrO2.5 will be a metal with the
Fermi level in the Zr 4d band, the oxygen vacancies have a
positive energy of formation.25 Finally, past studies have shown
the stabilization of an oxyhydride in BaTiO3, which also
produced electronic carriers.13,26 Therefore, investigating the
reduction of BZO, either by introducing oxygen vacancies or
incorporating hydrogen, will provide insight into the
mechanisms, properties, and viability of reducing a whole
class of complex oxide perovskites.

■ RESULTS AND DISCUSSION
We deposited BZO thin films using pulsed laser deposition
(PLD) on DyScO3 (110) (DSO) and (LaA -
lO3)0.3(Sr2TaAlO6)0.7 (111) (LSAT) single crystal substrates
purchased from Crystec GmbH. The growth target was phase-
pure BZO densified to >95% theoretical density via spark
plasma sintering. The films were grown epitaxially in layer-by-
layer growth mode, with thickness and surface structural
quality verified by in situ and real-time monitoring of the
reflection high energy electron diffraction (RHEED) pattern,
shown in Figure S1. We verified the epitaxial quality and
thickness of the as-grown films and compared them to reduced
films with various thin film X-ray diffraction (XRD) measure-
ments such as 2θ−θ, rocking curve, X-ray reflectivity, and
reciprocal space mapping (RSM). Utilizing established
methods for thin films, the as-grown films were topochemically
reduced with CaH2 in evacuated quartz ampoules.20 Because of
the native low electron affinity of BZO, the parent compound,
oxygen-vacancy reduction is thermodynamically unfavorable.
Hence, we resorted to higher temperatures than those typically
used for reducing similar perovskites.21 As-grown films of BZO
were transparent, but the reduction process turned the films
opaque and black in color. This change in the color and
absorption characteristics are consistent with past studies20 and
suggest possible introduction of free carriers. Vacuum-reduced
BZO films, under similar temperature and vacuum conditions
used to prepare rBZO, did not exhibit any measurable
electrical conductivity. Postreduction XRD measurements
identical to those performed on the as-grown films were
conducted to identify changes in the structure of reduced
BZO, shown in Figure 1. However, our initial attempts to
reduce the films at temperatures below 500 °C were
unsuccessful without measurable conductivity (4-wire resist-
ance > 200 MΩ) and largely unchanged XRD pattern. Upon

increasing the reduction temperature to 500 °C and baking for
72 h, we observed measurable conductivity (4-wire resistance
≈ 100 MΩ) and a decrease in the intensity of the out-of-plane
002 peak. However, the stability of the 500 °C-reduced BZO
(rBZO) film was poor in air and resistance increased to
unmeasurable values within 24 h. We observed that successive
reductions at increasing temperatures for the same duration
resulted in improved conduction and stability in air but were
accompanied by progressive loss of epitaxial texture as seen in
the decrease of d-spacing of 002 reflection of the rBZO films
with successively higher temperature reduction. This shift
suggests c-axis compression arising from the induced carriers,
or structural and chemical changes due to reduction-induced
defects, especially point defects. After reduction at 575 °C for
72 h, we observed a complete loss of texture, signifying that the
film became either amorphous or polycrystalline. Our extensive
efforts to identify the residual polycrystalline phases using
powder diffraction studies failed. The presence of intense
reflections from the substrate limited us from deriving
conclusions about the crystallinity of the reduced films.
Hence, we do not have sufficient evidence to confirm the
exact structural state of the reduced films.
To gain insight into the structural impact of reduction on

the BZO thin films, we performed RSM on two BZO films of
different thicknesses grown on LSAT substrates, shown in
Figure S2. Both films were relaxed in the as-grown state. The
films were partially reduced simultaneously in order to mimic
the film reduced at 550 °C shown in Figure 1, while
maintaining sufficient surface smoothness and crystallinity to
perform additional characterizations. Additional details are
provided in the Supporting Information. RSM measurements
on the reduced films were conducted to observe the structural
changes in the films during the loss of out-of-plane texture.
The 120 nm thick film exhibited c-axis compression and in-
plane (a- and b-axis) expansion during reduction with a
marked decrease in the reflection intensity and peak broad-
ening. We could not find the 103 reflection for the 20 nm film
post-reduction. This behavior is similar to titanates albeit with
a larger degree of disorder.20 Note that the LSAT substrate 103
peak maximum location is unchanged for both films through
the reduction process, demonstrating their stability. We also

Figure 1. Thin-film XRD pattern of a 100 nm thick BZO film on
DyScO3 substrate before and after topochemical reduction at various
temperatures. The quality of the unreduced film is demonstrated by
the prominent Laue fringes, which verify the reported thickness, as
well as the narrow rocking curve full width half maximum of 0.034°,
shown in comparison to the substrate in inset (a). The four-point
resistance of the film decreases with the intensity of the BZO 002
peak as the reduction temperature increases, until a critical point at
which the film loses texture. The color of the film also changes from
translucent to dark with hydride treatment as shown in inset (b).
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grew BZO films on amorphous silica substrates purchased from
MTI, yielding amorphous films as observed by RHEED. The
resulting films had similar electrical conductivity as compared
to the reduced epitaxial films after reduction at 650 °C for 120
h. However, the reduced amorphous films suffered from
accelerated loss of conductivity possibly due to re-oxidation.
This suggests that the structure of the as-grown film plays an
important and complex role in the stability of the reduced
films.
We performed low-temperature electrical transport measure-

ments on two different series of rBZO films. The BZO films
were grown on DSO and LSAT substrates, which have lattice
mismatches of −5.5 and −7.8% with BZO, respectively. Both
DSO and LSAT substrates show excellent stability during the
topochemical reduction process.20 To ensure that the
substrates were not responsible for the measured conductivity,
substrates identical to those used for the growths were reduced
in the same ampoules together with the films used for transport
measurements. The substrates alone did not conduct, but
those deposited with BZO films did. Regardless of the
substrate, the quality of the as-grown BZO films used for
transport measurements was verified by thin film XRD, and
loss of texture was likewise verified after reduction at 650 °C
for 120 h.
We performed temperature-dependent resistivity measure-

ments on films grown on both LSAT and DSO substrates,
which are presented in Figure 2. Hall measurements on films

grown on LSAT substrates were used to deduce carrier density
and mobility as shown in Figure 2. We observed insulating
behavior in temperature-dependent resistivity measurements of
the reduced films, regardless of thickness or substrate but with
a measured room temperature conductivity more than 5 orders
of magnitude greater than unreduced BZO films prepared in
the same manner. The as-grown unreduced BZO films, as well
as both reduced and unreduced DSO and LSAT substrates
without BZO films, were resistive beyond the measurement
capabilities of our equipment. We limited the reduced films’

exposure to air as much as possible before conducting
transport measurements.
The deduced sheet carrier densities from Hall measurements

of the rBZO films grown on LSAT substrates were ∼1016 cm−2

for 40 and 80 nm films and ∼1014 cm−2 for 20 nm films. The
calculated mobility values (≪1 cm2 V−1 s−1) from the studies
were also low, very likely due to poor crystallinity of the
reduced films. The apparent low temperature drop-off in
carrier density can be attributed to freeze out of the carriers
and the hopping nature of conduction, though it should be
noted that the classical relationship between Hall coefficient
and carrier concentration is no longer valid in the variable-
range hopping transport regime. The carrier concentration of
the 20 nm film is much lower than the thicker films likely due
to the thickness-dependent re-oxidation process, discussed in
further detail later. More importantly, a fundamental under-
standing of the system will be dependent on the mechanism
responsible for generating carriers. In the case of Ba, Sr, and Ca
titanates, reducing conditions are shown to create free carriers,
and especially with hydride reduction processes, similar to our
study, a combination of oxygen vacancies and introduction of
hydrogen leads to free carriers.13,20,27 In the case of zirconates,
theoretical studies show that oxygen vacancies are deep
donors, and H− occupying either an interstitial or oxygen
vacancy site could act as a shallow donor.25,28 We will discuss
this further in the light of chemical analysis of these films.
To gain a more mechanistic understanding of the transport

processes, we attempted to fit the electrical resistivity with
well-known transport models.29 The most common model for
insulating behavior is activated transport, where the carriers are
generated by thermal excitation from band-to-band or defect-
level-to-band excitations. This process follows the Arrhenius
behavior governed by Boltzmann statistics

ρ ρ= eE k T
0

/A B (1)

where ρ0 is a pre-exponential factor, EA is the activation energy,
and kB is the Boltzmann constant. At low temperatures,
variable-range hopping (VRH) conduction will take over, with
the temperature-dependent resistivity given as

ρ ∝ e T T( / )n
0 (2)

with

α
π

= ·
· · μ

T
k N

24
0

3

B (3)

where n is dependent on the density of states at the Fermi level
and equals 1/4 for disordered systems without Coulomb
interaction. For two-dimensional systems with moderate
density n = 1/3, and for a density of states at the Fermi
level influenced by Coulomb interaction n = 1/2.30,31 In the
evaluation of T0, Nμ is the density of localized states around
chemical potential μ (in volume and energy), and α is the
localization parameter, a description of the potential landscape
in the region of the hopping sites.32

We fit the transport data to the thermal activation model (eq
1) and VRH model (eq 2) with the various values for n. We
assumed that the activation model would be dominant at high
temperatures and the VRH model at low temperatures, which
was verified by the R2 value of the fits of each model in the
respective regions. The R2 values of the thermal activation fits
were calculated for temperature intervals from 300 K to (300
− 2N) K, with N = 1, 2, ..., 149, and the R2 values of the VRH

Figure 2. Resistivity, sheet carrier density, and carrier mobility versus
temperature for rBZO thin films which all show insulator behavior.
The thickness-dependent resistivity suggests that the oxidation
process of the reduced films is also thickness-dependent. Dotted
lines are a guide to the eye.
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fits were calculated for temperature intervals from 2 K to (2 +
2N) K. We observed that Mott VRH provides the best fit at
low temperatures with n = 1/4. The R2 values of the thermal
activation and VRH fits for each temperature range were
summed, such that a single R2 was representative of both fits
with a transition from one to the other at a given temperature.
The temperature at the peak of the summed R2 values was
determined, indicating the best dual fit to the electronic
transport data, and chosen to serve as a qualitative transition
point (QTP) from one mode of transport to the other. The
data with corresponding fits are shown in Figure 3, with the

transition between models demarcated as a color change. The
QTP for the rBZO samples is inversely related to sample
thickness, providing further indication of inhomogeneity in the
reduction process and time-dependent re-oxidation or other
chemical changes. Regardless of the QTP value, conduction is
the result of a combination of mechanisms over the
temperature range observed, and the QTP simply reflects the
relative weight of the mechanisms modeled. Additional
tabulated transport coefficient values can be found in Table S1.
To observe the stability of the rBZO films grown on LSAT

substrates, they were left in air with four-wire resistance
measurements taken over time, shown in Figure 4. The
resistance shows two distinct regions for the 40 and 80 nm
samples: an initial short period (<3 days) of rapidly increasing
resistance followed by a prolonged exponential time depend-
ence (up to 60 days). The 20 nm sample instead shows two
regions with varying time dependence, without the exponential
behavior observed in the thicker films. The time evolution of
resistance follows an exponential (et) time dependence in the
beginning and then transitions to a power law (t2). The data
clearly show that the chemical changes at work causing the
increase in resistance are inadequately described by Fick’s laws
alone, for which the diffusion length shows a t1/2 dependence.
A full understanding of the mechanism behind the time
evolution of resistance requires the origin of the carrier
generation and how the chemical species creating these carriers

evolve in time, and is beyond the scope of the current study,
requiring extensive time-dependent chemical analysis of the
reduced films.
To shed light on the carrier generation mechanism, we need

to understand the chemical changes in the film as a result of
the reduction process. We performed neutron reflectivity on a
120 nm thick rBZO film grown on an LSAT substrate to probe
the oxygen and hydrogen content in the material. Measure-
ments were performed using the PBR instrument at the NIST
Center for Neutron Research, and the data were analyzed using
the Refl1D software package.33 The 120 nm film was partially
reduced at 575 °C for 120 h simultaneously with the two films
examined with RSM. We fit the reflectivity data and deduced a
total thickness of 124.3 nm, shown in Figure 5. The data
required four layers to achieve a proper fita lower scattering

Figure 3. Reduced BZO thin film resistivity data fit to the Mott
variable-range hopping model (low temperature, blue) and thermal
activation model (high temperature, red). The transition point
between the two models was determined by selecting the temperature
with the highest sum of R2 values for the two fits. Regardless, the data
suggest that both conduction phenomena are present over the full
temperature range measured, with a gradual shift in the dominant
mode.

Figure 4. Time-dependent four-wire resistance of rBZO thin films
grown on LSAT substrates. The resistance shows two distinct regions
of behavior, with an initial period loosely proportional to t2 and a later
period proportional to et. A line fit of the 40 and 80 nm films between
10 and 60 days yields nearly identical slopes, indicating that the mode
of resistance increase is common to both but not observed in the 20
nm film.

Figure 5. Neutron reflectivity data with fit (top) accompanied by the
corresponding SLD profile as a function of depth (bottom). The
profile demonstrates that significant changes must have occurred in
the film, either structural or compositional, during reduction to
account for the decreased SLD. Error bars represent ±1 standard
deviation.
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length density (SLD) interfacial region and two reduced SLD
regions on top of a ∼52 nm thick bulk-like layer. The material’s
SLD is the volume-average of the individual atoms’ coherent
scattering lengths. The regions with decreased SLD in the
reflectivity depth profile shall be attributed to a reduced atomic
density, either through increased unit cell volume or increased
porosity, or to the replacement of host atoms with species with
lower coherent scattering lengths, such as hydrogen, which has
a negative coherent scattering length for neutrons.34 RSM
measurements suggest that the lattice constant does increase
during reduction, accounting for some decrease in SLD, but it
is not sufficient without a combination of the other
mechanisms to account for the observed profile. The foreign
species which could substitute into the rBZO are Ca, from the
CaH2, or Sr, La, Ta, and Al from the substrate. The coherent
scattering lengths of these materials, shown in Table S2, also
cannot account for the large observed decreases in SLD, which
is a strong indication of a significant amount of hydrogen and/
or oxygen vacancies present in the reduced films. Natural BZO
has a SLD of 4.00 (10−4 nm−2), and in order to decrease it to
around 2.7, as observed at the LSAT/rBZO interface, would
require increasing the lattice constant to ∼4.8 Å from 4.2 Å.
Alternately, it could also be achieved by removing one and a
half oxygen per unit cell without changing the lattice constant,
or removing a single oxygen per unit cell and increasing the
lattice constant to ∼4.4 Å. However, in a similar work on
cobaltite perovskites, even a 17% reduction in oxygen only
reduced the SLD by 8%.35 Hence, oxygen vacancies alone
cannot explain the reduction in SLD and a combination of
defects is necessary to account for this reduction. Regardless of
the exact mechanism of reduction, the incorporation of oxygen
vacancies as well as hydrogen in the reduced BZO is evident in
the SLD depth profile. The measured electronic carrier density
only requires an activated donor concentration of 1−10% per
unit cell if we assume that the carriers arise from an 80 nm
thick film with a lattice constant of 0.42 nm, which gives ∼1017
unit cells cm−2. The observed SLD reduction requires a
significantly higher concentration of hydrogen in interstitial or
oxygen vacancy sites. Therefore, it is very likely that the
majority of the SLD-reducing defects do not contribute
carriers.
To confirm the presence of hydrogen and oxygen vacancies,

secondary ion mass spectrometry (SIMS) measurements were
conducted on three BZO thin films grown on LSAT substrates:
the same partially reduced BZO film used for the neutron
reflectivity experiments, a fully reduced BZO film (120 h at
600 °C), and an unreduced control sample grown in
conditions identical to those used for the rBZO film prior to
reduction except done at room temperature, in order to
provide a structurally comparable (amorphous) sample, with
results shown in Figure S3. The fully reduced and control
samples are both nominally 125 nm thick based on measured
growth rates using the same growth conditions. The integrated
oxygen signal (over 148 nm) of the reduced sample decreased
by ∼5% as compared to the control. The integrated hydrogen
(we refer to the H− state of hydrogen as determined by SIMS)
signal of the reduced sample, however, increased by ∼75% as
compared to the control sample over the same 148 nm, with
some variation in the reduced sample signal driven by film
roughness and beam instabilities.
The depth profile of oxygen and H− content in the partially

and fully reduced samples as compared to the control
demonstrates a very strong correlation with the neutron

reflectivity SLD depth profile, shown in Figure 6. The
significant decrease in SLD at the film/substrate interface is

rather anomalous and cannot be easily explained by the
composition change or volume change of the lattice. We are
currently investigating the origin of this effect. The largest
portion of the change in oxygen and H− concentration in the
reduced films can clearly be seen to occur within the top 80
nm of the film, in agreement with the reflectivity data. The
largest increase in H− content occurs in the top 20 nm of the
reduced films. This suggests that the larger relative
concentration of H− in the surface region potentially serves
as a source of carriers. If the surface region with the lowest
SLD (approximately 30 nm in depth) has a higher
concentration of interstitial H− in alignment with the SIMS
hydrogen profile, it would easily account for the measured free
carriers with an approximate contribution of around one
electron per unit cell.

■ CONCLUSIONS
In conclusion, we have successfully demonstrated electron
doping of the low electron affinity perovskite oxide BZO via
topochemical reaction with CaH2. Epitaxial thin films of BZO
lose epitaxy through the reduction process but develop room
temperature conductivity more than 5 orders of magnitude
greater than unreduced films. Temperature-dependent trans-
port measurements show resistive behavior that transitions
from high-temperature Arrhenius type thermally activated to
Mott VRH conduction mechanisms. Neutron reflectivity and
SIMS measurements provide strong evidence for the presence
of oxygen vacancies and H− occupying oxygen or interstitial
sites providing the carriers in reduced BZO. Stability
measurements show a gradual loss of conduction as the
CaH2-treated films re-oxidize with oxidation mechanisms yet
unclear. Tuning the work functions of complex oxide materials
is still a novel prospect and has potential use in any application
which involves surface or interfacial interactions. This work is
an important first step toward the realization of tunable, air-
stable, low electron affinity complex oxides.

Figure 6. SIMS data comparing the normalized oxygen and H−

signals of fully and partially reduced BZO with a control sample of
amorphous unreduced BZO, assuming a nominal thickness of 125
nm. The top ∼80 nm of the reduced films shows a marked increase in
H− content and decrease in oxygen content, in striking agreement
with the neutron reflectivity SLD profile. A distinct dip in the fully
reduced sample oxygen signal at the film/substrate interface also
corresponds to a similar dip in interfacial SLD. Note that the SIMS
data have been plotted sharing the depth axis with the SLD profile, in
contrast to typical SIMS plots which place 0 depth at the sample
surface.
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■ EXPERIMENTAL PROCEDURES
We deposited BZO thin films using PLD on DSO and LSAT single
crystal substrates purchased from Crystec GmbH using a phase-pure
BZO growth target densified to >95% theoretical density via spark
plasma sintering. The films were grown epitaxially in layer-by-layer
growth mode, with thickness and surface structural quality verified by
in situ and real-time monitoring of the 35 kV RHEED pattern. We
verified the epitaxial quality and thickness of the as-grown and
reduced films with thin-film XRD measurements using a Bruker D8
ADVANCE diffractometer. The as-grown films were topochemically
reduced by sealing them in evacuated quartz ampoules with <0.5 g
CaH2, so that even if all the hydrogen were liberated the ampoule
would remain intact. The ampoules were then baked in an
atmosphere at temperatures between 450 and 650 °C for up to 170
h. The reduced films were immediately immersed in n-butanol on
opening the ampoules and placed in an ultrasonic bath for 3 min.
After sonication, the films were stored in a nitrogen glove box. The
samples were wire-bonded with Al leads in standard van der Pauw
geometry. Transport measurements were conducted in a Quantum
Design Physical Properties Measurement System. Hall measurements
were performed in fields up to ±10 T. Transport measurements were
taken using Stanford Research Systems SR830 lock-in amplifiers.
Neutron reflectivity experiments were performed using the PBR and
MAGIK instruments at the NIST Center for Neutron Research. Films
were depth-profiled using an IONTOF IV (Münster, Germany) ToF-
SIMS system equipped with a 30 keV Bi3

+ liquid metal ion source for
analysis and a 20 keV Ar2700±800

+ source for sputtering, both sources
striking the sample surface at an angle of 45°. Depth profiling was
performed in non-interlaced mode with 1 analysis scan and 10
sputtering scans per cycle, where the analysis scan with a field of view
of (150 × 150) μm was kept inside a sputter crater with dimensions of
(400 × 400) μm. The corresponding ion doses were 1.6 × 108 ions/
cm2 (0.04 pA) for Bi3

+ and 3.8 × 1014 ions/cm2 (6.0 nA) for the
cluster source, per cycle. Depth calibration was made using a Dektak
XT stylus profilometer (Bruker Corporation, Tucson, AZ) equipped
with a 2.5 μm radius stylus tip, having a vertical resolution of 1 nm
and a lateral resolution of 16 nm. A 1 mm scan was used to ensure
that a large enough region outside the crater was measured to provide
sufficient area for leveling.
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