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Fundamental absorption edges in heteroepitaxial YBiO5 thin films
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(Received 6 June 2016; accepted 6 September 2016; published online 23 September 2016)

The dielectric function of heteroepitaxial YBiO3 grown on a-Al,O5 single crystals via pulsed laser
deposition is determined in the spectral range from 0.03 eV to 4.5¢eV by a simultaneous modeling
of the spectroscopic ellipsometry and optical transmission data of YBiO; films of different
thicknesses. The (111)-oriented YBiO; films are nominally unstrained and crystallize in a defective
fluorite-type structure with a Fm3m space group. From the calculated absorption spectrum, a direct
electronic bandgap energy of 3.6(1) eV and the signature of an indirect electronic transition around
0.5eV are obtained. These values provide necessary experimental feedback to previous conflicting
electronic band structure calculations predicting either a topologically trivial or a non-trivial insu-
lating ground state in YBiO3. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4962975]

I. INTRODUCTION

During the past ten years, heteroepitaxial YBiO; thin
films were investigated mainly as a buffer layer for the epitax-
ial YBa,Cu30,_; high-T. superconductors."™ Recently, the
first-principles electronic band structure calculations proposed
YBiO; as a novel oxide topological insulator:’> Based on an
assumed, undistorted perovskite structure with a space group
Pm3m and a lattice constant a = 5428 A, a topologically insu-
lating phase was predicted due to a band inversion between an
s-like and a j.;= 1/2 band at the R point that is driven by the
spin-orbit coupling of the Bi 6p states. YBiOj; then has a topo-
logical trivial indirect bandgap of ~0.18 eV and a non-trivial
direct bandgap of 0.33 eV at the R point. The size of the direct
bandgap and high bulk resistivity were expected to allow for a
surface-dominated transport at room-temperature. However, a
subsequent theoretical study showed that the assumed Pm3m
crystal structure is unstable.® Instead, a distorted Pnma perov-
skite structure is predicted to be most stable, and YBiO; is
predicted as a topologically trivial band insulator with larger
direct and indirect electronic bandgaps.

Experimentally, solid solutions of Y,Bi;_,O;s with
0.1 <x < 0.5 are stable at room-temperature and crystallize
in a face-centered cubic, defective fluorite-type structure
with a space group Fm3m.””'° However, there exist no
band structure calculations for the Fm3m space group. At
x=0.5, Y,Bi;_,O; 5 (YBiO3) has a cubic lattice constant
a=54188A,"" and its pseudo-cubic  primitive cell
with a/\/i is closely matched to LaAlOs, SrTiOs5,
(LaAlO3)0_3(SrzTaAlO6)047 (LSAT), and YB32CU307_5.
Heteroepitaxial YBiO3(100) thin films have hence been
prepared as buffer layers on LaAlO3(001), SrTiO3(001),
and LSAT(001) single-crystalline substrates by chemical
solution'™ and pulsed laser deposition (PLD).*'! Their
surface-morphology is characterized by crystalline grains
of around 50nm and root-mean-squared (RMS) surface
roughnesses between 2.6 and 1.8 nm at a film thickness of
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140 and 40nm, respectively.” Furthermore, pelletized
YBiO; powders showed a high 0.5 MQm bulk resistivity at
room-temperature and a paramagnetic behavior.”

In order to provide some necessary experimental feed-
back to the conflicting theoretical band structure calcula-
tions,™ we report here an estimate of the direct electronic
bandgap of two relaxed-textured YBiO3(111) films deposited
using pulsed laser deposition with different thickness on a-
Al,O5 single crystals. Structural analyses confirm their crys-
tallization in a defective fluorite-type structure with a Fm3m
space group. The dielectric function between 0.03eV and
4.5eV is determined by simultaneous modeling of the spec-
troscopic ellipsometry and optical transmission data.
Contrary to the theoretical band structure calculations, we
find evidence for a direct electronic bandgap of 3.6(1) eV
and a possible signature of an indirect electronic transition
around 0.5eV in YBiOs.

Il. EXPERIMENTAL DETAILS

The YBiOj thin films were grown by pulsed laser depo-
sition (PLD) on 10 x 10 mm?> a-plane Al,O5(11-20) single
crystals. PLD was performed with a 248 nm KrF excimer
laser at a laser fluence of 2 Jem 2. The polycrystalline source
target was prepared by conventional solid-state synthesis of
Bi,05 and Y,03 powders in a 1:1 molar ratio. The starting
materials were homogenized, pressed, and sintered in air for
24h at 880°C. After an intermediate regrinding, the second
and third sinter steps were performed for 12h in an oxygen
atmosphere at 800 °C and 1000 °C, respectively.

The deposition process involved a 300 laser pulses
nucleation layer grown at a 1 Hz pulse frequency, followed
by the deposition of 60000 and 2000 pulses at 5 Hz for the
thick and thin films, respectively. The films were grown at a
growth temperature of approximately 650 °C and an oxygen
partial pressure of 0.05 mbar to obtain optimal Y:Bi stoichi-
ometry and film crystallinity. After the deposition, the sam-
ples were annealed in situ at an oxygen partial pressure of
800 mbar. The film thicknesses were determined as 1660 nm
and 57 nm from an optical modeling (see text below). Note
that reliable resistivity data were not obtained due to a very

Published by AIP Publishing.
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large bulk resistance of the 1660 nm film of around 700 MQ
at room-temperature, which exceeds our instrument’s mea-
suring range.

The X-ray diffraction (XRD) structural analyses were
performed with a Panalytical X’Pert PRO Materials Research
Diffractometer with a parabolic mirror and a PIXcel’” detec-
tor and Cu K, radiation. The surface morphology was investi-
gated with a Park Systems XE-150 atomic force microscope
(AFM) in a dynamic non-contact mode. Topographic images
were post-processed with the Gwyddion software.'? The
chemical composition was measured by energy-dispersive
X-ray spectroscopy (EDX) using an FEI Novalab 200 scan-
ning electron microscope (SEM) equipped with an Ametek
EDAX detector. The thin film dielectric function and layer
thickness were determined via standard variable angle spec-
troscopic ellipsometry (VASE, IR-VASE by J.A. Woolam,
Inc.) in the spectral range from 0.03eV to 4.50eV and a UV/
VIS transmission spectrometer (Perkin Elmer Lambda 19)
between 0.62eV and 6.20eV.

lll. RESULTS AND DISCUSSION
A. Structural properties

Figure 1 shows an XRD 26-w-scan of the polycrystalline
YBiOj; source target. The pattern is fit successfully by the
Rietveld method'® using the defective fluorite-type Fm3m
structural model by Zhang er al.'” and a cubic lattice con-
stant a =5.4279(4) A. There exist minor additional peaks
that very likely relate to the unreacted starting materials and
possibly elemental Bi and Bi,O;_,.> We note that the
assumed Pm3m and Pnma models fail to match with all of
the observed YBiOj reflexes, see supplementary material.
EDX yields a Y:Bi ratio of 0.98:1, which suggests that a
good stoichiometric transfer is feasible in spite of the incom-
plete target phase purity.

Figure 2(a) shows the 20-w patterns of two YBiO; films
with a thickness d of 1660 nm (film A) and 57 nm (film B),
respectively, deposited on a-Al,Oj3 single crystals. The pat-
terns are indexed according to the experimental Fm3m unit
cell”™” and indicate very good (111) preferential out-of-
plane orientation. For film A, the pattern shows additional
minor peaks (<10 cps) related to other allowed YBiO;
reflexes. By an extrapolation of the 0 values of the (111),
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FIG. 1. Top: An XRD 26-w-scan (black) of the polycrystalline YBiO3
source target. The Rietveld method'? is applied using the defective fluorite-
type Fm3m structural model'® with a =5.4279(4) A. Bottom: difference &
between the observed and calculated intensities.
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(222) and, if possible, the (333) reflexes to 0=0°,'* very
similar out-of-plane lattice constants a,,, of 5.3907(2) A and
5.42(4) A are determined for films A and B, respectively.
These values deviate from the literature value of 5.4188 A
(Ref. 10) and from the Rietveld-refined value of the poly-
crystalline target by at most 0.5 and 0.7%, respectively.

For both films, the XRD w-scans (rocking scans) of the
YBiO; (111) reflex (see Fig. 2(b)) exhibit identical half-
widths of about 5° and, thus, suggest a comparable degree of
crystallite mosaicity.

A possible in-plane epitaxial relationship with a-Al,O3
was investigated by ¢-y pole figures around the asymmetric
YBiO;3 (200) reflex (see Figs. 2(c) and 2(d)). For both films A
(c) and B (d), a distinct circular intensity maximum is evidence
for a random distribution of the in-plane crystallite orientation.
The lack of a defined in-plane epitaxial relationship is
explained by the large lattice mismatch between YBiO5(111)
and a-Al,O5 of about +40%."

The XRD data indicate relaxed, i.e., nominally
unstrained, growth of YBiOs(111) on a-Al,O5. Thus, the
observed preferential out-of-plane orientation suggests that
the YBiO3 (111) surface has the lowest formation energy.
Because EDX analyses on both films yield nearly ideal Y:Bi
ratios of 1.02:1, the slight deviations of the out-of-plane lattice
constant from the literature'® and the polycrystalline target
value are likely caused by internal strain due to, e.g., oxygen
vacancies.

B. Optical properties

The spectra of the dielectric function were determined
from ellipsometry and optical transmission data of the relaxed
grown YBiOj; films A and B. The anisotropic transfer matrix
model consists of a semi-infinite substrate and layers for the
YBiO; film and the surface roughness using a Bruggeman
effective medium approximation mixing the dielectric func-
tions of YBiO; and air in a 1:1 ratio.'® Interference effects
within the film are intrinsically accounted for by the transfer
matrix approach. Interferences within the substrate, however,
are not considered. The dielectric functions of the films are
modeled using a Kramers-Kronig consistent numerical
B-spline model.'” We note that film A was deposited on a
double-sided polished substrate to avoid diffusive scattering in
the optical transmission spectroscopy. The substrate backside
was subsequently roughened mechanically in order to mini-
mize back surface reflections in ellipsometry. The substrate of
film B was single-sided polished. Its wavelength-dependent
scattering by the backside roughness in the transmission mea-
surement is corrected for by a reference transmission measure-
ment of a bare double-sided polished substrate with the same
thickness. Finally, the absorption coefficient o is calculated
from the numerical B-spline dielectric function.

Figures 3(a)-3(c) show the results of the simultaneous
modeling of the reflection ellipsometry (¥, A) and optical
transmission (7) data of the YBiOj films A and B. The
numerical B-spline model reproduces the experimental data
in the entire measured spectral range (a,b). Around 200 meV,
layer thickness oscillations of the thick substrate are present.
These oscillations were not considered in the model, since at
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higher photon energies, they cannot be spectrally resolved,
and at lower photon energies, the substrate is no longer trans-
parent due to the Al,O3 Reststrahlen band. The modeled T
data of film B, Fig. 3(c), suffer from a large error as it was
measured through a rough backside; in this case, the ellips-
ometry data are more reliable. The spectra of film A show
obvious layer thickness oscillations of the YBiO; film. For
films A and B, thicknesses of d = 1660(30) nm and d =57(2)
nm are obtained from the fits. The modeled effective surface
roughnesses are approximately 25 nm and 3 nm, respectively.
These values agree well with the surface roughness values
obtained via the AFM (see supplementary material).

From the numerical model dielectric function, the
absorption coefficient « is calculated and plotted in Fig. 4 as
a(E)* and «(E)"/?, respectively. Based on the present data,
we can exclude the indirect and direct bandgaps at

6

180

~0.183eV and 0.33eV, as predicted by the band structure
calculations of Jin er al.” Instead, strong absorption is evi-
dent above 3 eV together with a continuous onset at about
0.5eV. At about 0.05 eV, a phonon resonance is evident. The
strong absorption peak is interpreted in analogy to Trimarchi
et al® as the allowed direct bandgap transition between the
Bi 65 and 6p bands at the R point. For an estimate of the
direct bandgap energy Eq, a linear regression of the o? spec-
trum, Fig. 4(a), between 3.75eV and 4.50eV is performed.18
The extrapolation of the straight line fit to 0 yields
Eq,q=3.6(1) eV. Furthermore, we tentatively associate the
slight absorption starting at around 0.5eV, visible in Fig.
4(b), with the allowed indirect bandgap transition from the
valence band maximum at the I' point to the conduction
band minimum at the R point.® To cross-check the reliability
of our model, we have also modeled films A and B
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FIG. 3. The measured and model-calculated spectra of the ellipsometric parameters ¥ (a) and A (b) of the 1660 nm thick YBiOj; film A on a-Al,O3 measured
at angles of incidence as indicated. For ¥ and A of the 57 nm film B, we refer to the supplementary material. (c) Optical transmission spectra T of films A and
B (black) are shown together with the corresponding simultaneous model spectra (red). For comparison, the individual model spectrum of film B (green) is

shown as well.
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FIG. 4. The calculated absorption spectra plotted versus photon energy as o’
(a) and ol (b). (a) A linear regression of o between 3.75¢eV and 4.50eV
and an extrapolation to #>=0 yields an estimate of the direct bandgap of
Eqq=3.6(1) eV. (b) The al? spectrum exhibits a phonon resonance at about
0.05eV and a possible indirect bandgap absorption around 0.5 eV. The insets
in (a) and (b) show a zoom-in of the OeV to 1eV spectral range.

individually, as shown in the supplementary material: While
the model of the thin film B yields the same direct bandgap,
cf. Fig. 3(c), but is insensitive to low-energy absorption,
modeling of the thick film A is required to reveal a possible
Urbach tail between 2.25eV and 3.25eV.

The obvious discrepancy between the predicted™® and
experimentally observed direct bandgap energy in YBiO; is
not fully understood. Density functional theory models of a
material’s band structure typically underestimate the real
bandgap by up to 40%.'° However, the obtained bandgaps of
the nominally unstrained YBiOj films seem reasonable as
they linearly interpolate between the end members of the
Y,Bi; 4O, 5 solid solutions: While the as grown thin films
of cubic 5-Bi,O3 have an indirect optical gap of 1.73eV,*"
the pulsed laser-deposited cubic Y,O;5 thin films exhibit a
direct bandgap of 5.6eV.?" In this light, the bowing effects
in the band gap appear to be small.

IV. SUMMARY

In summary, we have prepared heteroepitaxial YBiO;
films on a-Al,Oj3 single crystals by pulsed laser deposition.
A Rietveld refinement of the polycrystalline source target
confirms that the defective fluorite-type structure with a
space group Fm3m"'% is the correct structural model for
YBiOs. At film thicknesses of both 1660 nm and 57 nm, a

J. Appl. Phys. 120, 125702 (2016)

(111) preferential out-of-plane orientation is obtained. The
X-ray diffraction analyses also confirm a relaxed and nomi-
nally unstrained film growth. In particular, there exists a ran-
dom distribution of the in-plane crystallite orientation. The
dielectric function is determined in the 0.03eV-4.50eV
spectral range by simultaneous modeling of the spectro-
scopic ellipsometry and optical transmission data of both the
film samples. From the calculated absorption coefficient, a
direct electronic bandgap of 3.6(1) eV is obtained. We, fur-
thermore, find a possible signature of another, indirect elec-
tronic transition around 0.5eV. Together, these values
provide necessary experimental feedback to electronic band
structure calculations that have proposed either a topologi-
cally trivial® or a non-trivial® insulating ground state.

SUPPLEMENTARY MATERIAL

See supplementary material for further experimental
details on Rietveld refinement, AFM and SEM images, and
the simultaneous numerical B-spline model dielectric
function.
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