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ABSTRACT

BaBiOs has attracted a lot of research attention since it was discovered as the parent compound for the high-T. superconducting BaPb,Bi;_ O3
and Ba; <K\BiOs. In its pure state, BaBiOs is an insulator due to the presence of a breathing distortion of the BiOs octahedra. The distortion
is attributed to the valency of Bi in the compound being charge-ordered in the form of Bi** and Bi’* along the lattice, resulting in alternating
expanded or contracted BiOg octahedra. The interaction between the electronic properties and the thickness of the thin film is crucial to study.
We conducted a thorough study to investigate the effect of the thickness reduction of BaBiO3_5 grown on SrTiO3-buffered Si substrates on the
optical properties as well as the Bi electronic structure of the thin films. We conclude that modifications in the valency of Bi in the ultra-thin

film regime result in an optically conducting layer.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0188209

I. INTRODUCTION

The perovskite structure, with the chemical formula ABO3,
has allowed for exploring a variety of interesting physics such as
ferroelectricity,’ magnetism,” and superconductivity.’ In this repre-
sentation, the B cation is octahedrally coordinated by oxygen ions,
forming a network of BOg across the crystal, which contributes to
shaping the material’s overall band structure. Structural distortions
of the octahedra, therefore, play a crucial role in defining the elec-
tronic and magnetic properties of the perovskites. BaBiO3 (BBO3)
has been studied for its use in applications such as photovoltaics,*
photocatalysis for water splitting,” and superconducting devices,®
and it is well represented by this phenomenon. BBO3 has a unique
phase diagram where it undergoes a phase transition at 430 K from
monoclinic in space group C2/m to rhombohedral in space group R3
and finally to a cubic structure in space group Pm3m above 820 K./

At room temperature, according to neutron profile measurements,
the monoclinicity of BBOj is crystallographically characterized by
having two distinguishable Bi-O bond lengths of 2.12 to 2.28 A,
forming a charge density wave (CDW).? The insulating or metallic
behavior of BBO3 has been widely attributed to the structural prop-
erties of the perovskite and the presence or absence of CDW in the
BBO:s lattice.

In the ionic model, the charge disproportionation over the Bi
ions has been considered for the material to have a chemical for-
mula of Ba,Bi*>Bi*>Qs. The charge ordering is associated with a
static breathing lattice distortion where Bi resides within expanded
and contracted octahedra in an alternating fashion. According
to band theory, BBOs is expected to be metallic with its half-
filled valence band; however, the above-mentioned distortions are
responsible for opening an energy gap in the conduction band,
rendering the material a Peierl’s insulator with an optical gap
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of 1.85-2.05 eV.” " However, as a result of the experimental obser-
vation of no distinction among the valency of the two crystal-
lographically inequivalent Bi ions, another bond disproportiona-
tion image came into the picture.*'” In this regime, the strong
hybridization between Bi 6s and O 2p orbitals excludes the charge
ordering in favor of having only Bi’* in the structure; therefore,
one oxidation state but different local environments.'* *’ The neu-
tron diffraction data and charge neutrality are then justified by
an unequal transfer of charge from O 2p to the two distinct Bi
states.'”

Research interest has been devoted to the parent material since
the discovery of its superconductivity upon p-type doping. Atx = 0.3
and 0.4, respectively, BaPbsBi;_xO3 and Ba;_yKxBiO3 become super-
conducting, where a phase transition to a cubic structure occurs,
which recovers the expected metallicity of the oxide.”"** This phase
transition is characterized by the suppression of the characteris-
tic symmetric A;; Raman-active mode observed for the pristine
material around 570 cm™', which is attributed to the breathing
phonon mode .** Confinement of the material in thin films has been
alternatively investigated to understand the link between the struc-
tural and electronic properties of BBO3 without chemically altering
the composition. Thickness induced metal-to-insulator transition
for SrvV0;,”* LaNiO3,” and SrIrO3”° is a relevant example for the
interplay between the electronic properties and the structural transi-
tion in perovskite materials. Kim et al. studied the effect of reducing
the film thickness on both the structural and optical properties
of BBO3.”” A phase transition to a cubic structure driven by the
suppression of breathing distortion, which is characterized by the
absence of the characteristic Raman-active mode for BBO3 upon
thickness reduction, was observed. However, the electrical transition
to a metallic system for an ultra-thin film has not yet been demon-
strated. More recent studies followed, where modifications to the
electronic and optical properties are obtained by reducing the thick-
ness of the BBO3 thin films grown on SrTiO3 (STO) substrates by
pulsed laser deposition (PLD),”**’ but without a conclusion on the
driving force of this effect.

In this work, we performed spectroscopic characterization on
BaBiO;.5 (BBOs.5) thin films epitaxially grown by molecular beam
epitaxy (MBE) on STO-buffered Si substrates. This is to understand
the origin of the lattice distortion and how confinement alters the
physical and optical properties of BBOj3_s thin films.

Il. EXPERIMENTAL

BBOj;_; thin films of different thicknesses are grown in an ultra-
high vacuum oxide chamber of a Riber 49 MBE reactor on Si(001)
substrates with 15 nm STO buffer layers. A detailed description of
the MBE adsorption-controlled growth process can be found in our
previous study,” where a Bi-rich environment along with plasma
oxygen are used to ensure the epitaxy of the volatile BiO species.
The sample is then cooled down in oxygen for a short time before
being transferred to the loadlock. Reflection high-energy electron
diffraction (RHEED) with a 20 kV operated e-gun is utilized to mon-
itor the thin films’ growth mode and morphology. For the crystal
perfection assessment, a Phillips X’Pert Panalytical high resolution
x-ray diffraction (HR-XRD) setup is used. Symmetric w-20 scans
based on the Cu Ky radiation line (A ~ 15.4 A) are collected from an
18° scattering angle up to 35.2°. The crystalline quality of the films

pubs.aip.org/aip/apm

is evaluated by the full width at half-maximum (FWHM) of each
layer’s rocking curve (RC) peak. To investigate the effect of thick-
ness scaling on the properties of the layers, MBE is used to grow
films that are 3, 4, 25, and 47 nm thick, as measured by the x-ray
reflectivity (XRR) technique.

Raman spectra are gathered upon exciting the heterostruc-
tures with 633 nm laser light on the Horiba Jobin-Yvon LabRAM
HR800 Raman tool in backscattering configuration. Photolumines-
cence (PL) response at room temperature is also collected on the
same tool with an excitation laser of 532 nm. X-ray photoemission
spectroscopy (XPS) for the thin films is performed with monochro-
matized Al Kq; radiation (beam energy of 1486.6 eV) in the angle
integrated mode using a Physical Electronics QUANTES instru-
ment. The optical constants of the different thin films are calculated
based on spectroscopic ellipsometry (SE) measurements performed
on a J. A. Woollam RC2. CompleteEASE software is used for fit-
ting the obtained data. For transmission electron microscopy (TEM)
inspection, a Titan tool is used with an operating voltage of 200 kV.
Lamella is prepared by using a focused ion beam (FIB) with reduced
ion current, and no scanning electron microscopy (SEM) is carried
out while preparing the sample. A capping layer of 3 nm of AL O3 is
deposited in situ to protect the sample from degradation while being
measured.

I1l. RESULTS AND DISCUSSIONS

Figure 1(a) illustrates a high-angle annular dark-field
(HAADF) scanning-TEM (STEM) image of the STO buffer layer
as well as the 25 nm BBOj3.5 layer with atomic resolution (Zg, = 56,
Zgi = 83). Due to the 11.7% lateral lattice mismatch between the
active layer and buffer layer, BBO; 5 growth is achieved via domain
matching epitaxy, where each 8 unit cell is accommodated on 9 unit
cells of STO.”""* This is clearly visible in Fig. S1 based on the fast
Fourier transform (FFT) filtered image and the RHEED pattern
evolution at the interface as compared to that of the surface after
cooling down. The epitaxial relationship of STO(001)|BBO(001),
as seen in Figs. 1(c) and 1(d), is achieved without the use of a
buffer layer of BaO, as was previously reported.”’ Energy dispersive
x-ray spectroscopy (EDS) is used to study the composition of the
epilayers; a quantified profile averaged along the growth direction is
shown in Fig. 1(b). A drop in the oxygen signal within BBO;_5 with
respect to the STO layer is observed. This observation is attributed
to a lower oxygen content in the BBOs s layer. Besides, a periodic
modulation within the BBO;_s epilayer can be noticed in every three
perovskite unit cells along the growth direction, as the intensity
is varied, in the HAADF-STEM image. Ordered oxygen vacancies
are common among other oxygen deficient perovskite oxides such
as SrFeO3;™ and SrCoOs.”” Therefore, oxygen deficiency within
BBO;_; is assumed to form an ordered oxygen vacancy superlattice.
The superstructure, resulting from the ordered oxygen vacancies, is
also manifested by the doubly spotty pattern in the reciprocal space
image of BBO3_5 as compared to the single diffraction spot of STO,
as highlighted by the blue and green ovals in Figs. 1(c) and 1(d),
respectively.

Figure 2(a) depicts the out-of-plane symmetric scans for the
different samples of BBO; 5 with thicknesses of 3, 4, 25, and 47 nm.
Scans are calibrated based on the Si(004) Bragg reflection. The
STO(002) Bragg reflection from the buffer is observed for the four
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FIG. 1. (a) HAADF-STEM image showing the heterostructure of the STO buffer
layer and 25 nm BBOs.s thin film, (b) EDS profile quantified throughout STO,
BBOs.s, and Al,O3 capping layer, and (c) and (d) reciprocal space images based
on the FFT analysis for STO and BBOs_s with zoomed-in images, respectively.

different samples at w = 23.13°, and the BBO;.5(002) reflection is
probed at w = 20.66° with a strong intensity-to-thickness correla-
tion. Indeed, the diffraction peak is more pronounced for the thicker
layers of 25 and 47 nm, while for the 3 and 4 nm films, the diffrac-
tion is barely captured in terms of its strength due to the limited
thickness and more room for mosaic spread. The lattice constant
of the virtual substrate STO is, on average, 3.92 A. For BBOs,
the average out-of-plane pseudocubic lattice constant is 4.370 and
4.379 A for the 25 and 47 nm films, respectively. On the other hand,
both layers have almost the same crystalline quality, as determined
by the FWHM around 0.6° of the diffraction peaks at the rocking
curve configuration. Reflectivity spectra of the combined oscilla-
tions from the STO and BBO;_; layers are shown in the XRR scans,
which are used to accurately extract the thickness of the thin films
based on the Fourier transform of the signals and then calculate the
growth rate of the layers to be 1.2 nm/min. Figure 2(c) schemat-
ically illustrates the heterostructure grown on a Si(001) substrate
alongside the RHEED patterns recorded after the full growth of the
layers is accomplished. The streak-to-streak distance denotes the
formation of the perovskite, as referred to in our previous study.*’
The streaky patterns ensure a layer-by-layer growth mechanism with
smooth surfaces for all films. In addition, the 25 and 47 nm RHEED
patterns show that a x6 surface reconstruction along (110) is taking
place.

Tilting of the BiOs octahedra around the pseudocubic [110]
axis is taking place to stabilize the structure in the presence of the
breathing lattice distortion.’® This enables the lowering of the sym-
metry of the structure from a cubic to a monoclinic structure at
room temperature and the doubling of the unit cell. Even though
the diffraction peak of BBO; s is observed at a position close to that
expected for a cubic structure, it is not straightforward to assume
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FIG. 2. (a) XRD’s out-of-plane w—20 scans showing Si substrate, STO buffer layer,
and BBOss diffraction peaks for the different BBO3.s thin films, (b) XRR scans
showing thickness oscillations due to the STO buffer and BBO3.5 active layer, and
(c) schematic diagram showing the heterostructure grown on Si(001) substrate
and the streaky RHEED patterns for the four thin films.

that the structure is cubic. This is due to the fact that the lowering of
symmetry is mainly occurring because of oxygen movements, and
XRD diffraction is governed by planes containing heavier atoms like
those of Ba and Bi in the structure, which makes it more difficult to
differentiate between the two structures by simple out-of-plane sym-
metric scans. However, for convenience, pseudocubic Miller indices
are assigned to the diffraction peaks.

As illustrated in Fig. 3(a), the Raman spectra for the different
samples are plotted and compared with a Si reference spectrum. An
intense peak can be observed at a phonon frequency of 521 cm™,
corresponding to the Raman-active mode of the Si substrate. An
additional peak at a phonon frequency of 565 cm™" corresponds to
the phonon breathing mode existing for BBO3 with long range A4
symmetry.”’ Normalizing the spectra relative to the substrate Raman
mode allows for a more qualitative view of the Raman response
of the BBO;s layers. This dominant Raman peak for BBO;. s is
observed for film thickness between 4 and 47 nm; however, it is com-
pletely vanishing for the 3 nm film. If the 3 nm film is expected
to show lower intensity due to the low Raman cross-section, the
complete absence of the Raman peak indicates a different response

(@) O—%7mm Bi 4,
2 102 ™ Bi 4f5, N\

5 = S N

. SL—
g 10? s 25 nm
= s

> L
=100

2 f, 2 4 nm ~
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FIG. 3. (a) Raman spectra for the different samples showing the characteris-
tic Raman-active modes for Si and BBOss thin films at 521 and 565 cm~',
respectively, and (b) XPS measurements of the Bi 4f core-level with different film
thicknesses.
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than that of the 4 nm thin films. While an ideal cubic perovskite
does not have Raman-active modes according to the polarization
selection rules, this suggests that our films have a lowered sym-
metry due to the breathing distortion of the lattice, which is not
persistent at a thickness of 3 nm. Similarly, in K-doped BBO3
sputtered film, at the composition of the cubic phase, the Raman
peak is not observed and is accompanied by an insulating-to-metal
transition.”

Since this breathing distortion of BBO3 has been linked to the
presence of two oxidation states for bismuth (being a valence skip-
ping element), the Bi 4f XPS core-level spectra for the set of samples
are collected and shown in Fig. 3(b). As BBO; oxide is known to
be an insulating material, charge neutralization is needed for car-
rying out the XPS measurements. To compare the oxidation states,
all collected spectra are binding energy calibrated according to a
fixed C 1s binding energy. For 4, 25, and 47 nm, thin films have
the same line shape, which is fitted by two doublets. Each dou-
blet represents an electronic angular momentum (j = 5/2 and 7/2)
of Bi 4f core-level with an energy splitting of 5.3 eV. The peak
fitting is then carried out using Casa XPS software with a mixed
Gaussian-Lorentzian peak shape. Utilizing two doublets refers to the
obvious presence of two different oxidation states with an energy
separation of 0.75 eV. However, for the thinnest 3 nm film, there
is only one oxidation state according to the fitting, as shown in
Table L.

Bismuth can exist in different oxidation states for the vari-
ous compounds: Bi** for BiFeO; and Bi,Os, Bi’* for NaBiO; and
Bi,Os, and sometimes even a mixture of Bi’* and Bi’* like for
Bi03-Ga, O3 and CaBiOs.” "' In the literature, the average values
for the binding energies for different Bi-containing compounds and
BBO; are Bi**4f, = 158.1 eV and Bi**4f;, = 158.8 eV."*"" With
a separation of 0.75 eV between the two peaks, the values according
to the deconvolution shown in Table I suggest two distinct oxida-
tion states, which are Bi** and Bi’*, agreeing with the widely known
ordered perovskite formula of Ba, Bi** Bi** Q. This is, however, not
observed for the 3 nm film, where one oxidation state, Bi*", exists
with a binding energy between those of Bi** and Bi’*, as shown
in Table 1. Only one oxidation state for Bi 4f's core-level is also
evident by the symmetric line shape of the peak measured as well
as the shorter FWHM of the peak, as illustrated in Table S1. The
origin of the breathing distortion in some cases is related to the

ARTICLE pubs.aip.org/aip/apm

charge ordering; however, in the literature, there is limited evidence
of mixed valency for BBOs."""” Zapf et al. related the distinction of
the Raman-active mode to the presence of a dead layer that does
not host the breathing distortion below 3 nm thickness.”” Yet, our
XPS data show a strong correlation between the breathing distor-
tion, hence the Raman response, and the electronic structure of the
thin film.

To further investigate the effect of the different electronic struc-
tures on the optical conductivity of the thin films, SE measurements
were carried out. Optical conductivity of the different thin films
is calculated using the refractive index (n) and absorption coeffi-
cient (k) as extracted from the SE measurements with a range of
wavelengths from 500 up to 1240 nm. Figure 4(a) shows how the
layers are absorbing the light excitation with a peak centered around
2.1 eV for 4, 25, and 47 nm, which does not exist for the 3 nm
film. This response has been linked in the literature to the CDW,
which is attributed to the breathing distortion of the BiOg octahedra
and the strong hybridization of the Bi 65 and O 2p orbitals.”® The
CDW generates a density of states above and below the material’s
Fermi level, resulting in this absorption peak in optical conductiv-
ity. This justifies the noticeable increase in the spectral intensity of
the Raman response of the 25 nm layer when excited with a laser
of 633 nm wavelength compared to other lasers with wavelengths
of 785, 532, and 405 nm, as shown in Fig S2. This, as pointed out
previously,” is because the laser radiation is in resonance with the
optical bandgap of BBOs.5, which is around 2.1 eV. The intensities
of BBO;_ §’s Raman peak as well as optical conductivity at a photon
energy of 2.1 eV for the different samples are plotted against the
thickness of the layer, as shown in Fig. 4(b). The abrupt decrease
in the signals going from a thickness of 4 nm down to 3 nm indi-
cates that the effect is beyond the spectroscopic information due to
the limited measured volume.

In Fig. 4(c), the PL responses of the BBO3_s layers are shown
and compared to a Si reference spectrum at room temperature with
a range from 560 to 830 nm. PL spectra of 25 and 47 nm thin films
show a sharp peak (P5) with a FWHM of 5.17 and 6.71 nm and posi-
tions of 565.70 and 565.79 nm (2.19 eV), respectively. In addition,
according to the fitting of the data after subtracting the background
shown in Fig. S3, there is a broad emission peak (P,) around 640 nm
(1.94 eV) with a FWHM of 99.27 and 95.71 for the 25 and 47 nm
thin films, respectively. Other peaks are also observed (P4, P3, Py),

¥1:8L:LL $20T J8qWBAON 61

TABLE I. Bi 4f's core-level illustrating the binding energies of the different oxidation states for the four BBO3_5 thin films.

Binding energy (eV)
4fs)) 47
Bi core-level Bi°* Bi'* Bi** Bi** Bi** Bi’**
47 164.1 163.3 158.78 158.0
ST S o) 0
3 163.78 158.5
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FIG. 4. (a) Optical conductivity of the thin films as extracted from SE optical constants data, (b) spectral intensity for both Raman spectra at 565 cm~" and optical conductivity
at 2.1 eV showing the vanished intensity for the 3 nm film, as indicated by the same color codes from (a) and (c) PL spectra for the different films, and (d) schematic diagram
showing the Pm3m cubic structure of BaBi*+ 0 as well as the charge ordered monoclinic C2m structure of Ba,Bi**Bi®* Og.

corresponding to energies of 2.12, 2.06, 2, and 1.94 eV, respectively.
Extracted information from fitting the PL data can be found in
Table II.

The sharpest peak in the spectra around 2.19 eV is assigned to
the band-to-band radiative transition, hence corresponding to the
optical bandgap of the compound, agreeing with previously reported
data for the direct bandgap of BBO;.""""* As observed before for
BBO; nanoparticles,”” wide emission spectra can be related to the
presence of defects within the samples, specifically doubly charged
oxygen vacancies, Vo', which are responsible for the yellow emis-
sion with a range of 550-610 nm.”’ The presence of the broad
emission peak around 640 nm is attributed to the presence of Bi**
in the thin films, which causes this redshift.”! According to a den-
sity functional theory (DFT) study, the transition across the bands
involves the transfer of photogenerated carriers from the 6s orbitals

TABLE II. PL spectra peak position and FWHM of each of the peaks of 25 and 47 nm
films.

PL fitted peak
(nm) P, P, Ps Py Ps
47 nm Position 640.16 619.16 60296 583.93 565.79
FWHM 95.71 19.50 13.21 21.87 6.71
25 nm Position 640.15 619.79 602.81 583.86 565.70
FWHM 99.27 18.72 12.03 16.19 5.17

of Bi** to the 65 orbitals of Bi®*.*> So not observing these transitions
for the 4 nm thin film is puzzling, and further understanding can be
gained by collecting PL spectra at lowered temperatures.*

These results along with the different oxidation states observed
for the different films indicate that by decreasing the thickness of
the film below 4 nm, the breathing distortion is altered, resulting in
the original cubic structure with one oxidation state, as shown in
Fig. 4(d). Admittedly, we do not yet have the evidence that this film
is electrically conductive, and this will be our next research ques-
tion. Results do not exclude any of the two images but ensure the
occurrence of both charge orderings, which results in Bi 6s O 2p
hybridization and CDW that are responsible for opening an optical
bandgap. With the reduction of the thickness, the charge ordering
and the associated breathing distortion are suppressed, and the cubic
structure is retrieved within the perovskite portion of the thin film;
therefore resulting in the original band structure of BBO; with no
optical bandgap.

IV. CONCLUSIONS

In this work, we shed light on the optical properties of the com-
pound BaBiO;_s and their link to its structural properties and elec-
tronic structure. Even though there are ordered oxygen vacancies
within the structure as observed by STEM, the perovskite structural
and spectroscopic properties are still observed for the grown thin
films. Unlike other interpretations where only Bi** is present and
the disproportionation exists with a hole density on the oxygen site
(O* and O7) ,* here it is shown, according to XPS results, that
charge disproportionation happens on the Bi site. It is demonstrated
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that the suppression of the charge ordering with a thickness lower
than 4 nm results in the suppression of the Raman-active mode
around 565 cm™! and, hence, the breathing distortion in the BBO3
lattice. As a result, this closes the optical bandgap, as observed from
the spectroscopic ellipsometry data, and retrieves the original band
structure of the BaBiO3 perovskite domains in the thin film with only
one oxidation state for Bi ions.

SUPPLEMENTARY MATERIAL

supplementary material includes four subsections: A. Analysis
of the STEM image and RHEED pattern, B. Raman intensity as a
function of the used excitation wavelength, C. FWHM of XPS peaks
for different samples, and D. PL data fitting. In Fig. S1, the FFT
filtered STEM image of the 25 nm BBOj_; thin film and RHEED pat-
terns collected at the start of BBO;_s growth and after cooling down
the layer illustrate that the growth follows domain matching epitaxy.
In Fig. S2, the graph displays how the breathing distortion’s Raman
peak is changing in intensity as the laser excitation’s wavelength is
varied. The maximum Raman intensity is shown at a wavelength of
633 nm; the excitation is in resonance with the optical bandgap of
the material (2.1 eV) in this case. Table S1 shows the FWHM of
the Bi 4f's 5/2 and 7/2 core-level peaks, which clarifies the moti-
vation behind the fitting used in the graph of Fig. 3(b). In Fig. S3,
the PL data is shown with fitted peaks, as described in the Fig. 4
discussion.
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