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Abstract

The recent proposal of antidoping scheme breaks new ground in conceiving conversely
functional materials and devices, yet the few available examples belong to the correlated
electron systems. Here we demonstrate both theoretically and experimentally that the
main group oxide BaBiO; is a model system for antidoping using oxygen vacancies. The
first-principles calculations show that the band gap systematically increases due to the
strongly enhanced Bi-O breathing distortions away from the vacancies and the
annihilation of Bi 65/0 2p hybridized conduction bands near the vacancies. Our further
spectroscopic experiments confirm that the band gap increases systematically with
electron doping, with a maximal gap enhancement of ~75% when the film’s stoichiometry
is reduced to BaBiO,;s. These results unambiguously demonstrate the remarkable
antidoping effect in a material without strong electron correlations and underscores the

importance of bond disproportionation in realizing such an effect.

Keywords: Antidoping, band gap, BaBiO;, breathing distortion, main group oxides,

oxygen vacancies



Main Text

Introduction

In conventional semiconductors or insulators without strong electron correlations, the
electron doping can be understood as extra electrons being injected either into the
impurity donor band confined within the band gap (i.e. light doping), or into the
conduction band (i.e. heavy doping).'” The band gap either effectively decreases to be
between the donor band and the conduction band or collapses, both leading to the
conductivity enhancement. Recently, it is realized that an “antidoping” effect can occur® in
a group of materials containing intermediate bands with trapped holes (electrons). In
those materials, the doped electrons (holes) cause the intermediate band merge into
valence band (conduction band), leading to an increase in band gap and a decrease in
conductivity. This opposite doping effect opens up new perspectives in devices
applications, such as battery cells, memory devices, electric sensors, etc. So far, signatures

of antidoping have been observed in negative charge-transfer oxides™'?

with strong
electron correlations, such as oxygen vacancy (O,) doped SmNiO;"'® and NdNiO;'” and
H* doped SrCo0O,s."® Unlike transition metal oxides, the large family of main group
oxides exhibit negligible electron correlations as they do not have d electrons in the
valence or conduction band. It is unclear whether a similar antidoping effect can occur in

this class of materials. The investigation on this aspect could also unravel alternative

mechanisms going beyond the electronic effects.



1921 and thus a model

The main group oxide BaBiO; is a negative charge-transfer insulator
system for investigating the antidoping effect.* Bi in BaBiOs has a formal 4+ valence
(Bi*") with a 5d'%s' electronic configuration, and this material has drawn long-lasting
interests in the hole doping sides due to the superconductivity.**=® On the contrary, the
electron doping side has rarely been studied.”” The stoichiometric BaBiOs s an insulator
with an indirect band gap near 0.55 eV* and the insulation has been attributed to a strong
hybridization between Bi and O orbitals and their charge and bond
disproportionation.'?#*-° Consequently, the bismuth 65 and oxygen 2p orbital both
have significant contributions to the conduction band nearest the Fermi level,**' which is
different from pure ligand hole states discussed in previous works.*'>'® One advantage of
using BaBiO; is that it allows for the creation of oxygen vacancies (O,s) to realize electron
doping — beneficial for revealing the evolution of band structure without complications

from the dopant bands. In addition, O,s can be driven by electric field which promises

facile applications.'®

Here we perform both theoretical calculations and comprehensive experiments to
investigate possible electron antidoping effect in BaBiO;5 (0 < 6 < 0.25) thin films.
Theoretical calculations found that the insulating gap increases with increasing O,
concentration due to the strongly enhanced Bi-O breathing distortions away from the O,s
and the annihilation of Bi 6s/O 2p hybridized conduction bands near the O,s. BaBiO; and
BaBiOs; thin films were experimentally fabricated with 0 ranging from 0 to about 0.25.
The X-ray absorption spectroscopy (XAS) and X-ray emission spectroscopy (XES)

experiments demonstrate that the band gap systematically increases with increasing O,
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concentrations. Furthermore, the Raman spectroscopy and superstructure-half-order X-ray
diffraction (XRD) measurements reveal the overall change of lattice breathing distortions,
which is consistent with the theoretical calculation. Therefore, our study demonstrates a
unique mechanism for realizing electron antidoping in BaBiO;, which may inspire new
prospects in controlling the electronic structures of main group oxides and related

materials.

Results

The density functional theory (DFT) calculations using hybrid xc-functional (HSEO06)
were performed to elucidate the electronic structure change from the stoichiometric
BaBiO; to O, doped BaBiO;; (6 = 0.25, 0.125). The calculated monoclinic BaBiO; unit
cell contains two non-equivalent Bi atoms labeled as Bil and Bi2 as shown in the left
panel of Figure 1a. The optimized Bil-O and Bi2-O bond lengths are 2.28 Aand 2.16 A
respectively, and the tilting instability is observed with a tilting angle = 9.49°. The
difference in the bond length is b = 0.12 A, the breathing distortion magnitude of the
whole system is 2.71%, which represents the breathing distortion and agrees well to

3132 and calculations.**** When two O,s are introduced into to the

previous experiments
2x2x1 supercell at various locations (Supporting Information, Figure S1) to keep the
stoichiometry at BaBiO, s, the most stable configuration is shown in the right panel of
Figure 1a. The O, resides in between Bi3 and Bi4, while Bil and Bi2 are away from O,s.
The BiOs tetrahedrons around Bi3 and Bi4 have similar bond lengths of ~ 2.26 A.

However, an enhanced breathing distortion on the Bil and Bi2 sites is observed and the

long and short bond lengths are 2.32 A and 2.18 A respectively, which leads to an
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increased bond length difference b of 0.14 A, but the breathing distortion magnitude of
the whole system reduces to 1.55%.

Figure 1b shows the overall density of states (DOS), which
demonstrates that the band gap (indirect) increases from 0.44 eV in
BaBiOs3 to 0.76 eV in BaBiO2.75s. The calculated band structures of both
compounds are shown in Supporting Information Figure S3 which clearly
demonstrates the band gap enhancement. In Figures. 1c and 1d the calculated
DOS of different orbitals of BaBiO; and BaBi0O, ;s are shown respectively. The difference
charge density map of BaBiO,s is also calculated to demonstrate the electron transfer
between bismuth and oxygen (Supporting Information Figure S4). For BaBiOs;, the
breathing distortion b and the tilting angel ¢ are well correlated to the bonding
disproportion between two Bi-O octahedra, which can be seen in the 65 projected DOS
(pDOS) in the top panel of Figure 1c. The Bil 6s orbital has more spectral weights below
the Fermi level whereas Bi2 6s orbital has more weights above it. There exists some back
transfer of 6p charge to compensate the 6s charge disproportionation, thus the 6p orbitals
exhibit an opposite trend of disproportionation compared to the 6s orbitals (middle panel
of Figure 1c¢). It results in a bond disproportionation of Bi®*”* and Bi®“* (0 < x < 1) in the
stoichiometric BaBiOs.* In addition, we see the nearly identical DOS profile for Bi2 6s
and O 2p orbitals in the bottom panel of Figure lc, suggesting the strong hybridization
between them. For BaBiO,;s, the Bil and Bi2 ions have the stronger inequivalent
projected 6s DOS and larger band gap than those in the stoichiometric BaBiO; (top panel

in Figure 1d). It indicates that Bil and Bi2 are transitioned into Bi™* and Bi**" with a



much stronger bond disproportionation. As a result, the enhanced breathing distortion on
the Bil and Bi2 sites away from O,s is key to the enhancement of band gap. Our
calculations also show that Bi3 and Bi4 ions exhibit strongly suppressed bond
disproportionation (middle panel of Figure 1d). Compared to the undoped counterpart,
the DOS in the 65 conduction band of Bi4 vanishes, along with the strongly suppressed
DOS in conduction bands of the surrounding O p orbitals. Since the band gap
measurements are usually performed at elevated temperatures and the DFT calculations
describe the ground state at 0 K, we perform ab initio Molecular Dynamics at 300 K in
order to take the electron-phonon coupling into account. The obtained energy evolutions
of electronic states in Supporting Information Figure S5, which confirms the trend of
band gap enhancement in BaBiO;, BaBi0,4;5. and BaBiO, ;5 at elevated temperatures. We
also calculated the phonons dispersion spectra and found that the structures remain stable

when O,s are introduced (Supporting Information, Figure S6).

To experimentally test the theoretical calculation about this novel antidoping scheme, we
fabricated BaBi0O; and BaBiO;; thin films using the high-pressure reflective high energy
electron diffraction (RHEED) assisted pulsed laser deposition (PLD). The samples were
grown and in-situ annealed in the PLD chamber to obtain different levels of O,
concentration. Details about the sample fabrication can be found in Supporting
Information, S2. The X-ray absorption near-edge spectra (XANES) at Bi L;-edge were
utilized to quantify the valence change of Bi cation in doped BaBiO; thin films (hence
for quantifying the oxygen stoichiometry). For 5d Bi L;-edge, the change of XANES

spectra (e.g. edge shift or whiteline peak variation) is quite subtle so the first derivative
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was applied to the absorption spectra to enhance the variations. Figure 2a shows the first
derivative of the XANES spectra reported in Supporting Information Figure S7(a). Each
pronounced feature (or peak) in the derivative curve may be associated with a specific
electronic transition. Previously in bismuth cuprates, the derivative observed peak A, B,
and C have been interpreted as transitions from Bi 2p;, to 6s, 6d t,, and 6d e, orbitals,
respectively.®?® After backgrounds of the derivative spectra are properly removed, as
shown in Fig. S7(b), we obtain a nearly linear relationship between the spectra weight
(integration) and the Bi valence with the help of two Bi valence standards (e.g. Bi,0O; and
NaBiO; powders). Based on the overall charge neutrality of the doped BaBiO;; system
and the assumption of a linear relation between the oxygen stoichiometry and the
integrated area, the oxygen stoichiometry of different samples can be derived and is
shown to the right axis of Figure 2b, where the highest O, concentration corresponds to
the BaBiO,;s phase. Furthermore, we measured the in-plane and out-of-plane lattice
constants of the BaBiOs; films (Supporting Information, Figure S9(b)) and found that the

obtained lattice constants agree well with bulk BaBiOs_;samples with similar 8.

To probe the band structure change in the BaBiO; and BaBiO;; films, we measured the
optical conductivity o(w) of the films using spectroscopic ellipsometry. In such
measurements, the absorption peak is mainly from the direct band gap absorption and the
absorption edge near the zero absorption contains the indirect band gap absorption.' In
Figure 2c, we observed a strong absorption peak near 2.1 eV in BaBiO;; and BaBiO, s
that have high oxygen concentrations. As oxygen atoms are stripped out of the film, the

absorption peak shifts to higher energies and is about 2.2 eV in BaBiO,;s. The optical
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conductivity over a large spectral range is shown in Supporting Information Figure S10(b)
which indicates the change of the background signal underneath the ~ 2 eV peak is not
responsible for the peak shifting. Another striking observation is that the peak height
drops quickly as the amount of O,s increases. The absorption peak near 2 eV has been
attributed to the gap opening due to the bond disproportionation.'*****" Because the
ellipsometry measurements were limited on the low energy side (~ 0.7 eV), the onsets of
the absorption are not observed. We compare the photon energy E(ag) at which the optical
conductivities all have a very small value o, = 23 Q'cm™ (Supporting Information, Figure
S10(a)). As shown in Figure 2d, both the absorption peak position and the E(ay) increase
with the amount of O,s. Additionally, we measured the ellipsometry of another set of
duplicated samples which gave qualitatively similar results (Supporting Information,

Figure S11).

In order to quantify the band gaps of the BaBiO; and BaBiO;; thin films, we employed
the X-ray absorption (XAS) and emission spectroscopy (XES)* using the fluorescence
yield which probe both the unoccupied and occupied DOS (sketch shown in Figure 3a).
The gap measured by the XAS and XES represent the smallest gap between the
conduction and valence band, which according to the theory is an indirect gap. The first
derivative shown in Figure 3b enhances the shallow peak (from the film) that would
otherwise be masked by much stronger features (from the substrate) further away from the
Fermi level. We obtain the band gap through fitting the first-derivative of XES and XAS

42-44

spectra with Gaussian functions and the fitting errors in Figure 3b are marked as band

gap errors. The band gaps measured by XAS and XES are summarized in Figure 3c.
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From the fitting results, it can be seen that the band gap systematically increases from ~
0.59 eV to ~1.04 eV when the O, concentration is increased. The maximal determined
enhancement is about 75%, well matched by the DFT prediction. Thus, the systematic
band gap enhancement trend with increased O, concentration is identified, which

experimentally confirms the antidoping effect.

Furthermore, we performed Raman spectroscopy and synchrotron half-order XRD
measurements to investigate the breathing distortions in BaBiO;5(0 < & < 0.25) films,
with details shown in Supporting Information, S5. The sketch of Bi-O breathing
distortion is shown in Figure 4a. First, the Raman experiments qualitatively indicate the
change of the breathing distortion. Previous studies have confirmed that the Raman mode
at = 570 cm™ corresponds to the breathing distortion of stoichiometric BaBiO3.*** The
current results are shown in Figure 4b, which demonstrate that the amplitude of the
Raman mode at 570 cm™ is weakened as & increases which roughly points to the
weakening of the breathing distortion, though more delicate consideration has been
discussed in reference.*® Furthermore, we performed the synchrotron half-order XRD
intensity profile to quantitatively determine the breathing distortion and the oxygen-
octahedral-rotation (OOR)* (Supporting Information, S5). The results reveal that at
room temperature the oxygen octahedral rotation type of BaBiO; is a~ a™ ¢°, consistent
with the previous neutron diffraction study,”® while the rotation type of BaBiO, s is a” a
c. In Figure 4c, the rotations around the pseudocubic a, b, ¢ axes with OOR angles of «a,
B, y are schematically shown. The three rotation angles and the breathing distortion 4 (the

percentage variation of the Bi-O bond length) are shown in Figure 4d. It is observed that
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in lightly oxygen-deficient samples (small 0), the a/f is much larger than y, consistent
with the orthorhombic symmetry. While in highly deficient samples (large 0), the a/f is
similar to y which is in line with a more symmetric structure revealed by the lattice
constant®” (Supporting Information, S5). The experimentally derived breathing distortion
Ag is compared to the theoretical 4. It is obvious that both 41 and Ag are much larger in
the highly oxidized samples than the poorly oxidized samples. Therefore the above
experimental findings support the modulated lattice breathing distortion as the underlying
reason of the antidoping effect. The following scheme can be seen from both the theory
and experiments. As O,s are introduced, the bond disproportionation is enhanced away
from the O, and become absent near the O,. As an overall result, the breathing distortion
is reduced in average. It is accompanied with the overall OOR change by about 1 to 2

degrees. The influence of the OOR to the band gap alone is secondary.'*!

Discussion

The antidoping effect in BaBiO; found in the current study is driven by the response of
the structural instability (breathing distortion) to the O, doping, which is indeed different
from other antidoping cases that involve transition metal elements. In those cases, the
electron doping is related to large Coulomb interaction and the strong electron correlation
has been used to explain the observed band gap enhancement in electron doped nickelate
oxides."*">!" Theoretically the doping level needs to reach 1 e per transition metal ion in
order to activate the electron correlation and enlarge the band gap.*'®>? While in the
current study, the partially enhanced breathing distortion on the O,-free Bil-O and Bi2-O

sites (see Figure 1) increases the gap at doping levels much less than 1 ¢/Bi. Moreover, in
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previous theoretical proposals of antidoping binary oxides (MgO, ZnO, etc.), defects such
as metal vacancies are prerequisites to create polaronic hole states for the electron
antidoping to take place.* While in antidoping BaBiO;, the antidoping is initiated in the
undoped phase. Additionally, the BaBiO; has very strong covalent bonds between Bi and
O atoms. As a result, the oxygen hole states are extended Bloch bands which are different

from those in doped binary oxides.

Conclusion

In summary, we demonstrate the antidoping effect induced in a main group oxide via
the strong lattice response under the O, doping using both DFT theory calculations and
comprehensive experiments. The theory calculations show that the band gap
systematically increases with O, doping due to the enhanced bond disproportionation in
Bi-O bonds away from O,s and the suppressed bond disproportionation in Bi-O bonds
next to O,s. Experimentally, the XAS and XES measurements confirm that the band gap
systematically increases with O, doping, with a maximal gap enhancement of ~75% in
BaBiO, ;5. Thus the successful antidoping of BaBiO; has been demonstrated with a root
mechanism associated with the strong electron-lattice interaction which is different from
previous theories. The current study manifests the extraordinary electron antidoping
phenomenon in a main group oxide and opens up a new avenue for tailoring their

electronic properties.

The Supporting Information is available free of charge via the internet at

http://pubs.acs.org.
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Figure 1. (a) Illustrations of atomic structures before (left) and after (right) O, being
introduced. Bi3 and Bi4 are identical to Bil and Bi2 before the O, introduction. (b) The
total density of states (DOS) of BaBiO; (wine) and BaBiO,;s (blue) showing the

increased band gap with electron doping. (c) (top panel) The s projected DOS of Bil and
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Bi2 ions in BaBiO;, (middle panel) the p projected DOS of Bil and Bi2 ions, and (bottom
panel) the overlay of Bil/Bi2 s and O p orbitals. (d) (top panel) The s projected DOS of
Bil and Bi2 in BaBiO,;s, (middle panel) the s projected DOS of Bi3 and Bi4 and
surrounded O p orbitals, and (bottom panel) the overlay of Bil/Bi2 s and surrounded O p

orbitals.
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Figure 2. (a) The first derivative of Bi L;-edge XANES spectra of the BaBiO;;5 (0 < 0 <

0.25) films and two reference samples. (b) The correlation between the integrated area of

derivative XANES spectral and the oxygen stoichiometry of BaBiOs;; (0 < & < 0.25)

films and two reference samples. (c) The real part of optical conductivity o; measured via

spectroscopic ellipsometry. The dashed line indicates the absorption maximums. (d) The

absorption peak energy and the photon energy corresponding to a small optical

conductivity oy = 23 Q'cm™ of four films. All dashed lines are guides for eye.
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Figure 3. (a) Sketch of XAS and XES experiments; (b) The first derivative of XAS (pink)
and XES (blue) spectra with determined band gap positions. (c) Band gaps of BaBiO;; (0

< 0 < 0.25) thin films; the short-dashed line is a guide for eye.
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Figure 4. (a) Sketch of the Bi-O bond breathing distortion; (b) Raman spectra for
BaBiO;; films measured at 300 K under a 514 nm-Ar-laser excitation. The spectral
features show a mode at ~570 cm™, which results from the oxygen breathing phonon (see
Fig. 4(a)). (c) Sketch of oxygen octahedral rotation (OOR) geometry; (d) The breathing
distortion amplitude measured by experiments (4g) and calculated by theories (41) and

OOR angles (a, B, p) of the BaBi10O; 5 films.
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