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Fermi energy, electrical conductivity, and the energy gap of NaNbO;
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The energy of the valence band maximum of NaNbOj is determined from the Schottky barrier heights at the
contacts with low work function Sn-doped In,O; and high work function RuO, by means of x-ray photoelectron
spectroscopy with in situ interface preparation. The measurements reveal a valence-band edge energy, which is
comparable to that of SrTiO; and BaTiOs. The energy gap of SrTiO; and BaTiO; is 3.2 eV and comparable to
the values of 3.4eV to 3.5eV, which are determined by means of optical and electron energy loss spectroscopy
for NaNbO;. It is therefore expected that the conduction band minimum of NaNbOj is also located at a similar
energy as the conduction band minimum of SrTiO; and BaTiO;. If this is the case, it can be expected that
donor doping of NaNbO; leads to an electrical conductivity, which is comparable to those of donor-doped
SrTiO; and BaTiO; (up to ~ 1S/cm™!). In contrast, Sr- and Ca-doped NaNbO; bulk ceramics exhibit a
room temperature conductivity up to 10 x 1071 S/cm™!, only slightly higher than that of NaNbO;. High-field
conductivity measurements and impedance spectroscopy give no indication that the low conductivity is caused by
insulating grain boundaries separating electrically conductive grains. It is therefore suggested that the energy gap
of NaNbOs is substantially higher than the gap of 3.4 eV to 3.5 eV determined from optical spectroscopy reported
in literature and from electron energy loss spectroscopy within this paper, as also suggested from electronic
structure calculations of LiNbO3 [Phys. Rev. B 77, 035106 (2008)].
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I. INTRODUCTION

NaNbOjs is a prototype antiferroelectric perovskite and one
of the two end members of the important lead-free piezoelec-
tric (K, Na)NbO; (KNN) [1-3]. Understanding the electrical
conductivity of these materials, which are operated at high
electric fields, is of particular relevance. The (relatively) high
leakage current is a major obstacle for the application of
KNN-based ceramics. It has been reported that Mn-doping
can reduce the leakage current of NaNbOj [4,5]. This behav-
ior is comparable to that of BaTiO3, in which Mn is a typical
acceptor dopant used in BaTiOs-based multilayer ceramic
capacitors [6-9]. In BaTiO3; oxygen vacancies are donors with
energy levels close to the conduction band, which will make
the material n-type. Hence, acceptor doping is necessary to
stabilize a low electrical conductivity [10-13]. Donor doping
by partially substituting Ti** by Nb>* or Ba>* by La** results
in n-type conduction of BaTiOs3, indicating that the energy
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levels of the donors are close to or even above the conduction
band minimum [14].

The relation between band-edge energies and electrical
properties, which is related to the alignment of defect energy
levels, is well known for semiconducting materials [15-22],
but much less studied for dielectric oxides. BaTiO; and
SrTiO; are two intensively studied prototype perovskite-type
oxides with comparable valence and conduction band en-
ergies [23,24]. The n-type conductivity of BaTiOs, which
is, hence, comparable to that of SrTiO; [25,26], has been
related to the energetic position of the band edges, which
is determined by the orbital contributions to the energy
bands [23,27,28]. In BaTiOs3, the electronic states near the
valence band maximum Evyg, and those near the conduction
band minimum Ecg, are formed mostly by the O2p and
Ti 3d states shown in Fig. 1. In Pb-containing compounds, the
hybridization of the (occupied) Pb 6s orbitals with the O2p
states results in an upward shift of the valence band maximum
by more than 1 eV compared to BaTiOj illustrated in Fig. 1 in
comparison to PbTiO3. The higher valence band maximum
of these materials is related to their preference for p-type

©2022 American Physical Society
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FIG. 1. Band alignment of NaNbOs, BaTiO3, and PbTiO;. All
orbitals, which contribute to the conduction and valence band are
indicated for each material. In addition, the valence band maximum
Evygp and conduction band minimum Ecg, the band gap values Eg and
the accessible Er range are illustrated [23,27,28]. For NaNbOj; the Er
range is labeled with a question mark as it is unknown. Donor doping
of BaTiO; leads to a high electronic conductivity, as Er can be shifted
up to the conduction band. A similar upper Er limit can be reached
by donor doping of PbTiO;, however, it does not lead to electronic
conductivity as it is far from the conduction band minimum.

conduction, as the Fermi energy does not need to be as low
as in BaTiO3 on an absolute energy scale to generate positive
charge carriers. On the other hand, the higher Ecg in PbTiO3
compared to that of BaTiO3 prevents n-type conduction upon
donor doping or chemical reduction. Similar band structures
and conduction behavior to the Pb-based systems apply to
Bi-containing perovskite materials.

In NaNbOs, neither Na nor Nb is expected to contribute
substantially to the valence band states whereas the lowest
energy conduction band states are formed mostly from Nb 4d
orbitals [29]. This situation is similar to that of BaTiO5. Also
the band gaps of both materials are quite similar with ~3.2 eV
for BaTiO3 [30] and 3.4eVto3.5e¢V in NaNbOj [31-38]. It
can thus be expected that the Evp, the Ecg, and the electrical
properties of NaNbOj; are comparable to those of BaTiO3 as
shown in Fig. 1. This would be consistent with the observa-
tion that Mn doping results in a lower conductivity in both
perovskites. In general, only a few studies on the electrical
conductivity of pure or donor-doped NaNbOj are available in
literature [39-42].

This paper is aiming at testing this hypothesis by deter-
mining the band-edge energies of NaNbOj;. For this purpose,
the interface formation of NaNbOj is studied using x-ray
photoelectron spectroscopy (XPS) with two different elec-
trode materials: Sn-doped In,Os; (ITO) and RuQO,, which
have substantially different work functions of 4.5eV [43] and
5.6eV [27,44-46], respectively. Oxide electrode materials are
preferable for such studies, as interfacial reactions induced
by metal deposition can be avoided [23]. Such reactions
can result in Fermi level pinning and thereby impede the
determination of band alignment. The use of two different
materials can furthermore be used to discuss a potential in-
fluence of limitations of band bending by bulk defects [23]. It

is important to exclude such effects for deriving the intrinsic
energy band alignment by employing the transitivity rule [46].
For studies of band alignment, we have prepared undoped,
Ca-, and Sr-doped NaNbO; bulk ceramics using solid state
synthesis techniques. The donor-doped NaNbQOj3 samples are
important in order to verify the hypothesis that donor dop-
ing leads to a high electrical conductivity as in donor-doped
BaTiO5. Ca and Sr are selected as donors to confirm that
the effect of doping is not depending on the doping species.
For this purpose, the electrical conductivity of the samples is
studied using direct current measurements in dependence on
electric field and by impedance spectroscopy.

II. EXPERIMENTAL

The polycrystalline NaNbO3; samples were prepared by
solid-state reaction. Na,CO3z (99.9%, ChemPur) and or-
thorhombic Nb,Os5 (99.9%, Sigma-Aldrich) powder were
used as starting materials. For doping CaCOj3 (99.95%, Alfa
Aesar) and SrCOj3 (99.994%, Alfa Aesar) was added, re-
spectively. Before mixing, the powders were milled first
by attrition milling with isopropanol and yttria-stabilized
zirconia balls for 2h at 500 min~! in case of Nb,Os and
by planetary ball milling with acetone and yttria-stabilized
zirconia balls for 4h at 200 min~"' for Na,CO3, CaCOs, and
SrCO;3. Then the powders were dried at 100°C for 1 h and
at 200°C for 2h, sieved, and dried again at 105°C for 2 h.
The dried powders were weighed in a Labmaster 130 glove
box (MBraun, Garching, Germany), mixed, and homogenized
for 4h. In case of the doped samples, Nagg9Cag;NbO3
and Nagg9Srg o NbO;3 either CaCO3 or SrCOs; was added
according to a 1 mol% doping. The homogenization and all
following milling steps were done with acetone and yttria-
stabilized zirconia balls via planetary ball milling followed by
drying at 105 °C for 1 h and at 200 °C for 2 h, sieving, and dry-
ing at 200 °C for 2 h. After homogenization, the powders were
uniaxially pressed to pellets and calcined for 4 h at 700 °C in
case of NaNbQOj in an alumina crucible. For Nag 99Srg 9 NbO3
and Nagg9Ca o NbO; a calcination temperature of 950 °C
was chosen. A second calcination step was performed at the
same conditions after crushing the samples and milling them
again for 3h. After the final milling process for 3h, pel-
lets with a diameter of 8 mm were pressed isostatically with
200 MPa and sintered in air for 2 h at 1250 °C in case of pure
and Sr-doped NaNbO; and at 1320 °C for Ca-doped NaNbOs.

For further analysis, the pellets were cut into disks, ground,
and polished with diamond paste with a particle size of
0.25 um resulting in a thickness of 0.6 mm to 0.8 mm. Af-
terwards, a stress-release annealing at 600°C for 1h with
a heating and cooling rate of 5SKmin~! and 1 Kmin~! was
performed, respectively.

Powder x-ray diffraction (XRD) was performed using a
X’Pert PRO MPD diffractometer with Cu K« radiation
(PANanlytical, Almelo, Netherlands) after the two calcination
steps as well as after sintering. The microstructure of the sam-
ples was obtained by means of scanning electron microscopy
(SEM) using a JSM 7600F (Jeol, Tokyo, Japan). The samples’
surfaces were polished and thermally etched at 100 °C be-
low the sintering temperature beforehand. Nuclear magnetic
resonance spectroscopy (NMR) has been performed with a
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Triple-Quantum Magic Angle Spinning (3QMAS) pulse se-
quence. The spectrum was obtained from a Bruker Avance III
spectrometer operating at a 7.1 T magnet. A zero-quantum-
filtered sequence [47] was employed (see Sec. S1 in the
Supplemental Material [48] for more details).

Electrode materials used for probing the interface forma-
tion of NaNbO3; were deposited in the DArmstadt Integrated
SYstem for MATerials research (DAISY-MAT), which is an
ultrahigh vacuum system consisting of an analysis and sev-
eral deposition chambers [23]. Prior to electrode deposition,
the sample surfaces were cleaned in one of the deposition
chambers by heating at 400°C for 2h in a low pressure
oxygen atmosphere (0.5Pa). These parameters have been
determined by a surface cleaning analysis of ITO [49] and
have turned out as good cleaning parameters for several ox-
ide materials used in the research group. With this cleaning
procedure, all adsorbed carbonaceous species are removed.
For a typical interface experiment, the clean surfaces were
first measured in the analysis chamber using x-ray photoelec-
tron spectroscopy (XPS). Then, the electrode material was
sputtered stepwise with increasing thickness until the sub-
strate signals were attenuated. After each deposition step, XPS
measurements are carried out. ITO was deposited via radio
frequency (RF) magnetron sputtering with a power of 25 W
under an Ar-flow of 10sccm and 0.5Pa at 400 °C, giving a
sputter rate of Snm min~! resulting in a polycrystalline film.
As it was demonstrated within our working group for the
SrTiO3/Ru0O; interface, that the deposition temperature of
RuO; does not change the Fermi level position at the inter-
face [50], direct current (DC) magnetron sputtering performed
at room temperature was used to grow the amorphous RuO,
material on top of the sample. The advantage of a faster de-
position process at room temperature since the substrate must
not be heated up is, therefore, very convenient as interface
experiments are very time consuming. Here, the power was
set to 10 W and the pressure to 1Pa in an Ar/O,-mixture
with 9.25sccm Ar- and 0.75sccm O,-flow resulting in a
sputter rate of 3nm min~'. XPS analysis was performed us-
ing a Physical Electronics PHI 5700 spectrometer (Physical
Electronics, Chanhassen, MN) with monochromatic Al Ko
excitation (hv = 1486.6eV). All spectra were calibrated ac-
cording to a sputter-cleaned Ag foil whose Fermi edge was
setto OeV.

Polarization-field (P — E) hysteresis loops and DC-
conductivity measurements were carried out at room tem-
perature. For this purpose, the samples were ground to a
thickness of about 0.25 mm followed by a stress-release an-
nealing at 400 °C for 1h. Pt electrodes were sputtered by a
Q300TD sputter coater (Quorum, Laughton, East Sussex, UK)
on both sides of the disks. Afterwards, the samples were cut
in rectangular shapes of about 1.5mm x 1.5mm size. P — E
loops were recorded using a TF Analyser 2000 (aixACCT
Systems, GmbH, Aachen, Germany) in combination with a
high voltage amplifier 20/20C (Trek inc, Lockport, NY). All
polarization hysteresis loops were performed at a frequency
of 1kHz. The DC-conductivity measurements started with
an electric field of 0.4kVm~'m, which was increased in
0.2kVm~'m or 0.4kVm~'m steps after relaxation of the
conductivity. The DC-voltage was applied using an universal
high voltage power supply PNChp 30000-2 mup (Heinzinger,

Rosenheim, Germany) while the current was measured by a
B2985A electrometer/picoamperemeter (Keysight Technolo-
gies, Boblingen, Germany).

Impedance measurements were performed at 325°C
on larger disk-shaped samples with a diameter of about
7 mm to 8 mm and a thickness of 0.34 mm to 0.67 mm. Pt elec-
trodes with 6 mm diameter were sputtered on both sides
by the same sputter coater as mentioned earlier. For the
measurements, an Alpha-A impedance analyzer (Novocon-
trol Technologies GmbH & Co. KG, Montabaur, Germany)
was used.

Transmission electron microscopy (TEM) specimens were
prepared for electron-energy loss measurements by mechani-
cal polishing followed by argon ion milling at liquid nitrogen
temperature using a precision ion polishing system (PIPS,
model 691, Gatan, Pleasanton, CA) [51]. Low-loss EELS
spectra were acquired using the Zeiss SESAM microscope
(ZEISS GmbH, Wetzlar, Germany) at an acceleration volt-
age of 200kV in TEM mode. The microscope is equipped
with an electrostatic Q-type monochromator (CEOS GmbH,
Heidelberg, Germany) and the in-column MANDOLINE
energy filter. EELS data were acquired with an energy res-
olution of 60meV as determined from the full width at
half-maximum of the zero-loss peak (ZLP). For minimiz-
ing Cherenkov effects, EELS data were acquired in regions
with a thickness of ca. 10nm to 15 nm as determined via the
Fourier-log method [52]. All EELS spectra were calibrated
and background-subtracted using a power-law function. We
applied a linear fitting method to determine the band gap [53].
Thus, the band-gap energy can be estimated from the intersec-
tion of a straight line originating from the background level
with a linear fit to the onset of the EELS signal.

III. RESULTS

A. Sample characterization

In order to investigate the occurrence of possible secondary
phases and if the samples crystallize in the antiferroelectric
phase, XRD, SEM, and electrical measurements (polarization
hysteresis loops) were conducted. The XRD measurements
[Figs. 2(b) and 2(c)] do not show any secondary phases
deviating from the stoichiometric composition of NaNbOj3.
All reflections correspond either to the antiferroelectric P-
phase with space group Pbcm (JCPDS 073-0803 [54]) or to
the ferroelectric Q-phase with P2;ma space group (JCPDS
082-0606 [55]). The contributions of the P- and Q-phases can
best be identified in the magnified views [56,57]. The small
contribution of the ferroelectric Q-phase is further confirmed
by nuclear magnetic resonance spectroscopy. The 3QMAS
spectrum, see Fig. S1 in the Supplemental Material [48],
exhibits two signals corresponding to the two crytallographic
sites of NaNbOs. It has previously been demonstrated (see,
e.g., [58]) that the symmetry of the Na(1) signal is sensitive
to the local structural differences between P- and Q-phase
NaNbOs;. In the XRD patterns [Figs. 2(b) and 2(c)], the peaks
of the doped samples are slightly shifted to higher 26 values,
which further indicates a decrease of the lattice constant upon
doping. The ionic radius of Nat is 1.39 A [59] for a 12-
fold coordination. In comparison, those of Sr>* and Ca’* are
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FIG. 2. Comparison of pure NaNbO; (blue), Sr-doped NaNbOs; (red), and Ca-doped NaNbO; (yellow). (a) SEM images taken in the
secondary electron mode; (b) x-ray diffraction patterns including the reflexes of the antiferroelectric P-phase (red bars) and the ferroelectric

Q-phase (black bars); (c) magnified views of the diffraction patterns; and

1.44 A [59] and 1.34 A [59], respectively. We attribute the
lower lattice constant of the Sr-doped sample to the presence
of Ca, which is observed in the XPS survey spectra (see
Fig. 3). In the survey spectra, a substantial amount of Ca is
visible in the Nag g9Srp o NbO3, which exceeds that of Sr. It

(d) P — E-loops measured at a frequency of 1 kHz.

is not clear what the origin of this Ca impurity is, however, it
seems only to be present at the surface as energy-dispersive
x-ray spectroscopy (EDXS) measurements, shown in Fig. S2
in the Supplemental Material [48], do not detect any Ca traces
throughout the bulk material. We note that Ca is a common
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FIG. 3. XPS-survey spectra of an as prepared NaNbO; sample (brown) and a cleaned NaNbO; as well as Ca- and Sr-doped NaNbO;
ceramic pellets (black). The two close-ups at the right show magnified views to reveal carbon, potassium, silicon, and strontium species at the

surface.

impurity in perovskites and also present in small amounts in
the undoped NaNbO3. We also observe Ca frequently at clean
BaTiO3 and SrTiOj surfaces with XPS (see e.g., [60]).

The microstructure of pure NaNbO; (blue), Sr-doped
NaNbO; (red), and Ca-doped NaNbOs (yellow) are shown
in Fig. 2(a). No secondary phases deviating from the sto-
ichiometric composition of NaNbO; are observed within
the detection limits of SEM investigations confirming the
XRD results. The average grain size, which is estimated by
the line intercept method, is decreasing with doping from
about 90um to 0.9um and 1.5um for Nagg9Srg 9 NbO3
and Nag 99Cag 01 NbOs, respectively. Such a reduction of the
grain size with doping is commonly seen for other NaNbOs-
based samples [61,62] and other perovskite materials, e.g.,
BTO [63,64]. This effect is often explained by a slow grain
boundary migration due to the dopants [65—-67].

The polarization hysteresis loops illustrated in Fig. 2 verify
the results of the XRD measurements that the majority of the
sample is in the antiferroelectric state. For all three sample
types linear increase of polarization is observed in the first
half cycle followed by an abrupt jump in polarization and a
subsequent ferroelectric behavior. This is in line with the well-
known irreversible electric-field-induced antiferroelectric to
ferroelectric phase transition of NaNbO; [68,69]. Hysteresis
loops measured at lower frequencies showed a leaky behavior
for the Ca- and Sr-doped samples and prohibited the appli-
cation of fields >3kV/mm (see Fig. S4 in the Supplemental
Material [48]).

XP survey spectra of the samples are displayed in Fig. 3.
The lower two spectra show a NaNbO; sample before (brown)
and after (black) the surface cleaning by heating in oxygen.
Sodium, niobium, oxygen, and carbon can be identified before
the cleaning process. The carbon species are no more visible
after heating. This increases the intensities of the sample emis-
sions and reveals traces of impurities as potassium and silicon.

Silicon is most likely resulting from grinding the surface
with silicon carbide paper. Potassium is the most significant
impurity in the Na,COj starting powder (99.9%, ChemPur)
for synthesis, according to the provider. As the small K 2p
peak is observed for all samples and the fact that potassium
is very volatile [70], we assume that potassium is diffusing to
the surface during the sample cleaning procedure. Undoped
NaNbOj; also exhibits small amounts of iron and chromium,
which might originate from the holding mask of the sample
holder.

Despite their nominally low concentration, the dopants Ca
and Sr are observed in the wide scan survey spectra of the
clean samples. A quantification of the intensities reveals that
the amount of Ca is 10 mol% to 20 mol%, which is higher
than the concentration of Sr in Nagg9Srg o NbO; and much
higher than the intended doping concentration. This is also
evident from comparing the intensity of the most intense Ca
and Sr peaks visible in the blue and red region in Fig. 3,
respectively. The observation of such high concentrations of
Ca indicates segregation to the surface. No enhanced Ca con-
centration in the bulk and no Ca segregation to the grain
boundaries is observed by means of EDXS. Figures S2 and
S3 in the Supplemental Material [48] show the bright field
scanning transmission electron microscopy (STEM) image
of a grain boundary (GB) with the corresponding EDXS
spectrum and the intensity maps of Na K, Nb K, Ca K,
and Sr K lines for Na0_998r0_01Nb03 and Na0_99Ca0_01Nb03,
respectively.

Figure 4 shows EELS measurements in a transmission
electron microscope of a pure (blue) and Sr-doped (red)
NaNbO; sample. From the onset of the EELS signal the
band gap Eg can be determined. The evaluated value
for NaNbO3 and Nagg9Srg(;NbO3 is (3.53 + 0.06)eV and
(3.54 £ 0.06) eV, respectively. Slightly smaller band-gap en-
ergies are obtained by XPS. The energetic distance between
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FIG. 4. Determination of the band gap Eg for a pure (blue) and
Sr-doped (red) NaNbOj3 bulk ceramic sample by means of the onset
of the EELS signal.

the O 1s peak and the onset of the energy loss spectrum can
be used as a measure of the energy gap of the material [71,72].
In Fig. S5 in the Supplemental Material [48], the correspond-
ing O 1s lines of pure, Sr- and Ca-doped NaNbOs, and two
nominally undoped NaNbOj thin films grown by pulsed laser
deposition are illustrated. The extracted value for bulk ce-
ramic NaNbOQOj is 3.23eV. Due to some uncertainties in the
evaluation, which are discussed in the Supplemental Material
[48], the band gap values extracted from EELS are after all
more reliable. Band gaps determined by means of optical
spectroscopy are in the range of the ones measured by EELS,
with values between 3.4 eV to 3.5eV [31-38] supporting the
assumption that the EELS measurements are more reliable. It
is noted, however, that calculations using the GW technique
(including the Green’s function G and the dynamical screened
interaction W) for LiNbOj indicate that the actual band gap
is substantially (~1eV) higher than that measured optically,

Nails O1s

which is caused by quasiparticle and electron-hole attraction
effects [73,74].

B. Interface analysis

The Nals, Ols, In3d, and Nb3d core level emis-
sions recorded in the course of ITO deposition onto
Nag 9951901 NbO3 are shown in Fig. 5. The valence bands of
the clean sample and for a thick ITO film are illustrated as
well. In order to follow the evolution of the Fermi energy in
the course of interface formation, the binding energy differ-
ences of the core levels and the valence band maximum are
required. These are indicated above the spectra of the cleaned
surface.

The Na ls emission can be decomposed into three com-
ponents. The most intense component is associated with the
bulk NaNbO3 emission, whereas the two emissions at higher
and at lower binding energy are attributed to surface com-
ponents. Related surface components are also observed in
literature for NaNbOs3 [75-77], KNbO3 [78,79], and dis-
cussed extensively for barium in BaTiO3; [60,80-87] and
(Ba, Sr)TiO3 [88-90]. Different explanations are given in
literature for the origin of the surface component. These
include surface contamination such as carbonates or hy-
droxides [75,77,79,86], A-site rich oxide layers including
Ruddlesden-Popper phases [60,76,85,87], undercoordinated
A-site atoms at the surface [78,80,89], surface relaxation
effects [82,88], and surface dipoles [83,84]. As we do not
observe substantial amounts of carbon and a symmetric O 1s
emission, we exclude surface contamination as the origin of
the Na 1s surface species.

The intensities of the NaNbOs-related core level lines
are decreasing and the In3d intensity is increasing in the
course of ITO deposition. While no changes in the line
shape of the Nb3d peak are observed, the intensity ratio of
the Na ls surface component to the Na ls bulk component
is increasing with ITO thickness. Similar effects have also
been observed for the Ba surface components during interface

In3d Nb3d VB

103.33 nm
3.33 nm
1.67 nm
0.83 nm

~— 1068.4 eV

Intensity (arb. units)

clean

527.0eV j§“/\/\V—‘:2o4.2ev—ﬁ
T T 17T I ||I|||I||I

| T 111
1076 1072 1068 536 532 528 448

)
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Binding energy (eV)

FIG. 5. Nals, O 1s, In3d, and Nb 3d core level and valence band spectra of a Sr-doped NaNbO3 bulk ceramic sample in the course of ITO
deposition. The black lines belong to the cleaned sample, whereas the yellow spectra are measured after depositing a few nanometers of ITO
on top. The bulk and surface components of the Na 1s emission line are colored in blue and grey in the clean XP spectrum. Arrows mark the

core-level-to-VBM-distance for each core level of the clean sample.
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FIG. 6. Evolution of the Fermi energy at the surface of undoped,
Sr-doped, and Ca-doped NaNbOs in the course of ITO (yellow) and
RuO, (green) deposition. The Fermi level shift are extracted from
the core level lines by subtracting the corresponding core-level-to-
VBM-distance indicated in Fig. 5. For ITO the total deposition time
per step was 10s, 20, 40s, 80s and 160 s with a deposition rate of
5nms~!, while for RuO, the total deposition time per step was 20,
40s, 80, 160s with a deposition rate of 3nms~'. The initial Fermi
level positions are affected by charging, due to the low conductivity
of the samples.

formation [83,90] and are likely related to changes in the
electrostatic boundary conditions rather than to an interface
reaction and the formation of a different chemical compound.

The evolution of the Fermi energy in the course of the
deposition of ITO (yellow) and RuO, (green) onto NaNbO3,
NaolggsrololeO& and Nao_ggcao_01NbO3 is shown in Flg 6.
The Fermi level positions derived for the clean sample sur-
faces are affected by charging of the samples during the XPS
measurements due to their low conductivity, particularly for
undoped NaNbOj. After deposition of a ~2 -nm-thick film
of ITO or RuO,, surface charging disappears due to the high
electrical conductivity of the films and their electrical contact
with the sample holder [91]. The latter is established by de-
positing a Pt contact on one edge of the surface before the
experiment.

The Nb3d and the bulk Nals bulk component exhibit
parallel binding energy shifts in the course of ITO or RuO,
deposition, confirming that the shifts are caused by changes
of the Fermi energy. According to Fig. 6, the Fermi energy at
the NaNbO3/ITO and NaNbO3;/RuO; interfaces are largely
independent of the doping and are given by 3.2eVto3.4eV
for ITO and by 2.5eVt02.7eV for RuO,. Studies of the
variation of the Fermi level conducted in our research group
on many different oxide materials, e.g., Fe;O3, (Ba,Sr)TiOs,
Pb(Zr, Ti)O3, BiVOy4, BiFeO;, showed that the upper and
lower Fermi level limits in any of these oxides is consistently
very close to the Fermi level found at the interface of the
same oxide to ITO or RuO; [27]. Therefore, the Fermi levels
determined at the interface to ITO and RuO, can be consid-
ered as a measure of the upper and lower Fermi level within
an oxide material. Assuming a band gap as determined from
the electron energy loss signal (see gray area in Fig. 6), the
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FIG. 7. Impedance measurements of pure NaNbO; shown in
(a), Sr- (red), and Ca-doped NaNbOj; (yellow) depicted in (b) and
DC-conductivity of NaNbO; (blue), Sr- (red), and Ca-doped
NaNbOs; (yellow) as a function of electric field illustrated in (c). The
conductivity values are taken after relaxation of the samples for each
electric field step.

Fermi energy at the NaNbO3 /ITO interfaces will be close to
the minimum of the conduction band.

C. Electrical measurements

DC-conductivity measurements were carried out at
room temperature as a function of electric field between
0.4kVmm~'t06.2kVmm~'. The measured conductivity
curves for NaNbO3, Nao_ggsr0_01NbO3, and Na0.99Ca0.01Nb03
are displayed in Fig. 7(c). The conductivity of all samples
increases nearly linear with electric field, but remains below
5x1071°S/ecm™!.

Nyquist plots for pure NaNbOj3 (blue), Sr- (red), and Ca-
doped NaNbOs (yellow) are illustrated in Fig. 7(a) and 7(b).
The corresponding impedance measurements were done at
325°C. For all three samples one clear semicircle can be
identified.

IV. DISCUSSION

For SrTiO; and BaTiO3, XPS analysis of interfaces with
Sn-doped In, O3 and of clean donor-doped or reduced surfaces
consistently reveal Fermi energies of >3 eV above the valence
band maximum [23,46,60,92,93]. Combining this with their
band gaps of 3.2eV [30], the XPS measurements indicate
a Fermi energy near the conduction band minimum. This
is consistent with the electrical properties. The high elec-
trical conductivity of ~1S/cm, which can be reached with
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reduced and with donor-doped SrTiO3 and BaTiO3 [25,26,94—
96], are only possible with carrier concentrations of 1 x
10”cm™3to1 x 10*°cm™3 and hence with Fermi energies
near the minimum of the conduction band.

The XPS data recorded at the interfaces suggest that the
Fermi level in NaNbOj can be shifted to values ~3.2 eV. This
is similar to the Fermi energies observed at the clean surfaces
of Sr-doped and Ca-doped NaNbO;. The latter values might
actually be a bit lower, as charging of the XP spectra cannot
be completely excluded. The band gap of NaNbO; obtained
from the EELS signal is 3.5eV. In comparison with SrTiO3
and BaTiOs, it is therefore expected that the Fermi energy can
be shifted close to the conduction band minimum in NaNbOs.
A Fermi energy close to the conduction band minimum would
correspond to a high concentration of free (non trapped)
charges. Donor-doped NaNbO; should thus be highly elec-
tronically conducting, similar to donor-doped SrTiOs and
BaTiOs. This evidently contradicts the electrical measure-
ments of the donor-doped NaNbO3 samples with a conductiv-
ity ranging from 7.6 x 1071*S/cm~'t0 1.5 x 107! S/cm™!
and from 1.6 x 107'2S/cm™'to4.1 x 1071 S/cm~! with an
electric field running from 0.4kVmm~'t03.9kV mm~! for
Nag 99Srg.01NbO3 and Nag g9Cag 9; NbO3, respectively.

One question related to the present study is to which extent
the limits of the Fermi energy, which are related to limits
of electrical conductivity, are connected to the energy band
alignment of the materials as suggested by the alignment of
defect energy levels [17,22,23,97]. A determination of the
band alignment of NaNbO; with other perovskite oxides is
possible by applying the transitivity rule to the Fermi level
positions at the interfaces [46]. It is necessary, however, to
rule out Fermi level pinning effects, which restrict either the
upward or the downward shift of the Fermi energy [23]. The
Fermi energies at the NaNbO;3/ITO and the NaNbO3/RuO,
interfaces differ by 0.8eV, which is considerably smaller
than the difference observed at interfaces of the same two
materials with other oxides [23,27,46,98]. This indicates that
some Fermi level pinning is involved at least at one of the
two interfaces. At present, we have no clues as to whether
the Fermi energy cannot be higher than observed at the
NaNbO;/ITO interface, and/or whether it cannot be lower
at the NaNbO3/RuO; interface. In case the NaNbO;3;/ITO
interface is unpinned, we would extract similar valence band
maximum energies of SrTiOs, BaTiO3, and NaNbO3, which
corresponds to the comparison discussed in the previous para-
graph. In contrast, if the NaNbO3 /RuQ; interface is unpinned
as in the case of BiVO, [99], the valence band maximum of
NaNbO; would be 0.7 eV to 0.8 eV higher than that of BaTiO3
and SrTiO3 [50,60]. Expecting similar Fermi level limits, it
should be possible to raise the Fermi energy far above the
conduction band minimum in NaNbQs3. The two scenarios are
compared in Fig. 8.

Donor-doped BaTiO; exhibits a narrow range of donor
concentrations, for which a low resistivity in the range of
1 Qcm is observed [14,63,94,95,100]. For La-doping, for ex-
ample, the small resistivity regime with values around 1 Qcm
runs from 0.10 mol% to 0.25 mol%. Below a La-concentration
of 0.1 mol% the dopants are compensated by electrons. An
increase in doping concentration leads to a reduction of
resistivity. For higher donor concentration, the donors are

ScenarioI Scenario II
NaNbO; BaTiO, NaNbO,
A e
1 [~ 3 —
>
— 3_ — 3
3 2
u? 2] Eg,e1 E eeLs W
] | 1 L.L]
woq
\J —0
O -

FIG. 8. Energy band diagram of BaTiO3; and NaNbO;. The grey
rectangles represent the valence and conduction band. Scenario |
and II show the band alignment in case the Er position obtained
with RuO, (green) and ITO (yellow) is taken for the alignment,
respectively. The band gap measured with EELS Eg ggrs as well as
hypothetical electrical band gap Eg ¢ are indicated in scenario II for
NaNbOj;. The difference in the band gap values is illustrated by a
grey arrow. The electron of a possible exciton formed in case of the
optical and EELS investigations reducing the measured band gap is
shown as well.

preferentially compensated by intrinsic defects such as barium
(Vg,) or titanium vacancies (V/). The increase of resis-
tivity can then be assigned to the formation of insulating
grain boundaries due to the segregation of acceptor-like cation
vacancies to grain boundaries [63,94,100]. In the low resistiv-
ity regime, the positive temperature coefficient of resistivity
(PTCR) effect can be observed. In donor-doped BaTiOs3, this
resistivity jump occurs at the Curie temperature (7¢) and can
be explained by the Heywang-Jonker-model [94,101], which
is also based on grain boundary potential barriers.

If insulating grain boundaries, caused by segregation of Na
vacancies, are the origin of the insulating nature of donor-
doped NaNbQOs, a varistor effect as in zinc oxide (ZnO) might
be observed. The varistor effect is expressed by a small con-
ductivity at low voltages followed by a nonlinear increase
at a certain threshold voltage [102]. The effect originates
from the coexistence of conductive grains and insulating grain
boundaries [103]. At low voltages, the potential barrier at the
grain boundaries hinders the electrons from moving through
the sample. At a certain threshold voltage, these barriers can
be overcome, resulting in an abrupt conductivity increase. The
varistor effect has also been observed for BaTiO3; and SrTiO3
based systems [101,104—107] as well as theoretically [108].
The field dependent electrical conductivity shown in Fig. 7(c)
does not reveal a typical varistor behavior but a gradual
increase of conductivity with applied electric field for donor-
doped samples. This increase might be induced by some
resistive heating of the sample during the measurement with
high voltages applied. Assuming conductive grains, it is possi-
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ble to calculate the voltage drop across a single grain boundary
from the maximum electric field applied to the samples before
breakdown, the sample thickness, and the average grain size.
The contribution of the conductive grains to the overall resis-
tance is thereby neglected and it is assumed that the voltage
drops only across the grain boundaries. Therefore, the sample
thickness can be divided by the number of grain boundaries. A
voltage drop of 6 V per grain boundary or higher was reached
for all samples. The voltages for which a varistor effect in
BaTiOs or (Ba,Sr)TiOs3 is observed, range from 0.1 Vto 1V
per grain boundary [104,107]. The breakdown voltage in com-
mercial ZnO varistors is 3V per grain boundary [102,103].
Therefore, we assume that the threshold voltage for a potential
varistor effect should have been reached in case of the donor-
doped NN samples. The high field conductivity measurements
are therefore not consistent with the presence of conducting
grains separated by insulating grain boundaries. This is further
corroborated by the impedance measurements. Figures 7(a)
and 7(b) indicate single semicircles for Nagg9Srg o NbOs3,
Nag 99Cag 0 NbO3, and pure NaNbOj. In case of grain bound-
ary contribution, a second semicircle should emerge at high
frequencies. Furthermore, frequency dependent permittivity
measurements do not show any relaxation effects resulting
from grain boundary contributions below 10 x 10* Hz (see
Fig. S6 in the Supplemental Material [48]).

We finally propose that the discrepancy between the ob-
served Fermi level positions and the electrical properties of
NaNbO; is explained by a band gap, which is considerably
higher than the one measured with EELS and the highest re-
ported band gap from optical measurements of 3.5eV [33,35—
37]. This situation is similar to that of LiNbO3, in which the
fundamental energy gap, i.e., the energetic distance between
the fully occupied valence band and the completely empty
conduction band, is more than 1 eV higher than the one mea-
sured by optical techniques. This result has been concluded
from GW calculations and is explained by quasiparticle prop-
erties [73,74]. During optical measurements an electron is
excited from the valence to the conduction band. These two
generated charges, however, can interact with each other and
form an exciton, which lowers the measured optical band gap.
Optical properties do, therefore, not properly reflect the band
gap in LiNbO3 due to this strong electron-hole interaction.
Similar effects are present in organic semiconductors. The
difference between the electronic transport gap, taking po-
larization of the molecules due to removal or addition of an
electron into account, and the optical gap, the exciton binding
energy, is also of the order of 1eV [109,110]. The large
difference between the transport and the optical gap is related
to the localized nature of the electronic states. The present
study indicates that a similar situation may be encountered
in NaNbQOs. This is reasonable, as the electronic structure
of NaNbO; is comparable to that of LiNbO; with highly
localized Nb4d-derived states at the conduction band mini-
mum [29,73]. The effect of an exciton formation lowering the
measured band gap by XPS, optical and electron energy loss
spectroscopy is depicted in Fig. 8. The consequence would
be a much larger electrical band gap, which would explain

the low conductivity measured in this study. Independent on
which scenario I or II is correct, the maximum Fermi level
position Eg n,x would be much below the conduction band in
NaNbOs. This situation is different from the one in BaTiOs,
where the Er can reach the conduction band resulting in a
highly conductive sample.

V. SUMMARY AND CONCLUSIONS

The Fermi energy positions at the interfaces of undoped
and donor-doped NaNbOj3; with RuO, and ITO have been
determined by means of photoelectron spectroscopy as a func-
tion of film thickness with in-situ sample preparation. The
Fermi energies at the interfaces with RuO, are ~0.8 eV lower
than those at the ITO interfaces. The difference is smaller
than those observed for BaTiO3z, SrTiOsz, and Pb(Zr,Ti)Os,
which indicates the presence of a Fermi level pinning either
at the NaNbO3/RuO,, at the NaNbO;3/ITO interface, or at
both. Assuming unpinned Fermi levels at the ITO interfaces,
the valence band maximum of NaNbQO3; would be at a similar
energy than that of BaTiO3; and SrTiOs, while the valence
band of NaNbO3 would be lower if the Fermi level is unpinned
at the interface with RuQO,. In both cases, a high electrical
conductivity of donor-doped NaNbO; has to be expected if
the energy gap of NaNbO; is of the magnitude determined
by electron energy loss spectroscopy in this work and optical
spectroscopy in literature (3.4 eV to3.5eV). In contrast, Ca-
and Sr-doped NaNbOj are electrically insulating with a room
temperature conductivity <107!9 S /cm. Field-dependent con-
ductivity measurements with electric fields corresponding to
a voltage drop of >6V per grain boundary do not evidence
a varistor effect. It is therefore excluded that the high resis-
tivity of donor-doped NaNbOj is caused by insulating grain
boundaries. This is corroborated by impedance spectroscopy,
which revealed no grain boundary contributions. It is therefore
suggested that the conduction band minimum of NaNbOj is
not 3.4eVto3.5eV above the valence band maximum but
substantially higher in energy and that optical measurements
are strongly affected by a high exciton binding energy as it has
also been discussed in literature for LiNbOs5.
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