Electrical conductivity in oxygen-substituted SrTiOs-s films
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Enhancement of electrical conductivity in fundamentally insulating ABOs perovskite oxide
ferroelectrics is crucial for innovative applications in resistive switching, photovoltaics, and
catalysis. One of the methods to raise conductivity in bulk crystals or ceramics relies on the
possibility to remove and/or substitute oxygen atoms. Here, we explored this approach for thin
films of the representative perovskite oxide SrTiOz. Small-signal AC conductivity was
investigated in epitaxial and polycrystalline films, where oxygen vacancies (Vo), nitrogen (N), or
hydrogen (H) were introduced in-situ during film growth. Hopping mechanism of conductivity
was evidenced by the observed strong growth of AC conductivity with temperature, frequency,
and AC voltage in all films. Small polarons were identified as charge carriers. Oxygen
vacancies/substitutions were suggested to facilitate hopping probability by generating sites for
carrier localization. Important ferroelectric devices were proposed to benefit from the revealed

hopping conductivity owing to its unique increase with electric field.
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Electrical conductivity is critical for nearly all applications of multifunctional ABOs-type
perovskite oxide ferroelectrics. Mainstream applications (e.g., in capacitors, electromechanical,
and electrooptical devices) demand perfect insulating properties, which are ensured by a
fundamental wide-bandgap insulator state in ferroelectrics. On contrary, innovative applications
in resistive switching, photovoltaics, and catalysis ask for semiconductor- or metal-like behaviour
with relatively large conductivity. Such conductivity can be achieved using appropriate cationic
doping. Additionally, increased conductivity is often obtained as a result of high-temperature
processing, which is performed at low pressures of oxygen, in vacuum, or in the presence of
hydrogen or nitrogen, and lasts from a few hours to several days. For instance, in one of the best
studied representatives of a broad class of ferroelectrics, strontium titanate (SrTiOs, STO), this
approach has been employed for over a half century and includes recent developments in
topochemical synthesis.}™*®> Because oxygen atoms are removed and/or replaced during this high-
temperature processing, it is referred to as “reduction’ and the increased conductivity is commonly
related to the presence of oxygen vacancies/substitutions. Today, this phenomenon attracts
particular interest because of its essential role in thin-film memristive devices.’®*8 Notably, it was
found that apart from oxygen vacancies/substitutions, also other point or extended defects®%° as
well as surface two-dimensional electron gas (2DEG)?-%8 can raise the electrical conductivity in
STO films.

In this work, we aimed to employ oxygen vacancies/substitutions for controlling the electrical
conductivity of thin STO films. We investigated the conductivity in epitaxial and polycrystalline
films, where oxygen vacancies, nitrogen substitutions, or hydrogen substitutions were introduced
in-situ during film growth.3%-%° To diminish possible impact of surface 2DEG, we determined the
conductivity in the films sandwiched between the bottom and top electrodes in the vertical
structures. To avoid injection of excess carriers and inspect intrinsic conductivity, we applied
small-signal AC impedance spectroscopy.*' Furthermore, to distinguish between the band and
hopping mechanisms of conductivity, we analyzed the conductivity as a function of the
temperature, frequency, and amplitude of AC voltage.*>>!

Our studies revealed insulator-type hopping conductivity with small polarons as charge carriers.
These observations suggest that oxygen vacancies/substitutions yield sites for electronic
localization and hopping. Fundamentally, the hopping conductivity is strongly dependent on the

electric field and relevant for all perovskite-type oxide ferroelectrics. Therefore, the hopping



conductivity may have essential implications for all ferroelectric devices including vital resistive
switching diodes.

We investigated the conductivity in thin (80-100 nm) epitaxial and polycrystalline STO films,
which were grown in pairs within a single pulsed laser deposition process, thus ensuring similar
chemical composition for both films in each pair.®® Epitaxial films were prepared on (001)
(Lao.3Sro.7)(AlossTaoss)O3 substrates using epitaxial LaNiOs bottom electrodes, whereas
polycrystalline films were formed on Pt-coated Si substrates. Oxygen substitution was
implemented by varying the gas ambience during deposition.3**° For brevity, we denote
stoichiometric, oxygen-deficient, nitrogen-doped, and hydrogen-doped films by S, O, N, and H,
correspondingly, for epitaxial films, and by S*, O*, N*, and H* for polycrystalline films. The
content & was from 0 to ~0.3 in SrTiOz3-5 X5 [Supplementary section S1]. We note that in addition
to compositional analyses, elastic interactions of defects with substrate-induced misfit strain make
it possible to estimate defect concentration from the lattice parameters in epitaxial films.*® The
STO/LSAT films were (001)-oriented, whereas the STO/Si films were randomly-oriented
[Supplementary section S2].

For electrical characterization, Pt top electrodes were formed by pulsed laser deposition using
a shadow mask. The impedance was measured on a NOVOCONTROL Alpha-AN High
Performance Frequency Analyzer, and the control of temperature was realized using Linkam
cold/hot stages. The conductivity of the bottom electrodes was also examined.

To identify the mechanism of conductivity, the AC conductivity was investigated as a function
of temperature T = 80 — 500 K, frequency f = 1 — 10° Hz, and amplitude of the AC probing signal
Vac = 10 — 1 V. This approach is justified in Supplementary section S3. The key characteristic
features of the hopping conductivity compared to those of the band conductivity are adopted from

Refs. 42-51 and summarized in Table I.

Table I. Simplified approximations for changes in the band conductivity and hopping
conductivity with temperature, frequency, and voltage.

factors BAND conductivity | HOPPING conductivity
temperature T exp(=T™1) exp(-T7?),b<1
frequency f const(f) fS$,s<2
small voltage V const(V) exp(=V™1)
large voltage V exp(V™1) exp(—V™1)




injection (V, T)
SCL \
FN Vexp(=V™1)
RS T2exp(VV)

(SCL - space charge limited, FN - Fowler-Nordheim, and RS - Richardson-Schottky mechanisms)

The measured AC conductivity is presented as a function of frequency f, temperature, T, and

voltage Vac in Figs. 1-2 and Supplementary Figs. S2-S8. All films exhibit a very small conductivity
of ~103-10t S/cm at low T, f, and Vac [e.g., see data for T = 100 K and f = 1 Hz in Fig. 1]: values

that imply excellent insulating properties. The insulating properties are consistent with the optical

observations, which evidenced the wide bandgaps and absence of free carriers in such films.3%4°

Importantly, the conductivity strongly increases with increasing frequency [Fig. 1 and

Supplementary Figs. S2-S3]. Moreover, the conductivity increase for frequencies from 1 Hz to 1

MHz is comparable to or even larger than that for temperatures from 100 K to 500 K. Such a

massive frequency dispersion firmly evidences the hopping mechanism of charge transport.
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Fig. 1. Log-log plots of conductivity (at Vac = 1 mV) as a function of frequency at temperatures

of 100, 300, and 500 K (as marked on the plots) in the (a-d) epitaxial and (e-h) polycrystalline

films.




The film-specific strong frequency dispersion and temperature dependence of the conductivity
make it difficult to directly compare the anion-substituted and stoichiometric films. However, the
obtained results imply two opposite tendencies, which are produced by anion substitution: the
conductivity tends to decrease in the epitaxial films [Figs. 1(a-d) and Supplementary Figs. S2(a,
b)] and it tends to increase in the polycrystalline films [Figs. 1(e-h) and Supplementary Figs. S2(c,
d)]. The seemingly counterintuitive behaviour of the epitaxial films suggests a reduced
concentration of sites for hopping in the doped films, that, however, is fully consistent with the
improved crystal quality (less structural defects) of such films.3%%° Notably, for temperatures
higher than 200 K, the conductivity in the doped polycrystalline films is up to several orders of
magnitude larger than that in the epitaxial films [Supplementary Fig. S3]. This huge difference
lends additional proof towards the hopping transport. Compared to the single-crystal epitaxial
films, the polycrystalline films are enriched with deviations from a perfect monocrystalline
structure. These defects enable a high density of available sites for localization and hopping of
charge carriers. The high density, broad distribution of energies, and spatial proximity of these
sites ensure increased hopping probability and, hence, an enlarged conductivity in the
polycrystalline films.*

The hopping mechanism is further confirmed by the specific dependence of the conductivity on
the amplitude Vac of the AC voltage. In all films, the conductivity increases with Vac, whereas the

increase is better expressed in the polycrystalline films [Fig. 2 and Supplementary Fig. S4].
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Fig. 2. (a) Log-log plots of the room-temperature conductivity as a function of frequency at
different AC voltages and (b) semilog plots of the room-temperature conductivity as a function of
AC voltage at f = 1 Hz in the polycrystalline films. Arrows show directions of the voltage increase

in (a).



The profound concurrent impacts of the temperature, frequency, and voltage on the conductivity
[see also Supplementary Fig. S5 for illustration] are fully consistent with the hopping transport. It
is worth mentioning that the observed variations in the conductivity with T, f, and/or Vac well
exceed those, which are induced by anion modifications as such.

Various charge carriers (electrons, holes, small polarons, and/or coupled polarons) and hopping
processes (tunneling, barrier, adiabatic, variable-range, etc) may be involved in charge transport.
To gain insight into the type of charge carriers, we first analyzed low-frequency conductivity (f =
1 Hz) as a function of temperature. Good fits to [ooc exp(-1/T)] are obtained above room
temperature in all films [Supplementary Fig. S6]. At low temperatures, the curves [In(o) vs 1/T ]
flatten. The observed shape of the temperature dependence of conductivity is typical for hopping
of small polarons.* The hopping barriers, extracted from the linear fits, are in the range of 0.1 —
0.3 eV in the epitaxial films and 0.3 — 0.5 eV in the polycrystalline films, and are also consistent
with the binding energies of small polarons.*

Next, we more closely inspected the substantial frequency dispersion of the conductivity [Figs.
1(a-f)]. The plots of [In(o) versus In(f)] for different fixed temperatures [Supplementary Fig. S7
and Fig. S8] contain linear fractions, implying power-law relationships [o o« f *]. The exponents s,
determined from the linear fits [In(o) o In(f)], are displayed as a function of temperature in Fig. 3.

The dielectric permittivity is frequency-independent [Supplementary Fig. S9], implying that the
behaviour of s is not related to dielectric relaxation. Concurrently, the frequency-independent
dielectric loss gives a contribution with the temperature-independent s = 1, which is not the case
in Fig. 3. In the epitaxial films, two distinct relaxation processes coexist. The higher-frequency
relaxation is characterized by s > 1, which is practically temperature independent. Although
comprehensive theoretical analysis of such behavior is still required, a phononless or a nearly
constant loss tunneling may be responsible for it.** Quantum mechanical tunneling of small
polarons can also lead to a temperature-independent s < 1, whereas a barrier hopping gives s < 1,
which decreases on heating.*44347-31 Compared to the tunnelling processes and barrier hopping of

small polarons in the epitaxial films, dominant barrier hopping is likely in the polycrystalline films.
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Fig. 3. Relaxation exponents s as a function of temperature in the (a-c) epitaxial and (d)

polycrystalline films.

The presented experimental observations signify hopping of small polarons in the oxygen-
substituted STO films. We note that despite clear optical evidence of small polarons in STO (see
Ref. 52 and references therein), their hopping transport is not sufficiently recognized. In STO, the
small polarons are intrinsic and/or injected electrons, which are localized, or trapped, on the Ti**
sites, thus turning them into Ti%* sites.>2® Both self-trapping and trapping, assisted by extended
and/or point defects, can occur and lead to a rich landscape of hopping sites in terms of their
energies and coordinates.>* In this picture, oxygen vacancies/substitutions facilitate conductivity
by yielding hopping sites and thus raising the hopping probability. Concurrently, not only oxygen
vacancies/substitutions may be responsible for the presence of Ti** and the conductivity increase.
We also note that the trapping and hopping of carriers do not exclude trap-to-band transitions and
band conductivity under sufficient thermal, electrical, or photostimulated excitation. Likewise, the
band and hopping mechanisms can coexist in cation-modified STO.

Fundamentally, carrier localization is characteristic not specifically for STO but for all
perovskite-type oxide ferroelectrics.*® Thus, hopping conductivity is relevant for these materials
in general. An important feature of the hopping conductivity is its massive growth with an electric
field E [o o« exp(-1/E)],** which can enable an orders-of-magnitude rise in current with a DC bias
in thin films. Such a rise contrasts with the saturation of current at high fields for the band
conductivity and is not limited by the injection current. Accordingly, hopping conductivity may
empower innovative ferroelectric devices, including advanced resistive switching diodes, and is
worthy of more research attention.

In summary, the electrical AC conductivity was investigated in a broad range of temperatures
from 80 to 500 K, frequencies from1 Hz to 1 MHz, and AC voltages from 1 meV to 1 V in thin



in-situ oxygen-substituted epitaxial and polycrystalline SrTiOs.sXs (X — Vo, N, or H) films
sandwiched between the bottom and top electrodes. The conductivity was found to strongly
increase with temperature, frequency, and AC voltage. The observations evidenced the hopping
mechanism of charge transport. The analysis revealed small polarons as charge carriers. It was
suggested that oxygen vacancies/substitutions, in resemblance and combination with other defects,
produce sites for carrier localization and hopping, thus raising the hopping probability and
conductivity. It was also proposed that profound electric field dependence of hopping conductivity

may be beneficial for innovative ferroelectric devices.

See the supplementary material for (1) anionic content, (I1) crystal orientation, (111) basic features

of conductivity, and (IV) analyses of temperature dependence and frequency dispersion.
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