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Single crystalline SrTiO; doped with 0.1 wt.% Nb was used as
a model system to evaluate the role of the Schottky barrier in
the resistive switching of perovskites. The Ti bottom electrode
formed an ohmic contact in the Ni/Nb:SrTiO5/Ti stack,
whereas the Ni top electrode created a strong Schottky
barrier, which was reflected by a huge semi-circle in the
impedance spectrum of the stack. Bipolar switching was
achieved in the voltage range of —4 to 4 V for the stack, two
clear resistance states were created by electric pulses, and the
Schottky barrier heights corresponding to the high/low
resistance states were experimentally determined. A direct
relation between the resistance state and the Schottky barrier
height was thus established.

The phenomenon of resistive switching has been extensively
observed in various perovskite oxides, such as Pr;,CaMnOg!
SrZr0;2 SrTiOs® and BaTigesC0p0s0s,* and Ph(Zrg,Tigs)O0s.®
Among perovskite oxides, SrTiO; has been thoroughly
investigated;®*? the knowledge about SrTiO; helps understanding
the switching behaviours of other perovskite oxides. Therefore,
SrTiOj3 is addressed in this work as a model system.

Quite different mechanisms have been proposed to explain the
switching behaviours of SrTiO;, and the most relevant switching
mechanisms have been reviewed by Waser et al.**!* and Sawa.’®
Usually the works on acceptor- (e.g. Cr) doped SrTiOz*° emphasize
the property change in the crystal bulk, in which, oxygen vacancies
(or oxygen ions) play a key role: either the fast transport of oxygen
vacancies along dislocations®® or the formation of oxygen-vacancy
array under high electrical stress'* was suggested to be responsible
for the switching. Guo'® performed the electroforming of acceptor-
doped SrTiO; single crystals at 200 ‘C and realized bipolar
switching at room temperature. Since oxygen vacancies (or oxygen
ions) are sufficiently mobile at 200 “C, this work established a clear
relation between the migration of oxygen vacancies and the resistive
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switching. In a very recent work,"” the concentration variation of
oxygen ions at different resistance states was directly measured.

A Schottky barrier is formed at the metallic electrode/SrTiOs
contact, therefore, for donor- (e.g. Nb) doped SrTiO; the role of the
Schottky barrier is emphasized:”®'**® the change in the Schottky
barrier height under voltages of different polarities are responsible
for the different resistance states. The important experimental
evidences for the Schottky barrier model are:*® (1) the on/off
resistances of Nb-doped SrTiO; is inversely proportional to the
electrode/SrTiO; interface area, suggesting that the resistive
switching takes place over the entire interface area, and (2) Nb-
doped SrTiO; with ohmic contact does not show any switching
behaviour; whereas, Nb-doped SrTiO; with Schottky-type contact
shows the resistive switching, and the switching behaviour can be
alternated by modifying the electrode/SrTiO; interface.

However, the effect of the Schottky barrier was not separated
from that of the bulk of donor-doped SrTiO; in many cases. For
example, the stack (interface plus bulk) capacitance was measured
without differentiating the contribution of the crystal bulk from that
of the interface;'® as a result, one could not conclude that the
different capacitances in the low and high resistance states were only
due to the interface effect. Also the direct link between the Schottky
barrier height and the resistance state is still lacking.

An obvious advantage of the impedance spectroscopy technique
is that the interface effect and the bulk contribution can be readily
separated.’® Impedance spectroscopy has been popularly used to
investigate the switching of Fe-doped SrTiOs,'° Nb-doped SrTiO;,%
(Ba,Sr)(Zr,Ti)O3,2 NiO and TiO,,% SrZrO,,% and graphene oxide;*
in most of these cases, the impedance spectroscopy was used to
characterize the bulk properties of thin films, and in all the cases, the
Schottky barrier height was not determined.

In this work, the impedance responses of the Schottky barrier in
the high resistance state (HRS) and the low resistance state (LRS)
were measured, and the bias-dependent response of the Schottky
barrier unambiguously demonstrated that one could change the stack
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resistance by orders of magnitude only by manipulating the Schottky
barrier height. More important, the Schottky barrier heights of HRS
and LRS were derived from the 1-V and 1/C%V curves, and a direct
relation between HRS/LRS and a larger/smaller barrier height was
established.
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Fig. 1 (a) Configuration of Ni/Nb:SrTiO/Ti stack, and the inset is the optical
image of the top Ni electrodes, and (b) bias-dependence of Ni/Nb:SrTiO,/Ti
stack. Insets (upper) are magnified impedance spectrum under 0.2 V bias
(left), and equivalent circuit for fitting the impedance spectrum (right).

Ni/Nb:SrTiO5/Ti stacks were fabricated in this work. The sample
configuration is illustrated in Fig. 1(a). (100)-oriented SrTiO; single
crystals (5>6>0.5 mm?) doped with 0.1 wt. % Nb (CrysTec,
Germany) were used. Top Ni electrode (diameter: 0.4 mm, thickness:
200 nm) and bottom Ti electrode (area: 5>6 mm?, thickness: 200 nm)
were prepared by sputtering with shadow masks. The Ti electrode
was further capped with 100 nm thick Ag layer to prevent oxidation.

Nb-doped SrTiO; (Nb:SrTiO3) is a n-type semiconductor with a
wide band gap of 3.3 eV,”® and a Ti electrode usually forms an
ohmic contact at the Ti/Nb:SrTiOs junction.?® However, owing to the
large work function of Ni (¢,=5.15 eV), a Ni electrode forms a
Schottky barrier at the Ni/Nb:SrTiO; junction; a Schottky barrier
composes of a depletion layer of electrons at the Ni/Nb:SrTiO;
interface. According to the Schottky-Mott relation:?” ¢ = dy — xs
(where yg is the electron affinity, ~3.9 eV for SrTiO; (Ref. 25)), the
ideal Schottky barrier height ¢ for the Ni/Nb:SrTiO; junction is
~1.25eV.

The properties of the Nb:SrTiOj; single crystal and the Schottky
barrier at the Ni/Nb:SrTiO; junction can be separated by the
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impedance spectroscopy, and the impedance spectroscopy
investigations were carried out with a 1260 Frequency Response
Analyzer, in conjunction with a 1296 Dielectric Interface (Solartron
Instruments, Farnborough, U.K.) in the frequency range of 1 to 10°
Hz at an amplitude of 50 mV in air and at ambient temperature. Fig.
1(b) shows the impedance spectra of the Ni/Nb:SrTiO3/Ti stack
under different dc bias voltages; all the spectra are characterized by
semi-circles. The bulk resistance of the Nb:SrTiO; single crystal was
measured to be ~170 Q, while the resistance of the Ni/Nb:SrTiO/Ti
stack, as determined from the intersect of the impedance semi-circle
on the real axis, was ~1.68x10% Q under 0 V bias; therefore, the
huge semi-circle can only be due to the impedance response of the
Schottky barrier. Very interestingly, the semi-circle could be
depressed by applying dc biases, as shown in Fig. 1(b). Such a
phenomenon further demonstrates that the semi-circle is due to the
Schottky barrier, because the bulk resistance of the Nb:SrTiO; single
crystal could not be modified by the biases < 0.2 V.

Fig. 2 Hysteric current density J- voltage V curve of Ni/Nb:SrTiOs/Ti stack.
The voltage sweeping was set to be 0 — +4 — 0 — -4 — 0 V. The left inset
shows the corresponding I-V curve on linear scale, and the right one is the I-V
curve of the Ti/Nb:SrTiO3/Ti stack, demonstrating the ohmic contact between
Ti and Nb:SrTiOs.

The current |- voltage V characteristics of the Ni/Nb:SrTiO,/Ti
stack were investigated by the Keithley 4200 semiconductor
characterization system in air and at the ambient temperature. The
voltage sweep was set to be 0 — +Vax — 0 = =V — 0 V. The
hysteretic semi-logarithmic current density J- voltage V curve is
depicted in Fig. 2; the stack could be set from HRS to LRS by
applying positive forward voltages, and reset from LRS back to HRS
by applying negative reverse voltages. However, when Ti was
applied for both the top and bottom electrodes, only ohmic contact
was achieved, as evidenced by the right inset in Fig. 2.

HRS and LRS could also be created by applying electric pulses; a
sequence of electric pulses with the amplitudes between —12 and +12
V and the width of 1 ms were applied to the Ni/Nb:SrTiO,/Ti stack,
and the stack resistance was recorded under a voltage of —0.1 V after
each pulse. The results are given in Fig. 3(a). By applying pulses of
+12, -12, -10, -8, —6 V, LRS with the resistance of ~10 KQ and
different HRSs with the resistances of ~1600, ~780, ~260, ~50 KQ,
were obtained. A relaxation of the resistance states could be
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observed, which was especially noticeable for LRS. The variation of
low resistance R with time is shown in Fig. 3(b), and it follows the
Curie-Von Schweidler law R ot?, here [ is a constant less than 1.
This equation describes charge trapping effect in high-« dielectrics.?®
It was suggested that this resistance relaxation could be understood
by the defects near the interface.?®
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Fig. 3 (a) Pulses with amplitudes of +12, —12, -10, -8 and -6 V (upper) and
corresponding resistance responses (lower). Pulse width was fixed at 1 ms.
Read voltage was —0.1 V. (b) Relaxation of low resistance with time. Ryomalized

= R/ Rrime=1000s-

To demonstrate the |-V characteristic more clearly, the 1-V curve
of the Ni/Nb:SrTiOs/Ti stack is replotted on linear scale in Fig. 2
(the left inset). At room temperature, the thermal voltage (V; =
kgT/q) is approximately 26 mV; when the applied voltage is higher
than the thermal voltage, the current increases exponentially, and
such behaviour can be described by Eq. (1),%

J = A"T?exp(—¢p/kgT)exp(qV /nkpT) @

where A™ is the effective Richardson constant (156 Acm™2K? for
Nb:SrTiO;*), T the absolute temperature, kg the Boltzmann constant,
g the electron charge, ¢ the Schottky barrier height and n the
ideality factor. The ideality factor n describes the deviation from the
ideal thermionic emission. By fitting the linear logJ-V sections in Fig.
2 according to Eq. (1), one can determine the n and ¢zvalues; the
Schottky barrier heights ¢ thus deduced are 0.72 eV for HRS and
0.50 eV for LRS, and the ideality factors n are 2.12 for HRS and
2.54 for LRS. The Schottky barrier height ¢z and ideality factor n of
HRS deviating from the expected value (¢p = 1.25e¢V and n = 1)
could be attributed to the presence of the interface layer and/or
interface states. 252

To further understand the Ni/Nb:SrTiOj; interface, the capacitance
C- voltage V characteristic was measured at 1 MHz with a signal of
50 mV, and the 1/C% V curves at HRS and LRS are given in Fig. 4.
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The carbon contamination or the atomic rearrangement when a metal
electrode is deposited on the SrTiO; surface causes an interface layer
at the electrode/SrTiO; junction.?*° Taking the interfacial layer into
consideration, the junction capacitance is described by

1 _ 2n[nVp;-V-(nkgT/q)] @
c? qeoerNg

where Vy;, Ny, &, & are the built-in potential, dopant concentration,
vacuum permittivity, and relative dielectric constant, respectively.
Fitting the experimental results given in Fig. 4 according to Eq. (2),
the built-in potentials were deduced to be 1.16 eV and 0.78 eV for
HRS and LRS, respectively. For Nb:SrTiOs, Vp; — ¢ ~ 0.1 eV,*
therefore, the Schottky barrier heights could thus be determined to
be 1.06 eV and 0.68 eV for HRS and LRS, respectively. These
values are larger than those deduced from the J- V fitting, but the
Schottky barrier height at HRS is quite close to the ideal height value.
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Fig. 4 1/C% V curves of the Ni/Nb:SrTiOs/Ti stack at HRS and LRS. The
dotted lines are fitting results.

Now it is clear that LRS and HRS are due to different Schottky
barrier heights. To make the relation more visible, the impedance
spectroscopy investigations of the Ni/Nb:SrTiO,/Ti stack were
conducted again, and the spectra in HRS and LRS are presented in
Fig. 5. Immediately after the voltage sweep of 0 — —4 — 0 V, the
impedance spectrum at HRS [Fig. 5(a)] was recorded; and after the
voltage sweep of 0 — +4 — 0 V, the impedance spectrum at LRS
[Fig. 5(b)] was recorded. The diameter of the impedance semi-circle
can be regarded as a visual measure of the Schottky barrier; it is
obvious from Fig. 5 that HRS is due to a larger Schottky barrier
height, and that LRS due to a smaller Schottky barrier height.

In the Schottky contact model, the value of the contact resistance
is related to the height of the Schottky barrier and the width of the
depletion layer. Considering all the experimental results presented in
the above, we come up with a plausible switching mechanism.
Different defects (e.g. oxygen vacancies) act as interface states in the
interface.®® An interfacial layer inevitably exists on the
Ni/Nb:SrTiO; interface,?® and forms a potential drop A across the
interfacial layer. The Schottky barrier height can be written as:
¢p =Py —xs—A. When a forward voltage is applied to the
Ni/Nb:SrTiO; interface, a large amount of electrons are extracted
from the interface states, leading to an increase of A. This discharge
effect decreases the Schottky barrier height and results in LRS.
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When a reverse voltage is applied, electrons are trapped in the
interface states, and the Schottky barrier height increases, leading to
HRS. The amount of trapped/detrapped electrons in the interface
states can be modified by controlling the magnitude of voltage or
pulse,?® which induces different Schottky barrier heights, and thus
different resistance states are obtained.
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Fig. 5 Impedance spectra of Ni/Nb:SrTiO4/Ti stack in (a) HRS and (b) LRS.

Conclusion

An unambiguous relation between the resistance state and the
Schottky barrier height is established, and the impedance
spectroscopy investigations make such a relation clearly visible. The
variation of Schottky barrier height can be attributed to charge
trapping/detrapping in the interface states.
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