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We investigated the temperature dependence of carrier transport and resistance switching of Pt/SrTi;_,Nb, O3
Schottky junctions in the temperature range 80-400 K by measuring the current-voltage (I-V) characteristics and
the frequency dependence of the capacitance-voltage (C-V) characteristics. The /-V curves displayed a high degree
of hysteresis, known as the colossal electroresistance (CER) effect, and their temperature dependence showed an
anomalous behavior, i.e., the magnitude of the hysteresis increased with decreasing T. The experimental results
were analyzed by taking into account the temperature and electric-field dependence of the relative permittivity
of SrTi;_,Nb,O; as well as the inhomogeneity of the Schottky barrier height (SBH) (a model in which two
parallel current paths coexist in the Schottky barrier). It was confirmed that the observed /-V and C-V curves
were well simulated by this model, thus indicating that the CER effects originated in the field emission current
through different SBHs and at different locations of the Schottky junctions. Based on these results, we explain
the mechanism of the CER effect qualitatively in terms of this model. For this purpose, we take into account the
pinched-off effect caused by the small-scale inhomogeneity of SBH and the existence of deep levels as a result

of defects and unintentional impurities in the depletion layer of the Pt/SrTi;_,Nb, O3 Schottky junctions.
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I. INTRODUCTION

Strontium titanate (SrTiO3) and its related solid solutions
have attracted considerable research interest because of their
native dielectric and ferroelectric properties,' as well as
their current transport properties after doping.*> Recently,
significant attention has been paid to niobium-doped stron-
tium titanate (SrTi;_,Nb,O3), because metal/SrTi;_,Nb,O3
Schottky junctions exhibit reversible resistance switching
between different states in their current-voltage (I-V) curves,
a property known as the colossal electroresistance (CER)
effect.*!> Similar behavior has been observed for various
transition-metal oxides,'*2° and several models that assume
different conducting mechanisms have been proposed to
explain these CER effects. Furthermore, integrated circuits
of nonvolatile resistance random access memories based on
the CER effect have been realized having Pry;Cap3;Mnj
(PCMO),?” NiO,?® and Cu, 0 as the active layers.

Recently, the mechanism of the CER effect in metal or
metallic oxide/SrTi;_,Nb,O3 Schottky junctions has been
extensively studied from both the experimental and theoretical
perspectives,>'3 and the fundamental features of the effect
have been clarified. However, several issues are unresolved
and further experimental and theoretical investigations are
obviously required for a more complete understanding of the
CER effect. When considering the origin of the additional
current paths across the Schottky junctions, a number of
researchers have thought it highly possible that these current
paths originate from inhomogeneity in the Schottky barrier
height (SBH).3%-3% It has been pointed out that experimental
data obtained from a number of metal/semiconductor (MS)
interfaces are consistent with the assumption that SBH
inhomogeneity is present.>* A series of studies on SBH
inhomogeneity in various MS systems have been carried
out,*-3% in which it has been shown that the presence of SBH
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inhomogeneity leads to a coherent explanation for many of the
anomalies in the experimental results.>> For metallic oxide/
SrTi;_Nb, O3 Schottky junctions, Ramadan et al. discussed
the I-V curves they observed in terms of SBH inhomogeneity,’
but they did not discuss how this might be related to the CER
effect. To elucidate the mechanism of the CER effect, it is
important to clarify the relationship between the CER effect
and SBH inhomogeneity.

It has been confirmed that the relative permittivity (¢,) of
the depletion layer of a metal/ SrTi;_,Nb, O3 Schottky barrier
strongly depends on the temperature (7) and electric field
(E).3¥4° Suzuki et al.*® and Yamamoto et al.* reported that
the ¢, (E,T) value of SrTi;_,Nb, O3 is approximately given by
the following relation:

b(T)
Ja(T)+ E?’

where a(T) and b(T) are constant for a given T and are given
by a(T) = [b(T)/e.(E = 0,T))* and b(T) = 1.37 x 10" +
4.29 x 10°T (V/cm).

Based on ¢,(E,T), Susaki et al. simulated /-V curves for
the temperature dependence (from 10 to 300 K) of their Au/
StTi;_Nb,O3 (0.01 wt %) Schottky junction.*! They found
that the permittivity of SrTiO; near the interface exhibited
a T dependence that was the opposite to that observed in
the bulk, which significantly reduced the barrier width. At
low T, the tunneling current dominated the junction transport
because of the narrowing of the barrier. Based on these results,
they successfully explained the observed T-dependent reversal
of the rectifying polarity in their sample.* In their report,
however, the CER effect, that is, the hysteresis in the I-V
curves, as in the results shown in Fig. 1, was not addressed
at all. With regard to the CER effect, Shang et al. recently
reported that the tunneling process of electrons through the
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FIG. 1. (Color online) Temperature dependence of /-V curves
of Pt/SrTi;_,Nb,O; (0.5 wt %) Schottky junction with thermal
treatment surface at 1400 °C. Arrows indicate sweeping direction
of applied bias.

junction remained dominant even in a high-T region from
293 to 454 K, and that it played an important role in the
CER effect.'? Thus, to elucidate the mechanism of the CER
effect, it is important to gain a detailed understanding of the
carrier transport properties of metal/ StTi;_,Nb, O3z Schottky
junctions.

In this study, to understand the mechanism of the CER
effect, we investigated the 7 dependence of the carrier transport
properties of Pt/SrTi;_,Nb,O3 Schottky junctions in the
temperature range 80—400 K. We did this by measuring the
current-voltage (/-V) characteristics and measuring-frequency
(f) dependence of the capacitance-voltage (C-V) character-
istics. The I-V curves clearly showed the CER effect, and
their T dependence showed an anomalous behavior, i.e., the
magnitude of the hysteresis increased with decreasing 7. These
I-V and C-V curves were analyzed by taking into account
the temperature and electric field dependences of the relative
permittivity of StrTi;_,Nb,Os and the SBH inhomogeneity.
This is because the SBH of the Pt/SrTi;_,Nb, O3 (0.5 wt %)
Schottky junction is not uniform, and a large current flows
through a local area with a low SBH region in the low-
resistance state. The experimental results were well repro-
duced by simulations based on our model. Furthermore, on
the basis of our model, we explain the mechanism of the
CER effect qualitatively, taking into account the pinched-off
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effect caused by the small-scale inhomogeneity of SBH and
the existence of non-negligible deep levels in the depletion
layer of the Schottky junction.

II. EXPERIMENTAL PROCEDURE

We used commercially available 0.5-wt % Nb-doped
SrTiO; single crystals. Hall measurements revealed that the
free-carrier (electron) concentration was 2 x 102 cm™3, a
value that remained constant within a temperature range T
= 80-300 K. A 700-um-diameter Pt electrode was deposited
on the surface by dc sputtering, and an Ohmic Al electrode was
formed on the back side of the crystal by vacuum evaporation.
In general, the preparation of a semiconductor surface is
crucial to the metal/semiconductor’s junction properties. In
our previous work,'? we found that the CER effect of a
Pt/SrTi;_,Nb, O3 Schottky junction was strongly dependent
on the preparation procedure for the SrTi;_,Nb,O; surface
before the evaporation of Pt metal on that surface. In this
study, we focused on a junction subjected to thermal treatment,
in which the surface of the SrTi;_,Nb,O; was annealed at
1400 °C in air for 2 h, thereby achieving an atomically flat
surface before the electrodes were deposited. We could obtain
reproducible junction characteristics from such junctions, at
least in a low applied voltage region. The /-V measurements
were performed using a Keithley 237 source measure unit,
while the C-V measurements were carried out using an Agilent
4284A LCR meter.

III. EXPERIMENTAL RESULTS

Figure 1 shows the T dependence of the /-V curves of the
Pt/StTi;_,Nb, O3 (0.5 wt %) Schottky junction. Hysteresis in
both the forward and reverse /-V curves, which corresponded
to CER, were observed for all measurement temperatures
(T = 80400 K), although the I-V characteristics displayed the
rectification characteristic of a conventional Schottky junction,
which is similar to that of a metal/n-type semiconductor
junction.*> In the figure, the OFF current flows in a bias
sequence from reverse to forward bias (R to F), while the ON
current flows in a bias sequence from forward to reverse bias
(F to R). In addition, the switching from OFF to ON occurs
when the R to F bias sequence switches to the F to R sequence,
and the switching from ON to OFF occurs when the F to R
bias sequence switches to the R to F sequence. Furthermore,
the T dependence of the hysteresis shows an anomalous
behavior, i.e., the magnitude of the hysteresis increases with
decreasing T. This phenomenon is quite different from that of
a conventional Schottky junction in which the reverse current
level generally decreases with decreasing 7.%?

Figure 2 shows the temperature (T = 80—400 K) and
fm dependence [f,, = (a) 1000 kHz, (b) 10 kHz, and
(¢) 0.1 kHz] of the C-V curve of the Pt/SrTi;_,Nb,O3
(0.5 wt %) Schottky junction. The C-V curves at higher fre-
quencies and lower temperatures showed conventional Schot-
tky junction characteristics, in which the junction capacitance
decreases with increasing reverse bias voltage.*> However,
in the case of lower frequencies and lower temperatures, the
junction capacitance exhibits an anomalous behavior; the C-V
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FIG. 2. (Color online) Temperature dependence of C-V curves for Pt/SrTi;_,Nb,O;5 (0.5 wt %) Schottky junction at fixed measurement

frequencies of (a) 1000 kHz, (b) 10 kHz, and (c) 0.1 kHz.

curve assumes a U-shape with a high degree of hysteresis,
as shown in the figure. In comparison to the I-V curve
shown in Fig. 1, it appears that the hysteresis of the C-V
curve corresponds to that of the /-V curves, namely, the CER
effect. The real part of the complex admittance (G) at various
temperatures measured with 0.1 kHz is shown in our previous
report.'® The variation of G with the bias was very similar to
the I-V curves measured with dc current. Because the anomaly
in the C-V plots was accompanied by an increase in the leakage
current under a reverse bias, it has a correlation with the
current leakage mechanism. On the other hand, the hysteresis
was not obvious at low bias and high-frequency range, and
indicates no essential change in the potential distribution of
the Schottky barrier during resistance switching, a finding that
is consistent with the previous results of Fujii ez al.” and Shang
and co-workers.!®!!

IV. ANALYSIS

A. Calculation of I-V and C-V curves

In this work, in order to analyze the -V curves in Fig. 1, we
used the simulation methodology reported by Susaki et al.*!
We applied the unified transport theory of the Schottky junction
developed by Fonash* to the present Pt/SrTi;_,Nb,O;
(0.5 wt %) junction, in which the processes of thermionic
emission, thermionic-field emission, and field emission are all
included. On the calculations using this theory, the effective
Richardson constant of SrTiO; was set to 156 A cm™2
K2, the effective mass of the electron in SrTiO; was set
to 1.3 x9.11 x 1072 g, and the Schottky barrier potential
was analytically determined as a function of the distance
from the interface and applied voltage V, by taking into
account &,(E, T) of the SrTi;_,Nb, O3 junctions.’**° The bias

dependence of barrier height (¥,) expressed by the following
relationship was also considered in the calculations of /-V and
C-V relationships:

by =Dy + (1 —1/n)Va. ()

Here @ is the barrier height at zero bias and #n is the
ideality factor of the diode.’® These equations as well as
the parameters for SrTiO3; used in the calculation of the
transmission probability of electrons through the Schottky
barrier are essentially the same as those used in Refs. 39-41.

Moreover, we assume that the observed reverse currents
are well explained by the field emission (FE) current through
the barrier. Generally, the FE current at the reverse bias is
determined by the probability of electrons tunneling through
a barrier width (Wgg) measured at the position of the Fermi
energy of the Schottky metal. Here, we consider the case where
Weg is smaller than the conventional depletion-layer width
(W) of the Schottky barrier, as shown in Fig. 3. Thus Wgg can
be correlated with W, using Eq. (3),

Wi = Weg + Wy, 3)

where *W,; is the remaining depletion layer width, as illus-
trated in Fig. 3. On calculation of /-V curves, we used Eq.
(7) in Ref. 41. With this model, we need to introduce a
series resistance (R;) corresponding to the resistance for the
electron drift current through *W,, even if the FE process is
the dominant transport mechanism. In the case of conventional
semiconductors, W,, and consequently *W,, takes a small
value of several nanometers when the FE current flows,
because of a low relative permittivity (¢, ~ 10). This is why
the previous junction theories for conventional semiconductors
did not consider R, for *W,; when FE dominates the electron
transport through the junction. In the case of a metal/SrTiO3
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FIG. 3. (Color online) Model for field-emission current under
reverse bias. The parameters W,, Wgg, and *W,, are defined in the
text.

interface, *W, takes a large value and shows temperature
dependence because the ¢, of SrTiOj3 is large (*100-300 at
300 K) and strongly depends on the temperature and electric
field. This is why we used the model shown in Fig. 3 and
Eq. (3) and consider Ry for the drift current through *W,.

With this model, the magnitude of the drift current through
*Wa (Jarife) 18 expressed by Eq. (4),

J "V 4
drift = q,tme%, )
where ¢ is the electric charge of the carrier, u is the drift
mobility, *V, is the bias applied to *W,, and n, is the effective
carrier number for the drift current. Because SrTi;_,Nb,Os is
a degenerated semiconductor, *V;, is approximately the same
as the applied bias (V,). Here, u in the depletion layer is
assumed to be the same as that in the bulk, and n, is determined
by the number of electrons passing through Wgg via the FE
process (ngg). From these assumptions, R, can be roughly
estimated as

Ve Wy 1 i "Wy
U JwinS  quneS  qunpak nre S
nputk *Wa *Wa
= Phulk—— —— = PFE—— )
NFE S S

where npyx and py are the carrier concentration and resistivity
in bulk SrTi;_Nb, O3, S is the effective area of the electrode
where the current flows, and ngg is the resistivity in the deple-
tion layer. Equation (5) implies that R, takes a comparatively
large value if ngg is very low in comparison with ny, and
*Wy is large. Because npg is proportional to the FE current,
which increases exponentially with decreasing Wgg,npg can
take a wide range of values, from 0 to 7y (102 cm™).
As described later, for the actual case of the OFF state at V,, =
—3VandT=300K, we found Wgg ~ Snmand*W,; ~ 15nm
and estimated that R, was about 50 K  with ngg &~ 10° cm™3
and np ~ 1029 cm™3. Thus R, takes a comparatively large
value at a low FE current. Note that this R; is treated like the
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FIG. 4. (Color) Model assuming inhomogeneity of Schottky
barrier height and presence of two parallel current paths through
depletion layer.

conventional series resistance of a junction diode in the /-V
curve fitting calculation described below.

To explain the conduction path of the OFF and ON states
of CER, we introduce the factor of SBH inhomogeneity.
That is, we assume that the SBH of the Pt/SrTi;_,Nb,O;3
(0.5 wt %) Schottky junction is not uniform, and that the ON
current flows through a local area whose SBH is lower than
the average SBH in the Schottky metal (Pt) electrode. In this
model, two parallel current paths (P, and P,) coexist in the
Schottky barrier junction at equilibrium, as shown in Fig. 4. In
this case, the current (/) at the applied bias (V) is given by

1=V —( Loyt )v (6)
TRV \Ri(V))  R(Vp) "

where R;(V,) and R,(V,) are the effective resistances of P,
and P», respectively, and are expressed by

R (V ) _ Va*l + R _ 1 Va*l 4 *W
1\WVa) = SIJFE(Va*l) S1 = S JFE(Va*l) Ps1 dl | >
(N
Vv 1 Vv
R Va — a2 R e a2 s *W ,
V) = S ey T SZ[JFEW,;)“’ : ”’2}
and

Vi = Vo — S1Jre(V,)Rs1, ®)
V5 = Vi — S3Jre(V))Rs2,
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where S; is the current-flow path area of the ith current path
P;, Jre(V});) is the field-emission current density through P; at
effective bias (V};), and Ry; is the effective series resistance
for P; defined by Eq. (5). Note that Jpg (V.;) was calculated
using unified theory*® as mentioned above. In this model,
as shown in Fig. 4, P, is represented by a single channel
having junction area S,. This illustration is used to simplify
the description and does not mean that P, was a single channel
in our samples. Here, we consider the areal fraction of S;/S,
as an essential parameter; namely, we may assume z channels
with contact area S;, with S, defined as S, = ), 5;. Moreover,
in Eq. (7), the series resistance of the bulk region and back
side electrode of the junction is neglected because of the low
resistivity of the bulk SrTi;_,Nb,O3 (0.5 wt %), which is a
degenerate semiconductor, and the low contact resistance at
the Al/SrTi,_,Nb, O3 junction.’

On the other hand, the capacitance at the Pt/SrTi;_,Nb, O3
Schottky junction (Cpamier) 1S Obtained by taking into account
&.(E,T) of the junction as*

1 nya(T) gNp
= sinh | ———W, | .
SqND b(T)80

Absolutely, a(T) and b(T) in this equation represent field and
temperature dependence of dielectric permittivity of SrTiO3
expressed by Eq. (1) and W; was calculated in Eq. (7) in
Ref. 41.

To fit the calculated /-V and C-V curves to the experimental
curves of the practical junctions, the following variable
parameters were used: (i) Np(T'), the temperature dependence
of the space-charge density of the depletion layer; (ii) ¢p9, SBH
at V = 0; (iii) n, the ideality factor of the junction; (iv) S, the
area of the electrode through which the current flows; and (v)
Ry, the effective series resistance of the junction diode caused
by *W,. Note that we assumed that the junction capacitance
was determined by the higher SBH region, while the lower
SBH region was neglected because of its very small areal
fraction.

®

Cbarrier

B. Calculated I-V curves

Figure 5 shows the calculated T dependence of the
current density (J) vs V, curves under the conditions of
Np =1x 10®%m™3, &,p=1.2 eV, n = 1, and R, =0.
Looking at the reverse bias region, the simulated curves
well reproduced characteristic features found in the observed
behavior. Actually, J increased with increasing reverse bias
and decreasing T, except for the cases of the low bias region
at T > 300 K, which were well reproduced in the simulated
curves. The increase in J with reverse bias is mostly caused by
the increase in the probability of electron field emission from
the Pt electrode to SrTi;_,Nb,Os. The assumption that the
magnitude of the FE current is a function of Wgg, rather than
W, as mentioned in Sec. IV A, causes the increase in J with
reverse bias, even though W, increases with reverse bias. The
anomalous T dependence of the I-V curves, i.e., the increase
in I with decreasing T, is also reproduced by the assumption
mentioned above, because both Wgg and W, decrease with
decreasing T because of the decrease in the ¢,(E,T') of SrTiO3
at the Schottky junction with decreasing 7. On the other hand,
in the forward bias region, as well as in the low reverse bias
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FIG. 5. (Color online) Temperature dependence of calculated J-V
curves of metal/SrTi;_,Nb, O3 Schottky junctions under conditions
of Np =1x10°cm™3, &p=12eV,n=1,andR = 0.

region at T > 300 K, the thermionic-field-emission current is
still greater than the tunneling current with the parameters used
for this simulation. Therefore the increase in J with increasing
temperature in the forward bias range is reproduced in the
assumed model.

We also calculated the Np and &,y dependence of the J-V
curves. Figure 6(a) shows the N dependence (from 5 x 10%°
to1 x 10" cm=3) of the J-V curves under the conditions of 7=
300K, @0 = 1.2eV,n=1,and R; = 0, while Fig. 6(b) shows
the &,y dependence (from 0.3 to 1.8 eV) under the conditions
of T=300K, Np =1x10° cm™3,n =1, and Rg =0. It
should be noted that the calculated results in the figure do not
correspond to the practical J-V curves, because the Rg caused
by *W, in Eq. (3) was neglected, i.e., Rg = 0, and the ideality
factor of n = 1 was used in the calculation. The calculated
J-V curves were strongly and sensitively dependent on both
Np and ®. That is, the J values vary superlinearly for small
changes in Np and ®,. This is caused by the assumption that
the J-V curves are mainly determined by the FE current as the
result of the decrease in Wgg, which is a function of Np and
®. These large variations in the J-V curves for small changes
in Np and @, suggest that the large difference in the current
levels between the ON and OFF states in CER is the result of
changes in Np and &, at a given 7.

C. Fitting observed I-V curves

We tried to fit the calculated I-V curves to the experimental
ones using the fitting parameters of S, n, Np(T'), @49, and Ry,
under the assumptions for the ON and OFF states described
in Sec. IV A. Although Np was treated as a constant in the
simulations shown above, here it was treated as a T-dependent
variable in order to obtain parameters for the best fit. The
variation of Np with temperature was justified by taking the
transient behavior into account. The presence of defects and/or
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FIG. 6. (Color online) Calculated J-V curves: (a) Np dependence
(from 5 x 10 cm™3 to 1 x 10" cm™3) under conditions of T =
300 K, @0 =1.2¢eV,n =1, and R, =0, and (b) $,¢ dependence
(from 0.3 to 1.8 eV) under conditions of T = 300 K, Np =1
x 10 cm™3,n =1, and R, = 0.

unintentional impurities causes the formation of localized
states, and they affect the magnitude of Np. At equilibrium,
Np is usually given as

Npo = *Np — Nro, (10

where Npg is Np at equilibrium, * N is the total donor density
given by the summation of the shallow donor density (N ;) and
deep donor densities, and N7 is the total density of deep levels
in the depletion layer at equilibrium. It should be noted again
that this is the case of the equilibrium state and not the case of
the transient state. The general /-V and C-V curves found by
bias sweeping during certain limited measurement times are
illustrated in Fig. 7. The electron trapping process takes place
with a short time constant that is independent of both T and
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FIG. 7. (Color online) Schematic illustration of transient state
for expansion and narrowing of depletion layer by varying reverse
bias.

E7, while the electron detrapping (thermal emission) process
takes place with a time constant that varies as an exponential
function of T and E7, where E7 is the energy location of
deep levels below the conduction-band minimum (E,). For
example, in the case of Ey =1 eV at 200 K, the thermal
emission time is on the order of 10'* s. This means that an
electron trapped at such a deep level is not released during
the practical measurement time (¢,,) (e.g., t,, is on the order of
10°—10* s in the case of the I-V measurement shown in Fig. 1).
Thus in the case of low T with large E7,Np is not given by
Eq. (10) during #,, but is generally given as a function of T and
t as

Np(T,t) =*Np — N¢(T,t) = Npo — [N7(T,t) — Nrol
= Npo — ANy(T,1), (11

where N (T,t) is the density of the occupied deep levels of the
depletion layer and AN7(T,t) is the net variation of N7 (7 ,t)
from the equilibrium value of Np¢. Because SrTi;_,Nb,O3
has a wide band gap of 3.3 eV, and many deep levels with
comparatively large E7 are present in SrTi;_,Nb, 03, it
can be assumed that AN7(f) always exists in the depletion
region during f,, in a low-T regime such as T < 240 K. In such
acase, Np is given by a quasiequilibrium value, Np = Npoy —
ANy, where ANy is the time average of AN7(t) and ANy
increases with decreasing 7. Based upon this argument, we set
Np as one of the temperature-dependent variable parameters
in the fitting calculation.

In the actual fitting calculation, we focused on the /-V
curves observed in the reverse bias region from 0 to —3 V,
because reproducible /-V curves related to CER were observed
in this bias region. We set the ideality factor of the diode as
n = 1.5. Moreover, we assumed that the OFF-state current
flowed in the entire electrode area (Son = 4.41 x 1073cm?),
while we assumed that ON-state current flowed in the lower
SBH region, P, in Fig. 4. The patch size of P, was set to
Son = 4.41 x 1073cm? (1% of the entire electrode area). The
other fitting parameters used in the calculations are listed
in Table I.
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TABLE I. Fitting parameters used in calculation of /-V and C-V
curves.

Temp. (K)  Np =N, — Ny (100°cm?)  SBH/eV
ON OFF

400 1.2 0.95 1.2
350 12 0.90 1.2
300 1.2 0.85 1.2
240 11 0.80 1.2
160 0.95 0.50 1.2
80 0.7 0.25 1.2
Temp. (K) Rs [kQ

ON OFF
400 100 200
350 75 200
300 50 200
240 10 150
160 1 100
80 0.5 50

As shown in Fig. 8, the observed T dependences of the -V
curves for both the ON and OFF states were well simulated
by the calculations except for the case of the /-V curve for the
OFF state at 80 K. The results presented in Fig. 8 confirmed
(i) that the assumption described in Sec. IV A is valid, and
(ii) that both carrier transports in the OFF and ON states
of the CER effect are given by the unified transport theory
of the Schottky junction,*’ and the OFF current flows through
the entire electrode with a uniform high SBH, while the ON
current flows through a small local area of the electrode with
alow SBH.

D. Calculated C-V curves

First, we calculated the C-V curves of the simple Schottky
barrier (Cparier) given by Eq. (9). In Fig. 9, calculated C-V
curves with different calculation conditions are compared with
the observed C-V curves at T = 300 K. As shown here, the C-V
curves for the reverse bias range 0 to —10 V, given by Eq. (9),
are not strongly dependent on Np or @5, in comparison to the
I-V curves. Comparing the observed and calculated curves,
the observed C-V curve, except for the U-shaped behavior
[open symbols in Fig. 9(a)], could be reproduced by assigning
parameters into Eq. (9). For example, the C-V curve measured
with f,, = 1 MHz at 300 K could reproduced by a set of
parameters as Np = 1.2 x 10°cm™3, SBH = 0.95 eV, S =
441 x 1073 cm?, and n = 2.2. Note that the n value for
reproduction of C-V plots (n = 2.2) is slightly larger than that
used for the simulation of /-V curves (n = 1.5).

V. DISCUSSION

A. Validity of fitting parameters

In the simulations described above, we used Sopr =
4.41 x 1073 cm? (the entire electrode area) for the OFF
state of the I-V curves and the C-V curves, Son = 4.41
x 107 ¢cm? (1% of electrode area) for the ON state, n =
1.5 for all of the I-V and C-V curves, and the temperature-
dependent parameters Np, ®;9, and Ry that are listed in

PHYSICAL REVIEW B 83, 125317 (2011)

Table I. Here, we discuss the validity of using these fitting
parameters.

1. S and ¥4 (SBH inhomogeneity)

According to the basic concept of SBH inhomogeneity,
there are two cases with different SBHs, depending on the
size of the domain. The first is the case of “large-scale-
inhomogeneity” (LS-IHG), where the dimensions of domains
with different local SBHs were much larger than W,. The
other is the case of “small-scale inhomogeneity” (SS-IHG),
where the dimensions of the domains with different local
SBHs were comparable to or smaller than W,. In the case
of LS-IHG, domains with different local SBHs are electrically
independent, and the total junction current is simply the sum of
the currents flowing through all of the individual domains.?*3>
In the situation discussed in Refs. 34 and 35, the apparent SBH
decreased and the ideality factors increased with decreasing
T, depending on the standard deviations of the distribution
functions.® On the other hand, in the case of SS-IHG, the
conduction path for domains with an originally lower SBH
was modulated (termed “pinched-off”) to be determined by a
higher potential (potential at “saddle point”) than the original
low SBH by the presence of a high SBH in close proximity.>
In such cases, the current flows through the entire electrode
of the Schottky junction, showing an apparently uniform SBH
with weak temperature dependence.

The simulation results in Table I indicate that &, = 1.2eV
for all T and Sopr was given by the entire area of the electrode
for the OFF state, while ®, varied from 0.95 to 0.25 eV
with decreasing T for the ON state, with a smaller area of
Son than Sopgp. Furthermore, the result for &,y = 1.2 eV is
nearly the same as the difference between the work functions
of Pt and SrTi;_,Nb,03.*® The temperature-independent @,
in the OFF state strongly suggests that the degree of spatial
fluctuation for an original low SBH is the case of SS-IHG, and
that the pinched-off effect occurs in front of a patch with a low
SBH.% On the other hand, the strong T dependence of @
in the ON state agrees well with the case of LS-IHG.*® From
this result, the comparatively large value of Sox = 1075-10~*
cm? (1% of entire electrode area) can be considered to be the
total area of the individual patches with the low SBH. Thus the
values of @, and S for the OFF state determined by simulation
are well explained by the SS-IHG model, while those for the
ON state are explained by the LS-IHG model. This difference
in the degree of spatial fluctuation between the OFF and
ON states will be described in terms of the CER mechanism
later.

It should be noted that the result of Sox = 107°-10% cm? is
still smaller than Sopr by two orders of magnitude (1%), which
indicates the formation of localized conduction path in the ON
state. This result, as well as the results in which the junction
capacitances Cpamier Of the ON and OFF states measured at
a high frequency of 1000 KHz were nearly the same as each
other, as shown in Fig. 2, indicates no essential change in the
potential distribution of the Schottky barrier during resistance
switching as mentioned in the last part of Sec. III.

2. n

To fit the practical /-V and C-V curves, we need to introduce
the ideality factor n of the Schottky barrier diode. The n
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FIG. 8. (Color online) Temperature dependence of experimental and calculated (simulated) /-V curves of Pt/StTi;_,Nb, O3 (0.5 wt %)

Schottky junction for both OFF and ON states of CER effect.

value is usually related to barrier lowering by the applied
bias through Eq. (2). If Eq. (2) can be applied to the
Pt/SrTi;_,Nb, O3 junction, n is also related to Cpaier through
Eq. (9). Though at present it is an open question as to whether
Eq. (2) can be applied to the Pt/SrTi;_,Nb,O;3 junction, we
used Eq. (2) in the fitting calculation, as described in Sec. IV A.
Experimentally, n is deduced from the -V curves in the
forward bias region, taking a value of around 1.5 at 300 K and
increasing with decreasing 7. On the other hand, an n of around
1.5 is obtained from the fitting results of the I-V curve using
Eq. (2), and n = 2.1 or more from the simulation results for the
C-V curve using Eq. (9) [see Fig. 9(b)]. Such a discrepancy in
the n values may originate from the use of Eq. (2). The actual
simulation results, however, are not significantly affected by
the discrepancy in the n values at each temperature. Therefore
in the fitting calculations shown in Fig. 8, we setn = 1.5as a

constant for 7, as a reasonable value for the present Schottky
junctions.

3. Np

The result of Np = Npo = 1.2 x 102 cm™3 at 300 K
nearly equals the carrier concentration (2 x 10%° cm™3) de-
termined by the Hall effect measurement at room temperature
for the SrTi;_,Nb,O3; (0.5 wt %) sample. The trend of the
T dependence of Np can, with good reason, be attributed to
the existence of deep levels, as discussed in Sec. IV C. The
result of Np =7 x 10! cm™3 at 80 K indicates that Npg
is reduced by more than 40% by the electron-trapped deep
levels, which indicates that a deep level density of more than
10" cm~3 must exist in the SrTi;_,Nb, O3 (0.5 wt %). Such a
high density of defects and/or impurities acting at deep levels
may be incorporated into the SrTi;_,Nb, O3 (0.5 wt %), along
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FIG. 9. (Color online) Observed (a) and calculated (b)-(d) C-V
curves: (a) measured at 300 K. (b) n dependence (from 1 to 3) of
C-V curves under conditions of T = 300 K, Np = 1 x 10 cm™3,
and &,y = 1.2 eV, (c) Np dependence (from 5 x 10 cm™ to 1 x
10" ¢cm™3) under conditions of T = 300 K, &,y = 1.2 eV, and n =
1.5, and (d) &, dependence (from 0.3 to 1.8 eV) under conditions of
T=300K,Np=1x10*°cm™3, and n = 1.5.

with the high density of Nb atoms, e.g., a complex of a vacancy
and an Nb atom.

4. Rg

The simulation results indicate that the Rg of the OFF states
(Rsorr) decreased from 200 to 50 K €2 with decreasing T for
T < 300 K, while the Rg of the ON states (Rson) decreased
from 100 to 0.5 K €2 with decreasing T at all measurement
temperatures. These T dependences of Ry in both the OFF
and ON states are consistent with the values estimated using
Eq. (5), which gives rough values of Rg, as described in
Sec. IV A. For example, in the case of the OFF state (®,¢ =
1.2 eV, Np =12 x 10%° cm™3 at 300 K) under a reverse
bias of —3 V, Wgg and *W, are calculated to be 5 and 15
nm, respectively, using Eqgs. (5) and (7) in Ref. 41, and a
value of about 10° cm™3 is obtained for npg using the results
in Fig. 5. Next, considering that ppyx ~ 2 X 1073 Q cm and
npak ~ 2 x 10?2 cm™ for the present bulk SrTi;_,Nb, O3 and
S =4.4 x 1073 cm?, we obtain Rg = 100—1000 K €2, which
is consistent with the simulation results.

B. Mechanism of CER effect
1. Carrier transport in OFF and ON states

As shown in Fig. 8, we successfully simulated the exper-
imental I-V curves. From these good simulation results, we
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reached the following conclusion: Except for the OFF current
in the forward bias region, in which the thermionic-field-
emission current mainly flows, both the OFF and ON currents
originate from the FE current, and the difference between the
OFF and ON states is caused by SBH inhomogeneity.

In most previous models of the CER effect, the open-
ing/closing of the current path for the ON state has generally
been considered, and the conduction mechanism for the ON
state has been distinguished from the transport mechanism
for the OFF state.®® For example, Fujii et al. proposed a
resonant tunneling current through the trapping state in the
depletion layer as a conduction path existing only for the ON
state.” However, the present results indicate that the carrier
transport in both the ON and OFF states can be explained by
the field-emission mechanism through the Schottky barrier.
Thus although only a unified transport theory for Schottky
junctions is considered for both the ON and OFF states, with
the assumption of a lower SBH region, P, in Fig. 4 is still
compatible with some experimental results, indicating the
presence of so-called conductive channels.'¢

2. Phenomenological model of CER effect

Using our model assuming two parallel current paths (P,
and P»), as illustrated in Fig. 4, we got the idea that the CER
effect might have a relationship with the SBH inhomogeneity.
We assume that the pinched-off effect occurs because of the
SS-IHG at equilibrium or quasiequilibrium states, but it does
not occur completely in the case of a nonequilibrium state.
Because the pinched-off effect results from a relaxation of
a potential distribution between the original low SBH ()
region and the surrounding high SBH (®,;) region, it is
reasonably assumed that the pinched-off effect appears after
sufficient time for relaxation. Namely, we assume that the
pinched-off effect is the case of the OFF state, and that the
OFF state is close to the equilibrium (steady) state.

In an equilibrium or quasiequilibrium state (OFF state),
the effective SBH of P,, a domain originally having a low
SBH, becomes nearly the same as the surrounding P;, which
originally has a high SBH, as the result of the pinched-off
effect. In this situation, Jrg(V)) and Jrg(V);) are similar to
each other [see Egs. (6) and (7)] and, consequently, R; (V,) <
R, (V,) holds because of the small areal fraction of P,,S; >
S5. On the other hand, in the short transient state where the
pinched-off effect does not occur completely (ON state), @, is
given approximately by the original low SBH. In this case, the
relation of ®;,; > ®,; holds, the relation of R(V,) > R,(V,)
can be expected, depending on the experimental conditions, as
will be discussed later, and the current mainly flows through
Ps.

3. Explanation of experimental results based on model

Our model explains the difference between the ON and
OFF states based on SBH inhomogeneity. If our model is an
appropriate one to explain the CER effect at Pt/SrTi;_,Nb, O3
junctions, we have to clarify the mechanism for variations in
®,,, the effective barrier height for P,, with a bias sequence.
Namely, we have to explain the mechanism for switching
between LS-IHG and SS-IHG. Here, we consider what acts
as the switching trigger.
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It should be noted that we could not define the critical
bias inducing the switching between the ON and OFF states.*
Namely, the threshold bias for switching between the ON and
OFF states could not be clearly defined, and the magnitude of
the hysteresis in an /-V curve depends on the bias sequence,
i.e., the maximum forward and reverse biases. Switching from
the OFF to ON state occurred when the sign of dVa/dr was
changed from positive to negative under the forward bias stage,
and that from ON to OFF occurred when the sign of 0V a/dt
was changed from negative to positive in the reverse bias stage.
In other words, rather than the absolute value of V,, the sign
of dVa/dt is likely the most important factor in the CER
behavior of Pt/SrTi;_,Nb, O3 junctions. We believe that time-
dependent changes in the depletion layer width [W,(¢)] or
the space-charge density of the depletion region [N ()] of the
Schottky barrier should be a key when we assume the presence
of deep levels. As illustrated in Fig. 7 and expressed by Eq.
(10), Np varies with time when bias sweeping occurs at a
certain sweeping rate, and consequently, W, also varies with
time.

When V, is changed, a redistribution of the space charge
in the depletion layer occurs, and W, and Np of the depletion
layer reach equilibrium or quasiequilibrium values after a
certain relaxation time. The narrowing of W;(dVa/dt > 0) is
a process that causes the unoccupied states in the depletion
layer to be occupied by the electron capture process. In
contrast, the expansion of W;(dVa/dt < 0) is a process that
removes electron from the occupied donor and trap states
by an emission process. In general, the electron emission
process takes a relatively longer relaxation time, because
the emission and capture processes are endothermic and
exothermic processes, respectively. Thus a nonequilibrium
state with a long relaxation time tends to appear in the case of
W, expansion, as illustrated in Fig. 7. Here, a nonequilibrium
state means that deep traps located above E; remain neutral
because of a low emission rate, and W, takes a value larger
than the equilibrium value to maintain charge neutrality under
a certain V.

Because the transient behavior should be quite complicated,
we were not able to construct quantitative analyses for the
charge redistribution during bias sweeping in terms of the
pinched-off effect. At present, we use a schematic illustration
(Fig. 10) to explain the CER effect, based on the successful
simulations of the /-V behaviors performed in this study. Here,
we assume that the transient state appears when W;(0Va/dt <
0). Because of the long relaxation time for charge distribution
in the depletion layer after the expansion of Wy, the pinched-off
regime may be broken during the transient state. This may be
why the ON state appears when W,;(dVa/dt < 0). In contrast,
the pinched-off regime is maintained for the bias sweep
direction of W,(dVa/dt > 0) because of the relatively short
relaxation time for the narrowing of W;. Because no obvious
relaxation behavior was seen in this study, we speculate that
the relaxation time for the recovery of the pinched-off regime
should be on the order of 10* s or more. The relaxation
behavior of the ON state was reported by Hirose et al.* for
Pd/La,Sr;_, TiO3 junctions. They studied the resistance reten-
tion behavior and, as a result, showed that the relaxation of the
ON state, i.e., the gradual increase in resistance in the ON state,
occurred in the time range of 10* s at 125 °C, with a longer time
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(b) Va=V2=Vq-A; t =ty
Non-Equ. (transient)

(c) Va=Vy; t=00

[' pinched-off Equ.

FIG. 10. (Color) Speculation about CER effect based on present
results. The pinched-off regime is broken when the bias sweeps for
the expansion of the depletion layer. See text for details.

required at room temperature. Because the OFF state resistance
of their sample showed less obvious relaxation behavior, their
results support our speculation that the ON state is under a
nonequilibrium state with a very long relaxation time.

VI. CONCLUSIONS

We successfully simulated experimental /-V curves for
CER, which occurs in a Pt/SrTi;_,Nb, O3 Schottky junction,
using a model based on temperature and the electric-field de-
pendence of the relative permittivity €, (E,T) of StTi;_,Nb, O3
and SBH inhomogeneity. From the results of the simulations,
the following conclusions were reached: (i) The anomalous
temperature dependence of the /-V curves originates mainly in
the field-emission current at the Pt/SrTi;_,Nb,Oj3 interface,
which is caused by the strong temperature and field depen-
dence of ¢,(E,T) at the interface. (ii) The difference between
the resistance of the OFF and ON states of CER originates
in the variation in the magnitude of the field-emission current,
which is caused by differences in the SBH. (iii) The CER effect
can be explained qualitatively on the basis of a model in which
two parallel current paths coexist in the Pt/SrTi;_,Nb,O3
Schottky barrier junction, which indicates that the pinched-off
effect caused by the SBH inhomogeneity and the electron-
occupation kinetics at a deep level of the depletion layer plays
an important role in the mechanism of the CER effects.
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