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We investigated the resistive switching characteristics of Au/Ar" bombarded SrTij93Nby ¢0;03/In sandwiches. The evolution of
the resistive switching polarity with sweeping voltage was observed. Our experiments showed that under a macroscopic electrode
the homogeneous trapping-detrapping-type conduction and filament-type conduction coexist and compete with each other. For a
large sweeping voltage range, the trapping-detrapping-type conduction dominates. However, for a small range the latter dominates.
If the bias voltage is too large, the filament conduction could be destroyed. These results will help deepen the understanding of the

resistive switching polarity, and will aid in future device design.
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Because of the increasing demand for miniaturization in
microelectronics, nonvolatile resistance random access
memory (RRAM) based on sandwich unit cells composed
of metal/transition metal oxide (TMO)/metal has attracted
considerable attention in the past few years [1-6]. The cell
resistance can be switched between different levels using an
applied voltage. In a bipolar switching system, the low and
high resistance states (LRS, HRS) are set and reset by the
different polarity of the applied voltage. Two basic switch-
ing models have been proposed. One is the filament con-
duction model [4,6-9], and the other is the homogeneous
Schottky-type switching model [5,10,11]. Note that the two
switching mechanisms result in different switching polari-
ties. For n-type semiconductors and a voltage sweeping
sequence of 0 V>V,—>0 V— V_— 0 (here V, and V_ are
the maximum positive and negative applied voltages, re-
spectively), the filament conduction model predicts that the
resistance will change from a LRS to a HRS for a positive
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voltage, and vice versa for a negative voltage. Therefore, a
“Counter-Figure-8” hysteretic current-voltage (I-V) curve is
observed. However, the Schottky-type switching model
changes the resistance from a HRS to a LRS for a positive
bias, and vice versa for a negative bias, resulting in a “Fig-
ure-8” hysteretic I-V curve. Nb-doped SrTiO; (NSTO) sin-
gle crystal is commonly used as a conductive substrate for
functional perovskite oxide thin films. Its resistive switch-
ing characteristics have been intensively investigated
[5,11-13]. To the best of our knowledge, only “Figure-8”
I-V curves have been reported. Recently, both “Figure-8”
and “Counter-Figure-8” I-V curves were observed simulta-
neously in thick defective Sr,TiO, [14] and Fe-doped
SrTiO; (STO) films [15]. However, the dynamic evolution
process was not detailed in the reports.

It is widely accepted that after forming process, bipolar
resistive switching occurs at the active metal/TMO interface
[16,17]. Therefore, we believe that by modifying the active
interface we can control the bipolar resistive switching
properties. In this work, we modified the NSTO surface via
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ion bombardment and investigated the resistive switching
characteristics of Au/Ar" bombarded NSTO/In sandwiches.
Both “Figure-8” and “Counter-Figure-8” I-V curves as well
as an unexpected bias-dependent evolution process were
observed.

1 Experimental

Single-crystal NSTO (001) (0.5 mm thick) samples with a
doping level of 0.7 wt% were uniformly bombarded with
Ar" ions in a Gatan 682 Precision Etching Coat System
(Pleasanton, CA, USA) for 20 min (sample A) and 40 min
(sample B). A beam energy of 4 keV and a current density
of 0.5 mA/cm* were used. Gold was sputtered on the bom-
barded surface over an area with a diameter of 0.8 mm to
serve as the top electrode. The bottom electrode was pre-
pared by pressing indium on the opposite NSTO surface,
which resulted in good ohmic contact [18]. For comparison,
test sample C was prepared on an unbombarded single-
crystal NSTO with the same electrode configuration by the
same fabrication process. The I-V curves were measured
with two-probe configuration using a Keithley 2400 source
meter. The positive bias is defined by the current flowing
from the top Au electrode through NSTO to the bottom In
electrode. The voltage sweeping sequence was 0 V—>V,—0
V— V_— 0 V. The bias voltage dependent capacitance at 1
kHz was measured using a QuadTech 1730 LCR meter. All
measurements were done at room temperature. X-ray pho-
toelectron spectra (XPS) were acquired using a PHI15300/
ESCA system. Al Ka radiation (1484.6 eV) was used as the
source, and the C 1s peak was used as a reference.

2 Results and discussion

Figure 1 shows the bias-dependent capacitance and Ti 2p
core-level XPS of samples A, B and C. After Ar" bom-
bardment, the capacitance greatly decreased and was less
sensitive to the bias. At zero bias, the capacitance of sample
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C was 31.6 nF. While the corresponding values for samples
A and B were 7.5 nF and 5.2 nF, respectively. Kan et al. [19]
reported that after Ar" beam bombardment, an amorphous
layer with a few nanometers in thickness was formed on the
STO surface. Because the capacitance of the amorphous
insulating surface layer is in series with that of the depletion
region of the underlying bulk NSTO, a large fraction of the
built-in potential drops across this amorphous layer. There-
fore, the dependence of the total capacitance on the applied
bias is small. Longer-time Ar" bombardment introduced
thicker amorphous layer, which leads to a smaller capaci-
tance (Figure 1(a)). The XPS experiment showed that after
Ar" bombardment the binding energy of the Ti 2ps, state
was reduced from 459.1 eV (sample C) to 458.6 eV (sample
A) or 457.9 eV (sample B). Oxygen loss and structural dis-
tortion induced via the Ar* bombardment may lead to a de-
crease in the coordination number of oxygen ions around
the Ti ions, which may be responsible for the reduction in
the binding energy of the Ti 2p;, state. This is in accord-
ance with the previous XPS investigations on undoped STO
[20].

The evolution of the I-V characteristics of sample B with
sweeping voltage is presented in Figure 2. No pre-forming
process was performed. For the range +1 V (Figure 2(a)), all
of the I-V curves exhibited the “Figure-8” hysteretic char-
acteristic, which is similar to that of sample C. This can be
explained by the electron trapping-detrapping effects at the
Au/NSTO interface. For the same bias, the current in sam-
ple B is six orders of magnitude smaller than that in sample
C because of the insulating surface layer after Ar™ bom-
bardment.

Figure 2(b)—(d) show the first three I-V cycle sequences
for |V,|=|V_|=2 V. The switching polarity of Figure 2(b) is
the same as that in Figure 2(a), but the hysteresis is larger.
For the second voltage cycle (Figure 2(c)), a current jump
occurs near —0.8 V, which suggests the initiation of fila-
ment-type conduction. Following the current jump is a neg-
ative differential resistance (NDR) region which was also
observed in La,CuO, [5], Pro;Cay;MnO; [10], Fe doped
STO [15] and TiO, [21]. Both clockwise and anticlockwise
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(a) Bias-dependent capacitance and (b) Ti 2p core-level XPS of sample A (red), sample B (green) and sample C (black). To facilitate comparison,

the capacitance values for samples A and B in (a) were multiplied by 4 and 5.5, respectively.
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Figure 2 Evolution of the I-V characteristics of sample B (black open circles) for the sequent sweeping voltage ranges. (a) (-1 V, 1 V); (b)-(d) (-2 V, 2 V);
(e) (-2.5V,25V); (f) (-3.2V,2V); (g) (0.8 V,2 V) after (e); and (h) (-3.5 V, 2 V). For comparison, I-V curves for sample C are also presented in (a)
(solid blue line) and (h) (dotted blue line). In (h), the I-V curve shown in (f) is re-plotted (solid red line).

hystereses were observed in the negative voltage branch.
However, for the third cycle, the two types of hysteresis
appear in the positive voltage branch. If we keep cycling the
voltage in the range of +2 V, I-V patterns similar to that
shown in Figure 2(c) are most likely to occur. However, I-V
patterns similar to that shown in Figure 2(d) occasionally
appear, which indicates that the former is more stable than
the latter. The coexistence and unpredictability of the two
types of I-V hysteresis also imply that there is competition

between the filament-type and homogeneous trapping-
detrapping-type conduction mechanisms. For cycles in the
range of +2.5 V, the I-V curve shown in Figure 2(e) is re-
producible. Similar to the pattern shown in Figure 2(c),
mixed hysteresis occurs for a negative bias. However, in the
positive branch, Figure 2(e) displays the clockwise I-V
characteristics.

If the swept voltage range is increased to (=3.2 V, 2 V),
the obtained /-V curve exhibits only “Figure-8”-type hyste-
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resis in spite of the current jumping in the negative branch
(Figure 2(f)). This indicates that the homogeneous trapping-
detrapping conduction mechanism is dominant in this case.
After completing a cycle as in Figure 2(e) or (f), we limited
the swept range to (—Vj, 2 V) (here -V is the negative volt-
age just above which a current jump occurs). The resultant
I-V curve will have the stable “Counter-Figure-8” resistance
switching polarity shown in Figure 2(g). This implies that
for the smaller negative bias the filament-type conduction
mechanism dominates. However, the larger negative
sweeping voltage enhances the homogeneous trapping-
detrapping-type conduction.

After we further increase the sweeping voltage range to
(3.5 V, 2 V), the previously observed current jump disap-
pears, and only the small hysteresis with a “Figure-8” type
switching polarity is observed (Figure 2(h)). For compari-
son, the I-V curve shown in Figure 2(f) and the curve for
sample C for a similar sweeping range are re-plotted in Fig-
ure 2(h) with solid red and dotted blue lines, respectively.
Note that at the negative bias the current in the HRS of the
(-3.5V, 2 V) cycle (black open circles) is nearly the same
as that of the (3.2 V, 2 V) cycle (solid red line). However,
the current in the LRS of the former is much lower than that
of the latter. The difference is primarily caused by the fila-
ment-type conduction. The currents in both LRSs of sample
B are almost two orders of magnitude smaller than that of
sample C, which suggests the existence of an insulating
surface layer on the bombarded sample B.

Combined with the capacitance and XPS measurements,
the measured I-V characteristics may be qualitatively ex-
plained by the following: Ar" bombardment introduced a
large quantity of surface states. The trapping and detrapping
of electrons in the surface states leads to the “Figure-8” re-
sistance switching polarity shown in Figure 2(a). With an
increase in the maximum swept voltage, more electrons
become involved in the trapping-detrapping process, which
results in a larger I-V hysteresis (Figure 2(b)). Dissipated
heat increases and was accumulated as the cycle number
increases. Thermally-assisted oxygen vacancy migration
along the extended defects in the amorphous layer under the
strong electric field created by the reverse bias accelerates
the formation of conductive filament(s) within the amor-
phous layer, leading to the current jumping at the negative
bias in Figure 2(c). Muenstermann et al. [15] observed that
the homogeneous conduction region and the filament con-
duction region were spatially separated. Both conduction
mechanisms coexist and compete. Therefore, both clock-
wise and anticlockwise I-V hysteresis can be observed in
one voltage sweep cycle (see Figure 2(c), (d) and (e)). In
low swept voltage ranges, the filament-type conduction
mechanism dominates. Consequently, “Counter-Figure-8”
switching polarity was observed (Figure 2(g)). By contrast,
for high swept voltage ranges, the homogeneous trapping-
detrapping-type conduction mechanism was greatly en-
hanced and was dominant. Correspondingly, “Figure-8”
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resistance switching polarity can be seen in Figure 2(f).
With further increase in the swept voltage, the sample is
annealed through current-induced self-heating. The defect
region in the filament was cured, and the whole sample
tended to be homogeneous. Therefore, the current jumping
disappeared, and the I-V curve exhibited a “Figure-8”-type
characteristic (Figure 2(h)).

3 Conclusions

We investigated the swept-voltage-dependent evolution of
the resistance switching polarity of Au/Ar* bombarded
S1Tig993Nbg 00703/In heterojunctions. We found that for a
small swept voltage range, “Figure-8”’-type resistance
switching polarity was observed. With an increase in the
swept voltage range, a series of mixed resistive switching
polarities was observed. For even larger swept voltage
ranges, the I-V curves return to the “Figure-8”-type hystere-
sis. Our results can be explained by the coexistence and
competition of filament-type and homogeneous trapping-
detrapping conduction mechanisms. Our experiments indi-
cate that the resistance switching polarity can be controlled
using an external voltage bias, which may aid in future de-
vice design.
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