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Resistive switching characteristics of Ti/ZrO,/Pt RRAM device*
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In this paper, the bipolar resistive switching characteristic is reported in Ti/ZrO,/Pt resistive switching memory de-
vices. The dominant mechanism of resistive switching is the formation and rupture of the conductive filament composed
of oxygen vacancies. The conduction mechanisms for low and high resistance states are dominated by the ohmic conduc-
tion and the trap-controlled space charge limited current (SCLC) mechanism, respectively. The effect of a set compliance
current on the switching parameters is also studied: the low resistance and reset current are linearly dependent on the set
compliance current in the log—log scale coordinate; and the set and reset voltage increase slightly with the increase of the
set compliance current. A series circuit model is proposed to explain the effect of the set compliance current on the resistive

switching behaviors.
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1. Introduction

Resistive random access memory (RRAM) is one of
the most competitive candidates for the next-generation
non-volatile memory (NVM) application due to its sim-
ple metal-insulator-metal (M—I-M) structure, fast switching
speed, great scalability, and high density integration.[!-01 A
larger variety of insulator materials seem to be applicable
for the RRAM switching layer (SL), including perovskite

8-101 organic materials,!!!

oxides,!’! ferromagnetic materials,!
solid electrolyte materials,!>'?! and binary transition metal
oxides.[!3-1%] Owing to its superb compatibility with COMS
technology, simple constituents, and easy fabrication process,
RRAM based on binary transition metal oxide has been inten-
sively investigated. The resistive switching (RS) behavior is
generally attributed to the formation and rupture of the con-
ductive filament (CF).['7-191 The compliance current (Icomp)
in the set process has a great effect on the RS behavior.!!]
However, full understandings of the switching mechanisms
and particular effects of the compliance current on the RS be-
haviors still need further exploration.

In this paper, we examine the Ti/ZrO,/Pt resistive switch-
ing memory devices. The RS mechanism and current conduc-
tion mechanism have been investigated respectively. In addi-

tion, different RS behaviors at different magnitudes of compli-
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ance current during the set process have been observed. The
relationships between the switching parameters and Icomp are
obtained, and a series circuit model has been used to explain
the phenomenon in the Ti/ZrO,/Pt RRAM device.

2. Experimental details

ZrO,-based RRAM devices with Pt/Ti top electrodes
(TE) are fabricated on Pt/Ti/SiO,/Si substrates as shown in
Fig. 1. The Pt layer in TE is used to avoid the oxidation of the
Ti electrode, and the Ti layer in the bottom electrode (BE) is
deposited as an adhesion layer. The thickness of ZrO; film is
20 nm, and the area of the device is 100x 100 pm?. All elec-
trical characterizations of the RRAM devices are measured by

=

Ti

SiO,
Si

Fig. 1. (color online) Schematic structure of the Ti/ZrO,/Pt RRAM device.
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an Agilent B1500A high-precision semiconductor parameter
analyzer with biasing at the TE and grounding at the BE at
ambient temperature.

3. Results and discussion

Figure 2 shows the typical bipolar RS I-V curve of the
Ti/ZrO,/Ti device. Firstly, using the direct current (DC) volt-
age sweep mode with a current compliance of 5 mA, a sudden
increase of current occurs at 3.665 V, which is called the form-
ing process, as shown in the inset of Fig. 2. After the forming
process, the conduction path connecting the top and bottom
electrodes is formed and the device reaches a low resistance
state (LRS). By sweeping a negative voltage from0OVto —1V,
the device is switched from the LRS to the high resistance state
(HRS) at about —0.48 V, known as the reset process. Subse-
quently, the device switches back to the LRS through a set pro-
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Fig. 2. (color online) Typical resistive switching /-V curves of
Ti/ZrO,/Pt.
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Fig. 3. (color online) Linear fitting for the /-V curves using double logarithmic coordinates during (a) the set process and (b) the reset
process. (c) Capacitance characteristic of the device and (d) resistance versus temperature for LRS.

In order to investigate the conduction mechanism of the
Ti/ZrO,/Pt cell, the I-V curves during set and reset processes

are analyzed in double logarithmic coordinates in Figs. 3(a)

and 3(b). Both figures in LRS exhibit the linear dependence
with a slope of ~ 1 and indicate that ohmic conduction be-

havior is dominant. However, the I-V characteristic of HRS
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exhibits a complex shape. As described in Fig. 3, the current
in HRS is governed by the trap-controlled space charge lim-
ited current (SCLC),!?%-22 which is divided into three regions
in double logarithmic coordinates as follows:

(i) the linear ohmic conduction (i.e., I «< V) in the low
voltage region;

(ii) the followed I o< V2 square region;

(iii) the steep increase in current in the high voltage re-
gion.

It is noticed that the resistance at LRS is independent of
the polarity of applied voltage (see Figs. 3(a) and 3(b)). It
suggests that the resistive switching cannot attribute to the
Schottky barrier at the metal/dielectric interface, but the traps
inside the dielectric itself. Moreover, for Schottky barrier
type RRAM, both HRS and LRS have a capacitive nature.
In contrast, it has different characteristics in filamentary type
RRAM: a capacitive element dominates the HRS and an in-
ductor dominates the LRS.!>3! As shown in Fig. 3(c), the de-
vice switches from HRS to LRS, and the capacitance changes
from positive to negative. In addition, the resistance at LRS
decreases with increasing temperature, as shown in Fig. 3(d).

b)) =V
I (c)
+V
i * electrons (e™) T
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ZrOy & electron-occupied Vg T
® oxygen ions (O27)

@ V{+02- recombination

This result means that the conduction path is composed of oxy-
gen vacancies rather than metal atoms.

The switching process of the Ti/ZrO,/Pt RRAM device is
schematically shown in Fig. 4. During the forming process,
the electrons can obtain enough energy from the applied elec-
tric field to rupture the Zr—O bonds. The oxygen ions (O>7)
are driven by the electric field and absorbed by the Ti top elec-
trode, which is like the oxygen reservoir.>! As a result, the CF
composed of the oxygen vacancies is formed. Then electrons
can transport through the CF and the device obtains the LRS
(see Fig. 4(a)). Subsequently, the oxygen ions migrate from Ti
electrode to SL due to the opposite electric field during the re-
set process, and then recombine with the oxygen vacancies, >4
as described in Fig. 4(b). The CF is ruptured and the HRS is
obtained. Because the oxygen vacancies are produced after
the forming process, the Schottky barrier of the pristine state
is modified and the energy band diagram is changed as shown
in Fig. 4(c). Therefore, the conduction mechanism at HRS is
SCLC.[>1 By applying positive voltage, the device can be set
again to LRS. This set/reset switching behavior is repeatable
by the cyclical operation of the positive/negative voltage.

Fig. 4. (color online) Schematics showing (a) the formation of CF at LRS and (b) the rupture of CF during HRS. (¢) SCLC conduction

energy band diagram.
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Fig. 5. (color online) RS I-V curves of Ti/ZrO,/Ti device for different
Icomp-

In every switching cycle, the current compliance during
the set process is essential to prevent permanent damage of the
RRAM devices and it is an important factor which influences
the RS behavior. Figure 5 shows the switching characteristics
of the Ti/ZrO,/Ti device using different I.omp, ranging from
1 mA to 8 mA. It is evident that Iomp induced switching per-
formance changes are significant.

Figures 6(a)-6(d) show the dependences of the LRS resis-
tance, the reset current, the set voltage, and the reset voltage on
Leomp, respectively. As shown, the LRS resistance decreases,
while the reset current increases with increasing Ieomp. In ad-
dition, they become linearly dependent on Icomp in the log—log
scale coordinate. The set voltage and reset voltage increase

linearly with the increase in Jcomp, as shown in Figs. 6(c) and
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6(d). From the slopes of fitting lines, the changes of Vi and
Vieset are slighter than LRS resistance and les;. These re-
sults suggest that the Ti/ZrO,/Ti RRAM device is potentially
suitable for multi-level memory application by controlling the
magnitude of the compliance current during the set process.

During the set process, depending on the current com-
pliance, trap density varies. When the compliance current is
large, more traps are generated. As we know, when the trap
density in the dielectric becomes very high, they form a trap
sub band, and the barrier between traps gets lowered. At the
same time, the free electron concentration increases signifi-
cantly. The conductance (o) and electron concentration (n)
follow the relationship

o=nqly,

where L, is the electron mobility. As a result, the conductance
increases, which results in a decrease in LRS resistance and
an increase in reset current (see Figs. 6(a) and 6(b)). When
the compliance current is small, a small number of traps are
generated and those traps tend to be isolated from each other.
Electrons therefore get localized. The overall effect is a de-
crease in device conductance.

Finally, an equivalent circuit model of the device is pro-
posed to present a further explication. As shown in Fig. 7, the
oxygen vacancies composed of CF, the Ti reservoir, and the Pt

103} Pt/Ti/ZrO5 (20 nm)/Pt/Ti (a)
D =100 pm
G
o~
2 slope = —0.825
=
102+
[1LRS
—— fitting line of average value
1 2 3 4 5 6789
Compliance current/mA
0.7 Pt/Ti/ZrO, (20 nm)/Pt/Ti (c)
D=100 pym
0.6
>
oy
g 05r
=
g slope = 0.025
= 04f
=
n
0.3r
1 SET voltage
02k fitting line of average value

1 2 3 4 5 6 7 8
Compliance current/mA

electrode can be considered as three resistors in a series, i.e.,
Rce, Rte, and Rgg. In other words, the device resistance is
equal to the sum of Rcr, Rtg, and Rpg. In addition, the impact
of the formation/rupture of the CF on the TE resistance can be
neglected, since the volume of TE is significantly larger com-
pared to that of the filament.

When a lower I.omp is applied during the set process, a
smaller set voltage is required (see Fig. 6(c)) and the number
of oxygen ions absorbed by the Ti top electrode is smaller,
resulting in a few vacancies in SL. Therefore, the cross sec-
tion of CF is smaller!?! and its resistance Rcp is larger (see
Fig. 6(a)).
ries circuit (Vep= [Rcp/(Rer + Rre + Rei)1Vie), the voltage
crossing Rcr is higher for the same bias condition. That is,

According to the voltage divider rule in a se-

lower percentage of Vg is applied to the Ti reservoir to drive
the reserved oxygen ions back to recombine with oxygen
vacancies during the reset process. Additionally, from the
slopes in Fig. 6, the changes of Vieser are much slighter than
Iteser. Therefore, a smaller Jcomp leads to a smaller reset cur-
rent due to fewer oxygen ions generated and recombined, as
shown in Figs. 5 and 6(b). In contrast, larger current compli-
ance requires a larger amount of oxygen ions in the switching
process. Consequently, higher Viet, Vieset, and Iieser and lower
LRS resistance are obtained, as shown in Fig. 6.
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Fig. 6. (color online) Dependence of (a) LRS resistance, (b) reset current, (c) set voltage, and (d) reset voltage on Icomp.
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Rre

Rcr

Rgpg

Fig. 7. Schematic of the equivalent circuit model of the device.

4. Conclusion

The bipolar RS characteristics of the Ti/ZrO,/Ti RRAM
device have been demonstrated. The formation and rupture of
the CF composed of oxygen vacancies is the dominant mech-
anism to achieve RS. According to the fitted /-V curves, the
conduction mechanism of LRS is dependent on the ohmic con-
duction. For the HRS, it is the trap-controlled space charge
limited current (SCLC) mechanism. In addition, the com-
pliance current during the set process is an important factor
which influences the RS behavior. Since the RS parameters are
linearly dependent on the set compliance current, multi-level
storage can be achieved by controlling the magnitude of the
compliance current during the set process. Finally, the volt-
age divider rule in a series circuit model is used to explain the
observed phenomenon.
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