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a b s t r a c t

SrZrO3 thin films are prepared on Pt/TiO2/SiO2/Si substrates by sol–gel process for resistive random access
memory applications. The unipolar resistive switching characteristic is achieved in both stoichiometric
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and Zr-deficient SrZrO3 thin films. Formation and rupture of filaments composed of oxygen vacancies
are proposed to explain the observed resistive switching behaviors. By introducing oxygen vacancies
into SrZrO3 through making the film Zr-deficient, the conduction mechanism of the high resistance state
changes from Ohmic to space charge limited behavior. This may be ascribed to more deep traps associated
with oxygen vacancies due to Zr-deficiency. Switching endurance is enhanced significantly in Zr-deficient

d Joul
esistive switching
ol–gel process

SrZrO3 due to the reduce

. Introduction

In the last decade, new types of nonvolatile memories have
ttracted considerable attention. Non-volatile strategies proposed
ecently include ferroelectric random access memories (FeRAMs)
1], magnetoresistive random access memories (MRAMs) [2], phase
hange memories (PCMs) [3] and resistive random access mem-
ries (ReRAMs). Among these, ReRAMs have been regarded as
romising candidates for the next generation nonvolatile mem-
ries due to their simple structure and compatibility with metal
xide semiconductor technologies [4]. The current candidate mate-
ials for ReRAM devices include binary transition metal oxides such
s ZrO2 [5], NiO [6], and TiO2 [7]; perovskite SrZrO3 (SZO) [8–16],
erroelectric YMn1−xO3 [17], Cu doped Ge0.3Se0.7 [18].

The ReRAM device can be switched between a low resistance
tate (LRS or set) and a high resistance state (HRS or reset) after an
nitial electro-forming step. Switching is referred to as “unipolar”
f the set/reset operations can be achieved with the same voltage
olarity, as “bipolar” if set/reset operations require opposite voltage
olarities. Resistive switching mechanisms consist of a combina-
ion of physical and/or chemical effects. These mechanisms can be
lassified in terms of the dominant contribution: whether it comes

rom a thermal effect, an electronic effect, or an ionic effect [4]. For
nipolar switching, the filament model has been proposed as a pos-
ible mechanism [19]. Filaments are created through the insulate
atrix during the electroforming process, and are fused as a result
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of Joule heating by the electric field. It is critical to control the for-
mation and rupture of a filamentary conductive path to improve
the resistive switching characteristics.

SZO-based thin films have been studied for ReRAM applications
due to its excellent resistive switching properties such as high sta-
bility, low operating voltage, high speed, high HRS to LRS resistance
ratio, good endurance and long retention time [8,11,12,14,15,20].
Various conduction mechanisms such as Ohmic conduction, space-
charge limited conduction (SCLC) and Poole–Frenkel emission were
considered in order to explain the dominant conduction mecha-
nisms of the low and high-resistance states in SZO-based ReRAMs
[8–16,21]. However, direct experimental demonstrations have not
yet been reported to correlate the conduction mechanism with the
resistive switching characteristics.

In this study, we compare the conduction behavior and the
switching characteristics of stoichiometric and Zr-deficient SZO
thin films. Formation and rupture of filaments composed of oxygen
vacancies are proposed to explain the observed resistive switch-
ing behaviors. The results show that Zr-deficiency may effectively
improve the resistive switching characteristics of SZO thin films,
probably by introducing more oxygen vacancies.

2. Experimental

100-nm-thick SZO films were deposited by a sol–gel method. The precursor
solution was prepared by mixing stoichiometric amount of strontium acetate, zir-

conium n-propoxide dissolved in acetic acid and 2-methoxyethanol, respectively.
The precursor solution was then divided into two parts. One is referred to as solution
A. The other one was further modified by adding prescribed amount of ammonia to
accelerate the hydrolysis of zirconium n-propoxide and is referred to as solution B.
Both solutions were spin-coated onto Pt/TiO2/SiO2/Si substrates at 3000 rpm and
then baked at 200 ◦C on a hot plate for 5 min in air to remove the solvents. The spin-
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Fig. 1. XRD patterns of SZ-A and SZ-B thin films after 800 ◦C annealing.

oating and baking procedures were repeated several times to obtain the desired
lm thickness. The films were then annealed in flowing oxygen at 800 ◦C for 3 min

n a rapid thermal annealing oven. Hereafter, thin films derived from solution A and
are labeled as SZ-A and SZ-B, respectively.

Pt top electrodes of 200 �m in diameter were sputter-deposited through a
hadow mask for electrical measurements. These films were characterized by X-
ay diffraction (XRD) using a Rigaku Ultima III diffractrometer with Cu K� radiation.
Keithly 2400 sourcemeter was used to measure the current–voltage (I–V) charac-

eristics of the SrZrO3 capacitors.

. Results and discussion

Fig. 1 shows the XRD patterns of SZ-A and SZ-B films. SZ-A
xhibits a pure perovskite structure [22], while the peak from
2 0 0) crystalline plane of ZrO2 is observed clearly in the pattern
f SZ-B. The formation of ZrO2 due to the hydrolysis of zirconium
-propoxide indicates the presence of Zr-deficiency in the SrZrO3
hase in SZ-B. Therefore, more oxygen vacancies would be expected
o compensate additional negative charges in the lattice of SrZrO3.

The reproducible I–V characteristics of both stoichiometric
t/SZ-A/Pt and Zr-deficient Pt/SZ-B/Pt capacitors are presented in
ig. 2(a) and Fig. 2(b), respectively. As shown, both of the capaci-
ors exhibit unipolar switching behaviors. After the initial forming
rocess, the capacitors reach a low resistance state (LRS). When
weeping the applied positive voltage to about 1.0 V with a cur-
ent compliance of 250 mA, a sudden drop of current is observed
nd the film returns to a high resistance state (HRS). When volt-
ge is swept to about 20.0 V with a current compliance of 5 mA, an
brupt increase of current appears and the LRS is restored. Ten reli-
ble switching cycles including “set” (from HRS to LRS) and “reset”
from LRS to HRS) processes are presented in Fig. 2(a) and (b) for
Z-A and SZ-B respectively. Fig. 2(c) depicts statistics of the form-
ng voltage (Vforming) and the set voltage (Vset) for SZ-A and SZ-B
apacitors, respectively, from 10 test cells and 50 tests. Fig. 2(d)
hows distributions of the reset voltages (Vreset) of both capaci-
ors in 50 tests. No obvious difference is observed between the two
apacitors.

Fig. 3 shows the current voltage (I–V) characteristics of a typ-
cal switching cycle redrawn in a log–log plot. In the LRS, both of
he two films exhibit Ohmic behavior. This is consistent with those
eported previously [10,14,15]. However, the conduction mecha-
isms of these two samples differ in the HRS. An Ohmic behavior is
bserved in the HRS of stoichiometric Pt/SZ-A/Pt capacitor, while
he I–V curve in the HRS of Zr-deficient Pt/SZ-B/Pt capacitor shows

hree distinct regions in the log–log plot. These three I–V character-
stics agree with the Lampert’s theory [23], i.e. an Ohmic behavior
I ∼ V) in the low voltage, a SCLC current following the Child’s law
I ∼ V2) in the high voltage and a trap-filling limited current (I ∼ V�)
n between.
Fig. 2. (a and b) Typical I–V characteristics of Pt/SZ-A/Pt and Pt/SZ-B/Pt capacitors,
respectively. (c and d) Statistics of Vforming, Vset and Vreset of Pt/SZ-A/Pt and Pt/SZ-B/Pt
capacitors, respectively.

The switching cycling characteristics of both capacitors are
shown in Fig. 4. The average ratio between HRS and LRS of both
capacitors is larger than 104, with the HRS resistance of about
100 k� and the LRS resistance of about 10 �, respectively. More-
over, the resistance in LRS is independent of the films thickness,
compared to our 200 nm-thick films. This is also consistent with
those reported recently by Soni et al. [24] and Yang et al. [25]. It is
interesting that the Zr-deficient Pt/SZ-B/Pt capacitor keeps stable
for up to 600 cycles, 10 times better than that of the stoichio-
metric Pt/SZ-A/Pt capacitor. Such resistive switching property of
SZ-B capacitor exhibits good performance among reported SZO-
based devices. [11,14,15,20] The resistive switching of SZO-based
memory capacitors in earlier studies is mostly of bipolar charac-

ter [8–13,15,16,21]. Although Lin et al. [14] reported a unipolar
Al/V:SZO-LNO/Pt capacitor, the unipolar characteristic is attributed
to the asymmetric electrode materials. However, our Pt/SZO/Pt
capacitors have symmetric electrodes and thus asymmetric inter-
face effect cannot lead to the unipolar behavior observed.
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ig. 3. I–V curves in log–log plot. (a) Pt/SZ-A/Pt: from LRS to HRS; (b) Pt/SZ-A/Pt: fr

Unipolar resistive switching phenomenon is usually explained
y the formation and annihilation of conducting filamentary paths
26]. After an electroforming process, i.e. partial dielectric break-
own initiated by a high voltage, filament in the material would
use/antifuse by Joule heating [4]. For perovskite oxide thin films,
he filament might be composed of oxygen vacancies which are
sually the most mobile charged defects in this structure [27]. In
he set process, driven by the high electric field, oxygen vacancies
an aggregate to form tiny local conducting paths. When the voltage
s increased to Vset, these tiny local conducting paths may gather to
orm thicker conducting filaments and the capacitor switches from
he HRS to the LRS. In the reset process, oxygen vacancies in the fil-
ments can be dispersed by the electric field with the assistance of
oule heating, leading to localized rupture in these filaments. Con-
equently, the capacitor switches from the LRS to the HRS. Some
laments, however, may still remain in the HRS.

It is worth noting that stoichiometric SZ-A sample has a higher
onductivity in HRS compared to SZ-B sample. In the Ohmic region,
Z-A sample exhibits a higher leakage current than SZ-B sample
nder the same voltage, as shown in Fig. 3(b) and (d). This indicates

hat there are more volume-generated free carriers for conduction
n SZ-A than SZ-B [23]. It is reported that SCLC is often observed in

aterials which exhibit a low free charge carrier density [28,29].
pace charge limited effects will not be observed unless the injected
ree-carrier density, nj, exceeds the volume-generated free-carrier
S to LRS; (c) Pt/SZ-B/Pt: from LRS to HRS and (d) Pt/SZ-B/Pt: from HRS to LRS.

density, n0. When n0 is greater than nj, the volume conductivity
is predominate [23]. This results in an Ohmic behavior, as shown
in Fig. 3(b) for the HRS of SZ-A and low-voltage region in Fig. 3(d)
for SZ-B. For the SCLC current, the quadratic I–V relation indicates
shallow traps. However, in Fig. 3(d), the slopes of the log–log plots
are greater than 2. This clearly suggests that the SCLC in SZ-B is
governed by the exponential trap distribution preferably with deep
traps. For Zr-deficient SZ-B, oxygen vacancies may create deep traps
[30] that facilitate the SCLC conduction observed.

SCLC conduction mechanism of HRS is often reported in ReRAM
materials with bipolar resistive switching behaviors, such as in
Au/Cr/Zr+-implanted-ZrO2/n+-Si capacitors [31] and in Ti/ZrO2/Pt
capacitors [32]. SCLC conduction observed in unipolar SZO capaci-
tors implies that oxygen vacancies formed in perovskite SZO matrix
are more mobile. Therefore, filaments composed of oxygen vacan-
cies can fuse/antifuse under the same voltage polarity. Moreover,
the Pt/SZO/Pt capacitors show the unipolar resistive switching
behavior due to the fact that the LRS current reaches the order of
10−1 A (Fig. 2(a) and (b)). With the large current flowing through
the filaments, the reset process is principally dominated by Joule

heating and dispersion of oxygen vacancies (dependent on ther-
mal energy instead of voltage polarity). This phenomenon was also
reported previously in unipolar Al/SZO/LNO/Pt capacitors [20].

The switching failure of the capacitor is usually induced by a
hard dielectric breakdown. As discussed above, Joule-heating is
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ig. 4. The switching cycling characteristics of (a) Pt/SZ-A/Pt and (b) Pt/SZ-B/Pt
apacitors at room temperature.

idely considered as the driving force for the reset process, i.e.,
he change from a LRS to a HRS. However, the heat accumulated
uring the fast cycling would lead to a quick failure since the
eat would accelerate the hard dielectric breakdown of the capac-

tor [25]. As can be seen in Fig. 3(a), the current deviates strongly
rom the Ohmic behavior when approaching the reset voltage. This
henomenon was also reported previously in unipolar Pt/NiO/Pt
esistive switching capacitors [33]. It has been proved that the
trong nonlinearity of I–V curve in LRS in high voltage region comes
rom the temperature increase of conducting filaments due to Joule
eating. However, this phenomenon is not observed in Fig. 3(c),

ndicating that Joule heating in Zr-deficient SZ-B sample can be dis-
ipated more easily than in SZ-A. This is consistent with the fact that
toichiometric SZ-A has more free carriers than SZ-B, since the free
arrier density should increase with increasing temperature [34].

. Conclusions

In conclusion, we have shown that the resistive switching prop-
rties of SrZrO3 films can be improved by reducing the content of
r and introducing more oxygen vacancies. Based on the exper-

mental results, the conduction mechanisms in LRS and HRS of
r-deficient Pt/SZ-B/Pt capacitor are Ohmic and SCLC, respectively.
his is different from the stoichiometric Pt/SZ-A/Pt capacitor, which
hows Ohmic behavior for both LRS and HRS. The different con-
uction mechanisms of SZ-A and SZ-B may be attributed to the

[
[

[

[

pounds 509 (2011) 2050–2053 2053

different amount of oxygen vacancies in the films. Zr-deficiency in
SZO also improves the switching life-time. Therefore, the control
of the amount of oxygen vacancies may be a major task in ReRAM
applications of SZO thin films.
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