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Amorphous zinc oxide (a-ZnO) based resistive random access memory (RRAM)
Ag/a-ZnO/Pt devices were fabricated and their resistive switching characteristics
investigated. The Ag/a-ZnO/Pt RRAMs exhibit typical bipolar resistive switching
features with the resistance ratio of high to low resistance states (HRS/LRS) more
than 10”. Detailed current-voltage I~V characteristics analysis suggests that the
conduction mechanism in low resistance state is due to the formation of metallic
filaments. Schottky emission is proven to be the dominant conduction mechanism in
high resistance state which results from the Schottky contacts between the metal
electrodes and ZnO. The Ag/a-ZnO/Pt devices also show excellent retention
performance. These results suggest promising application potentials for Ag/a-ZnO/Pt

RRAMs.
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1. Introduction

Reversible resistive switching (RS) behavior provides a good base for resistive
random access memory (RRAM) to be applied in the field of information storage. A
RRAM cell usually is composed of an insulating layer sandwiched between two
conductors, which load voltages to form the high (HRS) and low resistance states
(LRS) corresponding to the OFF and ON of memory. Among various memories,
RRAM has attracted intensive attentions due to its outstanding advantages, including
simple structure, fast switching, low power consumption and favorable scalability."
Furthermore, RRAMs with bipolar resistive switching (BRS) behavior based on
transition-metal oxides (TMO), such as Ta,0s, NiOy, HfOx, TiO; and ZrO,, have been
taken as the next generation nonvolatile memory.**

Among these oxides, ZnO has been studied extensively in recent years for their
unique properties and potential applications of electronic and optoelectronic devices,””
" which has a wide band gap (3.37 eV at room temperature), high melting point,
excellent chemical stability, easy to control its resistivity, etc. BRS characteristics
have been observed in Al/ZnO/Si, Ag/ZnO/Pt, Ct/ZnO/Pt, Al/ZnO/Pt, Cu/ZnO/Pt,
and Pt/ZnO/Pt devices,'>'® etc. However, all of the reported ZnO films for RRAM are
of polycrystalline wurtzite structure according to authors’ knowledge. And, there are
no reports about the RS properties of amorphous zinc oxide (a-ZnO) films.

In this work, we report high-performance RRAM devices by depositing a-ZnO
thin films at room temperature (RT). The Ag/a-ZnO/Pt RRAMs exhibit typical bipolar
resistive switching features with the resistance ratio of high to low resistance states
(HRS/LRS) more than 10’, which is comparable with the highest HRS/LRS ratio of
polycrystalline ZnO RRAM. The underlying switching mechanism was studied based

on the transport features.
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2. Experimental section

The proposed RRAM devices were deposited on commercial Pt/Ti/Si02/Si
substrates by radio frequency magnetron sputtering using a ZnO ceramic target.
Growth conditions were optimized to grow amorphous layers. The sputtering was
carried out in a mixed atmosphere of 50% argon (10 sccm) and 50% oxygen (10 sccm)
at RT with RF power of 75 W and pressure of 1.5 Pa. For the RS property
measurements, Ag top electrodes of 300 pum in diameter were deposited at RT by
sputtering using a metal shadow mask to form an Ag/a-ZnO/Pt structure. Scan
electron microscopy (SEM) was used to characterize the microstructure and thickness
of the film. The current-voltage (/-V) characteristics of the Ag/a-ZnO/Pt structures
were measured at RT in air using a Keithley 4200 semiconductor characterization
system. The RS endurance characteristics were also examined by voltage sweep mode
at RT. The retention characteristic was investigated up to 10° seconds at RT with
reading voltage of 0.1 V. For RS speed measurement, the transient voltage was
monitored using a digital oscilloscope (Lecroy 62Xi) while an electric pulse was

applied by a pulse generator (Agilent 81110A).
3. Results and discussion

Figure 1(a) presents a scan electron microscopy (SEM) image of a typical cross-
section of an as-fabricated ZnO/Pt/Ti/Si02/Si structure, showing the ZnO thin film
with thickness of about 100 nm. Remarkably, completely amorphous ZnO film has
been achieved, which can be clearly verified by the X-ray diffraction (XRD) pattern
as shown in Fig. 1(b). Besides (111) diffraction peak of Pt, we didn’t find any peak
from crystalline ZnO even amplifying the curve in the range of the strongest
diffraction peak of ZnO. Such completely amorphous state was formed due to the

applied low substrate temperature, which provides the low mobility of the sputtered
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species from target, and hence leads them to be “frozen” in the random positions. It
has been believed that an amorphous phase of ZnO, where there are no grain
boundaries, would be desirable as a channel material in high-speed electronic devices.
The amorphous ZnO thin film instead of the crystallized one was employed in view of
better mobility of oxygen vacancies or ions in an open matrix. So it is beneficial to
stabilize resistive switching performances.

A schematic configuration of our two-terminal memory cell based on a-ZnO is
shown in the inset of Fig. 2(a). The bias was applied to the Ag top electrode (TE) and
the Pt bottom electrode (BE) was grounded. The reproducible /-V characteristics of
the memory cell are depicted in both linear (Fig. 2(a)) and semilogarithmic (Fig. 2(b))
scales. During the measurements, the voltage bias was applied in a sweeping sequence
of 1»2—3—4. As shown in Figs. 2(a) and 2(b), by steadily increasing the positive
voltage from 0 to 1 V imposed on the pristine device, a sudden current increase was
observed around 0.24 V, and the HRS was switched to LRS, which is called the “set”
process. As the voltage from 1 V to 0 was applied, the LRS was maintained.
Continuing to apply reverse voltage bias from 0 to —2 V, the device gradually
switched back to HRS again starting at —0.2 V, which is called the “reset” process.
Then, sweeping from —2 V to 0, the HRS was maintained. In order to protect the
device from abnormally high leakage current, 0.5 mA current compliance (CC) was
applied during the set process. In the subsequent /- cycles after the first cycle, the
device can switch abruptly to LRS in the voltage range from 0.15 V to 0.45 V. By
increasing the negative voltage imposed on the device, the device gradually switches
back to HRS again. As can be seen in Figs. 2(a) and 2(b), the device shows the
forming-free and the bipolar resistive switching behavior with a sharp set and a
gradual reset. A high forming voltage is not needed to initiate the switching for the as-

fabricated devices, which may be due to the amorphous ZnO thin film instead of the
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crystallized one. And where there are no grain boundaries, would be desirable as a
channel material in resistive switching devices. In most cases, an electroforming
process is needed to activate the bipolar resistive switching. However, negative
effects of electroforming process such as destruction of the electrodes will affect the
stability of the device. So the forming-free property is in favor of its future application.
In addition, it is calculated that the pristine cells always have a very high
resistance >10'° Q and the Rorr/Ron of the device reaches 107, which is an ultrahigh
memory margin, making the periphery circuit very easy to distinguish the storage
information (“1” or “0”).

Fig. 2(c) highlights the OFF state (or HRS) I~V curve of Figs. 2(a) and 2(b). The
important feature is the asymmetry with respect to the bias voltage. We see that the
current demonstrates a clear weak rectifying effect with a higher current value in the
negative voltage branch. As for the OFF state /-} asymmetry, the structure of Ag/a-
ZnO/Pt corresponds to two back-to-back asymmetric Schottky barriers (SBs) at
Ag/Zn0O and ZnO/Pt junctions, and the band structure is asymmetric due to different
SB heights of Ag/ZnO (~0.16 eV) and ZnO/Pt (~1.55 eV), respectively, as
schematically illustrated in Fig. 2(d).

The programming speed of the Ag/a-ZnO/Pt devices was tested by applying
pulse stimuli, and a sequence of write/erase cycles stimulated by short pulses, namely,
3 V 20 ns bias for writing and -3 V 300 ns bias for erasing, respectively. The
measurements were conducted after the as-prepared memory cell underwent a few
switching cycles to get steady, and a small dc voltage of 0.1 V was used to read out
the resistance states in the intervals of neighboring pulses. When a write pulse was
applied on the device, a switching from OFF state to ON state was triggered with a
large current as well as a low resistance recorded in the following read period. In

contrast, an erase pulse switches the device back to OFF state. The switching process
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is reproducible from cycle to cycle although the write speed is far more than the erase
speed, which confirms the feasibility of steep set and gradual reset as depicted in
Fig.2 (b). However, this programming speed is desirable for practical memory
application.

In order to further understand the switching mechanisms of such a-ZnO RRAM,
the positive part of the switching curve is replotted in double logarithmic coordinates
as shown in Fig. 3(a). According to the linear fitting (green lines in the figure), it is
found that the /-V relationship in LRS exhibits an Ohmic conduction behavior with a
slope of 1, which is regarded to the formation of conductive filaments in the device
during the “set” process. At the HRS, the slope of the log (/)-log (V) line is 0.26.
This result can be well explained by Schottky Emission mechanism. For such /-V
characteristic of HRS, there are three candidate leakage mechanisms, namely, space-
charge-limited current (SCLC),"” Poole-Frenkel (PF) emission,”® and Schottky
emission.”’ The corresponding I~V curves can be described following different
relations, where e is the electronic charge, &, is the relative dielectric constant, & is
the permittivity of free space, d is the film thickness, k is Boltzmann’s constant, and 7
is the temperature. Obviously, there are linear relationships of 1 vs V2, In(I/V) vs V"7,

and Inl vs V' for SCLC, PF, and Schottky mechanism, respectively.
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The I-V curves of HRS were re-plotted in these three kinds of scales as shown in
Fig. 3(b)-3(d). Very obviously, among these three re-plotted curves, the linearity
degree of the Inl vs V7 curve is the highest, which demonstrates that the conduction

mechanism of HRS is dominated by Schottky Emission mechanism.
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Up to now, the filamentary switching mechanisms in RRAM are still subjects of
heated debate and controversy. In previous work,'® an oxygen-vacancy filament
growth mode has been proposed for Ag/ZnO/Pt RRAM cells. Here, we proposed a
different but reasonable explanation related to the filament formation and rupture,
because the RS effect in our case is very likely to be mediated by electrochemical
metallization (ECM).> " Fig. 4(a) shows the pristine state of the Ag/a-ZnO/Pt
memory cell. It is generally recognized that the Ag electrode is an active component
in filament formation for ECM cells while Pt electrode is inert. When a positive
voltage is applied to Ag TE, oxidation occurs on this electrochemically active
material. Therefore Ag' cations are generated, which could be described as Ag — Ag"
+ ¢ The mobile Ag" cations migrate toward Pt BE through the a-ZnO layer and are
reduced there by electrons flowing from the cathode, i.e., Ag" + ¢* — Ag (Fig. 4(b)-
(d)). The successive precipitations of Ag metal atoms at the cathode lead to a growth
of the Ag protrusion, which finally reaches the TE and forms a highly conductive
filament in the ON state (Fig. 4(d)). When the polarity of the applied voltage is
reversed, an electrochemical dissolution takes place somewhere along the filament
and which is almost completely dissolved, resetting the system into the OFF state (Fig.
4(e)). Thus, the following SET process needs to rejuvenate the previously ruptured
filament segment by almost the same SET voltage compared to the previous SET
process (Fig. 4(f)).

Figs. 5(a) and 5(b) show the temperature dependence of Ron and Ropr of the
device, respectively. As shown in Fig. 5(a), Ron exhibits a decreasing trend when the
ambient temperature decreases. This is a typical electronic transport behavior for a
metal, in which phonon scattering is dominant. The temperature dependence of
metallic resistance can be written as R(7)=Ro[1+o(7T— Tj)], where Ry is the resistance

at temperature 7, and a is the temperature coefficient of resistance. Our fitting results
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for Ron-T comply with this linear dependence (Fig. 5(a)); therefore the filaments are
composed of Ag. This judgment is also supported by the linear /-V characteristics of
LRS as shown in Fig. 2(a) and Fig. 3(a). By choosing 7 as 300 K, the R of the
filaments is further calculated to be 4.5 x 107 K'l, which is consistent with the
literature reported by Bid et al.** On the other hand, Fig. 5(b) shows that Ropp
decreases with increasing temperature, and it exhibits an approximate relationship
logRopr o< T, which could be ascribed to a typical semiconducting behavior. The
temperature dependence of current in a semiconductor follows
I =1,exp(-f kT)

where « is the Boltzmann constant and £, is the thermal activation energy, which was

calculated to be ~400 meV in the temperature regime 300 —400 K. Moreover, it
should be noted that the ON/OFF ratio remains 10°-10° at 400 K, demonstrating good
memory reliability at elevated temperatures. This character endows the memory
device with tolerance to a heated environment.

To investigate the RS performances of the Ag/a-ZnO/Pt memory, cycle-to-cycle
switching voltage and resistance states were analyzed statistically. Fig. 6(a) shows the
distributions of the switching threshold voltages (Vsgr and Vgrgser) of the device. The
Vet have narrower distributions than Vggsgr during 100 /- cycles, demonstrating a
very stable set process. Fig. 6(b) shows the evolution of HRS and LRS in 100 I~V
cycles under a small reading voltage of 0.1 V. As can be seen, the variation of HRS
and LRS during cycling is very little and the memory window always keeps beyond
10" without degradation. The above endurance measurements ensured that the RS
properties in Ag/a-ZnO/Pt devices are highly reliable and reproducible. The retention
performance of the memory cell at RT is illustrated in Fig. 6(c). Rorr/ Ron over 107

remains nearly constant during the retention time of 10° s, confirming the nonvolatile
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characteristics of our device. The device-to-device distribution of resistance switching
parameters have also been investigated. When test was performed on 40 devices,
slightly wider range of switching voltage and resistance distribution was found in Figs.
6(d) and 6(e). The distribution is not much wider making the device suitable for
memory applications. Additionally, we estimated the cell yield. Despite some cells
fail to show RS, all of 40 devices were observed to exhibit similar RS, indicating that
the overall device yield is 100%.

Interestingly, almost a year later, the devices were retested and the multilevel
resistance states were achieved under different compliance current (CC) during set
processes, as depicted in Fig. 7(a). Obviously, the CC plays a significant role in RS
characteristic, especially in the resistance of LRS and the current of reset pocess. The
resistance of LRS could be controlled by changing the CC during the set process.
Under different CC values of 0.1 mA, 0.2 mA, 0.3 mA, 0.4 mA and 0.5 mA, five
switching states with different resistance values can be clearly distinguished. As can
be seen from Fig. 7(b), the higher the CC imposed on the cell, the lower the resistance
value in LRS (2402 Q, 1260 Q, 1017 Q, 772 Q, 568 Q, respectively). Moreover, the
resistance of the HRS (37 MQ, 176 MQ, 24 MQ, 28 MQ, 97 MQ, respectively) was
basically in the same magnitude under various applied CC. And the ON/OFF ratio
still kept 10* -10° even after one year. Additionally, reversible and stable RS behavior
cann’t be observed while CC>0.5 mA or CC<0.1 mA. The resistance of the HRS was
not influenced much by CC, while that of LRS was decreased obviously with increase
of CC. This is because the bigger CC was applied, the stronger conductive filaments
were formed in the ZnO layer during SET process. Furthermore, the bigger CC
brought about the longer RESET time. The RESET time varied from 120 ns to 300 ns
depending on different CC. When 0.1 mA CC was applied, the RESET time was as

short as 120 ns, but such a short RESET process was not too stable compared to 0.5
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mA CC and 300 ns RESET time. From these results, therefore, it is important to
examine the device performance by appropriate CC and switching speed.

All these data demonstrated that stable RS performances of the Ag/a-ZnO/Pt
memory can be realized by this simple method and meet the requirement for RRAM

device application.
4. Conclusions

In conclusion, we have demonstrated that 100 nm-thick amorphous ZnO thin
films prepared by radio frequency magnetron sputtering at room temperature exhibit
excellent nonvolatile bipolar resistive switching behavior with a large Rogpe/Ron ratio
(>10, kept 10* -10° even after one year), stable endurance, and long retention. The
observed resistive switching performance of the amorphous ZnO is as good as
polycrystalline one, which could be attributed to the formation/rupture of Ag
nanofilaments in amorphous ZnO thin films based on the electrochemical
metallization mechanism. The simple structure and fully room-temperature-fabricated
procedure of the device make it very attractive for future applications of nonvolatile

resistive switching memory.
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Figure 1
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Fig. 1. (a) The cross-section SEM image of a ZnO/Pt/Ti/Si02/Si structure without top
electrodes. The inset shows the schematic configuration of the Ag/a-ZnO/Pt device. (b)
XRD pattern of ZnO thin film deposited on Pt/Ti/SiO2/Si substrate. The inset is an

enlarged image of the rectangle region without any crystalline ZnO peak.
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Figure 2
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Fig. 2. (a) Typical bipolar I~V curve of the Ag/a-ZnO/Pt device is shown in linear
scale and (b) semilogarithmic scale. (c) Enlarged OFF-state I~} curve. (d) The

corresponding band diagram of ZnO sandwiched between Ag and Pt electrodes.
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Figure 3
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Fig. 3. (a) The positive part of the switching curve is re-plotted in a double-
logarithmic coordinate. (b)—(d) The plots of V2, ln([/V)—VI/ 2 and Inl-V'"? for the
SCLC, PF and Schottky conduction mechanisms, respectively. The straight line is

linear fitting.
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Figure 4
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Fig. 4. A schematic diagram for the mechanism of resistive switching effects in
Ag/a-ZnO/Pt devices. (a) Pristine state. (b)—(c) The oxidation of Ag at TE and the
migration of the mobile Ag' cations toward the cathode and their reductions
therein. (d) The precipitations of Ag metal atoms at the Pt electrode lead to a
growth of Ag filament and finally form a highly conductive filamet in the cell. (e)
When the polarity of the applied voltage is reversed, an electrochemical
dissolution of the filament takes place, resetting the cell into the OFF state. (f) The
next SET process.
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Figure 5
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Fig. 5. (a) Temperature dependence of Ron of the device. Ron decreases linearly with

decreasing the ambient temperature, indicating that the filaments are in metallic states.

(g) Temperature dependence of Ropr of the device, implying a semiconducting

character.
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Figure 6
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Fig. 6. (a) The distributions of the threshold voltages of the Ag/a-ZnO/Pt memory cell.
(b) Endurance performances up to 100 switching cycles. The HRS and LRS resistance
values were read out at 0.1 V in each sweep. (c) Retention performance, indicating
stable HRS and LRS for up to 10° s at RT. The device-to-device distribution of

switching voltage (d) and resistance (e).
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Fig.7. (a) The multilevel switching characteristics of the device under different

compliance currents (0.1, 0.2, 0.3, 0.4, and 0.5 mA). (b) The resistance of the HRS
and the LRS under different CC.
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