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We report dual ion beam sputtering fabrication of an Al/ZnO/Al memristor displaying forming-free

bipolar resistive switching characteristics with memristive behavior without necessitating any post-

processing steps. A nearly amorphous ZnO thin film and an appropriate concentration of oxygen

vacancies play a significant role in imparting forming-free, stable, and reliable behavior to memory

cells. Besides, sufficient non-lattice oxygen ions in the film play a crucial role in the resistive switching

process. The AlOx interface layer is observed to strongly affect the switching mechanism in the mem-

ory device by altering the barrier at the Al/ZnO interface. The device shows stable switching behavior

for >250 cycles with good retention and stable set/reset voltages. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4989802]

Memristors, the so-called fourth fundamental element,1

have drawn extensive attention in recent years for their great

potential as next-generation non-volatile memory (NVM).2

Resistive random-access memory (RRAM) being one of the

major applications of memristors is a promising candidate to

replace conventional charge-based flash memory in future

owing to its simple structure, fast switching, low power con-

sumption and high stacking density.3,4 In recent years, the

resistive switching (RS) phenomenon has been observed

with wide band gap metal oxides (such as TiOx, NiOx, and

ZnO) containing regulated oxygen vacancies.3 ZnO is often

classified as an n-type semiconductor whose electrical prop-

erties are mainly governed by the presence of electrically

active and stoichiometric native point defects, such as vacan-

cies and interstitials.5 Pre-existing oxygen vacancies and

non-lattice oxygen ions in ZnO bulk play a dominant role in

attributing forming-free RS.

Bipolar resistive switching (BRS) with forming-free

memristive behavior is generally not consistent among gen-

eral fabrication processes. In general, unipolar switching devi-

ces require a high-voltage forming process, which affects

their stability and causes damage to electrodes.6 Further fluc-

tuation of parameters such as set-voltage (Vset), reset-voltage

(Vreset), high resistance state (HRS), and low resistance state

(LRS) with operation cycles and time is a common concern

among NVMs. High endurance and retention are essential for

a reliable and stable memory cell. Herein, we report fabrica-

tion of a stable BRS with memristive behavior of forming-

free Al/ZnO/Al memory cells fabricated by a dual ion beam

sputtering (DIBS) system. The fabrication of ZnO based

RRAM by the DIBS system has not been reported to date.

Therefore, the study of the switching characteristics of ZnO

based RRAM fabricated by DIBS and the corresponding rela-

tion with electrical, elemental and structural properties is very

significant.

The DIBS system is equipped with a radio-frequency
(RF) deposition ion source and direct-current coupled (DC)

assist ion source.7 As compared to single ion beam deposition,

the film stoichiometry is enhanced in DIBS by mixing oxygen

into the working gas (Ar) in the assist ion source.8 Other

salient features of DIBS are mentioned elsewhere.7 First, a

250 nm layer of insulating SiO2 is deposited upon a thor-

oughly cleaned (in trichloroethylene, acetone and isopropanol

and further purged by 99.999% pure nitrogen gas) commer-

cially available n-type low resistive (1–5 X/cm) Si (100) sub-

strate at room temperature (RT). Further, a 150 nm layer of Al

is sputtered upon it as the bottom electrode. A 60 nm thick

ZnO layer (switching layer) is deposited over the bottom

Al electrode, using a sintered ZnO target (99.99%) at a sub-

strate temperature of 100 �C. DIBS background pressure of

1� 10�8 mBar, working pressure of 2� 10�4 mBar, and ion

beam power of 70 W are used. During ZnO growth, the dis-

charge voltage and the current of the assist ion source are

maintained at 60 V and 600 mA, respectively. The flow rates

of O2 and Ar are maintained at 3 and 2 sccm, respectively, in

the deposition source. Finally, a circular Al top electrode with

a diameter of 500 lm is patterned on the surface of ZnO using

a metal shadow mask at room temperature in a pure Ar ambi-

ent atmosphere.

ZnO crystallinity has been analyzed by a Bruker D8

Advance X-ray diffractometer (XRD) (Cu Ka, k¼ 0.1541 nm).

To analyze the binding energy and the composition of each ele-

ment in the ZnO switching layer, X-ray photoelectron spectros-

copy (XPS), which has a PHOIBOS 100 analyzer with Al Ka
radiation (1486.6 eV) as an excitation source, has been utilized.
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Photoluminescence (PL) studies of the ZnO films have been

carried out at room temperature by using a 20 mW continuous

wave He-Cd laser having an excitation wavelength of 325 nm.

The current-voltage (I-V) characteristics of the device are mea-

sured using a Keithley 2612 A sourcemeter and Everbeing

probe-station. To verify the formation of any interfacial layer

at the Al/ZnO interface, the sample has been studied by cross-

sectional high-resolution transmission electron microscopy

(HR-TEM) using a HR-TEM: JEOL JEM-2010.

The inset of Fig. 1(a) shows the schematic of our metal-

insulator-metal device structure. Figure 1(a) shows the XRD

pattern of thin film ZnO, which shows a nearly amorphous

phase of ZnO. Owing to a low substrate temperature of

100 �C, mobility of the sputtered material reduces, leading to

almost an amorphous form of the ZnO. Materials lacking

grain boundaries would be desirable as a switching material

in a memory cell, since it favors better mobility of the oxy-

gen vacancies or the ions in the ZnO film.6 Figure 1(b) shows

XPS of the O 1s core level of ZnO. Before performing the

measurement, the sample surface has been pre-sputtered

using a 1 KeV Ar ion beam to remove the air contaminated

top layer. The individual O 1s peak has been deconvoluted

to generate the corresponding three distinct Lorentzian-

Gaussian curves centered at binding energies 530.38 6 0.15,

531.24 6 0.15, and 532.42 6 0.15 eV. The low binding

energy curve at 530.38 6 0.15 eV is attributed to O atoms at

the regular lattice site (LO).9 The medium binding energy

curve at 531.24 6 0.15 eV is attributed to the presence of O

atoms in the oxygen deficient regions (VO) in ZnO.9 Thus,

oxygen vacancies are very likely to exist in the ZnO film.

These defects play significant roles in the realization of a

forming-free RS.10,11 The highest binding energy curve at

532.42 6 0.15 eV is attributed to the presence of interstitial

O atoms (IO) or non-stoichiometric oxygen at the ZnO sur-

face.9,12 High content of non-lattice oxygen ions O2� exist-

ing in ZnO assists recovery of oxygen vacancies during the

reset process13 and ensures stable switching characteristics.

Figure 1(c) illustrates the XPS spectra of Zn 2p levels in

ZnO. Zn 2p3/2 and Zn 2p1/2 levels have their peaks corre-

sponding to binding energy at 1022.66 and 1045.72 eV,

respectively, which are attributed to Zn atoms at regular lat-

tice sites in ZnO bulk. The binding energy difference of

23.06 eV is in agreement with previously reported values of

Zn2þ confirming the fully oxidized state of Zn atoms, i.e.,

Zn2þ. XPS spectra conform to the stoichiometric oxide layer

of ZnO. This indicates the absence of any free metallic zinc

ions, which negates probability of any metallic ion conduc-

tion. Further, VO and IO defects in ZnO have been investi-

gated by PL measurement at room temperature, and the

results are shown in Fig. 1(d). The sharp peak around

375 nm corresponds to the ZnO band gap (3.31 eV).9 The ori-

gin of green emission (around 492 nm) is attributed to the

presence of oxygen vacancy defects (VO) in ZnO crystals.9

The broad orange luminescence around 625 nm results

mainly owing to the presence of oxygen interstitials (IO) in

ZnO.9

The typical RS of the device has been investigated by

applying bias voltage to the top electrode (TE) while keeping

the bottom electrode (BE) grounded. I-V characteristics

obtained from the device are shown in Fig. 2(a). During the

measurement, triangular voltage is swept in the sequence:

1! 2! 3! 4, in the range of �7 and 7 V. The compliance

current (CC) is restricted at 1 mA to prevent permanent

breakdown of the device. While sweeping the voltage from 0

to �7 V, a sudden increase in current at �6.2 V (Vset) is

observed as the device switches from HRS to LRS, said to

be “set process.” This LRS is maintained as voltage sweep is

reversed from �7 to 0 V. However, on applying positive bias

from 0 to 7 V, the device switches back from LRS to HRS at

6.3 V (Vreset), considered as “reset process.” HRS is main-

tained as the bias is reversed from 7 back to 0 V. In succeed-

ing I-V cycles, after completion of the first switching cycle,

the device switches from LRS to HRS and back from HRS to

LRS at nearly consistent set and reset voltages. This suggests

that the DIBS fabricated device is forming-free and shows

BRS with sharp set and reset voltage. Generally employed,

FIG. 1. (a) XRD of the ZnO film with the inset showing the device schematic,

(b) XPS of O 1s spectra of thin film ZnO, (c) XPS spectra of Zn 2p levels in

thin film ZnO, and (d) room temperature PL spectra of the ZnO film.

FIG. 2. (a) I-V characteristics in multiple cycles for CC of 1 mA, (b) I-V

characteristics with increasing voltage sweep rate with hysteresis curves 1

and 3 shifted by 3.5 and �3.5 X-axis units, respectively, (c) Endurance tests

of 250 cycles for homogeneous resistive switching at a read bias of 0.1 V,

and (d) Retention behavior within the 106 s at a read bias of 0.1 V.
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a high voltage forming process10,14 is not required in our

pristine device to make it conducting due to abundant oxy-

gen vacancies pre-existing in the ZnO film.13 A forming-free

cell as compared to a forming-necessary cell shows more sta-

ble RS characteristics and also avoids destruction of electro-

des.6 The investigated device also shows good reversibility

and stability of the switching response, and continuously

switches between its on (LRS) and off (HRS) states for 50

cycles [Fig. 2(a)]. Further, a voltage sweep rate is varied

keeping CC constant at 1 mA to investigate the correspond-

ing behavior as shown in Fig. 2(b). The I-V hysteresis loop

is observed to be dependent on the bias sweep rate; and it

shrinks to a smaller loop for higher sweep rates, conforming

to memristive behavior.15–17

As we can observe from Fig. 2(c), HRS and LRS are

shown as a function of the number of switching cycles

measured at a reading voltage of 0.1 V at RT for our Al/

ZnO/Al memory cell. As observed from the figure, the vari-

ation of HRS and LRS during cycling is consistent without

much degradation. The HRS and LRS conduction mecha-

nism differs owing to formation of an AlOx layer. Lower

Gibbs’ free energy for formation of AlOx to ZnO is respon-

sible for device switching from LRS to HRS.18 This inter-

facial behavior is not smooth upon consecutive voltage

pulse application. Hence, differently distributed behavior is

noticed for HRS and LRS.19 The above endurance meas-

urements ensured that the RS properties in Al/ZnO/Al devi-

ces are highly reliable and reproducible. Further, the RS

retention characteristic is investigated as shown in Fig.

2(d). The resistances for both HRS and LRS states are dem-

onstrated using a small reading voltage of 0.1 V, to confirm

the non-volatility of resistance states. No significant

switching degradation after the duration 1� 106 s (11 days)

by extrapolation is expected to prolong to 10 years with

non-destructive readout.20,21

In general, reactive metal-ZnO interfaces are found to

generate extrinsic defects due to reactions and/or inter-

diffusions against non-reactive interfaces. Oxides of reactive

metals such as Al and Ti have far lower standard Gibbs free

energy for formation as compared to ZnO and oxides of inert

electrodes (Pt and Au).18 Moreover, strong affinity of Al for

oxygen ions also increases oxygen vacancies near the inter-

face assisting the formation of forming-free memory cells.15

Figure 3(a) shows the HR-TEM image of the Al/ZnO inter-

face of the device in HRS. It is observed that an amorphous

AlOx interfacial layer of approximately 4–5 nm is formed at

the interface. The AlOx interface layer strongly affects the

switching mechanism in our device by altering the barrier at

the Al/ZnO interface under the applied electric field.22 In

addition, the use of Al electrodes owing to the AlOx layer

improves device endurance.23

Figure 3(b) illustrates schematics of the Al/ZnO/Al mem-

ory cell in HRS and LRS states, depicting the roles of oxygen

vacancies, oxygen ions, and AlOx interfacial layer. Al is

expected to form an ohmic contact with ZnO.24 However,

stoichiometric modulation of the oxygen-rich region at the

interface of Al/ZnO introduces an asymmetric Schottky bar-

rier height suppressing current in a voltage range limited to

the difference of barrier heights.5 In Fig. 3(b), as we apply a

negative bias voltage, the positively charged oxygen vacan-

cies would effectively migrate towards TE from the bulk25

and oxygen ions (O2�) migrate to Al(BE)/ZnO interface caus-

ing local oxidation, leading to an AlOx barrier layer, which

results in the lower current density and device moves into

HRS.18 During the set process as shown in Fig. 3(b), as nega-

tive bias decreases to zero and further positive voltage

increases on the top Al electrode, O2�s move away from the

Al(BE)/ZnO interface and positively charged oxygen vacan-

cies (VO) migrate towards the bottom Al electrode, leading to

dissolution of the AlOx barrier layer. Therefore, the current

FIG. 3. (a) A clear interface layer of

(�4–5 nm) is observed at the Al/ZnO

interface of the device in the HRS state.

The inset shows the Z-Contrast image

of the cross-section of the device, (b)

Switching mechanism of the device

illustrating the SET process and RESET

process.
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density abruptly increases and the device sets to LRS.

Similarly, by symmetry, the above mentioned mechanism is

applicable to the Al(TE)/ZnO interface during positive bias

with formation of an interfacial AlOx layer [similar to Fig.

3(a)] to switch into positive-biased HRS. The generation/

recovery of oxygen vacancies and oxygen ions during the set/

reset has a significant role.13 Sufficient non-lattice oxygen ions

favor recovery as well as assist in the redox reaction at the Al/

ZnO interface.13 Besides, hopping of electrons through con-

ducting paths of oxygen vacancies is assumed to be governing

conduction in bulk.13 Hence, the underlying RS mechanism is

supposed to be a combination of electron hopping through

conduction paths in bulk and redox reactions leading to forma-

tion and dissolution of the AlOx layer at the interface.22

Table I provides an overview of different deposition

techniques deployed to fabricate a resistive memory cell

with ZnO as a switching material. DIBS as compared to

atomic layer deposition (ALD)5 is fast and does not require

ultra-pure volatile precursors featuring a complex and time

consuming process of fabrication. Further, DIBS as com-

pared to many chemical deposition methods2,3,26 gives more

uniform and controlled deposition. The amount of oxygen

vacancies and ions in different regions of the film can be

controlled via modifying oxygen partial pressure during the

ZnO growth. Low deposition temperature growth via DIBS

ensures stable device performance as compared to other

methods involving high deposition temperature.5,13,27

Generally, usage of Pt electrodes in RRAM primarily shows

a unipolar RS (URS) with ZnO,28,29 and suffers from

switching degradation23 and deformation of the junction14

due to oxygen bubble formation at metal/semiconductor

contact. Al is economical as compared to Pt, promotes high

endurance, and shows mostly BRS with ZnO.18 Sun et al.
have reported forming-free ZnO based memory cells with

post-processing, i.e., hydrogen surface annealing.3 Forming-

free ZnO based memory cells as reported by Gul and

Efeoglu have a larger thickness as compared to our device.30

A lower thickness is preferable for RRAM cells.3,31 The val-

ues of Vset and Vreset of the forming-free18 memory cell

reported by Chen et al. are not stable. However, in our case

we have attained a stable set and reset voltage for device

cut-off from forming-free memory cells.

In conclusion, an Al/ZnO/Al based memory cell having

stable and reproducible BRS has been fabricated by DIBS.

The device shows precise set/reset voltage (6�6 V) and an

excellent retention time (106 s) with an endurance test for

more than 250 set/reset cycles. Forming-free behavior of the

ZnO film is related to the deposition process and the resultant

internal microstructure. The amorphous-like ZnO film hav-

ing an appropriate amount of oxygen vacancies and non-

lattice oxygen ions is attributed to the forming-free, BRS

behavior with stable Vset and Vreset. The stability and reli-

ability of our device are high owing to memory cells being

forming-free with enhanced endurance due to the interfacial

AlOx layer. Our work could play a crucial role in the realiza-

tion of highly reliable memristive devices in the future.
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Annotations

Forming-free high-endurance Al / ZnO / Al memristor fabricated 
by dual ion beam sputtering
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