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The resistance switching mechanism and the electrical conduction of thick Cu/ZnO/Cu/ZnO/Cu
structures were investigated for various ZnO thicknesses (40, 80, 160, and 320 nm) when the thick-
ness of the middle Cu layer was 2 nm. The ZnO films had a microstructure with columnar grains
normal to the substrate. The switching voltages (VSET and VRESET) varied with the thickness of
the ZnO layer. A symmetric electrode structure exhibited a unipolar resistance switching. The
electrical transport of both high-resistance state (HRS) and low-resistance state (LRS) was Ohmic
conduction, and the resistance switching mechanism was driven by the formation and the rupture
of Cu conducting paths.
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I. INTRODUCTION

The resistance random access memory (ReRAM) has
recently become a promising non-volatile memory due

∗E-mail: pbthang@hcmus.edu.vn, pbthang@skku.edu

to its scalability, low power consumption, fast switching
speed and nondestructive readouts [1–9]. The ReRAM
devices consist of many different kinds of material sys-
tems. Therefore, many resistance mechanisms have been
proposed. These mechanisms can be categorized into
three types: electronic, thermal and ionic [2]. The ionic
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Fig. 1. (Color online) Schematic diagram of the Cu/ZnO/
Cu/ZnO/Cu structure.

resistive switching mechanism is driven by the trans-
port and the electrochemical reactions of cations (Ag+ or
Cun+) or anions (On−) in structures with the presence
of an active electrode (Ag, Au or Cu) and an inert elec-
trode (Pt, W. . .) [2,8,9]. Typical bipolar switching is one
of the prerequisite characteristic of the ionic mechanism.
Yang et al. observed nanoscale Ag bridges penetrating
through the ZnO layer in the Ag/ZnO:Mn/Pt structure
and thus, attributed the bipolar resistive switching mech-
anism to redox-reaction-mediated formation and rupture
of Ag bridges [8]. The bipolar switching transition from
carrier trapping/detrapping (electronic mechanism) to
electrochemical metallization (ionic mechanism) in the
Cu/ZnO/Cu/ZnO/Pt structure is found to be mainly re-
lated to the altered status of Cu atoms [9]. In this study,
we investigated the resistance switching in the symmet-
ric Cu/ZnO/Cu/ZnO/Cu structure for the following rea-
sons: (1) Replacing expensive Pt electrode with Cu elec-
trode is needed for feasible production of a ReRAM be-
cause Cu material is currently used in integrated circuit
technology. (2) In Cu-doped oxide - based ReRAM sys-
tems [9–13], the thickness of the oxide layer is just a few
tens of nm. We aimed to identify the resistance switch-
ing mechanism in a thicker ZnO layer of hundreds of nm
to investigate the variations in the switching voltages
(VSET and VRESET ).

II. EXPERIMENTS AND DISCUSSION

A proposed schematic of the Cu/ZnO/Cu/ZnO/Cu
structure is shown in Fig. 1. The Cu/ZnO/Cu/ZnO/Cu
structure was fabricated from metallic Cu and ceramic
ZnO targets by using the dc sputtering technique at room
temperature. All deposition processes were carried out
in an Ar gas ambient at pressures of 1.6 × 10−3 Torr and
2.4 × 10−3 Torr for the Cu layers and the ZnO layers, re-
spectively. Metallic Cu layers, 120-nm and 80-nm-thick,
were deposited as bottom and top electrodes at depo-
sition powers of 36 W and 16.8 W, respectively. The
ZnO/Cu/ZnO trilayer was prepared as follows: two ZnO
layers of the same thickness (20 nm, 40 nm, 80 nm, and

Fig. 2. (Color online) XRD patterns of the Cu/ZnO/Cu/
ZnO/Cu structure for various ZnO thicknesses.

Fig. 3. FWHM values of the (002) diffraction peaks from
ZnO films with different thicknesses.

160 nm) were deposited at a deposition power of 38 W.
Between the two ZnO deposition processes, a Cu mid-
layer of 2 nm was sandwiched at a deposition power of
36 W. During the deposition of top the Cu layer, a mask
was used for top electrode patterning. The thickness of
these thin films were determined by using a quartz crys-
tal microbalance during the deposition.

The crystalline phases and microstructures of the thin
films were characterized in the θ-2θ mode by using a D8
Advance (Bruker) X-ray diffractometer (XRD) with Cu
Kα radiation (λ = 0.154 nm) and field-emission scanning
electron microscopy (FESEM). The chemical state of the
Cu in the structure was characterized by using X-ray
photoelectron spectroscopy (XPS). Current-voltage (I-
V) measurements were carried out using a Keithley 2400
source meter and probe station. During the electrical
measurement, a positive sweep voltage was applied to
the Cu top electrode while the Cu bottom electrode was
grounded.

Figure 2 shows the XRD patterns of the Cu/ZnO/Cu/
ZnO/Cu structures with various ZnO thicknesses. From
the XRD patterns, the crystal orientation is in the direc-
tion of the (002) plane for all structures. However, the
degree of crystalline ordering varies with the ZnO thick-
ness. The higher peak intensity of the thicker structure
indicates that the thicker structures have better crys-
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Fig. 4. Cross-sectional FESEM image of the 160/2/160
nm structure.

Fig. 5. Cu 2p core-level XPS spectrum the of 160/2/160
nm structure.

tallinity as deposited at room temperature. The reason
for the improved crystallinity in the thicker structure can
originate from the misfit strain between the ZnO film and
the Cu bottom electrode. Figure 3 shows the full width
at half maximum (FWHM) values of the (002) diffrac-
tion from ZnO films with various thicknesses. The films
with a thickness of 20/2/20 nm show the largest FWHM
because of the large misfit strain between the film and
the Cu layer. As the film thickness increases, the FWHM
values decreases. This result is attributed to the relax-
ation of the misfit strain with the formation of misfit
dislocation in the films. Therefore, as the film thickness
increases, the misfit strain decreases, resulting in better
crystallinity.

The cross-sectional FESEM images of the 160/2/160
nm structure is shown in Fig. 4. The FESEM image re-
veals that the ZnO films have a microstructure of colum-
nar grains. The columnar-grained structure is appar-
ently related to the preferential growth of the basal plane
of the ZnO material, leading to the formation of a highly
(002)-oriented texture, which is observed in the XRD re-
sult. Since the Cu layer is so thin (2 nm), we cannot
observe this layer clearly. However, there is a disconti-
nuity growth at the middle region between the two ZnO
layers due to the Cu layer. The chemical state of Cu in

Fig. 6. Typical unipolar resistance switching characteris-
tics of the Cu/ZnO/Cu/ZnO/Cu structures.

the 160/2/160 nm structure is shown in Fig. 5. The Cu
2p3/2 and Cu 2p1/2 peaks are located at binding energies
of 932.8 and 952.7 eV, respectively. These peaks reveal
a +2 state of Cu [14].

Figure 6 shows the typical I-V characteristics of the
ReRAMs based on Cu/ZnO/Cu/ZnO/Cu structures.
The initial state of the as-prepared structures is the high-
resistance state (HRS). To find the switching voltages,
we applied a 0 to Vmax sweep (Vmax = 0.1 V, 0.15 V,
0.2 V. . .) to observe the switching processes. A compli-
ance current was applied to prevent permanent struc-
ture breakdown in the set process. A sudden increase
in current (a resistance decrease) from the HRS to the
low-resistance state (LRS) is observed above 0.1 V. The
LRS remains until the end of the sweep. The resistance
switching can be induced without a forming process.
LRS to HRS switching is induced above 0.35 V. During
several sweeps, VSET and VRESET showed an insignif-
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Fig. 7. (Color online) The log-log scale curves of the typical
unipolar resistance switching characteristics in the HRS and
the LRS.

Fig. 8. Variations of VSET and VRESET with the ZnO
thickness.

icant variation, with VSET always being smaller than
VRESET. The lack of overlap between VSET and VRESET

requires reliable device operation. The resistance switch-
ing follows a unipolar-type switching.

In order to understand the resistance switching behav-
ior in these structures, we examined the transport char-
acteristics. The leakage current of the HRS of ReRAM-
based structures generally follows a nonlinear I-V de-
pendence. However, as shown in Fig. 7, the leakage cur-
rents of both the HRS and the LRS of all the proposed
structures show a linear dependence on voltage before
switching. Because of this, such leakage mechanisms as
space-charge-limited conduction, Schottky emission, and
Poole-Frenkel emission were ruled out [15,16]. The leak-
age mechanisms of the HRS and the LRS obey Ohm’s
law, which gives clues to relate the physical origin of the
resistive switching of these structures with the filament
model [2,7]. However, we believe that the transports of
carriers in both these states differ somewhat from each
other.

The values of VSET and VRESET vary with the ZnO
thickness, as shown in Fig. 6 and Fig. 8. The 20/2/20-
nm-thick structure with the lowest crystallinity has the
smallest VSET and the largest VRESET (Fig. 6(a)), while
the 160/2/160-nm-thick structure with a higher degree

of crystalline ordering shows the largest VSET and the
smaller VRESET (Fig. 6(d)), what means that the VSET

value increases as the thickness of ZnO increases. As
found above, the VSET depends on the degree of crys-
talline ordering because a structure with low crystallinity
has many empty spaces for forming the conductive paths
easily. Therefore, the lower the crystallinity, the eas-
ier and stronger conductive paths will be formed (low
VSET). Consequently, the stronger the conductive paths
formed, the harder it would be for the conductive paths
to be ruptured (large VRESET). In the thicker structures,
higher voltages are required to form the conductive paths
because the thick structures exhibit a highly (002) tex-
tured orientation with sharper peak and higher intensity
and have a microstructure of columnar grains normal to
the substrate, resulting a long-length, small-sized con-
ductive paths. The high VSET might only influence the
length, not the size of the conductive paths. As a result,
the VRESET is significantly reduced in the 40/2/40-nm-
thick structure compared to the 20/2/20-nm-thick struc-
ture, thus showing a lower dependence for the thicker
structures.

In comparison, Yang et al. suggested that the asso-
ciated electrical conductions of the HRS and the LRS
in the carrier trapping/detrapping switching mechanism
are space charge limited conduction (SCLC). In the
electrochemical-redox-controlled switching mechanism,
the HRS follows SCLC and the LRS obeys Ohm’s law
[9]. The two differences in the resistance switching be-
havior and transport conduction between our proposed
structures and Yang’s structures are as follows: our pro-
posed structures depict unipolar switching, not bipolar
switching, and Ohmic conduction of the HRS. Therefore,
the Cu midlayer in our proposed structures might serve
as a metallic bridge for electron hopping.

As argued above, the columnar grain structures make
it easy for metallic defects to diffuse under the elec-
tric field through oxide layer. Since these hopping sites
are close enough, conductive paths form and result in
the LRS transition. Therefore, the transport conduction
of the HRS obeys Ohm’s law as follows: the electrons
hop between metallic defects along with an alignment of
metallic defects; consequently, the conductive paths of
the metallic defects reach the electrodes when the volt-
age reaches VSET. In the LRS, currents flow through the
conductive paths, which also can be described by using
Ohm’s law. Since the switching is unipolar, the Joule-
controlled LRS-to-HRS transition may be involved. This
study has shown that resistance switching is caused by
the formation and the rupture of the Cu conducting
paths.

In order to give clear supporting data for the role of Cu
conducting paths, we prepared the single layer structure
glass/Cu/ZnO/Cu and Si/SiO2/Ti/Pt/ZnO/Cu with a
160-nm-thick ZnO layer. We obtained unipolar resis-
tance switching only in the glass/Cu/ZnO/Cu struc-
ture, not in the Si/SiO2/Ti/Pt/ZnO/Cu structure. The
electrical conduction of both the LRS and the HRS
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in the glass/Cu/ZnO/Cu structure showed a linear I-
V dependence, which is the same as in the glass/Cu/
ZnO/Cu/ZnO/Cu structure. On the other hand, the
Cu/ZnO/Cu/ZnO structure without the top Cu elec-
trode gives the same electrical conduction and resis-
tance switching mechanism as the Cu/ZnO/Cu/ZnO/Cu
structure. These results exclude the Cu ions originat-
ing from the top Cu electrode. In addition, the top Cu
electrode exposed to the atmosphere ambient can be ox-
idized into CuxO, which can degrade the conductivity
of the top electrode. However, we found that the I-V
characteristics and the resistance switching mechanism
did not vary with exposure time. Some Cu ions were
induced from the bottom Cu electrode and the Cu mid-
layer during the deposition and then diffused into the
ZnO matrix. Under the positive stress on the top elec-
trode, the Cu ions diffuse to the bottom electrode and
become Cu atoms there. As a result, the Cu conducting
paths grow and approach the top interface, leading to
HRS-to-LRS switching.

The intriguing point in this research is the values
of VSET and VRESET; VSET < VRESET. This results
is opposite to that in the Cu/ZnO/Cu/ZnO/Pt struc-
ture [9], but is the same as obtained in structures re-
cently reported by Lee et al. and Linn et al. [17,18]. In
Refs. 17 and 18, the switching behavior is induced in
an anti-serially-connected memory structure. In compar-
ison, we prepared a single Cu/ZnO/Cu structure. The
single structure also exhibited the same switching be-
havior, in which the VSET was smaller than the VRESET.
Additional experiments are underway in order to explain
the above intriguing results.

III. CONCLUSION

In conclusion, we investigated the resistance switch-
ing mechanism and the electrical conduction of thick
Cu/ZnO/Cu/ZnO/Cu structures. The ZnO films had
a microstructure with columnar grains normal to the
substrate. The chemical state of Cu in the structures
was +2. The crystallinity of the ZnO layer depended on
the ZnO thickness. As a result, the set voltage VSET

increased as the thickness of ZnO was increased while
the reset voltage VRESET decreased and became less de-
pendent on the thickness for thicker ZnO layers. Sym-
metric electrode structures exhibited unipolar resistance
switching. The electrical transport of both the HRS and
the LRS followed an Ohmic conduction. The resistance
switching mechanism was driven by the formation and
the rupture of Cu conducting paths.
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