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Cu-doped 100-nm ZnO films were fabricated on Pt/Ti/SiO2 /Si substrates by RF magnetron
sputtering at various Cu concentrations (nCu ). Subsequently, Al electrodes of 200 µm in diameter
were deposited on top of the films for resistive-switching-memory (RSM) devices. All devices
exhibited unipolar RSM behaviors after the forming process and had similar distributions of reset
voltages from 0.4 to 0.7 V. The dispersion of set voltages was minimized at nCu = 3 mol%. The
conduction in the high resistance state (HRS) exhibited Ohmic behavior at voltages ≤0.4 V, but at
voltages >0.4 V, it followed very different mechanisms depending on nCu : Poole-Frenkel emission
for nCu ≤ 3 mol% and space-charge-limited conduction for nCu ≥ 4 mol%. The on/off ratio
increased with increasing nCu up to 3 mol%, but above 3 mol%, it decreased. For all devices,
both the HRS and the low-resistance state showed good endurance and retention properties with
no obvious degradation. These results suggest that nCu is an important factor for determining
the RSM properties. The RSM mechanisms are discussed with reference to double-logarithmic
current-voltage plots and X-ray photoelectron spectra.
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filament formation associated with defects such as oxygen vacancies, grain boundaries, and oxygen ions [7–10].
However, other possible mechanisms, including formation/rupture of Ag bridges [3] and deep trapping of carriers [11], have also been proposed for explaining RRAMs
made of doped ZnO films. Cu has also been employed
to enhance the RRAM properties of ZnO films. For example, in ZnO/Cu/ZnO trilayer RRAM devices [12], a
rapid thermal annealing treatment has been shown to
trigger a transition of switching mechanism to a conductive filament formation/rupture type.
In this paper, we report doping-concentrationdependent RRAM properties of Cu-doped ZnO films
prepared by RF magnetron sputtering. The resistance
ratios of the high-resistance state (HRS) to the lowresistance state (LRS) and the dispersion of the resistance states/switching voltages are remarkably improved
by proper Cu doping in the ZnO films.

I. INTRODUCTION
Among the potential candidates for next-generation
nonvolatile memories, resistance-switching random access memories (RRAMs) have attracted strong attention due to their advantages such as simple fabrication
process, small bit cell size, fast programming, low-power
consumption, and high-density integration potential by
3-dimensional stacking [1–4]. The switching mechanisms
of RRAMs can be classified into two classes in view of
the conducting-path type [1,2]. In one class, the resistive switching originates from the formation and rupture
of conductive filaments created by electroforming in an
insulating matrix. The device driven by this mechanism
shows both unipolar and bipolar switching behaviors. In
the other class, the resistive switching takes place at an
interface-type path between the metal electrode and the
oxide, and shows only a bipolar switching behavior.
ZnO-based films are attractive materials for producing RRAMs because they exhibit a good transparency
to visible light that is suitable for transparent conductive
oxides/devices [5] and are favored to serve as an active
layer in thin film transistors [6]. Through previous studies, there is wide consensus on the mechanism of RRAMs
in undoped ZnO, which is closely related with conducting
∗ E-mail:

II. EXPERIMENTAL
A mixture of ZnO/CuO powders was compressed to
form 2-inch-diameter discs with varying Cu concentrations (nCu ) from 0 to 4 mol%, which were sintered at
600 ◦ C in vacuum for 2 h to yield sputtering targets. The
targets were then mounted in a RF magnetron sputter-
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Table 1. ON/OFF ratios at the initial and the final retention states for four different Cu-doping concentrations.
Elapsed
time (s)
0
104

1
46
51

Cu (mol%)
2
3
91
280
110
470

4
64
64

Fig. 1. (Color online) (a) Resistive switching characteristics of a Al/ZnO:Cu/Pt device with nCu = 2 mol%. The
inset shows the forming process. (b) Comparison of resistive
switching characteristics for various Cu concentrations.
Fig. 2. (Color online) Dispersions of the set and the reset
voltages as functions of the Cu-doping concentration.

ing system to deposit 100 nm Cu-doped ZnO (ZnO:Cu)
films on Pt/Ti/SiO2 /Si substrates at room temperature
(RT). For Pt bottom electrodes of 150 nm thickness, we
used commercially available platinized silicon substrates
(Inostek Inc., Seoul, Korea) that were grown by sputtering. The sputtering of ZnO was done in a flow of
mixed gas with 40-sccm argon and 5-sccm oxygen under
the conditions of 100-W RF power and 10-mTorr sputtering pressure for 30 min. As top electrodes for the
Al/ZnO:Cu/Pt RRAM structures, Al layers of 200-µm
diameter were deposited by using thermal evaporation.
The resistive switching behaviors of the Al/ZnO:
Cu/Pt memory cells were measured at RT by using an
HP4156C semiconductor parameter analyzer in the I-V
sweep mode. During the measurements, the bias voltages were applied on the top electrode with the bottom
electrode grounded. The samples were electroformed to
initiate the switching properties of the Al/ZnO:Cu/Pt
cells by using the I-V sweep with a compliance current
of 10 mA.

III. RESULTS AND DISCUSSION
Figure 1(a) shows the resistive switching characteristics of a Al/ZnO:Cu/Pt device with nCu = 2 mol%. After
the forming process, the device switches to the LRS, as
shown in the inset. When the positive voltages imposed
on the device is increased steadily at the LRS, a pronounced change of resistance from the LRS to the HRS
is observed at about 0.5 V, called the “reset voltage”,
and a nonvolatile OFF state is achieved. While sweeping again, an abrupt jump of leakage current appears at
a higher voltage of about 2 V, called “set voltage”, and

a nonvolatile ON state is achieved. The memory window (or ON/OFF ratio) is defined by the two resistance
states (RHRS /RLRS ). Figure 1(b) compares the resistive
switching characteristics for various Cu concentrations.
Table 1 summarizes the ON/OFF ratios for various Cu
concentrations. The ON/OFF ratio is about 300 at nCu
= 3 mol%, but it is under 100 at other Cu concentrations. The ON/OFF ratio increases with increasing nCu
up to 3 mol%, but above 3 mol%, it decreases. The set
switching (from HRS to LRS) was swept with a current
compliance of 10 mA to protect the sample from permanent breakdown. When the voltage is swept to negative
region, a symmetrical behavior is exhibited, as expected
from the symmetric stack structure. The bistable resistance switching behavior is entirely reversible and steady.
Figure 2 shows dispersions of the set and the reset voltages as functions of nCu . A big reduction of dispersion in
the values of the set voltage is found for a Al/ZnO:Cu/Pt
device with nCu = 3 mol%. However, the reset voltages
are distributed in the similar range from 0.4 to 0.7 V, almost irrespective of doping concentration. The window
of operation voltages is clear, with no overlap between
the two resistance states, which is important for RRAM
operations.
The I-V characteristics are re-plotted on a log-log scale
to understand the conduction and the switching mechanisms of the memory devices. Figure 3 shows double
logarithmic plots of the I-V curves for the samples. The
conduction in the LRS is completely Ohmic with about
0.96 – 0.98 slopes for the curves of all devices. The conduction in the HRS also obeys the Ohmic behavior with
about 1.08 – 1.22 slopes for voltages ≤0.4 V, but at voltages >0.4 V, it follows very different mechanisms de-
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Fig. 5. (Color online) Retention characteristics at the LRS
and the HRS for various Cu-doping concentrations.

Fig. 3. (Color online) Double logarithmic plots of the IV curves at the LRS and the HRS for various Cu doping
concentrations.

Fig. 6. (Color online) XPS spectra of undoped and Cudoped ZnO films.

Fig. 4. (Color online) Endurance characteristics at the
LRS and the HRS for a device with nCu = 3 mol%.

pending on nCu ; Poole-Frenkel emission mechanism with
about 2.30 – 2.89 slopes for nCu ≤ 3 mol% and spacecharge-limited conduction mechanism with a about 2.01
for nCu = 4 mol% [7,8,13].
The conduction mechanism dominating the HRS in
Pt/ZnO/Pt devices has been found to be the PooleFrenkel emission in relation to the traps (defects) dispersed in the bulk of ZnO grains [7], very consistent with
our cases for nCu ≤ 3 mol%. Therefore, the conduction
in the HRS seems to be principally governed by a carrier trapping/detrapping mechanism [11] induced by the
metallic Cu charge trapping layer [14] for nCu ≤ 3 mol%.
In contrast, when the HRS is dominated by a process of
Cu conductive filament formation/rupture controlled by
Cu ionic drift and electrochemical redox reactions, the
I-V curve shows a space-charge-limited conduction behavior [13], as the case for nCu = 4 mol%.
Figure 4 shows the endurance characteristics of a

Al/ZnO:Cu/Pt memory cell with nCu = 3 mol%. The
resistances of the two states scatter to a certain extent during cycling, especially for the LRS. However,
the cell shows little degradation of the two stable resistance states even after 450 repeated switching cycles.
The endurance measurements ensure that the switching
between ON and OFF states is highly controllable, reversible, and reproducible. After the device was switched
ON or OFF, no electrical power was needed to maintain
the resistance within a given state. The devices with
other Cu concentrations showed similar endurance characteristics. The retention characteristics of the two resistance states were maintained with no obvious decay
within 104 s for all doped devices, as shown in Fig. 5,
indicating excellent device stability, while the information storage in these devices is likely to persist for an
even longer time judging from the present trend of data.
Table 1 also compares the ON/OFF ratios at the initial
and the final states of data retention for the four memory
cells.
Figure 6 shows X-ray photoelectron spectra (XPS) of
undoped and Cu-doped ZnO films. The undoped film
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exhibits no structured features in the spectra, but the
doped film with nCu = 1 mol% shows a XPS peak at
933.9 eV, referred to as the Cu 2p3/2 line [12,15]. As
nCu increases to 2 mol%, the Cu 2p3/2 line is enhanced,
and another XPS peak appears at 953.6 eV, known to be
the Cu 2p1/2 line [12,15]. At nCu = 3 mol%, both lines
show maximum intensities, indicating largest amount of
Cu atoms in the film, which could be the reason for the
best RRAM performances, such as smallest dispersion
of the set voltages and largest ON/Off ratio, at nCu =
3 mol%. At nCu = 4 mol%, without any further enhancement of both lines, new shake-up satellite lines of
Cu 2p clearly appear at 942.2 and 962.2 eV, demonstrating a +2 state of Cu [15]. These results suggest that the
Cu atoms in the films have changed their charge states
from metallic states to +2 states at nCu = 4 mol%. The
existence of abundant Cu2+ cations facilitates the operation of the Cu filament formation/rupture mechanism,
which is known to be an essential process of Cu cation
drift [16,17]. Therefore, at nCu = 4 mol%, a switching mechanism transition seems to have occurred from
a carrier trapping/detrapping type mechanism to a conductive filament formation/rupture one, consistent with
the I-V data in Fig. 3. This could also explain why the
ON/OFF ratio decreases at nCu = 4 mol%, as shown in
Table 1.

IV. CONCLUSION
Al/ZnO/Pt RRAM devices were fabricated by depositing Al electrodes on top of ZnO:Cu films grown on
Pt/Ti/SiO2 /Si substrates by using thermal evaporation.
A big reduction of dispersion in the set voltages was
found at nCu = 3 mol%, but the reset voltages were
distributed in the range from 0.4 to 0.7 V, almost
irrespective of nCu . The conduction in the LRS was
completely Ohmic for all devices. The conduction in
the HRS also exhibited the Ohmic behavior at voltages
≤0.4 V, but at voltages >0.4 V, it followed a PooleFrenkel emission mechanism for nCu ≤ 3 mol% and a
space-charge-limited conduction mechanism for nCu ≥
4 mol%. The ON/OFF ratio increased with increasing
nCu up to 3 mol%, but above 3 mol%, it decreased.
Based on double logarithmic I-V plots and XPS data,
a switching mechanism transition seemed to occur at
nCu = 4 mol%. These results suggest that nCu is an
important factor for determining the RRAM properties.
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