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Abstract The CuxO films grown by plasma oxidation are
composed of an insulating CuO layer and a conductive gra-
dient CuxO layer. We found that the surface CuO layer influ-
enced the switching behaviors greatly. Giant improvement
of reliable endurance was achieved after annealing the de-
vice in the N2 atmosphere, resulting from the transition of
CuO to Cu2O. The possible mechanism for this improve-
ment is attributed to the alleviation of over-programming
during forming process. The result shows that for resistance
switching Cu2O is much more preferred than CuO. After
further reducing the thickness of Cu2O layer, the forming
voltage can be totally eliminated.

1 Introduction

Non-volatile memories (NVM) are becoming more and
more important in semiconductor market. As a most promis-
ing candidate for next generation NVM, resistive random
access memory (RRAM) has attracted a great deal of at-
tention for its low power, low cost, and fast speed. Many
materials have been investigated for RRAM applications,
such as binary transition metal oxides (BTMO) [1–3],
doped perovskites [4], chalcogenides [5], and organic semi-
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conductors [6]. However, more and more scientists and in-
dustry developers pay attention to BTMO RRAM for their
simple composition and good compatibility with silicon
processes.

CuxO is an excellent solution for RRAM application
in BTMO materials because CuxO memory is fully com-
patible with standard Cu interconnect processes. However,
the poor endurance of this CuxO-based memory prevents it
from practical application [7, 8].

In this work, we reported an effective way to enhance the
endurance properties of CuxO-based RRAM fabricated by
plasma oxidation. By means of modifying the surface layer,
the superior endurance performance could be achieved.

2 Experiments

1 µm electrochemical-plant (ECP) Cu was deposited on
Cu [seed layer (120 nm)]/Ta (10 nm)/TaN (15 nm)/SiO2

(400 nm)/Si substrate with standard Novellus ECP sys-
tem at room temperature. Different thickness CuxO films
of CuO surface layer were grown on inductively-coupled
plasma (ICP) system at low temperature. The Cu films
were also treated as bottom electrodes to compose a
metal–oxide–metal (MOM) structure, while Al top elec-
trodes (300 nm) were fabricated by electron beam evapora-
tion and lift-off process with a square area of 180×180 µm2.
The depth distribution profile of Cu and O elements in
CuxO films was analyzed by sputtering—Auger electron
spectroscopy (AES). The current–voltage (I–V ) charac-
terizations of the Al/CuxO/Cu structure were performed
on a Keithley 4200-SCS semiconductor parameter ana-
lyzer accompanied with a Keithley 3402 pulse genera-
tor.
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3 Results and discussion

The RIE oxidation tool in our experiment has no cooling ap-
paratus to keep the substrate at constant temperature. During
the oxygen plasma treating, the temperature of the plasma-
bombed substrate will be raised as the oxidation time in-
creases. Therefore, the products of CuxO oxide are quite dif-
ferent when being treated at various times. Figure 1 shows
the depth profiles of O and Cu concentration ratio of 30
and 10 min oxidized samples, denoted as sample A and C,
respectively. The sample B was prepared by annealing the
sample A at 350 °C for 30 min under N2 atmosphere. It can
be clearly seen that all the samples can be divided into two
layers, a surface CuxO layer and a gradient CuxO layer. By
selectively removing the surface CuxO, we found the de-
vices with left gradient CuxO configured by Pt/gradient-
CuxO/Cu structure were shortened, indicating that the gra-
dient CuxO was actually conductive. From the AES mea-
surements, the surface [Cu]/[O] ratio of sample A is about
0.9, while for sample B and C the ratio is about 0.7. From
this result we can get two conclusions. First, the product of
10-min oxidation is mainly composed of Cu2O, while for
30-min oxidation it is mainly composed of CuO. Second,
the CuO layer can be transited to Cu2O by thermal anneal-
ing in O-deficient ambience. The average etching rate of Ar
ion sputtering on CuxO was about 13 nm per minute; there-
fore, the thicknesses of surface CuxO layer and inner gra-
dient CuxO layer can be approximately calculated since the
etching rates for the two layers are nearly the same.

Figure 2 shows the XPS spectra Cu 2p3/2 of samples A,
B and C. It is obvious that the 10-min oxidized sample is
mainly composed of cuprous oxide with Cu 2p3/2 peak lo-
cating at 932.23 eV and little cupric oxide having Cu 2p3/2
peak at 933.83 eV. Sample B has nearly the same compo-
sition as sample C; while for sample A only two peaks of
cupric oxide are found on the surface, respectively locat-
ing at 933.1 eV and 934.2 eV [9]. The results agree well
with the conclusion deduced from the above AES measure-
ment.

Figure 3 shows the I–V curves of forming process of
samples A, B and C with 180-µm sized Al/CuxO/Cu struc-
ture under d.c. voltage sweep at room temperature. During
the test, the Cu substrate was grounded and the Al top elec-
trode was positively biased. As can be seen from the figure,
the first set voltage and current for 30-min oxidized sam-
ple are about 13 V and 25 mA, respectively. The R-on af-
ter forming process is always at about 10 �, which is so
low that more than 80% of the device cannot switch back to
HRS. In other words, the yield of this device with 30-min
oxidized CuxO is as low as 20%. Moreover, the HRS of this
20% device is much lower than the initial resistance. As for
sample B, the forming voltage and current are reduced to
a great degree, to 7.5 V and 2 mA, respectively. Samples

Fig. 1 The depth profile of O and Cu concentration ratio of samples
A, B and C. The average etching rate of Ar ion sputtering on CuxO
was about 13 nm per minute. S–A, S–B and S–C represent samples A,
B and C, respectively. t0 is the plasma oxidation time

Fig. 2 XPS spectra Cu 2p3/2 of samples A, B and C

Fig. 3 I–V curves of forming process for samples A, B and C with
180-µm sized Al/CuxO/Cu structure under d.c. voltage sweep at room
temperature. The voltages were swept at a speed of 0.01 V per step.
S–A, S–B and S–C represent samples A, B and C, respectively
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Fig. 4 Schematic diagrams of
the forming process. (a)–(c)
Pristine stages of samples A, B
and C. (d) Samples with thick
CuO layer after forming. (e)
Samples with thick Cu2O layer
before forming. (f) Samples
with thin Cu2O layer after
forming. The hollow dots
represent the film defects

A and B are nearly of the same thickness. The only differ-
ence between them is the composition of the surface layer.
The result indicates that the Cu2O layer can be broken down
more easily than CuO layer. This is reasonable. The Cu2O
film has relatively more defects due to the enrichment of
copper vacancy [10]. By comparing the samples B and C it
can be further found that by reducing the thickness of the
surface Cu2O layer, the forming voltage can be totally elim-
inated, with the same value of the lateral successive SET
voltage. It seems that the thickness of surface Cu2O layer
controls whether the forming process occurs or not. If the
Cu2O layer is thin enough, no extra forming voltage is nec-
essary. It is worthy to mention here that there exists a lower
limit for the Cu2O thickness, e.g. the 3-min oxidized sample
has almost no switching characteristics. The possible reason
may be ascribed to the inter-diffusion of the electrode and
the Cu2O layer. When the Cu2O layer is too thin, the whole
device would be punched through.

Next, let us further evaluate the endurance performance
of these three kinds of devices. Due to the severe over-
programming in the forming process of the sample A, the
switching characteristics were seriously degraded. Only tens
to hundreds of switching cycles were found in this device.
The typical values of R-on after forming process for samples
A, B and C are 100, 50, and 10 �, respectively. Although
sample B also needs forming process, 90% of this device
can still switch back to HRS and exhibit reliable switch-
ing behavior. The endurance of sample C can achieve thou-
sands of operation cycles. As for sample A, an excellent en-
durance of more than 104 cycles and high yield of 99% can
be achieved.

According to our previous study, local conductive fila-
ments’ formation and rupture model was well demonstrated

as the switching mechanism for CuxO-film-based RRAM
device [3, 11]. A possible explanation of the improvement
of this model’s switching performance after surface modi-
fication will be discussed in the following. Figure 4 shows
the schematic diagrams of the forming process for the sam-
ples A, B and C. The pristine stages of samples A, B and
C are depicted in Fig. 4(a) to (c), which are comprised of
thick CuO, thick Cu2O and thin Cu2O, respectively. Com-
pared with Cu2O, the CuO film is more insulating and dense,
resulting in higher voltage and current needed to break it
down. As can be seen from Fig. 3, the forming voltage
and current for sample A are about 13 V and 25 mA, re-
spectively, which would cause severe over-programming to
the memory device. The consequent R-on value after form-
ing process is as low as 10 �, which corresponds to a
strong conductive filament formed in CuO film (as shown in
Fig. 4(d)). Assuming the RESET process is caused by Joule
heating [11], a critical temperature should be reached to dis-
solve the filament. When R-on is too low, an extremely high
RESET current is needed to generate enough Joule heat.
On the other hand, the heat is also dissolved through the
electrode. The stronger the filament, the more dissolution
there will be. So, when the generated Joule heating is less
than that which dissolved, the RESET process will never
happen. This may be the cause for the low device yield of
sample A. As for Cu2O film, which has more defects such
as grain boundaries and copper vacancies, it can be broken
down more easily. The forming voltage and current for sam-
ple B are about 7.5 V and 2 mA, much lower than those
for sample A. Relatively thin conductive filament could be
formed after forming process (as shown in Fig. 4(e)). Al-
though sample B still needs the forming voltage, the yield
and performance are much better than for sample A. By fur-
ther reducing the thickness of Cu2O film, the forming volt-
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age can be fully eliminated, which is nearly the same as the
subsequent SET voltage. The conductive filament formed is
also the smallest (as seen from Fig. 4(f)).

4 Conclusions

The performance of CuxO-based resistive switching mem-
ory with different surface modifications was investigated.
The surface CuO layer influenced the switching behaviors
greatly. After annealing the device in the N2 atmosphere,
the forming voltage and current were greatly reduced. The
device performances such as endurance and yield were im-
proved dramatically. The possible cause is the transition of
CuO to Cu2O during annealing in oxygen deficient ambi-
ence. By further reducing the thickness of Cu2O layer, the
forming voltage can be totally eliminated. This work pro-
vides a promising clue for further improving the RRAM de-
vice performance.
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