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Undoped and copper-doped ZnO (ZnO:Cu) thin films of wurtzite structure with c-axis orientation were
grown on F-doped SnO, (FTO) substrates by pulsed laser deposition. Typical bipolar and reversible resis-
tance switching effects were observed in these films, and the ratio of high and low resistance state
(ON/OFF ratio) increases abruptly by introducing Cu. Based on the impedance spectra of ZnO and ZnO:Cu
films, the change of resistance at high and low resistance states is found to be accompanied with the
variance of depletion width. Furthermore, the depletion width of ZnO films changes little, while that of
ZnO:Cu films varies greatly under different resistance states, which is consistent with the result of that
Zn0:Cu films show a much larger ON/OFF ratio than ZnO films. Therefore, the resistance switchings are

supposed to be due to the change of depletion width of Schottky barrier.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Electric field induced resistive switching (RS) has attracted lots
of interest because of its potential applications in the resistive
random access memory (ReRAM) devices [1,2]. In the operation
of ReRAM devices, an external electric field switches the resis-
tance reversibly between a high resistance state (HRS) and a low
resistance state (LRS) to realize the data storage. Resistive switch-
ing effects have been found in various materials, including solid
electrolytes, perovskites, binary transition metal oxides (TMO),
amorphoussilicon, and even organics [3]. Among them, binary TMO
have many advantages, such as simple composition, low deposi-
tion temperature and compatible with complementary metal oxide
semiconductor processes, making them promising candidates for
practical applications of ReRAM. As one of the most important
binary TMO at present, ZnO has wide applications in electronics,
optics, optoelectronics, spintronics and energy generators, which
can be achieved through band gap engineering, dopant incorpora-
tion, defect engineering, or heterostructure engineering [4,5]. For
the doped ZnO compounds, copper-doped ZnO (ZnO:Cu) has cap-
tured considerable attention in magnetic semiconductors [6], light
emitting diodes [ 7], surface acoustic wave [8], and optical switching
[9,10] applications. Cu ions are well known as electron traps in ZnO
films and they can increase the resistivity of ZnO from semiconduct-
ing to insulating-like properties [10-12]. More importantly, the Cu
dopants was found to be efficient for realizing stable p-type ZnO
films [13]. These notable characteristics of ZnO:Cu have attracted
our interest to explore its potential use in ReRAM. However, up
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to our knowledge, there is little report on the resistive switching
properties of ZnO:Cu films.

In this paper, we report that ZnO:Cu thin films grown on flu-
orine doped tin oxide (FTO) coated glass substrates by pulsed
laser deposition (PLD) show bipolar RS behavior. By fitting the
current-voltage curves and impedance spectra, the resistance
switching in both ZnO and ZnO:Cu films are supposed to be due
to the change in depletion width of Schottky barrier.

2. Experiments

Commercial glass coated by about 150 nm thick FTO layer was
used as substrate and bottom electrode simultaneously, which
is promising for transparent nonvolatile memory devices. Before
loading into the deposition chamber, the FTO substrates were
cleaned using acetone, alcohol, and then washed in deionized
water. A pulsed KrF excimer laser (COMPexPro201, Coherent) with
a wavelength of 248 nm, pulse duration of 25ns, frequency of
5Hz, and a lens of focal length of 300 mm was focused on the
sintered ZnO and ZnO:Cu (doped with 9% of Cu) ceramic targets
with a purity of 99.99%. ZnO and ZnO:Cu films were deposited at
a substrate temperature of 500 °C, while the vacuum maintained
at 5 x 10~4Pa without introducing oxygen and/or nitrogen. The
nominal thickness is about 100 nm for ZnO and ZnO:Cu films. The
crystal structures of ZnO and ZnO:Cu films are characterized by X~
ray diffraction (XRD, DX2500). The Cu element was verified to be
present in ZnO:Cu thin film by X-ray photoelectron spectroscopy
(XPS, KRATOS, AXIS ULTRA). The surface images of ZnO and ZnO:Cu
films are performed by atomic force microscope (AFM, NT-MDT,
Solver pro p47h). The Hall effect was measured by van der Pauw
method (Ecopia, HMS-3000). The resistivity, Hall mobility and car-
rier concentration are 1.84 x 10~2 and 2.18 x 10~ Qcm, 12.8 and
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3.8cm?2/V:s, 2.6 x 10'° and 7.6 x 10'8 cm~3 for ZnO and ZnO:Cu
films, respectively. For electrical measurements, Au top electrodes
with 0.2 mm in diameter were sputtered on the thin films through a
shadow mask. Keithley 2400 sourcemeter was used to conduct the
transport measurements. Agilent 4294A was used to measure the
complex impedance spectroscopy in a frequency range from 40 Hz
to 10 MHz with a fixed oscillating voltage of 500 mV at HRS and
LRS, respectively. A forward (positive) bias applied to the device is
defined as the current flowing from the top Au electrode into the
film. All the characterizations and measurements were performed
at room temperature.

3. Results and discussion

Fig. 1(a) shows the XRD patterns of ZnO and ZnO:Cu films on
FTO substrates. The samples exhibit a pure wurtzite structure of
c-axis orientation without detectable secondary phase. From the
XPS spectra of ZnO and ZnO:Cu films on Si substrates, as shown
in Fig. 1(b), it can be seen that the copper element is present in
ZnO:Cu films but not in ZnO, just as expected. The peaks at 932.44
and 951.43 eV is corresponding to Cu 2p3; and Cu 2py,, while the
energy separation of 19eV is the typical character of spin-orbit
interaction [14]. From the AFM images of ZnO and ZnO:Cu films, as
shownin Fig. 1(cand d), itis clear that ZnO grains have a strong ten-
dency to agglomerate, but not in ZnO:Cu films. This phenomenon
has also been found in indium doped BigTi3O15 films [15]. Obvi-
ously, the introduction of copper element is efficient to improve
the surface smoothness.

In the Au/ZnO/FTO and Au/ZnO:Cu/FTO configurations shown
in Fig. 2(a), resistance switching (RS) was observed without
a forming process, as shown in Fig. 2(b and c). The sweeping
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direction of voltage is 0OV—-7V—-0V—--7V— 0V, named as
‘1’-‘4’ section, and the sweep speed is 0.3 V/s. Such a reverse bias
modulation is a typical character of bipolar RS, since a reverse
bias sweeping is needed to drive the device to HRS, while another
forward voltage sweeping switches it back to LRS [16]. Further-
more, it is clear that the ratio of HRS and LRS, that is the ON/OFF
ratio, increases greatly with introducing copper element in ZnO
films. This phenomenon has also been found in Mn doped ZnO
films [17]. It was proposed that the transition metal doping can
reduce the intrinsic carrier density due to the trapping of the free
electrons by the Cu-related defect states [9,10], which is consistent
with the Hall effect in the present work, and compensate the
intrinsic donors of oxygen vacancy and zinc interstitial, which
helps to increase the ON/OFF ratio.

For both ZnO and ZnO:Cu films, the LRS follows the Ohmic
behavior, while the HRS shows a nonlinear curve. To investigate the
origin of the switching behaviors, we carried out nonlinear fittings
to the transport characteristics. For nonlinear current-volatge
curves, we have considered three meachanisms as follows: space-
charge-limited (SCL) conduction, Poole-Frenkel (P-F) emission,
and Schottky emission. The validity of the fittings is usually deter-
mined by the derived refractive index [17-19]. For SCL conduction,
the I-V curve first follows the Ohmic’s law and then the Child’s law
as follow: I (9/8)ereouS(V2/d3), where I is the current, &; is the
relative dielectric constant, &g is the permittivity of free space, ©
is the mobility of charge carriers, S is the area of electrode, V is the
voltage, and d is the film thickness. From the SCL emission fittings
shown in Fig. 2(d and e), the relative dielectric constants for ZnO
and ZnO:Cu films are derived to be 6.0x 103 and 2.4 x 102,
respectively. Thus the refractive indexes for ZnO and ZnO:Cu films
are 0.077 and 0.15, respectively, which are much smaller than
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Fig. 1. XRD patterns of ZnO and ZnO:Cu thin films deposited on FTO substrates (a); Cu 2p ore level spetra of ZnO and ZnO:Cu thin films deposited on Si (b); AFM images

(5 x 5 wm?) of ZnO (c) and ZnO:Cu (d) thin films deposited on FTO substrates.
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Fig. 2. The schematic of the test device (a); typical I-V characteristic of RRAM cell based on Au/ZnO/FTO (b) and Au/ZnO:Cu/FTO (c) capacitors; The I-V2 characteristics of
ZnO (d) and ZnO:Cu (e) films according to SCLC mechanism at HRS; The In(I/V)—V!/2 characteristics of ZnO (f) and ZnO:Cu (g) films according to Poole-Frenkel emission
mechanism at HRS; The InI-V'/2 characteristics of ZnO (h) and ZnO:Cu (i) films according to Schottky emission mechanism at HRS.

that of ZnO films determined by optical method [20]. So the SCL
conduction mechanism can be ruled out in the present work.
For P-F emission as follows, In(I/V)x (r/e3/meqerd/TkT)VV,
where e is the electronic charge, k is the Boltzmann’s constant, T
is the temperature, and r is a coefficient ranging between 1 and
2, depending on the exact position of the Fermi level [18]. From
the P-F emission fittings shown in Fig. 2(f and g), the relative
dielectric constants for ZnO and ZnO:Cu films are derived to be
632-158 and 303-76, respectively. Thus the refractive indexes for
ZnO and ZnO:Cu films are 25.1-12.6 and 17.5-8.7, respectively,
with increasing r from 1 to 2. They are much larger than that of
ZnO films determined by optical method [20], thus the P-F emis-
sion mechanism can also be excluded. For Schottky emission, as
follows: Inl o< (4/ €3 /4megerd/kT)/v. From the Schottky emission
fittings shown in Fig. 2(h and i), the relative dielectric constants for
ZnO and ZnO:Cu films are derived to be 6.6 and 4.1, respectively.
Thus the refractive indexes for ZnO and ZnO:Cu films are 2.5
and 2.0, respectively, which are comparable with that of ZnO
films determined by optical method [20]. Therefore, the Schottky
emission mechanism is valid in the present work. It should be also
noted that the calculated refractive index of ZnO:Cu films is smaller
than than that of ZnO films. This is in accord with the phenomenon
that the ZnO:Cu films containing light ion (copper), as heavier
ions usually posses larger index of refraction [21]. It has also been
observed in indium doped Bi4Ti301, films [15]. The difference in

refractive index of the two materials provide a possible optical
wave guide structure, in which ZnO layer can serve as a core
material and ZnO:Cu layer can serve as a cladding material.

For transition metal oxides, two models of filamentary and
interface conducting path are proposed to explain the resistive
switching between HRS and LRS [22]. In order to separate the
contributions of bulk and interface related effects, the complex
impedance spectra are performed on ZnO and ZnO:Cu films under
LRS and HRS states, respectively. Fig. 3(a and b) shows the typical
complex impedance plane plots of ZnO and ZnO:Cu films at HRS
and LRS, respectively. All these plots are almost identical in the
shape of semicircle, indicating that highly conduction path does not
exist according to previous report for filament based switching. If a
conduction path is formed, all current flows through the path and
the entirely different impedance spectra will be observed [23].
Therefore, the filament model can be excluded as switching mech-
anism in Au/ZnO(:Cu)/FTO structures.

It is well known that the impedance spectra in the shape of
semicircle for a Schottky system can be well fitted with a sim-
ple three-element circuit composed of bulk resistance Ry, in series
with a parallel resistor-capacitor representing the Schottky contact
[24]. By fitting the experimental results of impedance spectra, the
parameters of resistance and capacitance can be derived, which
are summarized in Table 1. It is clear that the bulk resistance is
slightly influenced by the resistance state, whereas the depletion
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Fig. 3. The complex impedance spectra of Au/ZnO/FTO (a) and Au/ZnO:Cu/FTO (b) stacks under HRS and LRS. The inset shows the equivalent circuit for simulation.

Table 1
The fitting parameters of resistance and capacitance for ZnO and ZnO:Cu films
obtained from impedance spectra recorded at HRS and LRS, respectively.

Samples Resistance Ry (£2) R (2) C(F) W, (nm)
state

ZnO HRS 38 148 13x107° 14

ZnO LRS 35 89 15%x107° 1.2

ZnO:Cu HRS 43 234 6.7x10°10 1.7

Zn0:Cu LRS 45 15 1.1x10°% 0.1

layer resistance is strongly dependent on the resistance state for
both ZnO and ZnO:Cu films. It means that the overall resistance in
the sandwiched memory structure is dominated by the depletion
layer resulting from the Schottky interface [25]. With the capaci-
tance of a Schottky junction (C= go&,S/Wy) from impedance spectra,
the depletion layer width (W) can be obtained by substituting the
value of relative dielectric constant from I-V curve fittings [22]. The
width of depletion layer are calculated to be 1.4 and 1.2 nm at HRS
and LRS for ZnO, 1.7 and 0.1 nm at HRS and LRS for ZnO:Cu films,
respectively, which are also listed in Table 1. The width of depletion
layer at HRS is comparable to that of Ag/PCMO/Pt sandwich config-
uration [26]. As expected, the depletion layer at HRS is wider than
that at LRS, leading to a larger resistance at HRS than that at LRS for
both ZnO and ZnO:Cu films. Furthermore, the width of depletion
layer of ZnO:Cu films between HRS and LRS varies much greater
than that of undoped ZnO films, which is consistent with the larger
ON/OFF ratio of ZnO:Cu films than that of ZnO.

In the interfacial effect, the migration of oxygen vacancies in the
vicinity of the interface drives RS in various heterojunctions. Under
a negative electric field, oxygen vacancies with positive charges
migrate away from the Schottky-type interface between ZnO or
ZnO0:Cu and FTO, which widens the depletion layer, resulting in
the HRS. On the other hand, with low positive voltage, the oxy-
gen vacancies start moving toward the interface. At high positive
voltage, Schottky emission of electrons into the conduction band
dominates, which set the device to LRS. Therefore, the change of
depletion layer width induces a reversible switching between HRS
and LRS.

4. Conclusion

In summary, wurtzite ZnO and ZnO:Cu thin films of c-axis
orientation have been grown on FTO substrates by pulsed laser
deposition. The presence of copper in ZnO:Cu films has been
confirmed by XPS. Typical bipolar reversible resistance switch-
ing effects were observed in both Au/ZnO/FTO and Au/ZnO:Cu/FTO
sandwich structures, and the ON/OFF ratio increases abruptly by

introducing Cu. By fitting the current-voltage curves with several
conduction mechanisms, Schottky emission presents the most rea-
sonable results, and the Cu dopant is found to reduce the refractive
index of ZnO films. Based on analysis of impedance spectra at high
and low resistance states of ZnO and ZnO:Cu films, the change
of resistance is accompanied with the variance of the depletion
width. The depletion width of ZnO films changes little, while that
of ZnO:Cu films varies greatly under high and low resistance states,
which is consistent with the result of that ZnO:Cu films show a
much larger ON/OFF ratio than ZnO films. Therefore, the resistance
switchings in ZnO and ZnO:Cu films are supposed to be due to the
change of depletion width of Schottky barrier.
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