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The defect-enhanced resistive switching behavior of Cr-doped ZnO films was investigated in this study, and
evidence that the switching effect can be attributed to defects was found. X-ray photoelectron
spectroscopy demonstrated the existence of oxygen vacancies in the ZnO-based films, and the
concentration of oxygen vacancies in the Cr-doped ZnO film was larger than that in the undoped ZnO
film, which can be attributed to Cr doping. We concluded that the defects in Cr-doped ZnO were due to
the Cr dopant, leading to excellent performance of Cr-doped ZnO films. In particular, depth-profiling

analysis of the X-ray photoelectron spectra demonstrated that the resistive switching effects
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Accepted 9th January 2019 corresponded to variations in the concentration of the defects. The results confirmed that oxygen

vacancies are crucial for the entire class of resistive switching effects in Cr-doped ZnO films. In
particular, the Cr-doped ZnO films not only show bipolar resistive switching behavior but also excellent
reliability and stability, which should be beneficial for next-generation memory device applications.
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due to the combination of defects near the electrode, leading to
switching of the device. Even though the CFs model and

Introduction

Resistive random access memory (RRAM) devices have been
investigated for next-generation nonvolatile memory applica-
tions."® The simple electrode/insulator/electrode structure is
a basic component of a RRAM device. Among various metal
oxide materials, ZnO exhibits superior properties, such as
a wide direct band gap, low cost, and its physical properties can
be modified by doping different elements into it. Therefore,
progress in the development of ZnO as an insulation layer has
been followed closely by many researchers owing to its potential
for nonvolatile RRAM applications. Over the past decade, ZnO
doped with metal elements has been comprehensively reported
as the multifunctional semiconductor materials in which
a spontaneous resistive switching (RS) effect can be utilized for
next-generation memory devices.

The role of defects in a ZnO RS memory device has been
investigated.”™ According to the literature,’**® the resistive
switching effect could be related to the conductive filaments
(CFs) model and an interface-type mechanism. For the CFs
model, the defects within the oxide layer are aligned to form
CFs. The formation of CFs due to the arrangement of defects
between the top and bottom electrodes enables current
conduction. On the other hand, for the interface-type mecha-
nism,>'>*° the formation/rupture of the conductive area occurs
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interface-type mechanism are generally valid for ZnO, there is
still some uncertainty concerning the type of defect responsible
for triggering the RS effect. The defects associated with ZnO
include oxygen vacancies (V),* zinc vacancies (Vz,),”* and zinc
interstitial (Zn;).** Overall, much evidence demonstrated that
the defects enhanced RS effect was common characteristic of
metal oxides.** Accordingly, to develop a RS memory device, the
role of defects must be considered. Furthermore, the effect of
the size of the device cell was intensively investigated in the
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Fig.1 The §-26 scans of GIXRD of undoped and Cr-doped ZnO films.
"S" indicates the peak originating from the c-sapphire substrates.
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Fig. 2 (a) O 1s, (b) Zn 2p, and (c) Cr 2p states XPS spectra of undoped and Cr-doped ZnO films.

resistive switching memory.*>*® Larger device cells may cause
some issues. For example: (i) the strain effect of a metal/
insulator interface leads to the reduction of device perfor-
mance, and (ii) difficulty controlling the device switching.
Therefore, consideration of the device cell size is necessary for
future commercial applications. However, the physical proper-
ties of oxide thin films must be preferentially understood.
Consequently, we focus on the effect of defects on ZnO thin
films in this report.

The sputter deposition method is a commonly utilized
technique for thin film growth. The characteristic of ZnO thin
films could be simply controlled via modulation of reactive gas
flow ratios and different temperature during the film deposi-
tion. Nevertheless, some researchers reported that the elements
doping was an effective method to completely adjust the defects
concentration in the ZnO thin films.?”*° Thus far, there are very
few reports mention the improvement of performance in Cr-
doped ZnO RS films via control of V5 concentration. More-
over, the effect of defects in ZnO RS devices achieved by using
depth-profiling XPS spectra has been rarely studied. In this
study, the effect of defects concentration controlled bipolar RS
behavior on Cr-doped ZnO thin films was presented and dis-
cussed. In order to fabricate ZnO-based thin films that possess
RS behavior, and also to study the possible mechanism of such
behavior, we have prepared undoped and Cr-doped ZnO thin
films for comparison. The structural, chemical, and electrical
characteristics of all the samples were measured via employing
rigorous and comprehensive analysis methods. Our data show
that the defects enhanced RS behavior in ZnO-based thin films.
In particular, the XPS depth-profiling analysis demonstrated
that the Vo controlled RS effect in Cr-doped ZnO thin films. The
results observed help to explain the effect of defects on RS
behavior in ZnO-based films.

Experimental

The undoped and Cr-doped ZnO (Cr: 2%) thin films (~100 nm)
were deposited on In-doped ZnO (IZO, In: 3%)/sapphire
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substrates at 800 °C via utilizing the magnetron co-sputtering
system in an ultra-high vacuum chamber (~2.2 x 10~° torr).
The reactive gases of ultrapure (5 N) argon and oxygen have
been introduced. The working pressure and Ar/O, gas flow
ratios were about 12 mTorr and 52/3, respectively. The RF
sputtering power for the ZnO (99.999%) ceramic target has been
set at 110 W. The direct-current sputtering power for the Cr
(99.999%) metal target was adjusted to 9 W. The Pt top electrode
with a film thickness of about 100 nm was deposited by electron
beam evaporation. The device cell area (100 um x 100 pm) was
defined by photolithography, and etching process was per-
formed using inductively coupled plasma etcher. The crystalline
structures of thin films were measured via the X-ray eight-circle
diffractometer using the synchrotron radiation light source.
The chemical compositions and element bonding states of the
thin films have been examined via the X-ray photoelectron
spectroscopy (XPS, PHI 5000 VersaProbe II) utilizing an X-ray
source of Al Ko radiation. The electrical characteristics have
been analyzed by utilizing Agilent B1500A semiconductors
devices analyzer.

Results and discussion

Fig. 1 presents the ¢-2¢ scans of grazing incidence X-ray
diffraction (GIXRD) of undoped and Cr-doped ZnO films.
Evidently, all of the thin films had c-axis orientation hexagonal
wurtzite crystalline structure, as demonstrated from the ZnO
(0002) peak. Additionally, the c-axis lattice constants (L.) of
undoped and Cr-doped ZnO films were 5.219 A and 5.266 A,
respectively. Compared with ZnO thin film, Cr-doped ZnO thin
film has larger L.. The expansion of L. value may be due to a few
superfluous Cr ions unoccupied or entered the interstitial sites
in the Cr-doped ZnO thin film.*"*

Fig. 2 presents the XPS spectra of the O 1s, Zn 2p, and Cr 2p
states in the undoped and Cr-doped ZnO films. In Fig. 2(a), the
Gaussian fitting results of O 1s state illustrate that the asym-
metric peak in both ZnO-based films contains three peaks at
529.8 eV, 531 eV, and 532.4 eV. The binding energy (BE) value of

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Typical /-V curves of (a) ZnO and (b) Cr-doped ZnO thin films. The inset of (a) displays schematic diagram of the Pt/ZnO/IZO structures.
Endurance examination of (c) ZnO and (d) Cr-doped ZnO. Retention time tests of (e) ZnO and (f) Cr-doped ZnO.

the peak at 529.8 eV can be allocated to O*~ ions in the crystal
structures encircled with Zn ions,**?** and the peak at 532.4 eV
was assigned to the loosely bound O ions on the thin films
surface, such as adsorption H,O and O,.*>*® Moreover, the BE
value of the peak at 531 eV has been attributed to the rich Vg, in
the films.?”*® It is worth noting that for the Cr-doped ZnO film,
noticeable reductions in both the peak intensity and the inte-
grated area of the XPS signal occur at 529.8 eV, and increases in
both the energy peak and integrated area of the XPS signal occur
at 531 eV (as indicated in pink color in Fig. 2(a)). In Fig. 2(b), the
peak value of Zn 2p;,, and Zn 2p,, states for the undoped ZnO
film were found at 1021.6 eV and 1044.7 eV, respectively, which
can be ascribed to Zn ions bound to O ions. This BE value of the

This journal is © The Royal Society of Chemistry 2019

ZnO films are smaller than that of bulk value (1022.2 and 1045
eV),* which indicates that the films are oxygen deficiency.* In
fact, the BE value of the Zn 2p state in Cr-doped ZnO film is
smaller than that in the undoped ZnO film, clearly indicating
considerable oxygen deficiency in the Cr-doped ZnO film. The
deficiency of 0>~ bonding with Zn** may be due to the plenty of
Vo in the Cr-doped ZnO films as a result of the Cr dopant. For
the Cr-doped ZnO thin films, the Cr 2p;/, and 2p,,, states were
observed at 575.6 eV and 585.6 eV, respectively, which corre-
spond to Cr*" ions, as shown in Fig. 2(c). Clearly, a few Cr*>" have
been substituted for Zn>* sites, as shown by the detection of the
Cr*" signal from the Cr-doped ZnO film. Notice that the BE
values of the Cr 2p;/, and Cr 2p,, states are smaller than that of

RSC Adv., 2019, 9, 2941-2947 | 2943
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Fig. 4 O 1s XPS spectra of Cr-doped ZnO thin films at (a) LRS and (b) HRS after various sputtering etching times. Ratios of the O~ and Vo

components in (c) LRS and (d) HRS at different depths.

bulk values (576 eV and 586.9 eV),*** as depicted by a dotted
line, which confirms the substantial oxygen deficiency in the Cr-
doped ZnO film.

The schematic showing the Pt/ZnO-based/IZO multilayer
structure was illustrated in inset of Fig. 3(a). Fig. 3(a) and (b)
presents the current-voltage (I-V) curves recorded in the direct
current sweeping mode. The sequence of bias voltages has been
operated in the order of 0V — 2.5V — —2V — 0 V. In order to
conserve the sample from everlasting disruption, the compli-
ance current was maintained at 1 mA. The bipolar RS behavior
could be observed in both undoped and Cr-doped ZnO thin
films. No forming process has been found in all the samples,
which is a sign of the plenty of Vo pre-existing in the as-
deposited thin films. This phenomenon indicates that the Vo
can help to the fast formation of CFs, which leads to RS effect in
the ZnO-based thin films. The set voltages for the undoped and
Cr-doped ZnO thin films were found to be 1.87 V and 0.89 V,
respectively. The reset voltages for the undoped and Cr-doped
ZnO thin films were found to be —1.62 V and —0.86 V, respec-
tively. Clearly, the set voltage for Cr-doped ZnO thin film were
smaller than those for undoped ZnO thin film due to the exis-
tence of abundant Vo in Cr-doped ZnO thin films, which helped
to initiate the set process with relative ease. Additionally, the
on/off current ratios for undoped and Cr-doped ZnO thin films
were respectively found to be 3.51 x 10" and 9.12 x 10 In
order to verify the reliability and stability of all the samples,
endurance and retention times have been examined for the
undoped and Cr-doped ZnO thin films, as displayed in Fig. 3(c)-

2944 | RSC Adv., 2019, 9, 2941-2947

(f). As can be seen in the figures, all of the ZnO-based thin films
can be operated between low-resistance states (LRS) and high-
resistance states (HRS) over 10° cycles. Moreover, the current
value of all the ZnO-based thin films did not show obvious
change when switched between LRS and HRS over a period of
10° seconds, thus demonstrating that the RS characteristic was
extremely reliable and stable.

To study the chemical properties further, the depth-profiling
XPS analysis was performed at different depths of the thin films.
Fig. 4(a) and (b) shows the O 1s state XPS spectra of Cr-doped
ZnO films at LRS and HRS, respectively, after sputtering
etching for 30, 60, and 90 s. The two compositions, including
0> (529.8 eV) and V,, (531 eV), are exist in the Cr-doped ZnO
films. There was no noticeable change in the peak position of all
the peaks after sputtering etching. The ratios of the 0>~ and Vo
components estimated from the integration areas of the O 1s
XPS peaks at different depths of the thin films were displays in
Fig. 4(c) and (d). No the integral area of the peak indicated any
obvious change for all of the signals after sputtering etching in
the Cr-doped ZnO films at LRS. In contrast, the integrated area
of the Vg, peak at HRS increased with increasing sputtering
etching time. It suggests that this phenomenon may be attrib-
uted to CFs mechanism, as shown in Fig. 5. During the set
process, the Vo were evenly arrayed between the top and bottom
electrodes in the thin films, thereby leading to LRS. After the
reset process, the Vo-CFs have been destroyed near the top
electrode when resistance state switches to HRS. Therefore, for
the O 1s XPS spectra of the depth-profiling analysis at HRS, the

This journal is © The Royal Society of Chemistry 2019
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Vo evidently decreased in the thin film after sputtering etching
for 30 seconds. On the other hand, as aforementioned, the RS
effect could also be related to an interface-type mechanism,
a phenomenon that takes place near the electrode/insulator
interface, as displayed in Fig. 6. To summarize, both the CFs
model and interface-type mechanism can be attributed to
changes in V.

As mentioned previously, the bipolar RS behavior observed
for the ZnO thin film is possibly derived from the presence of Vo
in the films. From the XPS spectra, the Vo was observed in all
the films. Both the Vg peak intensity and the integrated area of
the Cr-doped ZnO film is larger than that of the undoped ZnO
film, which is a strong indication of an increase in the Vo
concentration in the Cr-doped ZnO film. The increase of Vo
concentration due to Cr dopant, and it can be attributed to the
Cr** ion radii (0.73 pm) was different from Zn”" ion radii (0.74
pm), leading to more defects in the Cr-doped ZnO film. As the
depth-profiling analysis of XPS spectra, the RS effect could be
attributed to CFs and interface-type mechanism. Additionally,
the set voltage and LRS/HRS ratio of Cr-doped ZnO was smallest
and largest, respectively, exhibiting a notably high perfor-
mance. In our study, the high V5 concentration enhanced
device performance of Cr-doped ZnO RS memory is achieved by
using Cr dopant.

Conclusions

In summary, the effect of Cr doping on the defects-enhanced
bipolar RS behavior in ZnO-based thin films was investigated.
The RS effect was intimately related to the defect concentration
in the films. Interestingly, the Cr doping changes the Vg
concentration, and the increase in the Vo finally leads to an
improvement of device performance for the Cr-doped ZnO film.
Especially, the depth-profiling analysis of XPS spectra demon-
strated that the RS effect could be corresponded to variations in
the concentration of the defects. Our device not only possesses
stable RS behavior but can also endure the great number of on/
off RS cycles over a period exceeding one day without significant
degradation in electrical characteristics. Notably, the bipolar RS
characteristics obtained here exhibits excellent stability and
reproducibility. The results evidently indicate that defect
concentration is a key factor controlling the RS behavior in ZnO-
based thin films, which are expected to be applicable to next-
generation memory devices.
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