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ABSTRACT

In this Letter, we report an inkjet-printed resistive switching device based on an Ag/ZnO/Au structure. The device exhibits bipolar resistive
switching behavior, a low operation voltage of about 0.7 V, a high on/off ratio of 107, a long retention time exceeding 104 s, and good endur-
ance. The conduction mechanism of the device in low and high resistive states was studied and showed good consistency with the theory of
Ohmic and space charge limited conduction mechanisms, respectively.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0058526

Resistive switching (RS) in various classes of materials and corre-
sponding devices, also referred to as memristive devices and memris-
tors,1–4 allows for new data storage solutions,5,6 and can be used to
empower novel paradigms in computing such as beyond-von-
Neumann architectures and neural networks.7,8 Metal oxide-based
memristors show promising features such as high device on-/off ratios,
complementary metal–oxide–semiconductor (CMOS) fabrication
compatibility,9 and solution processability.10 With an increasing
demand in printed electronics-based devices and systems, possibilities
for lightweight data storage are required, which can be tackled using
printed memristors. Solution processed resistive switching devices
with good memory performance have been reported, for instance, fab-
ricated by spin coating.11,12 In addition, the potential of solution proc-
essed memristors in computing is explored by Lu et al.13 The attempt
to mimic the plasticity of biological synapses through a fully printed
memristive device is reported by Feng et al.14 Nelo et al. investigated
inkjet-printed copper oxide and titanium oxide, obtained from precur-
sors as storage layers, in memristive devices.15 However, the presented
devices exhibit low on-/off ratios. Furthermore, memristive behavior
was also found in inkjet-printed graphene oxide layers.16 Among vari-
ous possible materials for the storage layer of memristors, metal oxides
gained the most interest from academia due to its wide range of
electrical properties.17 In the group of metal oxides, zinc oxide (ZnO)
is of interest since it is a biocompatible, environmentally friendly semi-
conductor with a wide bandgap of 3.3 eV. Furthermore, it offers high

transparency, excellent chemical stability, high carrier mobility, and a
low price.17–19 In this work, we introduce inkjet-printed memristors
incorporating poly-crystalline hexagonite wurtzite zinc oxide as a
memristor storage layer material, which is sandwiched between an
inkjet-printed silver top electrode and a gold bottom electrode. The
device shows high electrical performance such as high on-/off switch-
ing ratios of �107 and good endurance and retention times. The
inkjet-printed zinc oxide storage layer is investigated using x-ray pow-
der diffraction (XRD) and scanning electron microscopy (SEM) to
reveal information about the layer quality and its overall structural
properties.

The fabrication process of the resistive switching device in this
work is described in the following. A layer of gold, with a thickness of
45 nm, is deposited on a chromium-covered glass substrate by thermal
evaporation (Leybold systems, Univex 350G). The 5nm thick chro-
mium seed layer is thermally evaporated on a glass substrate in order
to provide good adhesion of the following gold film. Structuring of the
gold bottom electrode is achieved by laser ablation, using a Trumpf
TruMicro 5000 ps laser, which is operated with an average power of
1.5W. The storage layer, covering the gold electrode, is fabricated by
inkjet printing of an in-house prepared, zinc nitrate-based salt precur-
sor fluid [0.1 M ZnðNO3Þ2 � 6H2O] with a drop-on-demand piezo
inkjet-printer (DMP2831, Fujifilm), which is an established route for
inkjet-printed, thin-film device fabrication.20 After printing, annealing
of the precursor at 400 �C over 2 h is required to form the ZnO
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thin-film. For the top electrode, a commercially obtained silver
nanoparticle ink (Silverjet DGP, Sigma Aldrich) was inkjet-printed
onto the ZnO layer vertically to build a crossing junction with the
bottom electrode and subsequently annealed at 150 �C for 1 h.
Figure 1(a) displays the layout of the Ag/ZnO/Au memristor from
the top view. The size of the effective resistive switching (RS) area,
also labeled as the junction area, depends on the width of the top
and bottom electrodes, which forms the crossing junction of the
sandwiched ZnO storage layer. The inkjet-printed memristor junc-
tion area is �50� 50lm2 for our fabricated devices, as shown in the
microscopic image on the right-hand side of Fig. 1(a). The vertical
structure of the inkjet-printed device is schematically and optically
illustrated in Fig. 1(b) using scanning electron microscopy (SEM)
(FEI strata 400 S). The thickness of the material stack can be deter-
mined, as Ag� 80 nm, ZnO� 200 nm, and Au� 45 nm. For the
ZnO crystal structure and chemical composition analysis, XRD
analysis (Bruker D8 Advance Powder Diffractometer) is performed.
It reveals a clear transformation to zinc oxide from the zinc

nitrate-based, inkjet-printed precursor. The XRD results are shown
in Fig. 1(c) and no observable peaks, except for ZnO, are visible. The
storage layer is formed in a poly-crystalline hexagonal wurtzite ZnO
structure (compared with JCPDS card 36–1451).

In the following, electrical characterization of the inkjet-printed
devices is performed. All electrical measurements are conducted on a
probe station (MPS150, Cascade) at room temperature and with a
semiconductor parameter analyzer (4200A SCS, Keithley). The resis-
tive switching (RS) behavior of the memristors developed in this work
is primarily investigated by current–voltage (I–V) analysis, as visual-
ized in Fig. 2(a). The sweeping voltage measurement was executed at a
fixed sweeping rate of 0.01V/step. For the set process, which switches
the device from the high resistive state (HRS) to the low resistive state
(LRS), the voltage was swept from 0 to 1.5V and back to 0V. For the
reset process, in order to switch the device from the LRS to the HRS,
the voltage was swept from 0 to �1.2V and back to 0V. To prevent
the device under test from breakdown, a compliance current (CC) of
0.8mA was chosen to limit the maximum current during the set

FIG. 1. (a) Schematic top section and a microscopic image of the Ag/ZnO/Au mem-
ristor is shown. (b) Schematic cross section, which shows the device stack and a
corresponding SEM cross-sectional image. (c) XRD patterns of the inkjet-printed
ZnO, which was transformed from zinc nitrate-based precursor salt.

FIG. 2. (a) Bipolar I–V curves on a linear scale. The dashed arrows and labeled
numbers depict the sequence of the sweeping voltage. The solid, curved arrows
show the resistive switching moment. For the set process, a compliance current of
0.8 mA is used. The small inset highlights the device forming process. (b) I–V
curves plotted on a semilogarithmic scale. (c) Set and reset voltage evolution of a
single device within 50 RS cycles. (d) Set and reset voltage distribution of a single
device within 50 RS cycles.
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process. This value was selected after multiple experiments to ensure
the best RS performance, since the level of the CC could have an
impact on RS during the electrical measurements. This phenomenon
was also observed and studied in the literature.21,22 The bias voltage
was applied to the top electrode throughout I–V characterization,
while the bottom electrode was grounded. A typical bipolar resistive
switching behavior can be observed from the obtained curves, since
the set and reset processes were completed at opposite voltage polari-
ties. In addition, the I–V curves reveal that the RS mechanism of the
investigated device is based on an electrochemical mechanism (ECM),
as shown by Zhang et al.23 The small inset in Fig. 2(a) depicts that the
forming process is completed at about 5V, which is described as the
first RS for a fresh device from initial HRS to LRS. For the set process,
an abrupt increase in the current can be observed at 0.5V for the tenth
loop and at around 1V for 13th and 15th loop, which indicates a
transformation from the HRS to the LRS of the device under test. The
voltage, at which the RS happens, is labeled as the set voltage. The
reduced set voltage of the tenth loop may be due to a small amount of
conductive filament forming at the beginning. For the reset process,
the device was switched back to HRS at around�0.7V. The peak-like
curves of the reset process indicate multiple conductive filaments,
which cannot be ruptured at once. To reveal more detail of the resis-
tive switching, the I–V characteristics are plotted on a semilogarithmic
scale in Fig. 2(b). During RS, the curves exhibit steep slopes, which
represent rapid set and reset processes. An outstanding cycle-to-cycle
homogeneity of set/reset voltages of the individual device is presented
in Figs. 2(c) and 2(d) by plotting the evolution and distribution of the
set and reset voltages within 50 RS cycles. It is worth noting that the
device is ready to be set at around 0.7V and to be reset at around
�0.7V [see Fig. 2(d)], which is extremely competitive for the low
operation voltage among reported solution processed metal oxide
resistive switching devices.24

To investigate the device-to-device variation of the operation volt-
age of inkjet-printed memristors, the forming, set, and reset voltages of
40 devices were measured and visualized as histograms in Fig. 3.
Although the voltage to enable the first resistive switching in a fresh
memristor is difficult to forecast accurately, for most devices in our
case, it varies between 1.5 and 7V [see Fig. 3(a)], the set and reset vol-
tages present an excellent consistency, once the conductive filaments
exist steadily in the ZnO layer. The set and reset voltages are distrib-
uted mainly around 1.6V [see Fig. 3(b)] and �0.9V [see Fig. 3(c)],
respectively.

The switching endurance of the inkjet-printed memristor was
investigated under the pulsed voltage mode, and the device was
switched between the HRS and the LRS in over 500 cycles. The

resistance values of HRS and LRS are plotted in Fig. 4(a). For a resis-
tive state readout of the device under test, a readout voltage of 0.01V,
which is too low to affect the conductive filaments, was employed after
each RS operation. Under the pulse voltage mode [for results, see
Fig. 4(a)], a set pulse of 2V is applied over a duration of 0.2 s, and the
reset pulse of �1V was also applied with a duration of 0.2 s. Both vol-
tages were applied for stimulating the device sequentially, and each
voltage stimulation is followed by a resistance read pulse voltage. The
corresponding waveform is shown in the small inset of Fig. 4(a) and
was executed automatically by the semiconductor analyzer. As
Fig. 4(a) shows, within the first 100 cycles, the device can be switched
reliably between the HRS and the LRS with a high on/off ratio exceed-
ing 104. (The HRS possesses resistance of about 107 X while the LRS
exhibits resistance smaller than 103 X.) After 100 switching cycles, the
device is apt to broaden the window between two resistive states by
shrinking resistance in the LRS. As a side effect, the resistive state of
the device cannot be fully switched by pulse stimuli. This phenomenon
may be due to the increasing of conduction filaments during the con-
tinuous switching operations. However, it is worth noting that there is
no obvious degradation of two resistive states after 500 switching
cycles under pulse testing modes. This highlights a high reliability of
the inkjet-printed device for memory applications.

The retention of the device in this work was also studied and is
presented in Fig. 4(b). There is no obvious tendency that the resistan-
ces of both resistive states are getting close to each other within 104 s.
No indication of degradation appears at the end of the retention test.
The excellent retention performance enables the device to be a promis-
ing candidate as nonvolatile memory. Aside from that, the very high
on/off-ratio of 107 could be achieved with around 109 X for HRS and

FIG. 3. Device-to-device variation of the operation voltage is depicted by plotting
histograms of (a) forming, (b) set, and (c) reset voltages. Data are collected from
40 devices.

FIG. 4. (a) The resistive switching endurance of the studied memristor under the
short pulse voltage mode within 500 cycles. The small inset in (a) exhibits the volt-
age waveform of pulse endurance measurement. (b) The stable retention perfor-
mance of both resistive states within 104 s.
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102 X for LRS for the device employed in the retention test, which
could be comparable to the performance of devices fabricated by high
quality processes such as plasma enhanced atomic layer deposition.25

The key performance parameters of inkjet-printed memristors
reported in this work and in other published works are listed in Table I.
Compared with inkjet-printed memristors based on other reported
structures, the device comprising Ag, ZnO, and Au, which is presented
in our work, exhibits excellent reliability due to a long retention time of
104 s and a good endurance of 500 resistive switching cycles.

In the following, we explore and explain the conducting mecha-
nism in more detail. To investigate the conducting mechanism during
an applied voltage to the device, the I–V curves of set and reset pro-
cesses are, respectively, plotted on a double logarithmic scale in
Figs. 5(a) and 5(b). A linear fit over the I–V curves over different resis-
tive states and various voltage regions was done to obtain the slope of
the curve, which can be a feasible approach to reveal the conduction
mechanism.30 The I–V characteristics of the LRS, both in the set and
reset processes, are in good agreement with Ohmic conduction and a
slope of about 1.00 in accordance with Chiu.30 In addition, the high
current level of the LRS is contributed to the high conductivity, which
indicates the formation of silver conducting filaments in the ZnO layer.
The conduction mechanism of the LRS is illustrated by a schematic on
the left side of Fig. 5(c). In contrast to the LRS, governed by a single
mechanism, the fitting results of the HRS with multiple slope values
can be linked to trap-controlled space charge limited conduction
(TCSCLC).31 The conduction behavior of the HRS occurs at the ZnO
gap between the tip of the ruptured silver filament and the silver elec-
trode [as shown in the right side of Fig. 5(c)]; therefore, the conduction
mechanisms in this case are more complicated and need to be dis-
cussed within different voltage regions. For the low voltage region, in
the set process, the I–V curves fit Ohm’s law, as the slope of the fitting
line is around 1.06. For this low field regime, the current can be attrib-
uted to the minuscule amount of the thermally excited charge carriers
in the active layer;32 consequently, an extremely small magnitude of
current compared with that of the LRS can be observed in Fig. 5(a). As
the applied voltage increases, the electrons from the metallic electrode
can be injected into the ZnO layer and partially fill traps, which leads
to a slight growth of the conductance, showing a larger slope of 1.77.
This I–V relationship is classified to trap-unfilled space charge limited
conduction (SCLC), obeying Child’s square law with I / V2, as dis-
cussed by Zhu et al.33 As the external electrical field is further
increased, the electrons originating from the electrode filled up the

traps in the active layer, resulting in an exponential increase in the cur-
rent with a slope of 2.94, which means a transition of trap-unfilled to
trap-filled SCLC. The I–V relationships of the HRS conform to the
three stages of SCLC, which is summarized in Ref. 33. For the HRS
in the reset process [see Fig. 5(b)], an absence of trap-filled SCLC attrib-
utes to the abrupt rupture of the conductive filaments, which does not
leave enough time for electrons to fully fill up the traps. The different
conduction mechanisms of the LRS and the HRS support the forma-
tion and rupture of conductive filaments in ZnO to achieve the resistive
switching of the inkjet-printed memristor studied in this work.

In summary, by means of inkjet printing, a bipolar resistive
switching device, consisting of a Ag/ZnO/Au material stack, can be fab-
ricated and exhibits excellent memory performance such as a low oper-
ation voltage of about 0.7V, a high on/off ratio of 107, a long retention
time exceeding 104 seconds, and reliable resistive switching over 50
cycles. The conductive mechanisms were studied, and the low resistive
state (LRS) is governed by Ohmic conduction, whereas the high resis-
tive state (HRS) is determined by space charge limited conduction.

This work was funded by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) under Germany’s Excellent
Strategy-2082/1-390761711 (Excellent Cluster “3D Matter Made to
Order”). Hongrong Hu thanks the Carl Zeiss Foundation for the
financial support. We thank Karlsruhe Nano Micro Facility (KNMF),
a Helmholtz Research Infrastructure at Karlsruhe Institute of
Technology (KIT) for support and access to FIB facilities.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

TABLE I. Performance comparison between our work and other reported memristors
fabricated by inkjet printing.

Structure Ron=off
a

Retention
(s)

Endurance
(cycles) Reference

ITO/ZnSnO3/Ag 10 1:2� 104 2� 102 26
Ag/HfO2/Au 103 n.d.b 1:28� 102 27
Ag/ZrO2/Ag 102 n.d. 1:4� 102 28
Cu/CuO/AgO/Ag 10 n.d. 4� 101 29
Ag/ZnO/Au 107 104 5� 102 This work

aResistance on/off ratio.
bNot defined.

FIG. 5. The I–V characteristic curves of set (a) and reset (b) processes are, respec-
tively, plotted on a double logarithmic scale to investigate the conduction mecha-
nisms under different electrical fields. The arrows in figures are utilized to indicate
the direction of voltage sweeping. (c) Illustration of the conducting mechanism of
the LRS (left side) and of the HRS (right side). The green arrows indicate the
migrating direction of charge carriers.
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