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Abstract — Complementary resistive switches (CRS)
based on back-to-back nanofilamentary resistive RAM
devices have been fabricated by an all-solution-processed
method, employing inkjet-printed Ag and Au contacts and
a spin-coated sol–gel zirconium oxide dielectric layer.
The devices demonstrate electrical switching behavior
below 3 V, stable on-state windows, reasonable cycle
lifetimes, and can be implemented in 2×2 memory arrays
with no crosstalk during addressing. For reliable operation
and high yields of the CRS devices, printing and annealing
processes were carefully optimized to eliminate the coffeering effect on the bottom electrode, and produce a pin-hole
free dielectric. The arrays are fully pulse programmable
and are able to retain their state for >104 s. Additionally,
the arrays can be operated as associative or content
addressable, memory for pattern matching applications,
which is demonstrated through a basic hamming distance
mapping measurement for different stored data states.
Index Terms — Associative memory, inkjet printing, resistive RAM (RRAM), thin-film devices, zirconium oxide.

I. I NTRODUCTION

S

OLUTION processing of functional materials for nextgeneration electronics has become a significant field in the
last two decades. A diverse range of materials has been studied
for this application, ranging from organic molecules, to oxides,
to nanomaterials. Such materials can exhibit properties that
span the spectrum of dielectric, semiconducting, and metallic
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behaviors, and can be deposited from solution using a variety
of chemistries and techniques such as printing, spray coating,
dip coating, or spin coating. Novel applications that employ
solution-processed devices are often focused on low cost, large
area, flexible, transparent, and/or printable electronics, and
include thin-film transistors, solar cells, light-emitting diodes,
sensors, and memory. Several examples of solution-processed
memory have been previously demonstrated based on resistive
switching [1]–[8] or the use of transistor-like devices [9]–[12],
and flexible memory has been fabricated by thin-film transfer
methods [13], [14]. However, integration into arrays and
device scaling are still significant challenges. Processing
and materials complexities, printing resolution, and deviceto-device uniformity are some of the key areas that need
to be addressed. Additionally, suitable applications for this
technology must be considered; although unlikely to replace
traditional high-density, high-performance memory, there is
the potential for innovative memory integration into large-area
electronics, biologically inspired electronics, wearable electronics, or low-cost electronics for the internet of things (IoT).
The field of resistive switching for nonvolatile memory
applications has been widely researched due to its potential for
low power consumption, high density of devices, simple architecture, and fast switching speed. Resistive RAM (RRAM)
commonly employs transition metal oxides such as Ta2 O5 ,
NiO, TiO2 , HfO2 , and ZrO2 as the dielectric material in a
metal–insulator–metal (MIM) geometry [15]. The mechanism
of operation typically involves the reversible formation of
nanoscale conductive filaments within the oxide that can
bridge between metallic contacts, thus giving rise to a lowresistance state (LRS) and high-resistance state (HRS). These
filaments can either be the result of metal bridges, or conductive pathways formed due to defect creation in the
oxide. To utilize such devices in an addressable memory
array, a selector, or rectifying behavior of the RRAM itself,
is required to prevent current sneak paths between memory
locations. Recently, complementary resistive switching (CRS)
using two back-to-back RRAM elements has been demonstrated as an alternative to the separate selector approach [16].
This type of structure can simplify the memory architecture
by reducing the number of unique materials that have to
be deposited, which is especially desirable in the case of
solution-processed electronics. However, more importantly,
it also results in extremely interesting nonlinear switching
behavior that can be utilized for nontraditional computing such as mimicking synaptic [17], [18], and multilevel
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Fig. 1. (a) Schematic data flow through a large-area sensor device
with a processing layer that includes CAM and wireless transfer of data
off-device. (b) Schematic of a CRS associative memory architecture.
A single ML and its complement are shown with stored bits Wn , and
corresponding BLs. (c) ML voltage VML (t) is measured as a function
of time and typical outputs are displayed for different values of the
HD between stored data and test data applied to the BLs.

behavior [19], [20], stateful logic [21], or in the case of this
paper, associative memory. This last application is particularly
interesting for large-area electronics since, in conjunction with
proposed applications of such systems in sensors [22]–[24],
associated memories may enable robust pattern matching for
sensor output identification.
II. A SSOCIATIVE M EMORY FOR P RINTED E LECTRONICS
There is currently a drive to develop improved associative
memory architectures that are content, rather than location,
addressable for efficient data matching and classification applications [25], [26]. However, typically content addressable
memory (CAM) requires more area and devices per memory
cell, and consumes more power than an equivalent location
addressable memory. Therefore, it has been suggested that
CRS arrays can be used to perform Hamming distance (HD)
mapping between stored and test data, and thus display CAM
functionality [27], [28]. The readout in these cases can either
be performed capacitively or resistively. In the latter, by
measuring match line (ML) discharge caused by CRS devices
switching to their low resistance ON-state as a result of bit
level mismatches, it is possible to read a voltage that is
proportional to the number of bits that are switched (Fig. 1).
This technique has the potential to yield high-density, lowpower CAM circuits with an output directly related to the HD.
Solution-processed CRS arrays are attractive, not only for
their ability to be used as CAM, but also because of their
relatively simple structure, the limited number of materials
required, and their compatibility with other solution-processed
electronics. Printable memory arrays have motivating applications in terms of integration into such systems to provide
local data processing and storage. This technology could be
useful for low-cost distributed sensor networks, and flexible,
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large-area sensor arrays. By performing pattern matching and
feature extraction in proximity to a sensor array, there are significant energy efficiency savings associated with the reduced
transfer of data off-chip for processing (Fig. 1). Although
on-chip processing power would also have to be considered, wireless transmission power would be the limiting
factor provided that CAM read cycles are short [26]. For
example, a modest 100 × 100 sensor array operating at 10 Hz
(0.1 Mbps) would require ∼4 mW of power to transmit these
data using current Bluetooth LE technology (calculation given
in the Appendix). This is already unfeasible for ultralowpower systems and for larger arrays would rapidly become
impossible for any battery powered device. On-chip data
classification and pattern matching could drastically reduce
this power consumption by lowering data rates by several
orders of magnitude.
While the low carrier mobility of solution-processed semiconductors limits their ability to compete with silicon logic
for data processing, there is in theory no such restriction for
resistive switching performance, provided that there are no
limitations from the circuit itself. For example, the switching
times for a wide range of oxide RRAM systems fall into the
1–100 ns range [15]. Therefore, the use of solution-processed
resistive switching devices, such as those based on CRS, and
an understanding of their structural and electronic properties
are critical for enabling novel functionality that can allow basic
memory and data processing in fully printable electronics.
In this paper, we focus on the Ag/ZrO2 /Au system, which
operates through the formation of Ag metallic bridges and
has a relatively low forming voltage and fast switching speed
due to the high diffusivity of Ag+ in ZrO2 [29]–[31]. Both
Ag and Au metallic nanoparticle inks and metal oxide sol–gel
inks for the dielectric are individually relatively well understood. Therefore, the fabrication of fully solution-processed
MIM devices is straightforward in comparison to some other
potential RRAM systems. This paper, however, represents
the first demonstration of printed CRS devices and their
application in arrays with realistic memory addressing. The use
of CRS devices as CAM is a comparatively unexplored area
in itself; therefore, the fact that we are able to implement this
with printed electronics is very significant and then opens up
novel ways to perform computation with large-area electronics.
III. D EVICE FABRICATION
All CRS devices were fabricated on Corning 1737 glass
substrates. A lateral back-to-back architecture was employed
with two array types being fabricated: fully printed contacts
and hybrid bottom contacts. Photolithographically patterned
Cr/Au (5 nm/45 nm) interconnects were patterned by liftoff for the hybrid contacts, while inkjet-printed Au and Ag
were deposited using a Ceradrop X-serie materials printer. The
Au nanoparticle ink was obtained from Harima Chemicals
(NPG-J) and Ag ink from Advanced Nano Products
(DGP 40LT-15C), and both were loaded into 1- or 10-pL
Dimatix inkjet cartridges depending on the type of device.
Jetting conditions for the two inks are listed in Table I.
Substrates were solvent cleaned and treated with 1 min of
oxygen plasma (50 W-RF, 100 mTorr) before Au printing.
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TABLE I
I NKJET-P RINTING PARAMETERS

Fig. 2. (A) Pulse train for memory testing demonstrating an example
write event. (B) ML precharge. (C) Content-addressable read. First,
a 0-state is written to the location (ML0 , BL0 ) using a 1/3–2/3 Vwrite
scheme. Once all states are programmed, ML0 is precharged to the read
voltage Vread . Last, the content addressable read on ML0 is preformed
using the data pattern (BL0 , BL1 ) = (0, 1) and the A/D converter on ML0 .

Inkjet-printed lines and pads were deposited with drop spacings of 30–40 μm depending on the required thickness. The
films were subsequently ramped to 245 °C for 30 min to sinter
the Au nanoparticles. Multiple ZrO2 layers were deposited by
spin coating a sol–gel precursor, zirconium acetylacetatonate
(0.1 M in 10-mL EtOH with 400-μ L monoethanolamine),
at 3000 rpm for 30 s. Before spinning, substrates were cleaned
for 2 min in an air plasma (50 W-RF, 100 mTorr). Films were
dried at 290 °C for 5 min between each layer. After spinning
all layers, the films were annealed for 1 h at 500 °C in dry
air. The top surface was then treated with 2-min UV-ozone
exposure before Ag ink printing. Finally, Ag nanoparticle
sintering was carried out at 150 °C for 30 min.
IV. M EMORY T ESTING
Pulsed and I –V sweep measurements on the memory
arrays were carried out in ambient. Endurance and retention
tests were performed with 100-ms read/write pulses using a
multipulse programming scheme with a typical write voltage
of ±3 V and a read voltage of 1–1.6 V. HD measurements
were made using a custom program/read setup. ML and bit
lines (BLs) were addressed with analog multiplexers controlled
by an Arduino Mega 2560 microcontroller. A 1/3–2/3 Vwrite
scheme was used to program the array, and the ML voltage
was measured as a function of time using the A/D converter
(41 kHz, 10-b) on the microcontroller (Fig. 2). The ML
capacitance was set to 1 μF to achieve suitable voltage decay
times based on the LRS and HRS resistances.
V. R ESULTS AND D ISCUSSION
The CRS device structure is shown in Fig. 3 along
with images of the fully printed contact and hybrid bottom

Fig. 3.
(a) Diagram of a single lateral CRS device processed on
glass with Au bottom contacts, a sol–gel ZrO2 dielectric layer, and an
Ag top contact. Arrows indicate diffusion of Ag+ during forming in the two
individual RRAM devices. Optical micrographs of 2 × 2 CRS arrays with
(b) fully printed contact structure and (c) hybrid bottom contact structure.
(d) Higher magnification view of a single CRS device in the hybrid bottom
contact structure showing the printed, three-drop design.

contact arrays. The CRS devices are arranged in a 2 × 2 array
with Au contacts for the MLs and BLs, and a top Ag electrode.
The ZrO2 consists of five spin-coated layers giving a total
thickness of 65–70 nm on glass. The thickness of the ZrO2
over the Au contact regions was found to be slightly lower
but this did not adversely affect devices as long as the
printed Au lines were kept below a thickness of ∼60 nm.
Above this resulted in a large number of electrically shorted
devices. The Au printing was therefore optimized to have good
conductivity, low thickness, and importantly, minimal coffeering effect, since the latter would produce line edges that
could protrude through the ZrO2 . A hydrophilic glass surface,
created by oxygen plasma treatment, prevented overwetting of
the hydrophobic Au ink and resulted in a suitable line morphology. In the case of the fully printed contacts, the device
overlap area was defined by printing an Ag line such that
the end of the line coincides with the start of an Au line
and vice versa. This generally gave active device areas in the
range of 1000–5000 μm2 . Individual RRAM characteristics
for these printed Ag/ZrO2 /Au systems, measured by contacting
the Ag interconnect, are shown in Fig. 4(a) and (b). Devices
had low leakage in their pristine state and adequate reliability
and yield. The electrical yield of individual RRAMs during
testing with a current compliance of 1 mA was generally
>90%. Forming voltages were low and often equal to the SET
voltage suggesting that Ag filaments grow very readily in the
ZrO2 layer, as expected for this system. During switching,
SET and RESET voltages are well matched at around 1 V;
however, two SET processes could typically be observed.
Setting a current compliance of 100 μ A captures the initial
SET at 1 V, whereas at 1 mA, the second SET can be
observed at 1.5–2 V. This may be indicative of overgrowth
of Ag filaments or partial conduction through the ZrO2 by
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Fig. 4. (a) I–V characteristics of a single RRAM device showing bipolar
switching behavior. Current compliance was set to 1 mA. (b) Experimental cumulative distribution (ECDF) of SET and RESET voltages
for the individual RRAMs (N = 13). (c) I–V characteristics of a CRS
device showing forward and reverse scans and therefore 0- and 1-states.
(d) ECDF of the position of the center of the on-window Vwindow for both
0- and 1-states (N = 20).

defect pathways. However, when used in the CRS structure
the current is limited by the second RRAM element, and so
we can utilize the SET event at 1 V. A further requirement for
achieving CRS behavior is that ideally |VSET | < 2|VRESET |,
which, in this case, we fulfill.
In the fully printed contact devices, the overall array area
is relatively large in order to facilitate ease of printing. Additionally, obtaining consistent device overlap area is extremely
difficult due to the line printing approach. These effects tend
to increase device-to-device variation, which is a problem for
large arrays. Therefore, we would ideally like to be able to:
1) scale this process down to the limit of our inkjet-printing
system to improve memory density and 2) realize devices with
a small and consistent device area to help improve uniformity
and reliability. To this end, we fabricated hybrid devices with
printed CRS elements but evaporated interconnects, as shown
in Fig. 3(c)and (d). A single ink drop is deposited for each Au
electrode with an overlapping Ag drop to complete the CRS
device. The drop position repeatability is approximately 2 μm,
thus we can achieve an RRAM active area of 270 ± 20 μm2
and an overall CRS area of 9200 ± 100 μm2 . This approach
significantly improves on the fully printed structure by reducing the active area by a factor of at least four and reducing
device-to-device variation caused by differences in device area.
Note that such a system could also be achieved in a fully
printed scheme by, for example, combing inkjet with gravure
printing, the latter of which can deliver high resolution and
excellent pattern fidelity [32].
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Fig. 5. (a) Cycle endurance behavior for a fully printed CRS device.
(b) Retention time of the 0- and 1-states of the CRS device. In the
case of the 0-state where a low resistance (RON ) is measured when
read, two different starting values of RON are shown (500 Ω and 8 kΩ).
(c) First 70 endurance cycles of a printed hybrid bottom contact CRS
device showing ON- and OFF-resistances and numbers of pulses required
to reach the target resistance for each cycle. All cycle and retention tests
were pulse programmed with read and write pulses of 100 ms.

The I –V characteristics of a typical back-to-back CRS
device and the distribution of the positions of the ON-state
windows are shown in Fig. 4(c)and (d). Devices follow the
expected behavior for a CRS structure, with the two logic
states defined by which of the two component RRAM elements is in an ON-state. Both fully printed and hybrid contact structures gave working CRS behavior, however, higher
electrical yields and more consistent ON-state resistances
were possible with the hybrid structure. As expected for a
1-V SET and RESET the ON-state window is predominantly
between 1 and 2 V. These characteristics allow us to pulse
program, erase, and read the devices with a write voltage of
∼3 V and a read voltage of ∼1.5 V. There is a clear resistance
difference in the ON-window between the 0- and 1-states and
low current within the OFF-window. For array programming,
a 1/3–2/3 Vwrite scheme is required for CRS devices with
large ON-state windows to prevent unintentional switching
of nonaddressed elements [33]. Given the characteristics in
Fig. 4, this method is effective for our system and allows us
to program a 2 × 2 array.
Endurance and retention time for the CRS devices are shown
in Fig. 5. Endurance of around 104 cycles was measured in
the fully printed structures with failure typically occurring as
a result of the loss of the OFF-window and one or both of
the RRAM devices remaining in their ON-state leading to
the CRS failing to its LRS. A multiple-pulse write scheme
was used with target resistances for the LRS and HRS. For
optimized arrays using 100-ms pulses, generally fewer than
four pulses were required to reach the target resistance, which
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is critical for their use in more complex addressing. For their
use in CAM, a constant ON-state resistance is preferable
since, along with the capacitance, this determines the decay
time of the ML voltage. Therefore, another advantage of
the hybrid contact devices can be seen in the range of Ron
values during pulse programming being 10–70 k compared
to 500 –100 k for the fully printed contact structure.
Retention times up to 105 s were observed for both 0- and
1-states, although the low resistance retention time has a
dependence on the initial starting resistance at t = 0 s. For
higher resistances, which generally correspond to narrower Ag
filaments, a shorter retention time (∼104 s) was observed as
the filaments redissolve into the ZrO2 . It should also be noted
that there is some noise in the 1-state measurement due to
the nature of the destructive read requiring the device to be
reprogrammed for each time point. Since there is some spread
in the number of program/erase pulses required, switching was
not always guaranteed after the first pulse. Also, failure of the
1-state by both RRAM elements changing to their HRS is not
detected; therefore, the 0-state measurement is a more useful
measure of CRS retention.
The CAM functionality of the 2 × 2 arrays was tested by
performing an HD measurement between 2-b data stored in
the array and an external test sequence applied to the BLs.
The truth table for the HD mapping is shown in Table II for a
2 ×2 array with both data and complementary data storage for
the cases of (W0 , W1 ) = (1, 0) and (W0 , W1 ) = (0, 0). The
mode of operation is that after precharging the ML to a voltage
equal to the read voltage, the possible data combinations are
applied to the BLs [(0, 0), (0, 1), (1, 0), or (1, 1)]. If these
data result in a voltage drop across the CRS device, and the
state of the device is such that it will switch state, then the
ML will discharge as the CRS device enters its ON-window.
It is therefore apparent why the complementary data are also
required for complete matching since both of these conditions
must be met, i.e., without the complementary data, HD is
not equal to ML voltage decay in all cases and for full
HD mapping we must use two MLs.
In a practical circuit, VML would be measured at a fixed
delay time and a comparator circuit used to determine HD.
In our case as a proof of concept, VML (t) was measured
and the results are displayed in Fig. 6. Four separate array
measurements are shown for a read voltage of 1.6 V and write
voltage of ±3 V. Note that these results are for a single ML,
and therefore correspond to each of the possible stored data
combinations in Table II. To obtain the full HD mapping, one
combines the switching of two such MLs. There is evidence of
noise in the voltage measurement due to the variability of the
ON -state resistance, however, the expected trend in switching
behavior is seen for all combinations of (W0 , W1 ). Taking a
tdelay = 5 ms and performing a statistical t-test, comparing the
different switching conditions, there is a statistically significant
difference, at the p = 0.05level, between the switching
of 0, 1, and 2 CRS devices. Additionally, there is no statistical
difference between two identical switching conditions, e.g.,
(W0 , W1 ) = (1, 0), (BL0 , BL1 ) = (0, 0) and
(W0 , W1 ) = (1, 0), (BL0 , BL1 ) = (0, 1). In other words,
we are able to establish unequivocal pattern matching and

Fig. 6. Single ML voltage VML (t) measured as a function of time
after application of the test pattern to the BLs BL0 and BL1 in order to
demonstrate HD mapping. Results are shown for (a) (W0 , W1 ) = (0, 0),
(b) (W0 , W1 ) = (0, 1), (c) (W0 , W1 ) = (1, 0), and (d) (W0 , W1 ) = (1, 1).
Four separated 2 × 2 arrays were tested (dashed lines) and voltages
were averaged to determine statistical significance between HD states
(bold lines). The read voltage in all cases was 1.6 V and the write voltage
was 3 V.
TABLE II
T RUTH TABLE FOR HD M APPING

statistically reliable HD estimation. Therefore, in this paper
we demonstrate that it is feasible to use printed CRS arrays
as a CAM.
VI. M ODELING L ARGER CRS A RRAYS
To assess the feasibility of scaling printed CRS arrays
to N × N larger than N = 2, we have used a resistor
network model that is commonly employed in the literature for
RRAM and CRS memory [16], [34], [35]. Model parameters
were taken from our experimental measurements and include
the ON- and OFF-state resistances and voltage windows,
and the resistance of the printed Au lines per unit length
(0.024  · μ m−1 ). Array sizes up to N = 128 were simulated.
In our devices, the write disturb window at ∼3 V and the read
margin for distinguishing the HD states are the most sensitive
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A PPENDIX
C ALCULATION OF W IRELESS E NERGY T RANSFER

Fig. 7.
(a) Write window (gray shaded region) for a 128 × 128
array modeled using the experimental device parameters. LSB = lowest selected bit and HUB = highest unselected bit. Write scheme is
a 1/3–2/3 V single-side supply. CRS ON- and OFF-window regions are
shown. (b) Read margins ΔV/V modeled for both a standard one-BL
pull-up read and the ML discharge CAM read. A 2% read margin is
marked.

parameters to N and are shown in Fig. 7. The read window
at ∼1.6 V is degraded if the OFF-state resistance decreases,
which would enhance sneak-path current. However, in the
CRS devices with Roff = 106  we can achieve crosstalkfree operation. At N = 128 the width of the write window is
only 0.31 V, however, again only disappears completely if the
OFF -state resistance is decreased. The main limiting factor is
the CAM read, where the difference in ML voltage VML
between ultimate and penultimate HD states must be greater
than 2% of the read voltage to avoid noise caused by line
resistance. For our system, up to 18 HD states are potentially
readable, provided that device-to-device variation is reduced.
With future improvements to ON/ OFF resistance ratio and
smaller feature sizes even larger arrays may be envisaged.
VII. C ONCLUSION
Fully solution-processed CRS device arrays based on the
Ag/ZrO2 /Au system are potentially suitable candidates for
large-area compatible and printable memory applications.
It is possible to operate these devices in small arrays with
reasonable cycle endurance and retention times of the memory
states. Critically, the switching characteristics allow us to
use a conventional 1/3–2/3 Vwrite scheme to program and
erase without affecting nonaddressed memory locations, and
the complementary structure means that sneak-path currents
are eliminated without a separate selector during reading.
To improve device-to-device uniformity and memory density,
we also scaled the CRS structures down to the limits of our
inkjet system, using single ink drops to define each electrode.
Finally, we show that we can implement these arrays as
CAM by measuring an HD between stored and test data in
the array. This is an example of an innovative application,
where the integration of printed memory with other large-area
electronics could have significant impact on terms of being
able to perform basic computation in the vicinity of printed
circuits, without having to resort to external or embedded
silicon-based devices.

Wireless data transmission from a large array of sensors over
several 10 s of meters becomes unfeasible for an ultralowpower IoT device as illustrated by the following estimation
of power requirements for WiFi (802.11g) and Bluetooth LE.
Examples of typical energy per bit values for transmit (E b−TX )
for these technologies are [36], [37]
E b−TX (Bluetooth LE) = 43 nJ/b
E b−TX (WiFi) = 5.3 nJ/b.
A sensor array of D × D individual devices operating at
f s gives a data rate R = D 2 f s and an approximate transmit
power PTX = E b−TX R assuming continuous broadcasting of
data. WiFi is optimized for high R but is not suitable for
low-power applications; on the other hand, Bluetooth LE is
limited to relatively low R. In terms of power consumption
at f s = 10 Hz and D = 100, then PTX = 4.3 mW for
Bluetooth LE or 0.53 mW for WiFi. Therefore, anything
more demanding than this rapidly becomes a problem for an
ultralow-power device.
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