
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 4

/3
0/

20
26

 6
:0

5:
51

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Electrically-gene
aCenter for Nanotechnology, NASA Ames Re

USA. E-mail: jin-woo.han@nasa.gov
bDepartment of Materials Science and Eng

Research Center, Seoul National University,

Seoul, 151-744, Republic of Korea. E-mail: c

† Electronic supplementary informa
10.1039/c9na00329k

Cite this: Nanoscale Adv., 2019, 1,
2990

Received 25th May 2019
Accepted 15th June 2019

DOI: 10.1039/c9na00329k

rsc.li/nanoscale-advances

2990 | Nanoscale Adv., 2019, 1, 2990–
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M. Meyyappan,a Han Joon Kimb and Cheol Seong Hwang *b

A method to electrically induce memristor performance from inkjet-printed silver (Ag) nanoparticles is

presented, which is effective on a specifically designed hourglass-shaped Ag metal device. Joule

heating-induced oxidation in the bottleneck region, when applying a high current to the device,

results in a metal-electrolyte-metal structure produced from just a single metal ink for the memristor

operation. This electrically induced memristor shows a nonuniform dispersion of the Ag nanoparticles

within the oxide electrolyte layer, depending on the bias polarity adopted during the initial metal

rupture process. A versatile and useful range of controllable memristor behaviors, from volatile

threshold switching to nonvolatile unipolar as well as bipolar resistive switching, are observed based

on the reversible rejuvenation and rupture of the Ag nanofilaments according to the Ag cation

migration within the oxide electrolyte. The interplay between the electric field induced redox reaction

and thermal diffusion of the Ag nanoparticles constitutes the primary reason for the different

switching behaviors, further supported by thermo-field simulation results. The bipolar switching

memristor demonstrates reliable endurance even under harsh DC switching conditions with low

power consumption compared with its unipolar switching operation. The observed range of

controllable switching behavior can be exploited for future low power flexible memory, as a selector

in crossbar memory architecture, synaptic learning, and others.
Introduction

Since the rst suggestion of the memristor as the basic circuit
element correlating charge and ux in 1971 (ref. 1) and exper-
imental demonstration in 2008,2 memristor research has
become very active. The device features a non-linear switching
behavior in its resistance values according to the change in the
charge ow across the device, which is controlled by the applied
voltage/current pulse. A variety of materials showing voltage- or
current-controlled resistive switching behavior have been re-
ported to be the ux- or charge-controlled memristors.3 A wide
range of applications is possible based on the highly scalable
and low power consuming switching that stems from the simple
two-terminal metal-insulator-metal (MIM) structure.4,5 The
nonvolatile resistance switching random access memory
(RRAM) has been aiming to replace the incumbent NAND ash
technology.6–8 These devices are also highly promising as the
main functional units for the next generation computing
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paradigms such as in-memory computing9–11 and neuro-
morphic computing.12–14 Most of the memristor work to date
has been performed using thin lm processing techniques
compatible with high-density memory fabrication. However,
this may not be ideal for the exible electronics eld.

Inkjet printing is highly promising to fabricate memristor
devices on exible substrates because it allows deposition of
very small volumes of ink (picolitres) rapidly, achieving high
pattern precision and resolution with greater reproducibility
compared to other techniques such as screen-printing.15 In
addition to the compact and inexpensive manufacturing capa-
bility compared with conventional semiconductor processing
including deposition, lithography, etching, and cleaning,16

inkjet printing is one of the most versatile methods that
combines deposition and patterning in a single process without
the adoption of a mask.17,18 Nevertheless, research on inkjet
printed memristors has not been as active as those of other
electronic devices with rather larger dimensions such as organic
transistors, biosensors, and energy storage devices.19–21 This
may presumably be due to the difficulties in securing an
appropriate combination of metal electrodes and dielectrics,
within the range of available inkjet printable materials, to
construct the memristor. First is the choice of defect species
that can readily migrate within the dielectric layer and switch
the electrical conduction behavior of the device. Second is the
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) Successful metal sintering in a twice-printed Ag nanoparticle
ink A (2p-inkA) and a single pass printed ink B (1p-inkB). Inset figure
shows the planar device structure of a 2p-inkA device. (b) Set failure in
an hourglass-shaped 1p-ink B device. (c) Initial metal rupture before
resistive switching takes place in hourglass-shaped 2p-ink A devices.
Optical microscope image of the hourglass devices, where the nar-
rowest part is marked with the red arrows (inset). (d) Typical non-polar
resistive switching in the hourglass shape memristor devices after
going through the initiation process described in (c).
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need to obtain the materials in the form of jettable ink: the size
of the nanoparticles comprising the ink should be smaller than
1/50 of the nozzle orice to avoid nozzle clogging. The ink
viscosity and the surface tension should also be controlled
appropriately for high jettability.22 The inkjet printing method
is well suited for organic inks with low viscosity to fabricate the
organic-dielectric-based resistive switching devices.15 However,
they inherently have critical reliability issues23,24 and the
switching mechanisms are yet to be established compared to
their inorganic counterparts.25–28 In contrast, transition metal
oxides are the most widely studied dielectrics for mem-
ristors.29,30 But, transforming them into printable inks is chal-
lenging as it involves many additives and formulation
procedures to form stable suspension.31–34 HfO2 ink for RRAM
fabrication is commercially available,35 but very little option
exists for other materials. Another alternative to obtain inkjet
printed metal oxide dielectric layers is to post-anneal a printed
metal layer in an oxidizing environment, which requires an
additional etching step to reveal the metal contact underneath
the oxidized layer.36 If the device is supposed to be formed on
exible and thermally fragile substrates, the annealing
temperature is severely limited, making the stable oxide growth
difficult. All these attempts undermine the most critical merit of
the inkjet-printed fabrication method, which is simplicity. Here
we address this issue by using just single metal ink and
generating the active oxide medium in situ through Joule heat-
ing in a specially optimized hourglass-shaped device pattern
comprising of the electrodes and the active switching layer.
Such novel approach of electrically generating an oxide printed
device is the simplest yet to print MIM structures for memory
operation. Furthermore, this simple method is able to achieve
various modes of switching in a single device based on bias
polarity and current compliance control.

Silver (Ag) nanoparticle is one of the most feasible elec-
trode material in the inkjet printing system.37–40 It is also one
of the most common electrode material for the cation
migration-based memristor, which is called electrochemical
metallization cell (ECM).29,30 In an ECM structure, metals with
high oxidation potentials such as Ag or Cu easily oxidize into
cations within the insulator (electrolyte) layer where they
migrate toward the counter electrode, become reduced and
generate a conducting lament comprised of their nano-
clusters across the dielectric layer. Recent progress in this
cation-based memristor system reveals various lament
growth and rupture behavior depending on related parame-
ters of the dielectrics.41,42 Here, we describe a simple and
novel electrical method to initiate memristor operation based
on the Ag migration of inkjet printed Ag nanoparticles. The
geometrically engineered metal (Ag) device printed on the
polyimide substrate enables locally enhanced Joule heating,
through which an oxide electrolyte can be generated in situ at
the center of the device. Based on the resulting Ag/Ag:Ag2O/Ag
stack, a distinctive feature of this electrically generated
memristor is elucidated. The relatively low ion mobility of Ag
in Ag2O leads to disparate lament growth behavior
compared with the ECM devices adopting conventional elec-
trolytes such as chalcogenides.
This journal is © The Royal Society of Chemistry 2019
Experimental work

Two different commercially available Ag nanoparticle-based
inks of Inktech and Novacentric, denoted as ink A and ink B,
were used in this study. The number of printing passes and
post-annealing conditions for these inks were optimized
referring to their data sheets such that the sintered nano-
particles showed metallic resistance. Dimatix-2831 inkjet
printer with 16 piezo-response nozzles was used for printing,
and a polyimide substrate was warmed up to 60 �C during
printing. According to the datasheet, ink A and ink B were post
dried and annealed aer printing for 20 minutes at 150 �C and
250 �C respectively in a convection oven under an atmospheric
environment. For the test device to assess the metallic prop-
erty, 500 mm-long features were printed with a line width of 80
mm as in the inset if Fig. 1a, which is the smallest based on a 10
pl nozzle cartridge head and 25 mm-drop size. All the I–V
characteristics were measured with a semiconductor param-
eter analyzer HP 4155. A single pass printing was enough for
ink B as seen below to achieve the desired resistance range of
metals aer post-annealing, whereas ink A had to be printed
twice (2 passes) to achieve similar resistance. According to the
type of inks and number of passes, each condition is denoted
here as 1p-inkB, 1p-inkA or 2p-inkA.
Results and discussion

The I–V characteristics in Fig. 1a show that the printed metal
nanoparticles have been completely sintered during the post-
drying and annealing process, showing uniformity in the
Nanoscale Adv., 2019, 1, 2990–2998 | 2991
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device-to-device distribution on the polyimide exible
substrate. The inset of Fig. 1a is an optical image of a planar 2p-
ink A device. 1p-inkB was fabricated in exactly the same shape,
with no visible difference to the device shown in the Fig. 1a inset
based on the optical microscope observation. Despite the
single-pass printing, ink B shows slightly smaller resistance (�5
U) compared to ink A with 2-pass printing (�8 U). The resis-
tances of single-pass printed ink A (1p-inkA) were slightly high
and not as uniform as the others (ESI Fig. S1a†) implying that
they are somewhat incompletely and stochastically sintered,
possibly due to the low nanoparticle composition. Intriguingly,
as shown in ESI Fig. S1,† several devices commonly encountered
abrupt rupture of their metallic properties, and once ruptured,
the devices showed a reversible resistive switching upon addi-
tional voltage application. This phenomenon could originate
from reversible fuse and anti-fuse of the silver nanoparticles at
a certain region of the device where the device suffers from
locally enhanced Joule heating. Such local heating could be
possibly caused by the incomplete sintering and hence the non-
uniform resistance across the device.

Based on these ndings, resistive switching was also
attempted with metallic 1p-inkB and 2p-inkA through a novel
design of the device geometry. An hourglass-shaped pattern was
fabricated so that the resistance could be locally enhanced in
the bottleneck region with a narrow gap (50–70 mm) between
two 200 mm-long planar ends. The resulting bottleneck region
had various widths ranging from 20 to 50 mm, due to the
inherent stochasticity of the printer. The bottleneck parts are
indicated with red arrows in the inset of Fig. 1c. Both in the
planar and hourglass shaped devices, the le-electrode was
biased while the right electrode was grounded. This geometry
allows spatially conned resistive switching, which is necessary
for conducting related analysis as well as for implementing the
devices into a memory array. As a result, the rupture of pristine
metallic behaviour, which was seen only in the high resistance
planar devices (1p-inkA) above, occurred even in these hour-
glass shape devices made from the 2p-inkA and 1p-inkB
conditions. However, as shown in Fig. 1b, the 1p-inkB with its
smaller resistances in the planar device form showed the initial
rupture process at a high current level over 50 mA. The device
stayed in its insulating state aerward even with the high
voltage application up to �10 V, meaning that no resistive
switching is possible under this condition. The fabricated
pristine device in this work is a metallic conductor, whereas the
oxide-based RRAM or ECM usually has a pristine insulation
state, so the initial rupture process corresponds to the electro-
forming process.

In contrast, Fig. 1c shows the metallic behaviour of 2p-inkA
device ruptured by a relatively low current between 10 mA and
30 mA, and a reliable successive resistive switching behaviour is
seen in Fig. 1d. According to the multiple current–voltage (I–V)
curves of the initial metal rupture in the hourglass shape 2p-
inkA devices, the slope of the I–V curves commonly decreases
at the verge of the rupture event as seen in the inset of Fig. 1c.
This provides evidence for the Joule heating effect along with
the high current ow, which is accompanied by the gradual
increase in its metallic resistance, immediately before the
2992 | Nanoscale Adv., 2019, 1, 2990–2998
rupture. The resistance of a metal linearly increases with
temperature, being proportional to the characteristic thermal
coefficient of the metal. Since the amount of Joule heating
(¼I2R) is proportional to the resistance when a constant current
ows through the devices, the bottleneck part of the hourglass
shape is likely to become the favorable part for such metal
rupture to take place. Fig. 1d shows typical resistive switching I–
V curves of the hourglass 2p-inkA devices aer an initial metal
rupture event. The red and green curves represent switching
with positive and negative bias polarities respectively in the
devices where the initiation, i.e., the initial metal rupture, is
performed under the positive bias condition. A compliance
current value of 500 mA was applied during set operations to
avoid the permanent breakdown of its insulating state and to
resume the reversible resistive switching between the low and
high resistance states. Due to the much higher metallic resis-
tance aer a set process relative to the pristine state, the
following set processes are attributed to only a partial recovery
from its metallic nature. This is most likely due to the rejuve-
nation of nanolaments according to the migration of silver
nanoparticles at the initially ruptured region of the device. The
detailed switching mechanisms are discussed with the aid of
Fig. 3 and 4 later.

The present approach based on inkjet printing is useful in
effectively enhancing the local Joule heating. Fig. 2a through
Fig. 2c provide scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images revealing the
geometry of an hourglass shape memristor device (2p-inkA)
with the reduced lateral dimension of the bottleneck region
(down to 20 mm) and the thickness of the Ag electrode (500 nm).
For an accurate detection of the Ag thickness of the bottleneck
region, a blanket 100 nm Pt layer was coated on top of the
device to avoid severe charge accumulation on the polyimide
substrate during focused ion beam (FIB) milling. The resultant
cross-sectional TEM image in Fig. 2c reveals a 40–60 nm-thick
polycrystalline Ag layer, for which a protrusion on the surface
becomes the most preferred nucleation and growth site for the
Ag cluster-laments. The fabrication method of leaving a small
gap between the planar Ag electrodes here has effectively
reduced both the width and thickness at the bottleneck region.
Based on the measured width and thickness of the electrode
and bottleneck region, Fig. 2d shows the simulated tempera-
ture distribution across the entire device during the initial Ag
metal rupture using COMSOL simulation (details given in
ESI†). The electrical conductivity (2 � 106 S m�1) and the
average current level (20 mA) at the verge of metal rupture were
extracted from Fig. 1a and c. The substrate is not shown in the
device model image of Fig. 2d for simplicity. The hourglass
device with only the narrower width (20 mm) in its bottleneck
region (upper right corner of Fig. 2d) shows a small increase
(about 5 �C) in its temperature above the ambient of 20 �C.
However, the device with both narrower (20 mm) and thinner
(50 nm) dimension of Ag metal in its bottleneck region shows
more than the 100 �C increase within the region. The width and
thickness of other parts are 80 mm and 500 nm, respectively.
Such a dramatic thickness modulation across a single device is
possible through a one-step printing described here, which
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) Top-view SEM image of the bottleneck part, (b) cross-sectional SEM image of the planar electrode part, (c) cross-sectional TEM-EDX
image of the bottleneck part of an hourglass shape memristor device. (d) The simulated temperature increases in the hourglass shape device
based on the geometry observed by the microscopy images, (a) through (c). Inset is the simulated result assuming a geometry that has a uniform
thickness across the entire device, i.e., both the electrode and bottleneck part. The local temperature increase is mostly attributed to much
thinner Ag of the bottleneck part compared to that of the electrode part. (e) Experimental evidence of the local temperature increase confined in
the bottleneck region observed by a thermal emission detection measurement. (f) Optical microscope image of a pristine hourglass shape
memristor (top), the device after going through tens of switching cycles (middle), and a device that showed abnormally high metal rupture
current and no following switching behavior (bottom). (g) EDS analysis at position 1 (bottleneck) and 2 (electrode).
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otherwise would have required complex lithography and
etching steps. The experimental result from a thermal emission
measurement shown in Fig. 2e provides a consistent spatial
temperature distribution on the device when applying a short
AC pulse. Here, a 20 V high pulse height and 30 ns pulse
duration were adopted to produce sufficient heat generation
within the detectable range. Although the instrument does not
provide the exactly calibrated temperature, the hottest spot is
obviously placed within the bottleneck region, midway between
the contact probes. Once the temperature on the hot spot
exceeds a certain level that Ag can endure, the spot is supposed
to turn into an insulator (Ag2O).

The upper and middle panels of Fig. 2f show an optical
microscopy image of the memristor device prior to and aer
tens of repetitive switching cycles, respectively. Specically, the
bottleneck region aer the switching shows an obvious cong-
urational change from its pristine state. This further conrms
that the resistive switching in the hourglass shape device takes
place at that part of the device, as intended. Fig. 2g shows EDX
(energy-dispersive X-ray spectroscopy) energy spectrum results
for the bottleneck region aer resistive switching and the other
intact metal region. Each position on the device is indicated by
a dark and light green mark in the inset device image. The
bottleneck region has higher (lower) oxygen (Ag) concentration
compared with themetal electrode position. Therefore, it can be
postulated that the initial metal rupture generates an oxide
layer, most likely a silver oxide, and the switching occurs
according to the interplay between the electrode as cation
source and the oxide insulator that simultaneously serves as an
ionic conductor for the cation migration. Ag2O is the most
This journal is © The Royal Society of Chemistry 2019
common form of silver oxide, generated easily when silver is
exposed to oxygen in the ambient temperature. It is known that
the thickness of the oxide increases with temperature up to
a certain value, aer which the oxide starts to decompose into
silver and oxygen.43,44 The oxide decomposition temperature
ranges from 500–700 K in air, depending on the lm thickness
and fabrication method. A conductive silver device is generated
during fabrication owing to the annealing temperature, low
enough to avoid any silver oxide generation. Upon biasing,
however, Joule heating will increase the temperature, gener-
ating the insulating silver oxide at the weakest part of the
hourglass device. Once enough silver oxide is available to block
the current ow, it will prevent further Joule heating so that
a stable insulating state is retained. This is reected in the I–V
curves of the initiation process (Fig. 1c), where the current stays
at lower value once the rupture of the conducting state happens.
In contrast, the lowest panel of Fig. 2f shows one peculiar case,
where the device has gone through the initial metal rupture
with a very high current almost up to 100 mA, mainly due to an
abnormally thick bottleneck part. No resistive switching fol-
lowed in such high current induced rupture case, whose insu-
lating state featured an order of magnitude lower current level
than those from the other cases (ESI Fig. S1c†). As shown in the
gure, the resulting change at the bottleneck is much more
severe. Therefore, it can be concluded that just like in the above-
mentioned hourglass 1p-inkB case (Fig. 1b), some of the 2p-
inkA devices with anomalously large bottleneck cross-section
cannot initiate subsequent resistive switching despite the
obvious metal rupture event, due to the excessive energy applied
during the rupture. Such huge energy consumption would
Nanoscale Adv., 2019, 1, 2990–2998 | 2993
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generate too thick an insulator (rupture region) as shown in the
lowest panel of Fig. 2f so that even a high voltage up to �10 V
cannot trigger the Ag nanoparticle migration within the insu-
lator layer. There could also be a possibility that the high energy
consumption might have resulted in a too stoichiometric
insulator, which does not contain sufficient defect sites for the
cations to migrate through.

Fig. 3a shows reliable unipolar resistive switching (URS) at
both bias polarities for the 2p-inkA device. An on/off ratio over
108 at a reading voltage of 0.02 V is attained irrespective of the
switching polarities. This kind of unipolar resistive switching is
oen alternatively referred as non-polar resistive switching,
implying that the switching is hardly inuenced by the polarity
of the applied electric eld. Instead, the mechanism relies on
the size of the power consumed during the switching, origi-
nated from Joule heating. Typically phase change mechanism
(PCM) and thermochemical mechanism (TCM) correspond to
this type of behaviour. The former involves a transition between
the amorphous and crystalline phases of certain chalcogenide
materials, widely adopted for phase change random access
memory (PRAM), which has little relevance to the oxide
switching matrix here. Instead, it is likely that the present non-
polar resistive switching phenomenon occurs based on gener-
ation and Joule heating-induced rupture of the Ag laments
within the Ag2O switching matrix, that is, close to TCM. This is
normally accompanied by an abrupt set and reset operation,
which is consistent with Fig. 3a. A set voltage is the voltage
required to incur electric eld-induced Ag cation migration
within the switching matrix and as they become reduced and
Fig. 3 (a) I–V curves of unipolar resistive switching (URS) operation at pos
device. (b) Proposed Ag mobile ion distribution after a ‘positively’ biased i
a negatively biased set and hourglass shaped nanofilament generated by
distributions for the hourglass and conical shape nanofilaments. The te
filament, whereas the electric field dominates in the conical filament. (d
bias URS. Both URS operations rely on thermal rupture of the filaments,
into the oxide electrolyte. However, due to its strong electric field, the c
shape before it becomes ruptured.

2994 | Nanoscale Adv., 2019, 1, 2990–2998
accumulated within the insulator, Ag metallic lament is
generated bridging the two metal electrode portions. On the
other hand, reset is attributed to the thermally activated diffu-
sion of the Ag metal clusters, thus normally accompanied with
the high current ow, which is even higher than the maximum
current limit or compliance current assigned during its
preceding set process (see Fig. 3a and b).

There is, however, a characteristic difference in the switching
behaviours depending on the bias polarity, as shown in Fig. 3a.
When the device was initially ruptured and subsequently
switched with a positive bias, the set state showed mostly
simple ohmic behaviour (reset curves of le-hand panel of
Fig. 3a). In contrast, when the device was initially ruptured with
a positive bias but subsequently operated with a negative bias,
the set state showed additional change as indicated by the
“secondary set” in the right-hand panel of the same gure. The
on-state resistance decreases at �0.15 V in the negative bias set
case, meaning that an additional set switching occurs at this
voltage during each reset cycle. This can be comprehended in
conjunction with the adopted bias polarity during the initia-
tion, which should have led to asymmetry in the initial distri-
bution of mobile Ag nanoparticles within the switching matrix.
Since these devices are positively biased during the initial metal
rupture stage, most of the Ag cations are likely to move toward
the other side (right electrode, RE) of the positively biased
electrode (le electrode, LE) during the rupture, as described in
the schematic diagram of Fig. 3b. Given this initial asymmetric
Ag distribution within the insulator, the negative bias can
generate an Ag lament once a little portion of the mobile ions
itive bias polarity (left) and negative bias polarity (right) of thememristor
nitial metal rupture (left). Conically shaped nanofilament generation by
positively biased set (right). (c) Simulated temperature and electric field
mperature increase overrides the electric field effect in an hourglass
) Schematic diagram of the devices during a positive bias and negative
presumably due to the isotropic diffusion or dissolution of Ag particles
onical shape is likely to go through an evolution toward an hourglass

This journal is © The Royal Society of Chemistry 2019
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segregated at the RE side reaches the LE side. That is, a conical
shape lament having the smallest radius in the vicinity of LE is
generated. On the other hand, since the additional Ag cations
should be introduced through the oxidation of the LE during
the positive bias set, an hourglass shape Ag lament that has
the smallest radius in the middle of the switching matrix is
likely to be generated.

Such a model based on the different lament geometry
originating from the asymmetric initial nanoparticle distribu-
tion is further supported by a simulated thermo-eld distri-
bution shown in Fig. 3c. The conical lament (right-hand
panel) was assumed to be comprised of a few atoms for its
minimum radius (3 nm), and a slightly larger minimum cross-
section (5 nm) was assumed for the hourglass lament (le-
hand panel). This is because a larger amount of Ag nano-
particles should be involved to form the hourglass lament due
to the additional incorporation of Ag nanoparticles into the
oxide layer. This is further supported by the larger positive bias
set voltages than the negative set bias voltages, which implies
that the positive bias set kinetics involves the additional
dissolution of relatively stable Ag electrode particles into the
oxide. Although the geometric parameters on the active
switching region are unknown, a direct comparison between
the two cases can be made by considering the plausible para-
metric range based on previous reports. The detailed simula-
tion environment is given in ESI Section 2.† The comparison
reveals that the thermal and electric eld effects are predomi-
nant in the hourglass and conical lament, respectively. As
Fig. 4 (a) I–V curves of bipolar memristor operation and the correspon
during the reset process (Imax,reset) of each switching mode. The bipolar
(Icc,set), which supports the typical redox reaction based switchingmechan
characteristics of the bipolar switching mode. Both set and reset voltage
memristor operation (inset of (c)). (e) Volatile threshold switching behav

This journal is © The Royal Society of Chemistry 2019
shown in the schematic diagram of Fig. 3d, an hourglass shape
lament generated by the positive set bias is immediately
ruptured once it reaches enough temperature for its isotropic
dissolution back into the oxide switching matrix, or rupture.
However, the conical shape lament incurred by a negative set
suffers from the strong electric eld that leverages the addi-
tional redox reaction of the Ag lament. Tracing the direction
of the electric eld represented by the black arrows in the
conical shape (bottom right panel of Fig. 3c), the additional Ag
migration would eventually cause the evolution of the conical
lament toward an hourglass shape before it reaches enough
temperature required for its thermal rupture. This is reected
by the secondary set process in its I–V behaviour before its reset
process takes place (right panel of Fig. 3a). The proximity of the
narrowest region of the conical lament to the bulk electrode
region incurs heat loss, so the thermal effect has less signi-
cance than the other case.

Surprisingly enough, despite the symmetric device struc-
ture and silver electrode at both sides, bipolar operation is
also available in this system, likely due to the asymmetric
nanoparticle distribution introduced at the electrical switch-
ing initiation process. In Fig. 4a, the set and reset are
accomplished at the negative and positive bias polarities,
respectively. This operation mode is benecial in decreasing
the switching current (and power too). As shown in Fig. 4b,
the switching is done with lower reset current (Imax,reset) than
the compliance current assigned during the preceding set
operations, which was not the case in the URS operations of
ding schematics for each switching step (insets). (b) Maximum current
operation features reset current smaller than the current compliance
ism, i.e., electrochemical metallization. (c) Endurance and (d) retention
size lower than 0.5 V implies for the promising power efficient printed
ior of the memristor.

Nanoscale Adv., 2019, 1, 2990–2998 | 2995
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Fig. 3. This is because reset is mainly governed by the electric
eld induced oxidation, whereas it is due to thermal rupture
in URS, and thus, is comparable to the conventional ECM. The
schematic diagrams describing each switching step are
included in the insets of Fig. 4a. Based on its much smaller
operation current (Fig. 4b) and write voltage below 0.5 V (the
inset of Fig. 4c), the present memristor in its bipolar scheme
is the most feasible candidate for the printed non-volatile
memory application. There is also a clear distinction
between the set and reset voltages, which was not the case for
URS in Fig. 3. The cycle endurance of the memory operation
lasted over 100 cycles even in the harsh DC measurement
mode, implying it could last much longer if applied with
much shorter AC pulse switching. Despite the DC bias limited
endurance, it is still competitive to its metal oxide counter-
parts on exible substrates.35,36 The non-volatile characteris-
tics of both memory states lasted over 3 � 104 s at room
temperature. The seemingly unstable high resistance state, in
fact, comes from the measurement limit of the instrument,
which cannot give accurate data below 10�13 A.

As opposed to the conventional electrochemical metalliza-
tion (ECM) theory, where two electrodes are different as an
active (Ag, Cu) and an inert (Pt, Au) metal to enable bipolar
switching, the present device performs a robust bipolar opera-
tion despite its symmetric electrode adoption with active metals
at both sides. And this can be successfully understood in
conjunction with the asymmetric nanoparticle distribution
secured during the initiation process and the resulting uneven
electric eld distribution across the lament. The proposed
model assumes the Ag nanolament growth beginning from the
cathode to anode, generating a conical lament that has richer
nanoparticle composition near the anode side. In fact, the
lament growth beginning from the cathode side has been
a norm in the conventional ECM theory, as the cations can
immediately migrate toward the cathode in the electrolyte and
the lament growth kinetics is mainly governed by the redox
reaction of the cathode/electrolyte interface. Unlike in the
conventional electrolytes such as Ag2S and chalcogenide mate-
rials, however, the lament growth within the Ag2O oxide elec-
trolyte is postulated to be limited by the low ion mobility of the
electrolyte. Such a conical shape metal lament with richer Ag
nanoparticles in its anode side has been directly observed
previously using in situ TEM,41 further supporting the present
switching model described above. Due to the presence of trap-
ped electrons or the electrons injected into the oxide electrolyte,
the Ag cations have higher chance of being reduced before
reaching the cathode side.42

Besides non-volatile resistive switching, a volatile resistive
switching, namely threshold switching, is also performed by
adjusting a compliance current below 50 mA during the set
operation, as in Fig. 4e. Despite the obvious set transition or
abrupt current jump in the I–V curve, the device remains in the
off state in the following voltage sweep at voltage level < holding
voltage (Vhold) under the compliance current xed at 10 mA. Under
such a small compliance current, a relatively weak Ag lament
comprised of a few Ag nanoclusters is generated and is readily
ruptured by the thermal agitation once the electric eld is
2996 | Nanoscale Adv., 2019, 1, 2990–2998
removed. The lament relaxation back to the Ag nano-particles
has recently been veried through in situ TEM observation, and
it was ascribed to the Ostwald ripening of the Ag clusters mainly
to minimize the lament surface energy in the oxide switching
matrix. This has little relevance to the previously described redox
based mechanism of Ag ions for the non-volatile switching. Such
Gibbs Thomson effect-induced threshold switching in the Ag
electrode system is extensively studied for its bio-mimicking
capability and sensor applications.45–48 From a double-sweep
result, where the voltage is gradually increased and then
sequentially decreased, the minimum voltage at which the device
remains on state, Vhold, is evaluated. It is slightly above 0 V, and
such a small Vhold is highly favourable for selector application of
the crossbar array architecture. Two-terminal selectors, as well as
non-volatile memory components, are essential components for
the ultra-high density crossbar memory. Typical two-terminal
selectors include threshold switch and diode with high I–V non-
linearity or rectifying property, by which the sneak (leakage)
currents within the crossbar architecture can be impeded.
Moreover, this type of volatile switching element is highly
promising for the emulation of synaptic learning, when
combined with an appropriate non-volatile switching element
that operates in an analog manner.12
Conclusions

An hourglass-shaped inkjet-printed Ag nanocluster pattern has
been shown to enable memristor operation aer an initial
rupture of its pristine metallic state via high current ow through
the device. The inkjet printingmethod is very efficient for exible
electronics, as it does not require additional lithography or
etching steps to accomplish the desired geometrical deformation
of the device. In addition, the metal-oxide electrolyte-metal
system is generated here with only a single metal ink and
creating the active layer in situ through Joule heating and
rupturing in the bottleneck region of the hourglass shape device.
The chemical analysis in this region reveals that the Joule heating
leads to severe oxidation of the Ag nanoparticles into Ag2O
insulator. Within the Ag2O switching matrix, the generation and
rupture of Ag laments according to the size and polarity of the
applied electric eld lead to the resistive switching behavior. The
initial Ag nanoparticle distribution that is determined by the bias
polarity applied during the initial metal rupture stage supports
the subsequent asymmetry about the switching polarities. The
corresponding switching mechanisms for various switching
characteristics ranging from unipolar/bipolar non-volatile
switching to threshold switching, all in a controllable manner,
were postulated considering both the Joule heating and electric
eld induced lament dissolution. The electrical method of
initiating memristor behavior from the simple printed electrode
pattern simplies the fabrication efforts for printing all the
functioning MIM layers and the demanding ink formulation of
each individual layer material. Such convenience for attaining
the versatile inkjet printed memristors will further pave the way
toward their application in the future low-power applications on
exible substrates.
This journal is © The Royal Society of Chemistry 2019
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