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ABSTRACT We report the memory device on paper by means of an all-printing
approach. Using a sequence of inkjet and screen-printing techniques, a simple
metal—insulator—metal device structure is fabricated on paper as a resistive
random access memory with a potential to reach gigabyte capacities on an A4
paper. The printed-paper-based memory devices (PPMDs) exhibit reproducible
switching endurance, reliable retention, tunable memory window, and the
capability to operate under extreme bending conditions. In addition, the PBMD
can be labeled on electronics or living objects for multifunctional, wearable, on-

skin, and biocompatible applications. The disposability and the high-security data

storage of the paper-based memory are also demonstrated to show the ease of data handling, which are not achievable for regular silicon-based electronic

devices. We envision that the PPMDs manufactured by this cost-effective and time-efficient all-printing approach would be a key electronic component to

fully activate a paper-based circuit and can be directly implemented in medical biosensors, multifunctional devices, and self-powered systems.

KEYWORDS: paper electronics - inkjet printing - resistive random access memory - flexible electronics

aper, a revolutionary lightweight

writing medium invented by Lun Cai

in 105, began its impact on human
writing systems as a replacement for pieces
of silk (costly) and tablets of bamboo
(heavy).! Later, the printing system using
movable type, first created by Sheng Bi
in 1040 and then improved by Johannes
Gutenberg in 1439, revolutionized commu-
nication and book production.>® From then
on the data storage capability of paper has
tremendously increased, leading to a rapid
spread of knowledge and thriving of world
civilization. In the 1960s, the invention of
marks and punched tapes/cards allowed
machines to quickly write/read data on
paper. However, paper was still a WORM
(Write Once, Read Many) device. Due to the
rapid development of modern microelec-
tronics in the past few decades, the role
of the paper as the main data container/
messenger is being replaced by a variety of
electronic devices that are often implemen-
ted on rigid substrates (e.g., optical discs,
hard disk drives (magnetic), and flash
memory (capacitance)).

Recently, with more interest in cheap,
simple, and energy-saving fabrication pro-
cesses for microelectronics, much attention
has been focused on making electronic
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devices using printing techniques on any
desired substrates, especially so-called flexible
electronics.*® Printed and flexible electronics
is expected to reach $45 billion by 2016, and
paper-based electronics shows great poten-
tial to meet this increasing demand due to
its popularity, flexibility, foldability, low cost,
mass productivity, disposability, retrievabil-
ity, nonpollution, and ease of processing.*®
Up to now, diverse types of electronic com-
ponents on paper substrates have been
invented, including conducting wires, resis-
tors, capacitors, transistors, and diodes.” "3
Integrating multiple components into a func-
tional circuit subsequently has led to fantas-
tic applications, such as 3D antennas,'® radio
frequency identification (RFID) tags,'* and
cellulose-based batteries.” However, to fully
activate a paper-based circuit, the memory
device, a key component in charge of pro-
graming, data storage, and system setting,
is still needed.

The challenge of manufacturing memory
devices on paper arises from the difficulties
of device fabrication on paper. Typically,
memory devices require thin and uniform
layers, but paper substrates are rough
and porous due to their fibrous nature.
Moreover, although volatile memories have
been demonstrated on paper substrates,
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an embedded power source can severely degrade
the portability and is unrealistic in paper-based elec-
tronic systems.'” Regarding these concerns, a simple-
geometry electronic memory on paper, regardless of
a consecutive power supply, is particularly desirable.
Resistive random access memory (RRAM), an emerging
type of nonvolatile memory, is the most suitable solu-
tion for paper-related applications. Such memory is
operated by changing the resistances of a formulated
insulator material, whose resistive states (“0” and “1”)
vary greatly as different voltages are imposed across
it.'® Structural simplicity is a major advantage of RRAM:
only one insulator and two electrodes are required
for a bit.

The realization of paper memory relies on a fabrica-
tion technique compatible with the paper substrates.
Conventional techniques, such as chemical vapor de-
position and sputtering techniques, usually require
vacuum and high-temperature conditions. Consider-
ing the fabrication environment and chemical compat-
ibility, most of these fabrication processes are not
suitable for paper-based device fabrication. Alterna-
tively, printing technologies, such as screen printing,
inkjet printing, microcontact printing, and 3D printing,
are more efficient and flexible fabrication processes'’
and are appropriate for paper-based -electronics
with versatile applications, such as batteries, wearable
antennas, supercapacitors, nanogenerators, and dis-
plays.'”® 22 In addition, paper-based devices can realize
low-cost electronics (<2 cents), compared with con-
ventional components (~5 cents per piece).® Recently,
a printed RRAM has been fabricated on flexible sub-
strates and has shown great performance.?®?** Similar
nanostructured insulator/metal layers might also be
applied on paper substrates to form RAAM devices
with appropriate printing techniques.?

In this study, we implemented the emerging non-
volatile memory electronics into a conventional data
storage medium, “paper”, to demonstrate the first
all-printed electronic paper memory with a simple
metal—insulator—conductor structure (silver/TiO,/
carbon, Ag/TiO,/C). The printed-paper-based memory
device (PPMD) exhibits high reliability in terms of
cycling endurance and data retention, with a tun-
able ON/OFF memory window (up to 3 orders of
magnitude) via tuning the thickness of the TiO, layer.
The PPMD also shows excellent device performance
even under extreme bending conditions, indicating its
mechanical robustness. As fabricated on an adhesive
label, PPMD is also capable of being intimately, tightly,
and reliably affixed to the surface of any material,
including electronic devices and living subjects, with
high-performance nonvolatile functionality. This fea-
ture facilitates the use of memory devices as a com-
ponent in a flexible, wearable, and biocompatible
electronic system. Compared with the complex, time-
consuming, secure data destruction for conventional
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memory devices on rigid or polymer substrates, such
as degaussing or software-based erasing/overwriting,
permanent removal of secure data from the PPMD
can be achieved simply by burning or shredding.
Finally, as the fabrication of paper memory is based
on all-printing processes, the estimated price is only
~0.0003 cent/bit. We envision that the PPMD can
facilitate the development of paper-based circuits,
which can be implemented in medical biosensors
and self-powered and multifunctional devices.

RESULTS AND DISCUSSION

Figure 1a illustrates the fabrication process and
the device layout of the printed paper memory (see
Methods and Supporting Information). In short, the
paper substrate was coated with carbon (C) paste as
the bottom electrode via screen printing. Then, an
active layer of TiO, nanoparticles was inkjet printed
on the C bottom electrodes. After the TiO, layer was
dried, dots of silver (Ag) nanoparticle ink were printed
on the TiO; layer as the top electrodes. The as-printed
Ag electrode was cured to show conductivity after
a sintering process at 180 °C for 1 h (see Supporting
Information for details).”® The employment of inkjet
printing features three unique advantages: (i) the
patterns of the memories are digitally controllable with
a high degree of freedom without using any lithography
technique. For example, as shown in Figure Tb and ¢, the
memory cells can be printed as alphabetical letters
(“NTU": abbreviation for National Taiwan University) or
dot arrays (with 18 cells in a row). The width of the TiO,
layer is ~700 um, and the diameter of the Ag electrode is
~300 um. (i) Each layer of the memory can be deposited

a Paper

Screen-printed C

Ink-printed TiO,
/ d

Ink-printed Ag

Figure 1. Fabrication and geometry of a paper RRAM. (a)
Schematic diagram of the fabrication process for the resis-
tive paper memory device. (b) Photograph of the device
taken by optical microscopy. The alphabetical letters and
the line arrays composed of Ag and TiO, demonstrate the
degree of freedom for the inkjet-printed patterns. (c) Zoom-
in optical image from b. (d) Cross-sectional scanning elec-
tron microscopy image of the paper-based memory.
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Figure 2. Characteristics of the paper memory. (a) -V
characteristics of a paper memory. The inset is an optical
microscopy image of the device and an illustration of the
probe measurement setup, where the voltage bias is ap-
plied on the Ag electrode and the C electrode is grounded.
(b) Memory window as a function of printed TiO, layer
thickness. (c) Endurance cycles of the paper memory de-
vices. The reading voltage is 0.1 V. (d) Retention times of the
paper memory devices characterized at 85 °C.

on paper substrates with high uniformity. Excellent
structural uniformity was further confirmed by scanning
electron microscopy, as shown in Figure 1d. No agglom-
erations were observed, indicating the excellent disper-
sion of each printed layer. Because the roughness issue
is crucial in fabricating printed electronic components
on paper (for printing papers ~10 um), additional coat-
ing or polishing processes are usually required to
achieve a smoother and less nonabsorptive surface,
while these features compromise the low cost and
recyclability.? The advantage of our approach is that
by the sequential printing processes the roughness
is gradually smoothed by depositing upper layers
(Figure 1d), which is difficult for any single printing
process. Additionally, like normal inkjet printing, each
printed layer is tightly embedded onto the paper, and
therefore the devices retain flexibility. (i) The current
work used a regular inkjet printing method that has a
dot size of ~50 um with a pitch resolution of 25 um.
Thus, one bit will occupy a square of ~100 xm on each
side, or 10* bit/cm?. With that density, a fully printed A4
paper can have ~1 MB. With a better printer (super-
fine inkjet, SIJ Technology), one can achieve a dot
resolution of <1 um and nearly the same pitch width.
Therefore, the density can be enhanced by ~2500 times,
and >1 GB can be obtained on one A4 paper.

With the sound device structure configuration, the
PPMD showed well-defined memory-switching beha-
viors. Figure 2a presents typical current—voltage (/I—V)
switching characteristics of a paper-based resistive
memory device. Pristine devices are in high resistance
states (HRS, OFF state) and can be directly operated
without an electroforming process, which is signifi-
cantly beneficial from the viewpoint of RRAM circuit
operation. Without electroforming, the memory devices
on papers show uniform performance and reproducible
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switching operation by both dc voltage sweeping and
ac voltage pulses. By applying a positive set voltage
exceeding 1V, the current abruptly increases, followed
by a resistive switch from HRS to low resistance state
(LRS, ON state). The ON state can be retained after
the applied bias is off, showing a nonvolatile memory
behavior?” To turn OFF the device, a negative bias
is applied (reset voltage ~ —3 V), inducing a sudden
decrease of current and turning the memory into
an HRS. This switching type achieved by sequentially
applying voltages with opposite polarity is bipolar
switching.”*?® The switching mechanism can be ex-
plained by the electrochemical metalization, relying on
the electrochemical dissolution of a mobile metal (e.g.,
Ag) to perform the ON/OFF switching operation.?® Note
that the states of the printed TiO, layer itself cannot be
switched without the deposition of inkjet-printed Ag
electrodes, which demonstrates the role of Ag as the
source for conducting nanofilaments, in agreement with
previous reports.?” Moreover, we noted that previous
C-based materials have been demonstrated to be stable
electrodes and switching materials 33" In this work, the
Ag/TiO,/C structure can be referred to as conductive-
nanobridge RRAM, recognized as the formation and the
rupture of the Ag conductive nanobridge within the
dielectric TiO, electrolyte.3? As such, a porous structure
featuring a high permeability for metal atoms/ions is
preferable. Since the TiO, ink is made of nanoparticles,
the structure is naturally porous and thus provides more
chances to form conductive nanobridges. This feature
results in a forming-free characteristic of our memory
with a device yield of over 90%, which represents a
significant simplification for practical uses.

Another important advanced feature of the PPMDs
is their tunable memory window achieved by a mod-
ulation of the insulator thickness via controlling inkjet
printing times of TiO, nanoparticles. Figure 2b shows a
statistical analysis of HRS and LRS with relation to the
inkjet-printing TiO; thickness. It shows that a thin TiO,
layer (thickness <40 um) keeps the device in an LRS
due to Ag electrodes directly penetrating through TiO,
to the C electrodes and leads to no memory window.
When the TiO, layer is thick enough (thickness >50 um),
the memory window appears and gradually enlarges
with TiO, layer thickness possibly because of the
increase in serial resistance of the TiO, layer.>* When
the TiO, layer thickness is more than 100 um, the
devices become pure insulators and cannot be oper-
ated. Overall, the ON/OFF ratio ranges from 10 to 10%.
More details about the RRAM characterization can be
found in the Supporting Information. Taking advantage
of the inkjet printing technique, the tunable window
provides a broad range of reading margins according
to the requirement and the sensitivity of the external
management systems.>* Note that a thickness of 80 um
allows the device to perform with the highest ON/OFF
ratio and is used hereinafter.
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Figure 3. Bending test and on-chip and on-skin applications. (a) ON/OFF distribution as a function of bending radius of
curvature. The inset shows a series of optical images under different bent conditions. (b) ON/OFF distribution as a function of
bending time with a bending radius of ~10 mm. (c) lllustration of the equivalent circuit for the pulse measurement system.
The inset illustrates the condition of input pulse, which is composed of a 100 s and 6 V pulse as the write and a 200 s and
—3 V pulse as the erase. The reading voltage is 0.5 V. The switching characteristics of memory labels tagged on (d) a smart
cellphone (flat surface: r = «), (e) an AA battery (r = 14 mm), and (f) undeformed skin of the human body. The switching
characteristics of the paper memory on (g) compressed and (h) stretched skin of the human body.

An endurance test was carried out to further examine
the multitime programmable capability of the PPMD.
As shown in Figure 2¢, the memory device was succes-
sively switched 100 times; meanwhile, the resistance
values of the HRS and LRS were read at 0.1 V of dc.
During 100 endurance cycles, both the HRS and the LRS
retained their values without significant change under
the reading bias, showing the reproducible switching
capability of resistive paper memory. The retention
property of the paper memory was also characterized
at 85 °C, as shown in Figure 2d.2® The resistance ratio of
the resistive states was retained up to 3 x 10%s at 85 °C
without electrical degradation, showing that the PPMD
is capable of retaining data integrity at high tempera-
tures. As a matter of fact, the data in PPMDs can be
stored safely at temperatures up to 150 °C, as shown
later in the thermal test section. Briefly, this is, to the
best of our knowledge, the first nonvolatile electronic
paper memory distinct from conventional simple me-
chanical paper tapes or punch cards.®

The flexibility of the device, responsible for foldable
and wearable applications, is of practical importance.
As shown in Figure 33, the bending test was performed
to verify if the PPMD can be reliably operated under
bent conditions. The degree of bending is expressed
by the radius of curvature (r) between two edges of
the substrate, as drawn in the inset of Figure 3a and
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explained in the Supporting Information. The devices
were operated by dc voltages with the conditions as
described earlier. The statistical analysis including cy-
cle-to-cycle and device-to-device tests for five cells
provides convincing evidence for evaluating the resis-
tive switching behaviors. For r > 20 mm, the same
switching characteristics as that in the flat condition
are observed. For r = 10 mm, the switch window
decreases by 20% relative to the flat control. Notably,
the memory window is reversible as the device returns
from r = 10 mm to the flat condition. To highlight the
mechanical robustness, the memory performances
were monitored after repetitive bending for more
than 1000 times with a bending radius of ~10 mm,
as depicted in Figure 3b. The excellent device stability
after successive bending with r = 10 mm confirms
the excellent reliability of the flexible paper memory
devices.

Another important feature of the paper memory is
that it can be used as a label on the surface of any
article (including electronic and storage devices) or
living subject and still retain its code functions. The
paper memory was fabricated on an adhesive label
with identical processes as described above and then
readily affixed to different objects. The paper memory
devices were tested and triggered by ac pulses after
adhesion. The equivalent circuit is plotted in Figure 3c.
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The writing bias is the positive pulse with a height of
6 V and width of 100 us, and the erasing bias is the
negative pulse with a height of 3V and width of 200 us.
The reading voltage is 0.5 V. Note that here a resistance
of 500 Q was applied in the circuit to restrain the
current (compliance current) flowing through the de-
vices. Figure 3d and e show the switching endurance
of the PPMD tagged on different solid surfaces: a smart
phone (flat surface: r = ) and an AA battery (r = 14

m). As the input voltage pulses were applied in
sequence 1000 times, the resistive values responding
to ON and OFF states were recorded. The ON/OFF ratio
for the flat surface (i.e, a smart phone in Figure 3d) is
slightly larger than the curved one (i.e., an AA battery in
Figure 3e), in accordance with the results in Figure 3a.
The result indicates that the PPMD can be readily
implemented into planar or nonplanar electronic
devices with stable switching properties. As shown in
Figure 3f—h, we further demonstrated the use of paper
memories as on-skin stickers conforming to living
subjects, e.g., human bodies. Note that as the paper
is made of cellulose, it is biocompatible and suitable for
wearable applications.3®> The memory can be success-
fully affixed to the back of the hand, as demonstrated
in the inset of Figure 3f, and does not irritate the skin
after long-term use. The paper memory device stuck to
undeformed skin also triggered by electrical pulses
shows stable switching behaviors during 1000 replica-
tions (Figure 3f). As shown in Figure 3g,h, the paper
memory devices on compressed and stretched skin are
still switchable and operate normally, respectively.
These tests demonstrate that the printed paper mem-
ory stickers with excellent switching characteristics
supple enough to conform to a variety of objects could
enable the use of memory devices as a component
in a flexible, wearable, and biocompatible electronic
system for the first time.

To secure sensitive data from disclosure or being
stolen, data removal is an important issue, particularly
in military or commercial uses. Typically, data elimina-
tion is carried out by complex, time-consuming
physical destruction, insecure degaussing, or soft-
ware-based erasing/overwriting. Owing to mechanical
robustness of semiconductor memories and advanced
recovery technique, permanent data elimination is
hard to manipulate. A major advantage of the paper-
based memory demonstrated here is its disposability.
Here two examples are shown to demonstrate the ease
of data removal of the paper-based memories for
security purposes. First, the data can be totally and
irreversibly eliminated by burning, simply by lighting
a match or heating over 250 °C. The temperature-
dependent switching performance is shown in Figure 4a.
Below 150 °C, the memory devices can retain the ON/
OFF ratio without significant electrical degradation,
demonstrating their stability under extreme weather
conditions. Note that paper substrates do not deform
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Figure 4. Thermal test and security demonstration. (a) Varia-
tion of resistive switching states as a function of environ-
mental temperature. (b) Sequence of pictures showing the
ignition process of the paper memory at 250 °C within 4 s,
leading to permanent data removal. (c) Image of paper
memory before and after being shredded by a shredder. (d)
I—V characteristics of a paper memory before and after being
shredded, and the corresponding optical microscopy images.

as much as low-cost plastics do upon heating, which is
an important issue for harsh-environment applica-
tions.3¢ 38 At temperatures higher than 150 °C, the
memory window gradually shrunk and the difference
between the two states became indistinguishable since
the resistance of the HRS and LRS was decreased and
increased with temperature, respectively. Then, a high-
er temperature (>250 °C) caused the paper fibers to
darken and the cellulose decomposed within 5s, lead-
ing to a permanent failure of the device (Figure 4b).
Paper shredding is another efficient way to securely
remove the data from the paper-based memory, as
shown in Figure 4c. For traditional paper documents,
shredders supposedly destroy the paper document.
However, it can be reconstructed by piecing together
the series of shredded documents via recognizing the
text on the documents. On the other hand, when the
paper memory is shredded, each piece looks identically
the same (Figure 4c) and thus is hard to identify and
recover. Figure 4d is an example showing the -V
characteristics of a paper memory before and after
shredding. We first selected a memory device and
operated it several times to ensure its operation status
before shredding. Then, the device was shredded by
a shredder and measured again. The paper memory
device failed to switch and showed pure resistance
(~58 Q) after shredding, which is even lower than the
LRS of paper memory (before shredding), indicating a
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leakage through the TiO, nanoparticle layer. This result
shows that direct paper memory shredding can lead to
permanent data elimination. In brief, these two exam-
ples are demonstrated here to show the emergent
destruction of the paper memory device, inhibiting
the recovery of classified information to the maximum
extent possible within the time constraints.

The use of paper-based electronics rather than their
commercial counterparts in existing products is also
motivated by rapid manufacturing and cost effective-
ness. For instance, paper is produced at a speed
exceeding 10° m?/h and has a cost of $0.06 cent/inch?,
which is ~5 orders faster and 3—4 orders cheaper than
those of monocrystalline Si wafers, which are the most
commonly used substrates in the electronic industry
(see Supporting Information). Combining the utiliza-
tion of the paper substrates with printing techniques
without using additional lithography techniques al-
lows a time- and cost-effective scheme for the paper
memory. Moreover, it is worth mentioning that the
paper memory device demonstrated here has an
estimated cost of ~0.0003 cent/bit (see Supporting
Information). As for other printed devices, a fully
printed RFID tag (1 bit) fabricated on a PET substrate
is estimated to be 3 cent/bit,'* credit-card-sized ID tags
(96 bits) on paper have a cost less than 0.021 cent/bit,>°
and a sensor or authentication system on paper

METHODS

Fabrication Process. Carbon paste (Acheson-Henkel, Taiwan)
was first coated on commercial printing paper by a screen
printer (RJ-55AC, Houn Jien Co., Ltd.). The process was repeated
10 times to reduce the surface roughness of the paper, and then
the samples were cured for 10 min at 100 °C in a vacuum oven.
The screen mold is made of polyester with the following con-
ditions: mesh count, 150 mesh/inch; mesh opening, 100 um;
thread diameter, 50 um; open surface, 35%; fabric thickness,
80 um. The second step was to deposit the TiO, layer on the
paper with carbon bottom electrodes. The preparation of the
TiO, ink is as follows: 0.5 g of TiO, nanoparticles ~25 nm in
diameter (Sigma Inc.) was mixed into a solvent of 50 uL of acetyl
acetone (Alfa Aesar), 50 uL of Triton-X-100 (Acros), 8.5 mL of DI
water, 1 mL of ethanol, and 0.5 mL of ethylene glycol. The inkjet
printing was done by a MicroFab JetLab4 system (MicroFab
Technologies Inc.) with two piezoelectric nozzles, 50 um in
diameter. TiO, ink was deposited at a temperature of 50 °C.
After the TiO, layers dried, the Ag layer was printed on the TiO,
layer as the top electrodes. The Ag ink was prepared by adding
10 wt % Ag nanoparticles into a humectant solution (30%
ethylene glycol and 70% water). The Ag nanoparticles have a
mean diameter of 200 nm (see Supporting Information for
details). To disperse the nanoparticles better, the as-made ink
was put in a sonication bath for 2 h. The size and the velocity of
the ejected droplets were measured through an optical image
analysis system. For both TiO, and Ag inks, the diameters of the
ejected droplets were ~50 um. The drop ejection frequency was
controlled at 1000 Hz, with ejection velocities of 1.86 m/s for
TiO, ink and 2.6 m/s for Ag ink.

Memory Characteristics. Morphological studies have been per-
formed with a JEOL JSM-6500 field-emission scanning electron
microscope. The electrical characteristics were carried out using
a Keithley 4200 semiconductor parameter analyzer. The bend-
ing test was conducted by mounting the devices on homemade
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substrates costs ~0.1 to 1 cent.*® The higher expense
could be due to the complex structure, multiple
fabrication processes, and larger areas per device.
The time- and cost-effective scheme of an all-printed
paper memory employed in this study provides an
ideal option to be integrated in existing devices.

CONCLUSIONS

In conclusion, for the first time we fabricated a
nonvolatile memory on paper using an all-printing
approach. The paper-based memory shows excellent
rewritable switching properties and capability to retain
information. The paper memory exhibits stable endur-
ance under extreme bending conditions, demonstrat-
ing promising characteristics of flexible electronics.
A memory label was fabricated and affixed to other
electronic devices and biological objects, showing its
excellent integrative and biocompatible characteris-
tics. Finally, we demonstrated the disposability and the
capability of secure data removal of the paper memory,
which is not achievable for other electronic devices
integrated on rigid substrates. The idea for developing
penny-cost all-printed paper memory (as low as
~0.0003 cent/bit) demonstrated here will expand flex-
ible, printed electronics into a new line of applications
in security printing, identification, advertising, warning,
and epidermal electronics.*'

stages with confined gaps. The electrical pulse was trigged by a
function generator (33250A, Agilent Technology), and a resis-
tance of 500 Q was used to confine the current flowing through
the device. When conducting the pulse switching, the resis-
tance of the memory was measured by a power-meter (B2902A,
Agilent Technology). All of the operation voltages were applied
on the Ag top electrode, and the carbon bottom electrode was
grounded. During the measurement in the voltage sweeping
mode, the positive bias is defined as the current flow from the
top to the bottom electrodes, and the negative bias was defined
as the direction from the bottom to the top electrodes.
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