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ReWORM Memory Effect in PET-Metal
Fiber-Based Electroconductive Yarn

Suraj P. Khanna , Satish Singh , C. K. Suman, and Nandan Kumar

Abstract— Write-once-read-many(WORM) memory effect
is reported in the 19.68 Tex, 80:20 ratio polyethylene tereph-
thalate (PET)-metal fiber spun electroconductive yarn. The
yarn sample displayed a typical WORM memory behavior
having electrical bistability with an OFF/ON resistance ratio
up to 109 and a long retention period. As the polyester
fibers transform from amorphous (resistive state) to semi-
crystalline (conductive state) upon the application of bias
voltage, the charge conduction changes from electronic to
ionic, above the glass transition temperature. Furthermore,
I − V curves were fit to explain the charge carrier trans-
port mechanisms in the WORM behavior. Additionally, upon
intentional mechanical perturbation, the sample could reset
to its native high-resistive state (the phenomenon is termed
as Reset WORM or ReWORM), ready for another WORM
storage cycle.

Index Terms— Electroconductive yarn, polyethylene
terephthalate (PET), resistive memory, write-once-read-
many (WORM) times.

I. INTRODUCTION

ORGANIC write-once-read-many (WORM) memories
have been successfully demonstrated using the poly-

mer/semiconductor [1]–[3], polymer/metal [2], [4]–[9] inter-
faces, and all carbon fiber [10]. They are useful in applications
where low-cost technology is the key factor, such as electronic
barcodes, event loggers, or RF tags. The static memory ele-
ment of the WORM device provides the nonvolatile storage
solution where the native high-resistance-state (HRS) and
the written low-resistance-state (LRS) define the logical “0”
and logical “1” state, respectively. The conductive/resistive
behavior or state is set by previously applied stimuli [11] that
cause an irreversible change in the property of the polymer.
Typically, these WORM memories need to be discarded after
the data storage requirement is ended, as the single write cycle
does not allow resetting the logical states to its unwritten state.
This causes the generation of e-waste at an enormous scale
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TABLE I
SPINNING PARAMETERS OF THE YARN.

globally. We propose ReWORM type of phenomenon, where
the device behaves as a typical electrically driven WORM
memory for the intended usage period. Additionally, it can
be reset using an intentional nonelectrical external stimulus.

Polymers such as polyethylene terephthalate (PET) are
dielectric materials that act as insulators with poor electrical
and thermal conductivity, polarizability in electric field, and
high susceptibility to static electricity [12], [13]. The ability of
thermal charging or polarizing of the surface under a nominal
elevated temperature, only marginally exceeding its glass
transition temperature (Tg) along with a very high stability
and long retention of the trapped charges [14], [15] on the
insulating surface, makes it an excellent choice for designing
nonvolatile memories. Reasonable electrical conductivity and
flexibility make metal fibers suitable as a constituent material
for producing electroconductive yarns.

In this study, we report and discuss the memory charac-
terization and the carrier transport mechanisms of the WORM
memory-type behavior of an electroconductive yarn, spun from
the polyester and stainless-steel fibers.

II. EXPERIMENTS

The yarn comprised of 1.4 Denier 51 mm, polyester staple
fiber and 316L stainless-steel fiber sliver (40–50 mm long) as
raw material in the 80:20 ratio. The blended yarn has a count
of 19.68 Tex (i.e., 19.68 g of yarn per 1000 m of yarn). The
spinning parameters of the yarn are given in Table I.

Digital microscope (Levenhuk DTX 90) was used to acquire
the images of the yarn sample under the reflected light config-
uration. The average diameter of the stainless-steel fiber was

0018-9383 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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TABLE II
EDXS DATA FOR THE STAIN-LESS STEEL FIBER.

Fig. 1. (a) FESEM image of stainless-steel fiber at 5.00-kx magnification.
(b) Digital image of the mounted yarn sample (∼2.54 mm) under study.
(c) I − V curves for the yarn under five cycles.

determined by manually measuring randomly selected samples
on field emission scanning electron microscopy (FESEM)
images (model: TESCAN MAGNA GMH), and elements
present in the matrix were confirmed by energy dispersive
X-ray spectroscopy (EDXS, model: EDAX OCTANE ELECT
SUPER). The X-ray diffraction diffractogram of the yarn
samples was determined with a Rigaku Corporation diffraction
system, model MiniFlex II. It used a monochromatized Cu
Kα1 radiation (λ = 0.154 nm) at 30 kV and 20 mA. The angle
was varied from 10◦ to 90◦ in steps of 0.02◦. I − V measure-
ments were undertaken in two-probe arrangement using source
meter (Keithley, Model 2635B) under ambient atmosphere.
The I − V curves for the device were obtained in a five quad-
rant sweep of the applied bias in a continuous loop, starting
from 0 to +Vb(max) (quadrant 1), +Vb(max) to −Vb(max) (quad-
rants 1 and 3), and −Vb(max) to +Vb(max) (quadrants 3 and 1).

III. RESULTS AND DISCUSSION

As measured with EDXS, the stainless-steel fiber sliver has
a chemical composition with the following weight %, as given
in Table II.

The average diameter of the stainless-steel fiber was found
to be 8.38 μm, as shown in Fig. 1(a). The yarn was wound in

a zig-zag manner across the one-row-male pin header [40 pins,
pitch 0.100�� (2.54 mm)]. Two adjacent metal (Ni) pins were
used to make electrical contact with the yarn for taking elec-
trical measurements. The polyester and stainless-steel fibers
were found to be indistinguishable under the microscope.
No change in the shape or color of the yarn was noticed
in the sample under study as compared to the adjacent un-
used yarn, as shown in Fig. 1(b). Fig. 1(c) gives the semilog
plot of the acquired I − V curve clearly showing the current
hysteresis behavior. The voltage sweep ranged from ±3 V.
A sudden jump in the current is observed at a voltage of
∼2.62 V during the first quadrant sweep from 0 to +Vb(max) for
the first cycle measurements. This suggests a change from the
initial HRS to LRS. Beyond 2.62 V, the yarn sample displays
a device current of several orders higher than the initial state
that may be termed as a high conducting state. The irreversible
nature of the high conducting state, as shown in the subsequent
applied bias sweep during the remaining quadrants, clearly
demonstrate the nonvolatile memory behavior. The transition
to the written LRS cannot be reversed by applying any lower
voltage than −Vb(max) or higher voltage than the +Vb(max),
keeping compliance current at 20 mA. The ratio between the
HRS and LRS is approximately ∼105 around the SET voltage.
Subsequently, four more cycles of applied bias sweep were
undertaken to verify the retention of WORM transition.

The irreversible change in the resistance of the yarn could
be best explained by Fig. 2(a), plot of the quadrant 1 of
the I − V curve obtained under a voltage sweep. The yarn
maintains an amorphous nature initially and then goes through
a phase transformation in response to the small applied volt-
age. In the case of our electroconductive yarn sample, due
to the micrometer size dimensions and 80:20 ratio of the
polyester/metal fibers spun together, it is expected that any
small current flowing through the metal fibers will lead to
a rise in the local temperature of the polyester fibers at the
overlapping segments, due to Joule heating. As shown in
Fig. 2(a), initially, very low value of current flows-through
due to the high resistance of the polyester fiber in amorphous
form. As the polyester fiber’s local temperature rises faster
at the segments having direct physical contact with the metal
fibers, these selective segments on the polyester fiber seem to
reach Tg, at an applied bias voltage of ∼2.6 V where those
areas go through the threshold switching, allowing a higher
current to flow as compared to the prior amorphous form.
This relatively higher current flowing through the yarn is found
to generate sufficient localized heating, enough to cause the
formation of a semicrystalline structure in the polyester fibers
segments having physical contact with the current carrying
metal fibers, thus significantly increasing the net volume of
the material capable of carrying higher currents. The XRD
data also suggest an improvement in the crystallinity of
polyester fibers as shown in Fig. 2(a) inset, for the heat-treated
yarn (hotplate) at ∼110 ◦C (i.e., above Tg, for ∼10 s) [16].
This leads to an irreversible change in the yarn behavior and
the WORM memory switching occurs at the applied bias of
2.74 V [12], [17]. In parallel, the elevated temperature (above
Tg, yet below the melting temperature) in the polyester fiber
yarn also leads to the heating of the bulk volume where any
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Fig. 2. (a) I − V curve of the yarn displaying the behavior of a phase
change material, where the material goes from being amorphous to
semicrystalline with the increase in applied bias. Inset: XRD pattern of
original and heat-treated yarn. (b) I − V curves for the yarn under three
ReWORM cycles (reset/write).

residing or trapped molecules undergo dissociation and diffuse
to the surface causing an influx of the free ions. This shifts
the major charge conduction mechanism to be ionic in nature
at temperatures above Tg [18]–[22], from being electronic
conduction at temperatures to Tg.

For recycling the sample for another run of data storage,
mechanical perturbation can be utilized as a nonelectrical
stimulus to reset the WORM memory in the case of electro-
conductive yarn. This procedure (we hypothesize) could cause
a redistribution of the stored charges at the surface of the
polyester fibers across the whole volume of the yarn (2.54 mm
length), and second, it could also lead to the separation of
the microscopic contact spots between the metal fibers and
the semicrystallized polyester fibers, thus reducing the net
available volume of the material having high current carrying
capacity and switching it back to the native unwritten HRS.
As shown in Fig. 2(b), the sample was successfully reset
mechanically and subjected to another WORM cycle. A probe
tip may be used to perturb the sample gently to induce reset.

Fig. 3. (a) Read endurance and inset, LRS retention measured at three
different read voltages. (b) I−V curve of the yarn plotted in the logarithmic
scale. Fitting of the data was undertaken to identify the current conduction
mechanisms in the HRS (inset), transition, and LRS regions.

Fig. 3(a) shows the resistance–time characteristics and the
HRS/LRS ratio of the device under ambient conditions. The
read voltage of 0.04 V was used to probe the written LRS as a
function of time to investigate the data retention capability of
the device. Fig. 3(a) suggests that during the complete duration
of data acquisition, the current in the LRS remained several
orders higher in magnitude than the current in the HRS when
probed with a similar read voltage of 0.04 V. Consequently, the
HRS/LRS ratio remained stable during the whole test process
of over one hour, confirming an electrical bistability, suitable
for WORM applications. The variation in the HRS resistance
values for different ReWORM cycles could be due to the
formation of new and varying conducting channels on every
mechanical reset [23]. LRS retention data from day1 and day7
are plotted together to show the data retention capability over
days. Fig. 3(a), inset shows the LRS retention measured at
three different read voltages.

To better understand the charge transport mechanisms,
I − V curves (for the first quadrant, 0–3 V) were fit with the
existing conduction models. Fig. 3(b) shows the fitting results
of the experimental data for the HRS, transition, and LRS
regions. In the HRS state, it is possible that a small number of
trapped charges already existed on the surface of the polyester
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Fig. 4. (a) and (b) ReWORM cycles (reset/write) for two nomi-
nally identical samples to illustrate the repeatability and reproducibility.
(c) Scatter plot giving the HRS and LRS resistance values for three
nominally identical samples.

fiber arising from native defects, contamination, or disorder,
with the charges transferred from the contact charging from
the metal fibers, even before the device was subjected to any
applied bias. These small trapped charges on the polyester fiber
may provide the initial high barrier to any kind of charge flow
[9]; as a consequence, the resistance remains extremely high
in the order of 106–1011 � and only negligible amounts of free

carriers are there to enable any charge conduction. The linear
dependence of the fitting results for the plot, ln(I /T 2) versus
Sqrt(V ), in the low-voltage range 0.199–1.19 V with a slope of
∼4.0146 suggests a thermionic or Schottky emission process
responsible for the measurable amount of current flowing
through the sample [9], [24], [25] (Fig. 3(b), inset). While at a
higher applied bias (1.19–1.42 V), the number of free carriers
may increase with Joule heating. For the plotted I − V curve,
the current follows a square dependence on the voltage as
shown by the fitting results with a slope of 2.281 suggesting
a trap-controlled space-charge-limited-current (SCLC). This
process leads to a gradual trap filling (threshold switching).
Additionally, the Joule heating occurring in the yarn with the
increase in the applied bias may also lead to semicrystalliza-
tion of yarn, thus causing a further improvement in the current
flow across the yarn. The other contributory factor for the
increase in free carriers available for conduction could be from
the influx of ions that are generated due to the dissociation
of the ionogen compounds residing in the bulk volume or the
surface of polyester fibers [18], with localized heating. As the
applied bias is increased further (1.43–2.60 V), the linear
dependence of fitting curve with a slope of 17.092 suggests
trap-filled SCLC as the dominant conduction mechanism. This
leads to a complete filling of the deep traps beyond 2.60 V
and a sudden increase in the net flowing current (beyond the
Tg) [17], [18], with an almost vertical slope and switch to the
LRS mode (memory switching). For the LRS mode, the I −V
plot fitting shows a linear dependence on the voltage with a
slope of 0.99, suggesting that the current follows an ohmic
conduction process and the yarn mimics the behavior of a
metal wire [26]. The transition may also be termed electrically
induced insulator to metal transition [27] as the device
displayed an OFF/ON ratio of 109 (read voltage 0.04 V). The
retention of the LRS (even after removing the applied bias) is
due to the immobility of the carriers in the completely filled
deep traps [18].

To investigate the repeatability and reproducibility of the
ReWORM phenomenon, a number of nominally identical
samples were tested. As shown in Fig. 4(a) and (b), there
is no significant deviation from the as expected behavior of
HRS to LRS transition during ReWORM cycle. Considering
the inherent nature of spun yarn, sample-to-sample variation
is normal. Fig. 4(c) gives the scatter data plot for the HRS and
LRS resistance values for 22 ReWORM cycles obtained from
three samples. The observed mean value of the HRS and LRS
is in the range of 1010–102 �, respectively.

IV. CONCLUSION

In conclusion, we have demonstrated the WORM memory
behavior in PET-metal fiber spun electroconductive yarn. The
highest OFF/ON resistance ratio of 109 was achieved with a
good retention behavior. The dominant transport mechanisms
were found to be thermionic, SCLC, and ohmic in the HRS,
transition, and LRS regions, respectively. Additionally, the
sample also demonstrated the capability of ReWORM or
reset WORM memory, on the application of an intentional
mechanical perturbation. ReWORM returns the test sample to
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its native state of high resistance, ready for another round of
WORM application.
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