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ABSTRACT: Biocompatibility and transient nature of electronic devices have been
the matter of attention in recent times due to their immense potential for
sustainable solutions toward hazardous e-wastes. In order to fulfill the requirement
of high-density data-storage devices due to explosive growth in digital data, a
resistive switching (RS)-based memory device could be the promising alternative to
the present Si-based electronics. In this research work, we employed a
biocompatible enzymatic protein lysozyme (Lyso) as the active layer to design a
RS memory device having a device structure Au/Lyso/ITO. Interestingly the device
showed transient, WORM memory behavior. It has been observed that the WORM
memory performance of the device was very good with high memory window (2.78
× 102), data retention (up to 300 min), device yield (∼73.8%), read cyclability, as
well as very high device stability (experimentally >700 days, extrapolated to 3000
days). Bias-induced charge trapping followed by conducting filament formation was
the key behind such switching behavior. Transient behavior analysis showed that electronic as well as optical behaviors completely
disappeared after 10 s dissolution of the device in luke warm water. Cytotoxicity of the as-prepared device was tested by challenging
two environmentally derived bacteria, S. aureus and P. aeruginosa, and was found to have no biocidal effects. Hence, the device would
cause no harm to the microbial flora when it is discarded. As a whole, this work suggests that Lyso-based WORM memory device
could play a key role for the design of transient WORM memory device for sustainable electronic applications.

■ INTRODUCTION
Development of cloud computing, artificial intelligence, big
data, Internet of Things (IoT), etc. requires exponential growth
of memory devices due to their critical role toward
contemporary computing systems.1−4 The explosive growth of
digital data triggers the urgent requirement of high-density data-
storage devices. It has been predicted that the total available
commercial semiconductor supply at present may not fulfill the
memory device requirement by 2040.5 On the other hand, most
of the present electronic gadgets are made up of inorganic
semiconductors as the basic element, which has physical
limitation of downscaling.3,6 Accordingly, conventional tran-
sistor memory may not fulfill the future high-density data-
storage device requirement.7 At the same time such materials
develop hazardous impact on the environment leading to a huge
amount of e-waste.8,9 We are living in a technology-dependent
society, where the life span of several electronic gadgets is very
short. For example, the average life of smart phones and laptops
are less than 4 years.10 Some sensing devices, toys, and so forth
have even shorter lifetimes of the order of few weeks, leading to a
huge amount of e-waste generation.
Therefore, alternate solutions are highly desired to fulfill the

high-density data-storage device requirement with a solution
toward the e-waste issue. In this regard, resistive switching (RS)

memory employing environment friendly materials may be a
potential alternative.11,12 Unlike that of inorganic semi-
conductor-based memory, RS memory can be realized employ-
ing a variety of materials like organic, polymer, biocompatible, as
well as green materials.2,8,13,14 The features like low cost, down
scalability, flexibility, low power consumption, high data density,
as well as the simple device structure make RS devices more
attractive toward memory applications6,14

In RS memory, the resistance states of an insulating or
dielectric material sandwiched between two electrodes can be
switched between the high-resistance state (HRS) and the low-
resistance state (LRS) upon application of electric bias.1,11 Such
a simple structure can be integrated on a large scale in a high-
density data-storage system through the fabrication of a 3D
cross-bar array structure.15

It is interesting to note that, several biocompatible as well as
natural materials (plant extract) have already showed excellent
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performance as RS devices.16,17 A number of biomaterials, viz.,
proteins,12 cellulose,18 biopolymers,19 polysaccharides,20 natu-
ral plant extracts,21 glucose,22 chitosan,23 and so forth, have been
reported to show excellent RS behaviors with a wide variety of
memory applications.24 In addition to biocompatibility,
biobased RS devices may be utilized to realize biorealistic
synaptic devices for neuromorphic computation applications.25

However, very few reports exist showingWrite Once ReadMany
(WORM) applications employing biomaterials. A comparison
of the WORM memory performance employing biomaterials
based on the previously reported results has been listed in Table
1.
Despite having the potential to resolve the ever-increasing e-

waste issues, biomaterial/biodegradable material-based RS
devices have several concerns: (i) Mechanical stability as well
as life span of electronic devices using biomaterials need to be
improved; (ii) in order to reduce power consumption, a low
threshold voltage is desired; (iii) transient nature at a faster rate
is highly desired; and (iv) accurate deep theoretical knowledge
explaining the conductionmechanism in the case of biomaterial-
based RS devices is yet to be known.15,16

Therefore, high-performance RS devices showing WORM
behavior using a variety of biomaterials are highly in demand.
Also the stability of such devices must be taken care of. As a
whole, the spectra of biocompatible materials under inves-
tigation need to be increased. Aiming at these issues, we have
investigated the RS memory behavior employing an enzymatic
protein lysozyme (Lyso) as the active layer. As far as literature
survey is concerned, there exist very few reports of RS memory
devices using enzymatic protein. Here, Lyso has been chosen
due to its biocompatibility, regenerative nature, and easy
availability. This can actually be found in egg white.34 Presence
of a large number of amino acids (∼129) within the Lyso could
be advantageous for the migration of charge carriers. Amino
linkages and carboxylic groups present within the amino acids
may act as potential trap centers for charge carriers.33 Our
investigations suggested Lyso may be used to design nonvolatile
RS memory suitable for WORM memory applications.
Interestingly, Lyso-based WORM memory device showed
extra long stability, experimentally measured up to 700 days
and extrapolated up to 3000 days. To the best of our knowledge,
RS memory with such extra long stability has never been
reported. Such a memory device also showed a transient nature,
and the Lyso film could be completely dissolved into luke warm
water within 10 s. Transient devices may be a suitable design of
implantable electronics devices.35 It has also been observed that
Lyso-based RS device is noncytotoxic to environmental bacteria
and potentially safe for environmental disposal.

■ EXPERIMENTAL SECTION
Materials and Methods. ITO-coated glass substrate of

resistivity 15−25 Ω/Sq was procured from Sigma-Aldrich.
Lysozyme was purchased from Sigma-Aldrich (purity >98%)
and used as received without any further modification.
Lysozyme solution was prepared by using ultrapure (18.2 MΩ
cm, Milli-Q) distilled water with a concentration of 0.5 mg/mL.
In order to record the field emission scanning electron
microscopy (FESEM) image of the Lyso layer as well as the
cross-sectional view of the device, a Sigma 300microscope, Zeiss
Pvt., Ltd. operated at a 5 kV acceleration voltage was employed.
For spectroscopic studies, a UV−vis spectrophotometer from
Shimadzu (UV-1800) was used. The materials and methods
utilized for the cytotoxic studies are described in the Supporting
Information.
Steps followed to carry out the work:
1. Lysozyme solution was prepared with concentration of
0.5 mg/mL in water.

2. To prepare the active layer of the device, Lyso solution
was deposited onto ITO-coated glass substrate using a
drop-casting method and kept overnight for drying.

3. Gold electrode was deposited onto the active layer using
the sputtering technique to have the device with
configuration Au/Lyso/ITO, where Au acts as the top
electrode and ITO acts as the bottom electrode.

4. The device was then kept under vacuum followed by I−V
measurement using a source meter (Keithley− 2401) and
a homemade/custom-made probe station.

5. Surface morphology of the active layer as well as the cross-
sectional view of the Au/Lyso/ITO device was measured
using a field emission scanning electron microscope at an
acceleration voltage of 5 kV.

6. Transient nature of the device was investigated by
exposing the device in normal distilled water bath and
luke warm water bath followed by measuring the UV−vis
absorption and I−V curve as a function of time.

7. Cytotoxicity test of the as-prepared device was tested by
challenging two environmentally derived bacteria S.
aureus and P. aeruginosa followed by measuring the
bacteria growth and viability.

■ RESULTS AND DISCUSSION
In order to have an idea about the surface morphology of the
Lyso layer in the Au/Lyso/ITO device and the device structure,
FESEM has been employed. FESEM image (Figure 1a) of the
active layer (Lyso layer) of the device indicates that Lyso
molecules are well distributed and organized throughout the

Table 1. WORM Memory Performances Employing Different Biomaterials

device configuration
threshold
voltage (V)

memory
window

retention
time (s) physical stability

transient
nature

device yield
(%) refs

Ag/silk fibroin/Au 1.3−3.4 107−108 ∼104 26
PEDOT:PSS/DNA/PEDOT:PSS −2 104 ∼104 27
Ag/albumen/ITO 2.2 2.0 × 107 1.1 × 105 28
Al/AuNP:lignin/Al 4.7 5 × 103 ∼103 29
Al/CMS-GO/Al/SiO2 2.22 105 ∼103 30
Al/CNP:epoxy/Al 3 103−106 31
AgNW/PI(APAP)/DNAc −1.4 104 ∼105 32
Au/PS/ITO 1.33 4.57 × 103 ∼106 210 days 8 min 87.5 33
Au/rose petal/ITO 1.1 1.23 × 102 7.2 × 103 ∼7 days 21
Au/Lyso/ITO −0.96 2.8 × 102 1.8 × 104 700 days extrapolated up to

3000 days
10 s 73.8 present

work
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active layer of the device. Surfacemorphology of the Lyso layer is
in good agreement with the earlier reported results.36 On the
other hand, the cross-sectional FESEM image clearly depicts all
three sections, that is, ITO (bottom electrode), Lyso (active
layer), and gold (top electrode), in the device with marked
distinctions. As a whole, FESEM studies confirm the successful
formation of the Au/Lyso/ITO device.
Switching Behavior. In order to have an idea about the RS

behavior, I−V characteristics of the designed device (Au/Lyso/
ITO) have been recorded by applying a voltage sweep in both
positive and negative sweep directions. Corresponding I−V
curves are shown in Figure 2a,b, respectively, for initial positive
and negative scan directions. Arrows in the figure indicate the
sweep directions. Also the scan voltage sequences arementioned
in Figure 2a,b.
During the positive scan, initially the device is at its HRS, that

is, OFF state where current is very less. At a certain voltage, the
conducting state of the device changes, and it turns to a LRS, that
is, ON state. This particular voltage is said to be the set voltage or
popularly known as threshold voltage.26 Here, the threshold
voltage is 1.13 V. The operating speed is found to be 100 ns.
Once the device is switched ON at 1.13 V, a reverse scan shows
the high conducting nature of the device since it follows the
linear relationship between current and voltage (Figure 2a).
Interestingly, it has been observed that once the device is
switched to its ON state (LRS), it retains theON state, andHRS
(OFF State) is never restored by applying the bias (scan) in
either directions. It has also been observed that the device
retains its ON (LRS) state even when the electrical power is
switchedOFF. That means the observed switching is irreversible

and nonvolatile in nature. RS devices with such behavior are
suitable for WORM-type memory applications.37 In such
devices, the switching from HRS (OFF state) to LRS (ON
state) may be considered as the writing in the memory devices.
Once the information is written, the device stores it permanently
and can be read many times.38

When the initial sweep direction is reversed, the device also
showed almost similar WORM behavior with a negative
threshold voltage VTh= −0.96 V (Figure 2b). This indicates
that the observed switching behavior for the Au/Lyso/ITO
device is independent of the initial sweep direction. Idea about
memory window (ON/OFF ratio) of such a memory device is
obtained by comparing the resistances of the device in two
states, that is, RHRS/RLRS, at a particular read voltage of 0.5 V40.
Calculated memory window values for two initial sweep
directions were of the order of 104 and 102, respectively,
which are well within the acceptable value from application
point of view as far as literature survey is concerned.40 The
memory window, the threshold voltage, as well as the device
yield of the device for both initial scan directions are listed in
Table 2.

A comparison with the previously reported results (Table 1)
suggests that for biomaterial-based WORM devices, the
threshold voltage observed in the present case is lower, which
is advantageous in terms of lower power consumption.41

The device yield, that is, device reproducibility, has also been
investigated for the Au/Lyso/ITO device for both the initial
sweep directions. In order to do this, 84 independent switchable
devices in two ITO-coated glass slides (7 × 6 arrays) have been
prepared. All these 84 devices are almost similar structures with
configuration Au/Lyso/ITO. Now 42 devices have been
investigated applying initial scan in positive sweep direction
and the remaining 42 devices by applying initial negative sweep
direction. In the case of positive initial sweep, out of 42 devices,

Figure 1. (a) FESEM image of the Lyso film drop-cast onto a clean glass
slide and (b) cross-sectional FESEM image of the Au/Lyso/ITO
device. The scale bar, accelerating voltage, as well as magnification
during the FESEM measurement has been shown in the images.

Figure 2. I−V curve of the Au/Lyso/ITO device in semilog scale with voltage sweep 0− 2− 0− (−2)− 0 V keeping the compliance current at 10mA.
(b) I−V curve of the Au/Lyso/ITO device in semilog scale with voltage sweep 0− (−2)− 0− 2− 0 V keeping the compliance current at 10mA. Insets
in (a) and (b) show the corresponding I−V curves in linear scale for both sweep directions, respectively

Table 2. Illustration of Memory Performance Parameters in
Both the Initial Positive and Negative Sweep Directions As
Extracted from the I−V curves Shown in Figure 2

initial sweep
direction

memory
window

threshold
voltage (VTh)

standard
deviation of
VTh (%)

device
yield (%)

0 → +2 V 3.2 × 104 1.13 V 31.08 52.3
0 → −2 V 2.78 × 102 −0.96 V 9.2 73.8
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22 devices showed reproducible WORM behavior with device
yield 52.3%; on the other hand, for the initial negative sweep, out
of 42 devices, 31 devices showed almost reproducible WORM
behavior with device yield 73.8%. Information about device
yield for the biomaterial-based WORM devices is hardly
reported (Table 1), although information about device yield,
that is, device reproducibility, is very crucial for real
technological applications.42 A device to device distribution of
LRS and HRS resistances is shown in Figure S1 in the
Supporting Information. FromTable 2, it has been observed that
the performance of the device with the initial negative sweep
direction is better in terms of threshold voltage and device yield.
RS device with lower threshold voltage is advantageous as it
minimizes the power consumption requirement during write/
read operation in the memory device.
Recent research trends suggest that RS-basedmemory devices

have been considered as the promising candidate to replace Si-
based memory devices.1 In this regard, RS using biomaterials/
biodegradable materials may have every potential to resolve the
ever-increasing e-waste issues.16 However, long-term stability of
such devices is a serious concern in most of the cases.16,17 For
real practical applications, electronic device components must
be stable for a certain period. In the present case, physical

stability of the Au/Lyso/ITO has been tested up to several
months. In order to do that, a particular device was kept under
ambient condition inside a sealed chamber to keep it away from
any sort of contamination, dust, humidity, and so forth. I−V
characteristics of the device were measured with passage of time
on a regular basis under ambient condition. It is very interesting
to note that the device showed almost reproducible switching
behavior even after 700 days from the day of devicemanufacture.
The cumulative relative deviation of the threshold voltage/set
voltage and the LRS resistance have been found to be 10.24%
and 8.97%, respectively. The average values of LRS and HRS
resistances are 104 Ω and 29.97 K Ω, respectively. Within the
investigated period, the memory window degrades 29% with
respect to freshly prepared device. Here, we checked the stability
up to 700 days; however, even beyond that, the device was
working. To the best of our knowledge, physical stability of RS
devices using biomaterials for such a long period has never been
reported. In the presentWORMdevice, the read voltage is 0.5 V,
and it has been observed that thememory window at this voltage
even after 700 days hardly shows any significant degradation. In
order to have an idea about the projected lifetime of the device
beyond the tested period in terms of physical stability, an
extrapolation method has been employed. It has been found that

Figure 3. I−V curves of the Au/Lyso/ITO devicemeasured with the passage of time in semilog scalemeasured using sweep voltage 0− (−2)− 0− 2−
0 V and the compliance current 10 mA. (b) Plot of corresponding LRS and HRS resistance values along with the extrapolated curve (dotted) for LRS
and HRS resistances up to 3000 days. Inset shows the cumulative probability with mean and relative deviation of VTh (inset 3a) and LRS and HRS
(inset 3b).

Figure 4. (a) Data retention characteristics of the device Au/Lyso/ITO at a read voltage of 0.5 V. Inset shows the plot of corresponding cumulative
distribution of the LRS and HRS resistances. (b) Read cycles for the device Au/Lyso/ITO at read voltage of 0.5 V. Inset shows the plot of
corresponding cumulative distribution of the LRS resistances.
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theWORMdevicemade up of Lysomay be used even after 3000
days of manufacture with some variation in memory window as
shown in Figure 3b. Based on the extrapolated results, it has
been found that the memory window degrades up to 50% after
3000 days with memory window 245. As for the literature
survey, this order of memory window is acceptable from
application point of view.40 Beyond this period, the memory
window degrades at a faster rate and degradation becomes 75%
after 3500 days and so on. Literature survey revealed that
physical stability of biomaterial-based WORM devices is hardly
reported (Table 1).26,27,29

In the case of memory devices, one of the important
parameters is the data retention of the device. Retention time
of the device is defined as the time up to which any state whether
HRS or LRS is being retained once the device is switched OFF
or ON, respectively.43 This gives an idea about how long the
device can retain the data/information written onto it. In order
to do that, the designed Au/Lyso/ITO device has been switched
to its LRS state, and LRS resistance has been continuously
measured at the read voltage 0.5 V as shown in Figure 4a.
Interestingly, it has been observed that the present WORM
device can maintain its LRS ON state up to 300 min with
negligible degradation in the memory window. LRS and HRS
resistances were also found to be very stable with cumulative
relative deviation of the order of 9.25% and 5.90%, respectively.
Literature survey revealed that the data retention time ranges
from 120 min to 3.6 × 104 minutes as reported by various
authors in the case of biobased WORM devices (Table 1).21,33

However, for real practical applications, data retention time
needs to be increased further. It has been observed that by
modifying the device fabrication like insertion of nanomaterials
and other external agents, it is possible to enhance the data
retention time.44,45 An in-depth study is going on in our
laboratory in this direction.
Read cycles of the designed Au/Lyso/ITO device have also

been investigated. This gives the idea about the number of cycles
of scan/sweep operation up to which a particular device gives
reproducible results. In order to do that, initially the WORM
device has been switched to its LRS state by applying the scan
voltage 0 − (−2) − 0 − 2 − 0 − (−2) V for a particular device.
After that, an exactly similar scan cycle has been applied to the
same device at a regular interval. Interestingly, it has been
observed that the device showed a reproducible ON state
(conducting) behavior up to 33 consecutive scan cycles without
significant degradation in the memory window. Plot of LRS

resistance at read voltage 0.5 V as a function of scan cycles is
shown in Figure 4b. Cumulative probability distribution
function indicates that the cumulative relative deviation in the
LRS is 13. 63%.
Transient electronics is an emerging technology, where

materials or devices disappear with minimal or nontraceable
remains for a span of stable operation in a controlled fashion. It
leaves environmentally and physiologically harmless byproducts
in biofluids or in aqueous solutions.35 In the present case, in
order to check the transient nature of the device, we have
performed the dissolution test in aqueous solution followed by
spectroscopic as well as I−V measurements. It has been
observed that with the increase in dissolution time, the
absorbance decreases. However, at ambient conditions,
although the Lyso absorbance decreases, even after 30 min, it
did not diminish completely (Figure 5a). Interestingly, when the
same dissolution test is carried out with luke warm water, Lyso
absorbance disappears immediately after only 10 s as shown in
Figure 5b. This indicates the complete dissolution and transient
nature of Lyso.
A similar test has also been done for the Au/Lyso/ITO device.

Here, the whole device is dipped into luke warm water for 10 s,
and then its I−V characteristics have been measured with
dissolution time. Corresponding curves are shown in the inset of
Figure 5b. Here, the device initially showed WORM behavior.
However, after 10 s of dissolution, the WORM behavior was
completely lost, and the device showed ohmic behavior which
resembles the characteristics of ITO.46 As a whole, these
investigations suggest that Lyso-based WORM memory device
may be suitable for biodegradable transient electronics
applications.
The enhancement of solubility of Lyso in luke warm water

may be due to the enhancement in hydrogen bond length with
temperature, It has been reported that the hydrogen bond length
of water is affected by the temperature.47 With the increase in
temperature, the bond length increases leading to an increase in
Lyso solubility.48 Increase in Lyso solubility with temperature in
aqueous solution has already been reported.49 In the case of
biobased WORM memory, hardly transient characteristics have
been investigated (Table 1).27,30,31 The observed transient
characteristics are very good in terms of fast dissolution time
even in comparison to the other type of RS memory or non-
biobased resistive memory devices.8

In RS, typically a dielectric or insulator material changes its
resistance states induced by an external electric bias.6 It has been

Figure 5. Absorption spectra of Lyso film with increasing dissolution time (a) in normal water and (b) luke warm water. I−V curves of the device
measured before dissolution and after 10 s of dissolution (in luke warm water) are shown in the inset of Figure 5b.
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proposed that different physical mechanisms and principles were
involved in such RS behavior.50 These may include redox
reaction, ionic conduction, electron tunneling, hopping, space
charge limited conduction, phase transition, and so forth.43 In
order to explore the conduction mechanism for the observed
WORM behavior, the Au/Lyso/ITO devices as well as the I−V
curves were further analyzed.
UV−vis absorption spectra of the Lyso film shows a

prominent band within 250−300 nm (Figure S2 of the
Supporting Information).51 Following Tauc’s theorem, the
energy band gap of the Lyso film has been extracted using the
following equation

h A h E( )g
1/2= (1)

where α is the optical absorption coefficient, hν is the photon
energy, A is the proportionality constant, and Eg is the optical
energy band gap.38 In the present case, the band gap for the Lyso
film has been calculated from the intercept of the linear
extrapolation of (αhν)2 vs hν plot which is of the order of 4.97
eV (Figure S3 of the Supporting Information). This value lies
well within the range of the band gap for insulator materials.52

In order to check the probability of metallic filament
formation during the observed WORM memory behavior, I−
V curves of the Au/Lyso/ITO device have been measured at
different temperatures ranging from 303 to 333 K. Reproducible
switching behavior was observed at all temperatures. Interest-
ingly, the plot of LRS resistance as a function of temperature
revealed that the LRS resistances decrease with the increase in
temperature (Figure S4 of the Supporting Information),
whereas the LRS resistance increases with temperature when
the metallic filament is formed.53 This observation confirms that
in the present case, the observed WORM behavior is not due to
the conduction through metallic filament formation across the
Lyso layer of the WORM device.39

Switching Mechanism. To explore the conduction
mechanism further, I−V curves of the present WORM device
have been further analyzed following different standard
theories.54 Double logarithmic plot of the I−V curves of the
Au/Lyso/ITO device has been shown in Figure 6. Linear fitting
of the curve revealed that at the low electric bias region of the
HRS, the slope is ∼1; this means the current is linearly

proportional to the applied voltage which indicates that the
device current follows ohmic behavior. The observed ohmic
nature at the low bias region may be due to the thermally
generated electrons within the active layer.27 Here, the number
of thermally generated electrons is higher than the injected
electrons from the electrode and the conduction is governed by
thermally generated electrons.55 On the other hand, in the high
bias region, a rapid increase in current is observed with slope
∼2.30. This indicates that at the onset of switching, conduction
through memory device obeys Child’s law.56 Hence, the current
through the active layer is mainly due to the buildup of the
charges injected from the source electrode and controlled by the
trap centers existing within the active layer of the device.55 These
traps are filled up by the injected carriers. In such cases, the
current density can be expressed as57
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where q is the elemental charge, l is the ratio of the characteristic
temperature of the trap distribution to the operating temper-
ature, μ is the carrier mobility, εr is the permittivity of the film, εo
is the permittivity of free space, Nt is the trap density, N is the
density of states in the conduction band or valence band,V is the
applied voltage, and d is the film thickness.57 Based on the depth
of the trap centers, slight variations in the slope may also be
observed.27 In the present case, slope >2 indicates higher depth
of the trap centers46,58. Trap-controlled SCLC involves the
charge trapping-detrapping, which is consistent with Schottky
emission.55 This is also supported by the observed linear
relationship of Ln I vsV1/2 curve in the present case (Figure S5 of
the Supporting Information). For the Au/Lyso/ITO WORM
device, the trap centers may be due to the defects formed during
Lyso film preparation.59 It is well-known that the dielectric
breakdown strength of thin films composed of biomolecules is
extremely low, and the low dielectric breakdown strength may
lead to higher defect density in the thin films.59 Also, the
chemical composition of Lyso molecules like the presence of
carboxyl groups and amino linkages may form the trap centers as
they act as the nucleophilic or electrophilic sites.60 Typically, the
traps are almost filled at the threshold voltage. Accordingly, a
sharp rise in current is observed due to the further carrier
injection. Here, the trap-controlled SCLC may be responsible
for carrier transport mechanism (I ∝ V2).27 On the other hand,
at the LRS, the I−V curve follows Ohm’s law (scale ∼1, I ∝ V).
This indicates the formation of conducting filament due to the
injected electrons after the threshold voltage (VTh).

58 In order to
confirm the role of chemical composition of Lyso in the
formation of traps, Au/Lyso/ITO devices have been exposed to
250 °C followed by I−V measurement. Interestingly WORM
behavior of the device has been lost completely. At 250 °C, all
amino acids present in the Lyso molecule decomposed
completely.61 Accordingly, no traps were found, and the devices
do lose the WORM behavior as shown in Figure S6 of the
Supporting Information.
In order to further shed light on the conduction mechanism,

the activation energy (Ea) for the Au/Lyso/ITO device has been
calculated using the following equation62

I I
E

KT
exp0

a= i
k
jjj y

{
zzz (3)

whereK is the Boltzmann constant, Ea is the activation energy;T
is the absolute temperature in K. Activation energy is defined as

Figure 6. Double logarithmic plot of the I−V curve of the Au/Lyso/
ITO device within the voltage scan range 0 − (−2) − 0 V.
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the energy difference between the transport level and the Fermi
level in the case of organic semiconductor63 or the energy
difference between the trap state and the conduction band
edge.64 The slope at Ln (I/V) vs 1/KT gives the value of Ea.

65

(Figure S7 of the Supporting Information). The value of Ea is
found to be 0.18 eV in the temperature region 303−333 K. In
comparison to the optical energy band gap of Lyso (4.97 eV),
the activation energy is very small. The small value of Ea in
general indicates the existence of shallow traps or defects within
the active layer of the device.66 In the present case, the observed
small value of Ea supports our earlier assumption about the
existence of traps within the Lyso layer, and the observed
switching is due to the trap-assisted conduction filament
formation by SCLC.66

Interestingly, once the Au/Lyso/ITO device switches from
HRS to LRS, the device remains permanently in that state
showing WORM-like behavior.67 This indicates that the
detrapping or rupture of conducting filament did not occur
even when the bias is removed.68 A schematic diagram of the
switchingmechanism of theWORMdevice is shown in Figure 7.
Also the device showed reproducible behavior up to several
consecutive cycles with good read cycle. Physical stability of the
device was also found to be very good. High cationic charge of
the Lyso molecule may contribute to sustain the electron
filament through strong electrostatic interaction between the
electrons and charge-trapping sites, leading to better stability.69

Also, there exists four disulfide bonds (S−S) and six helix
regions within the Lyso molecule which provide high thermal
stability.70 Temperature dependence studies also supported this
which revealed that the device showed reproducible WORM
behavior up to 333 K.
In this work, we tried to demonstrate biocompatible RS

memory devices. Toxicity is one of the major concerns at the
time of disposal of electronic devices.71 In order to assess the
toxicity of our switch devices, we challenged Gram-positive
(environmental isolate of S. aureus) and Gram-negative
(environmental isolate of P. aeruginosa) bacteria with our
device. Corresponding results are shown in Figure S8 of the
Supporting Information along with the experimental procedure.
The effect on the growth as well as the viability of these
environmental isolates were evaluated. We observed that none
of the isolates showed any changes in the growth patterns, as well
as the cell viability, as determined after 24 h of treatment. The
Lyso enzyme is specific to the cell wall structure of bacteria and is

not a broad spectrum for bacterial species.72 Another key
challenge for the Lyso enzyme is the evolution of bacterial
resistance against the enzyme.73 This memory device utilizes
Lyso organic biomacromolecule to show excellent data-storage
behavior besides being nonbiocidal to bacteria. Further, the
biodegradable virtue of this RS memory device is enhanced by
being non cytotoxic to environmental bacteria and potentially
safe for environmental disposal with the least possibility to affect
bacterial species present in the environment.

■ CONCLUSIONS
In summary, an RS memory device having the structure Au/
Lyso/ITOhas been prepared using an enzymatic protein Lyso as
the active layer. The FESEM images as well as the absorption
curve depict the presence of the Lyso layer in the device. Cross-
sectional FESEM image gives visual information about the
device structure with Au, Lyso, and ITO layer. The device
demonstrated WORM memory behavior under an optimized
electrical bias and compliance current. Memory window of the
device was 102 and 104 for initial negative and positive sweep
directions, respectively. Physical stability of the WORM
memory device was tested experimentally for more than 700
days. Extrapolation of stability data indicated that the proposed
WORM memory will give reliable performance even after 3000
days. Such a large period of stability is highly required for
practical applications. The read cycle of the device is 33 cycles,
and data retention is up to 300 min. Device yield was about
73.8%. The conduction mechanism mainly follows the Schottky
emission of charge carriers in the HRS followed by the trap-
controlled SCLC mechanism. Traps were inherent due to the
chemical composition of the Lyso molecule or the defects
formed during film formation. The designed WORM device
showed a transient nature in luke warm water and completely
vanishes with a dissolution time of 10 s. Cytotoxicity of the
device has been characterized by challenging environmentally
derived two kinds of bacteria and was found to have no
inhibition. Hence, it does not have a biocidal activity upon
exposure to the environment when discarded. As a whole, Lyso
is being used to produce highly stable transient and sustainable
WORM memory device which may have high potential toward
the solution of e-waste.

Figure 7. Schematic diagram of the charge transport mechanism across the active layer of the Au/Lyso/ITO WORM device. (a) Trap centers in the
active layer under unbiased condition. (b) Injection of electrons and getting trapped inside the active layer when bias is applied and V < VTh. (c) At V =
VTh, all traps within the active layer are filled up and a continuous conduction filament is formed in between the electrodes allowing flow of high current
leading to LRS ON state. (d) Conduction filament remains intact even when the bias is withdrawn as the charge carriers are trapped inside the trap
centers permanently. So, the device retains its ON state even in the absence of bias.
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