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Abstract
In this paper, natural organic honey embedded with carbon nanotubes (CNTs) was studied as a
resistive switching material for biodegradable nonvolatile memory in emerging neuromorphic
systems. CNTs were dispersed in a honey-water solution with the concentration of 0.2 wt% CNT
and 30 wt% honey. The final honey-CNT-water mixture was spin-coated and dried into a thin
film sandwiched in between Cu bottom electrode and Al top electrode to form a honey-CNT
based resistive switching memory (RSM). Surface morphology, electrical characteristics and
current conduction mechanism were investigated. The results show that although CNTs formed
agglomerations in the dried honey-CNT film, both switching speed and the stability in SET and
RESET process of honey-CNT RSM were improved. The mechanism of current conduction in
CNT is governed by Ohm’s law in low-resistance state and the low-voltage range in high-
resistance state, but transits to the space charge limited conduction at high voltages approaching
the SET voltage.

Keywords: honey, carbon nanotube, resistive switching, nonvolatile memory, biodegradable,
neuromorphic system
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Introduction

Advancements in information technology, Internet of Things
(IoT), artificial intelligence, etc. increase the needs of energy-
efficient computing systems. Conventional von Neumann
architecture is reaching its bottleneck, and brain-inspired
neuromorphic computing has attracted significant interests
due to its high energy efficiency and low power consumption
[1, 2]. Resistive switching memory (RSM) is one of the
promising technologies for nonvolatile random access mem-
ory (RAM), the essential data storage device in neuromorphic
systems and artificial intelligence. RSM devices have been
explored for applications [3, 4] such as nonvolatile static

RAM (nvSRAM) memory cells [5], electronic bio-inspired
artificial receptor in neurorobotic technology [6], artificial
neural networks [7, 8], logic computing [9], radiofrequency
(RF) switch [10], etc. Recently, natural organic materials such
as polypeptides (proteins) [11–13] and polysaccharides (car-
bohydrates) [14–16] have been explored for renewable and
biodegradable RSMs with sustainability and minimal elec-
tronic-waste due to their unique merits of low cost, ease of
processing, bio-resorbable, abundant in nature, and environ-
mental friendliness. As a carbohydrate mixture, natural honey
has been reported [17–20] as an encouraging resistive
switching material for RSM. Honey is a mixture containing
more than 180 constituents [21], mainly sugar, which is
represented by about 75% monosaccharides, mainly glucose
and fructose, followed by 10%–15% disaccharides such as
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sucrose, maltose, turanose, isomaltose, etc, and small amount
of trisaccharides of maltotriose and melezitose.

Investigations have been carried out to further improve
switching properties of natural organic materials by incor-
porating carbon-based nanomaterials such as graphene in
chitosan [22], graphite nanosheet in keratin [23], and carbon
nanotube (CNT) in egg albumen [24]. The improvement by
these nanomaterials is attributed to the regulation of formation
and rupture of conductive filaments [25]. In this paper, CNT
embedded honey as a resistive switching material was studied
for the first time.

Experimental

Two 30 wt% honey solutions were prepared by dissolving
commercial honey (100%, US Grade A) in D.I. water at room
temperature till no visible honey crystals. Next, as-received
single wall CNT powders (P0286 HiPco SWCNTs, Carbon
Nanotechnologies Inc.) with a 0.2 wt% concentration was
dispersed in one honey solution in an ultrasonic bath for
60 min to form honey-CNT solution. Two glass slides
(2.5 cm × 2.5 cm) were cleaned by acetone, IPA and D.I.
water, followed by a 100 nm thick Cu film deposition in a
Kurt J. Lesker Nano 36 DC/RF sputter system. After
deposition, pure honey solution and honey-CNT solution was
spin-coated on each slide at 3000 rpm for 60 s. Both samples
were baked in an oven at 90 °C for 8 h to form dried honey
and honey-CNT thin films. Finally, both samples were
deposited a 100 nm thick Al film through a stencil mask
as top electrodes with the diameters of 100 μm, 200 μm,

300 μm, 400 μm and 500 μm to complete the fabrication.
Schematic structure and photographs of the RSM devices are
shown in figure 1. It is not distinguishable between pure
honey and honey-CNT film in photographic pictures.

Surface morphology of the dried honey and honey-CNT
films was inspected by a Wyko NT1100 optical surface pro-
filer and a Nanosurf Flex-Axiom AFM. Resistive switching
properties were characterized with the samples on a Signatone
probe-station by a Kiethley 4200 semiconductor character-
ization system in air and at room temperature. RSM devices
with the diameter of 100 μm on both samples were tested and
compared in this study. During all measurements, voltage bias
was applied on the Al top electrode while the Cu bottom
electrode remained grounded.

Results and discussion

Surface morphologies of the dried honey and honey-CNT
films are shown in figure 2. Although honey has a high sugar
concentration and therefore tends to crystalize, a long mixing
time in D.I. water ensured a complete dissolution of honey in
water and no honey crystal in both dried films. The pure
honey film is uniform and homogenous as shown in
figures 2(a), (b) with an average surface roughness of
0.10 μm across a 1.9 mm × 2.5 mm area. This roughness was
improved from previously reported honey film spin-coated at
1000 rpm and dried at 90 °C for 9 h, which was 0.46 μm [17].
Although CNT was dispersed in honey-water solution by
ultrasonic for 1 h, dispersion was not as effective as in solvent
such as ethanol. Entanglement or bundling of CNTs due to
strong van der waals force formed a large amount of
agglomerations in the honey-CNT film, as shown in
figures 2(c), (d). The average roughness of the honey-CNT
film across a 0.45 mm × 0.59 mm area is measured to be
0.14 μm.

Typical current–voltage (I–V ) characteristics of honey
and honey-CNT RSM are shown in figure 3(a). Both devices
exhibited bipolar resistive switching characteristics without
initial forming process. RSM transits from high resistance
state (HRS) to low resistance state (LRS) at the SET voltage
(Vset), i.e. the ‘writing process’, and from LRS to HRS at the
RESET voltage (Vreset), i.e. the ‘erasing process’. The current
compliance ICC in SET process was 10 mA to prevent di-
electric breakdown of the honey and honey-CNT films.
Figure 3(a) shows that the honey-CNT film has a lower
leakage current and higher ON/OFF current ratio at the read
voltage of 0.5 V, although the effect is not as efficient as other
nanomaterials in natural organic films, such as CNT embed-
ded egg albumen [24] and gold nanoparticles embedded
silkworm hemolymph [26].

Endurance tests were carried out by repeating the
switching cycles in figure 3(a) for 200 times. Vset and Vreset

values from each cycle were recorded in cumulative prob-
ability plots and shown in figure 3(b). The average and
standard deviation of Vset and Vreset values were 4.1±2.5 V
and −1.83±1.21V for honey RSM, and 3.56±1.3 V and
−1.80±0.63 V for honey-CNT RSM. The coefficients of

Figure 1. (a) Schematic structure and (b) photographs of honey (left)
and honey-CNT (right) RSMs.
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variation can be calculated by the ratio of standard deviation
to average value. They were 0.6 versus 0.36 in Vset and 0.66
versue 0.35 in Vreset for pure honey and honey-CNT RSM,
respectively, with the smaller value indicating a higher sta-
bility. CNT in honey improved the stability of Vset by 40%
and Vreset by 47%. This improvement is more efficient than in
natural silkworm hemolymph film embedded with gold
nanoparticles [26], in which the stability of Vset was improved
by 3.4% and Vreset by 26.4%, respectively. These results
proved that CNT embedded honey film can potentially
improve the stability of memory device in its ‘write’ and
‘erase’ processes. As indicated in figure 2(d), bundles of CNT
were dispersed over the honey film which may promote the
alignment of conductive filaments formation during ‘write’
process. CNT is having abundant of surface charges that can
be used as a bridge to connect the conductive filaments.
During ‘erase’ process, disconnection of the conductive fila-
ments is attributed to the removal of CNT.

To identify the current conduction mechanism, the I–V
curves of honey and honey-CNT RSMs in the forward bias
regions in figure 3(a) were replotted in double-logarithm
scales, as shown in figure 4(a). All currents of pure honey film
in both LRS and HRS and honey-CNT film in LRS showed
slopes closed to unity. Such linear relationships indicated that
the conduction mechanism is governed by Ohm’s law with
the resistance of filamentary conductive paths between the top
and bottom electrode within the honey and honey-CNT film
due to the electrochemical redox of the top Al electrode [17]
Positively charged Al ions from top electrode is drifted to
bottom electrode and reduced to metal Al [as Al0 in
figure 4(b)]. The extension of the reduced Al metal stacked
from the bottom electrode towards the top electrode is due to
the increment of applied voltage. As it approached Vset, a
larger number of electrons can be transferred from the bottom
electrode to the top electrode [figure 4(c)]. An instantaneous
surge in current is observed when the full connection of

Figure 2. Optical surface profiler and AFM tapping mode images of (a), (b) pure honey film and (c), (d) honey-CNT film.
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metallic filaments is bridging between bottom and top elec-
trodes at Vset [figure 4(d)]. During the formation of metallic
filaments, bundles of CNTs can be aligned along the filaments
and assisting in bridging the conduction of electrons. For
honey-CNT film in HRS, the slope also closed to unity in low
voltage range but increased to 1.9 when voltage approached
Vset. This slope value indicated that the current conduction is
governed by the space charge limited conduction (SCLC)
model [27] due to the traps in the honey-CNT film. This
observation is consistent with the result from CNT embedded
egg albumen film [24]. The traps can be attributed to CNTs
which attract electrons strongly. During the filament forma-
tion under low voltages, electrons were captured by CNT
agglomerations as shown in figure 4(b) and could not escape
due to low energy and mobility. When the voltage approa-
ched Vset, higher energy and mobility allow the filled elec-
trons to escape from trap centers and transport along CNT
agglomerations as well as filaments between the top and
bottom electrode as shown in figure 4(c), resulting in an
increased current slope from 1 to 1.9. At Vset, more con-
ductive filaments were formed and more electrons transported

along CNTs and filaments as shown in figure 4(d), with
current increasing abruptly to compliance and device tran-
siting to LRS.

The switching speed is another important resistive
switching characteristic. The circuit diagram for this test has
been reported before [18]. Figures 5(a)–(c) shows the tran-
sient response of honey-CNT RSM in SET and RESET
process. The time delay between input and output voltage
pulses determines the SET time for device to switch on
(transit from HRS to LRS), while the pulse width of the
output voltage pulse determines the RESET time for device to
switch off (transit from LRS to HRS). The SET and RESET
times derived from transient response were 30 ns and 200 ns,
respectively. This switching speed is faster than previously
reported pure honey RSM [18] and comparable to other
reported RSMs based on metal oxide or natural materials such
as SiO2 [28] and pectin [29].

Data retention refers to the ability of a memory device to
retain its data state over a long period of time [30]. The data
state is demonstrated by HRS and LRS currents in the
retention test. In general, it is expected that a good nonvolatile

Figure 3 (a) Typical bipolar switching of pure honey and honey-
CNT RSMs. ICC: current compliance. (b) Endurance of Vset and Vreset

in 200 switching cycles.

Figure 4. (a) Replot of figure 3(a) in positive voltage sweep in log–
log scale with the slope of each I–V curve. Schematic of resistive
switching evolution in honey-CNT RSM in HRS when voltage is (b)
low, (c) approaching Vset, and (d) equal to Vset.
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memory device should be capable of storing data for at least
10 years [30–32], but such test duration is not practical in the
research laboratory. The widely accepted method is to test the
device continuously for 104 s, with the LRS and HRS current
values recorded and extended to 10 years for a projection of
the data retention life. If HRS and LRS currents are stable
without significant degradation within the whole 104 s test
duration, and the extrapolated current values at the 10 year
time still maintain the initial ON/OFF ratio, then it can be
claimed that the device has a good retention property and a
potential for data retention life of 10 years. In this study, data
retention tests were also performed for 104 s under ambient
and room temperature to test the data storage stability of
honey-CNT RSM. The device was switched to LRS by the
SET process, then the voltage was fixed at the read voltage
Vread = 0.5 V and LRS current values were recorded every
10 s. As shown in figure 5(d), LRS current was stable at 7.5
mA without any noticeable degradation for the whole 104 s
test duration. After LRS test, the RESET process was applied
to switch the device back to HRS. The voltage was fixed at
Vread = 0.5 V with HRS current values recorded every 10 s
again. Test results showed that the HRS current was also
relatively stable and only increased gradually from 500 to 650
nA over the whole 104 s. Afterward, both LRS and HRS
currents in figure 5(d) were projected for a 10 year horizon of
operation. It is shown that the ON/OFF ratio of 1×104 was

still maintained, indicating that honey-CNT RSM has an
excellent data retention ability.

Compared with previously reported pure honey-RSM
devices [17–20] and other natural organic materials based
RSM devices [22–24] embedded with nanomaterials such as
CNTs and nanoparticles, this study shows that the incor-
poration of CNTs in honey-RSM devices can lower the HRS
leakage current, increase the ON/OFF current ratio, and
reduce SET and RESET time response and increase switching
speed, which are desirable for nonvolatile memory. This
study established a useful practice for fabrication of RSM
devices based on honey and can be extended to other natural
organic materials.

Conclusion

CNT embedded honey film as a resistive switching material
was studied and compared with pure honey film. CNT
agglomerations are presented in the honey film as demon-
strated by morphology characterization by AFM and optical
surface profiler. This is due to the inefficient dispersion of
CNTs in honey-water solution. Honey-CNT film and pure
honey film were fabricated in RSM device structures. Both
RSM devices exhibited bipolar resistive switching, but devi-
ces with honey-CNT film showed a better endurance stability
with less deviation in both VSET and VRESET for 200 cycles

Figure 5. Transient response in (a), (b) SET and (c) RESET process with honey-CNT memory triggered by input voltage pulse (blue). The
SET and RESET time was extracted from the delay time and output voltage pulse (red) width, respectively. (d) Data retention characteristics
for both LRS and HRS of the honey-CNT RSM tested at an interval of 10 s for 104 s. The retention was extrapolated to 10 years.
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and faster switching speed of 30 ns and 200 ns for SET and
RESET times, respectively. The retention of honey-CNT
device is expected to be stable up to 10 years. The current
conduction mechanism of the CNT-honey film is attributed to
conductive filaments following Ohm’s law in the whole LRS
and only at low voltages in HRS. At high voltages in HRS,
the current conduction was governed by SCLC due to the
transport of electrons along CNT traps as well as conductive
filaments.
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