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ABSTRACT: This paper presents the characteristics of
gelatin, which can cause reproducible resistive switching and
bipolar resistive switching in aluminum (Al)/gelatin (35 nm)/
ITO devices. The memory devices exhibited a high ON/OFF
ratio of over 106 and a long retention time of over 105 seconds.
The resistive switching mechanism was investigated using the
high-angle dark field transmission electron microscopy image
of Al/gelatin/ITO devices in the pristine high-resistance state
(HRS) and then in returning to HRS after the RESET process.
The energy-dispersive X-ray spectroscopy analysis revealed the
aggregation of N and Al elements and the simultaneous presence of carbon and oxygen elements in the rupture of filament paths.
Furthermore, via a current-sensing atomic force microscopy, we found that conduction paths in the ON-state are distributed in a
highly localized area, which is associated with a carbon-rich filamentary switching mechanism. These results support that the
chelation of N binding with Al ions improves the conductivity of the low-resistance state but not the production of metal
filaments.
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1. INTRODUCTION

Organic materials can be produced easily and cheaply, and they
have high flexibility, printing capability, easily miniaturized
dimensions, and properties that can be conveniently designed
through chemical synthesis. With these advantages, organic
materials are suitable for low-cost resistive random access
memory (RRAM) usage, can overcome the limitations of
conventional silicon-based memory devices, and can increase
the merits of organic-based RRAM.1−5 Many studies have
investigated functional organic materials and improved
electrical memory performance in RRAM device applica-
tions.6−8 However, crucial factors for resistive switching remain
unidentified, and it is necessary to clarify the mechanism.
The electrical performance of resistive memory devices

depends on the selected insulator layer. For example, various
biomaterials, including enzymes,9,10 melanin,11 and ferritin,12

reportedly have significant and reproducible memory-switching
behavior. However, these biomaterial-based RRAM devices
must be combined or stacked with other polymeric materials to
enhance their performance. Moreover, these biomaterial films
are unstable and difficult to store because of their sensitivity to
moisture. Gelatin, which is a biomaterial, is prepared from
animal collagen by heating and hydrolyzing and is suitable for a
low-cost solution process because of its plasticity and excellent
film formation. Studies13 had shown that the prepared gelatin
film can be stored under the atmosphere for a period of time.
Moreover, the structure of gelatin is Ala-Gly-Pro-Arg-Gly-Glu-
4Hyp-Gly-Pro,14 which has a heteroatom (i.e., nitrogen or
silicon) that is strongly coordinating with metal ions and an

electrical conductivity that allows current to flow.15 Thus,
gelatin is potentially suitable for RRAM application.
In this study, gelatin was employed as an insulator layer,

without any further purification, on ITO/glass substrate for
RRAM. The electrical properties and mechanism of Al/gelatin
(35 nm)/ITO RRAM were investigated. The memory devices
possessed a high ON/OFF ratio of over 106 and a long
retention time of over 105 seconds. We validated that the
reproducible resistive switching of the Al/gelatin/ITO structure
is related to the formation and rupture of the filament by
directly observing the filament path within the gelatin thin film
through energy-dispersive X-ray (EDX) spectroscopy mapping.
Experiments by current-sensing atomic force microscopy (CS-
AFM) were also conducted to visualize the distribution of local
current through highly conductive paths.

2. EXPERIMENTAL SECTION
Materials and Methods. Gelatin solution was obtained from

bovine skin (Sigma) and stored at 2 to 8 °C. The product specification
of Type B gelatin was derived from lime-cured tissue and 2% water.
The product number was G1393. ITO glass substrates (Aim Core
Technology) were cut to 2.0 cm × 1.5 cm and cleaned using acetone,
methanol, and deionized water in an ultrasonic bath. The gelatin
solution was used without further purification, spun on the cleaned
ITO substrates, and then baked in a vacuum under various
temperatures. Aluminum (Al), platinum (Pt), gold (Au), and titanium
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(Ti) were used as the top electrode. The top electrode area, through
the shadow mask, was 0.5 mm2. The gelatin RRAM structure is shown
in the inset of Figure 1.

Characterization. Samples of Al/gelatin/ITO structure were
prepared for transmission electron microscopy (TEM) and scanning
electron microscope (SEM) analysis. Atomic force microscopy (AFM)
images were obtained using a nanoscope (Digital Instruments, USA)
in tapping mode. The transmittance of the gelatin film was confirmed
by ultraviolet and visible absorption spectroscopy (UV−vis) with
Perkin-Elmer Lambda 35. The thermal properties of gelatin were
investigated by thermogravimetric (TGA) and thermomechanical
(TMA) analysis and differential scanning calorimetry (DSC) with
Perkin-Elmer Pyris1, Pyris diamond thermomechanical analyzer, and
TA Q500, respectively. The gelatin-based RRAM was electrically
characterized using a probe station equipped with a semiconductor
parameter analyzer (HP 4156B, Agilent Technologies) under
atmospheric conditions at room temperature. The elements of the
sample before and after measurement were mapped by EDX analysis.
Samples for CS-AFM measurements were fabricated based on the
gelatin/ITO structure. A Pt-coated conductive cantilever tip was used
as a movable top electrode.

3. RESULTS AND DISCUSSION
Figure 1 shows that the gelatin/ITO/glass sample was
transparent in the visible band. The transmittance values of
gelatin/ITO/glass and ITO/glass at 550 nm were 82.78% and
86.45%, respectively. These properties render the suitability of
gelatin for the fabrication of transparent electrical and optical
devices.
The solvent (i.e., water) of the gelatin solution may have

been within the gelatin thin film during fabrication. Thus, the
effects of process parameters such as the baking temperature
and time on the amount of evaporated water were investigated.
The following procedures were implemented to understand the
effect of surface roughness and amount of evaporated water in
the gelatin thin film on the electrical performance of gelatin-
based RRAM devices. First, samples T50, T80, T100, T120,
and T150 were baked for 15 min and 20 h in a vacuum at 50
°C, 80 °C, 100 °C, 120 °C, and 150 °C, respectively. The
morphologies of the gelatin thin films spin-coated onto the
ITO glass substrates with various process parameters were
confirmed by AFM, as shown in the Figure 2. Rrms of the gelatin
thin film over the scanning area of 10 μm × 10 μm is shown in
Table 1, which increased drastically under baking above 100 °C,
thus indicating that the gelatin thin film was denatured by the
heating temperature. The amount of evaporated water slightly
decreased after being baked at various temperatures for 15 min,
but rapidly decreased after being baked for 20 h, as shown in
the inset of Figure 2.

TGA, TMA, and DSC were utilized to explore the thermal
properties of gelatin and subsequently investigate the trend of
surface roughness. TGA is a method of investigating the
thermal stability and decomposition of a material by heating.
Figure 3a illustrates the TGA curves of gelatin at a heating rate
of 20 °C/min under nitrogen atmosphere from 40 to 800 °C.
Weight loss at temperatures below 100 °C is related to the loss
of free and absorbed water. A weight loss of 3.77% was
observed at 150 °C.
Four stages of decomposition were observed. The first stage

of weight loss at 4% was obtained at a temperature (Td1) of 159
°C. The second stage of weight loss at 8% was observed at Td2
of 198 °C. This stage of weight loss is due to the degradation of
glycerol and the presence of small-sized protein in the film
network. Hoque et al. reported that the degradation temper-
ature for cuttlefish skin gelatin film is in the range of 196.30−
216.71 °C.16 The third stage of weight loss at 30% was
observed at Td3 of 311 °C. This weight loss is most likely
associated with the degradation of the highly associated protein
fraction.17 The fourth stage of weight loss at 43% was observed
at Td4 of 332 °C. The thin gelatin film was baked below 150 °C
(<Td1). The gelatin exhibited stable thermal properties. Figure
3b displays the TMA thermograms of gelatin heated from 23 to
140 °C at a gradient heating rate of 20 °C/min. The softening
temperature (Ts) begins at approximately 84 °C.
The DSC analysis revealed that the glass transition

temperature (Tg) was 82 °C (in agreement with the Ts of 84
°C) and melting temperature (Tm) was 114 °C as shown in
Figure 3c. Tg was determined from the midpoint of the change
in heat flow measured during the heating temperature scan.
Hence, the gelatin thin film had a slightly rough surface at a
processing temperature below 82 °C. The gelatin thin film
subsequently disintegrated to a carbonaceous mass with the
evolution of pyridine bases and ammonia at a processing
temperature above 114 °C. The roughness of the gelatin films
increased as the processing temperature increased. However, at

Figure 1. Transmittance spectra of ITO/glass and gelatin/ITO/glass.
The inset shows the schematic illustration of the gelatin-based RRAM
device.

Figure 2. Surface roughness of gelatin thin films at various baking
temperatures. The inset presents the relationship of evaporated water
amount at various baking temperatures.

Table 1. Rrms of Gelatin Thin Films at Various Process
Parameters

sample ID Rrms [nm] sample ID Rrms [nm]

T50(15M) 1.46 T50(20H) 1.59
T80(15M) 1.24 T80(20H) 1.31
T100(15M) 1.19 T100(20H) 1.26
T120(15M) 1.51 T120(20H) 1.71
T150(15M) 2.63 T150(20H) 3.34
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processing temperatures below 114 °C, the surfaces of the
gelatin thin films are smooth.
The ON/OFF ratio and the baking temperature as a function

of process parameters are shown in Figure 4a. From these

results, low baking temperature is proven suitable to form the
surface of gelatin thin films, while the ON/OFF ratio of gelatin-
based RRAM devices is maintained at approximately 104 to 106.
The metal/gelatin/ITO devices were fabricated to probe the
performance of gelatin memory devices with various top
electrodes (i.e., Pt, Au, Ti, and Al). The spin-coated gelatin thin
films were baked in a vacuum at 50 °C for 15 min.
The ON/OFF ratios of gelatin memory devices with top

electrodes of Au, Al, Pt, and Ti are shown in Figure 4b. The
resistive switching behavior was observed only in the device
with Al top electrode. This device had a high ON/OFF ratio of
106. By contrast, the memory properties were not observed
clearly in devices with Pt, Au, and Ti as top electrodes.
Au (or Pt) and ITO have a high work function of more than

5 eV, whereas Al has a low work function of 4.1 eV. However,
devices with Ti as the top electrode have poor memory

properties despite the low work function (4.3 eV) of Ti
probably because the reduced free energy of TiOx formation is
smaller than that of AlOx. AlOx can be formed easily between
the Al top electrode and gelatin, which further enhances the
performance of the device.18 These results revealed that the
switching mechanism is associated with the choice of top
electrode. In addition, not only the electrode work function, but
also the interface between the top electrode and gelatin film can
affect the resistive switching behavior of gelatin memory
devices.
Various spin-casting speeds and various thicknesses of

sputtered Al were applied in fabricating devices (a) to (f) to
investigate the effect of gelatin thickness and Al on the
performance of gelatin memory devices. The cross-sectional
images of the devices captured using SEM are shown in Table
2. Figure 5a shows that the ON/OFF ratio was around 105

when the thickness of the gelatin was over 50 nm and 106 when
the thickness of the gelatin was around 30 to 40 nm. Thus,
filament paths can be formed more easily at gelatin thickness of
30 to 40 nm, and the devices have better ON/OFF ratio when
applied with the same voltage as that of devices (a), (c), and
(e).
Moreover, Figure 5b,c reveals that devices (e) and (f) have a

larger set voltage (VSET) and reset voltage (VRESET) than devices
(a), (b), (c), and (d). The step coverage of Al consequently
increased when the thickness increased to 200 nm, while the
distribution of the electric field remained uniform. A large VSET
or VRESET was therefore used to obtain a high local electric field
and to form (or rupture) the filament paths.
The optimization of the experiment parameters shows that

sample T50 (15M) had an excellent ON/OFF ratio and high
yield. The characteristics of gelatin-based RRAM devices based
on sample T50 (15M) are discussed below. Figure 6a shows a
cross-sectional TEM image of an Al/gelatin/ITO resistive

Figure 3. (a) TGA curves of gelatin. (b) TMA thermogram of gelatin measured from 23 to 140 °C. (c) DSC analysis for thermal properties of
gelatin; heating temperature scans were carried out at a rate of 10 °C/min from 0 to 250 °C. The inset presents DSC thermogram measured during
heating temperature scans, heating temperature scans were carried out at a rate of 20 °C/min from 50 to 100 °C.

Figure 4. (a) ON/OFF ratio of gelatin-based RRAM devices at various
baking temperatures. (b) ON/OFF ratio of gelatin memory device
with various top electrode (i.e., Au, Al, Ti, and Pt).

Table 2. SEM Images of Gelatin Memory Devices
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switching memory device. The thickness values of Al, gelatin,
and ITO layers were 80, 35, and 260 nm, respectively. Figure
6b illustrates the characteristics of high-resolution I−V. The
typical bipolar resistive switching behavior between the high-
resistance state (HRS) and the low-resistance state (LRS) of
the structure was observed. No electroforming process was
required to turn on the devices. Moreover, +4 to −4 V was
used with a limited current compliance of up to 100 mA. The
arrows in Figure 6b represent the voltage sweeping direction.
The device maintained HRS in the initial voltage scanned from
+4 to 0 V in Step 1. A voltage sweep of 0 to −4 V was applied
in Step 2, and the current increased abruptly with VSET of
around −0.7 V, which corresponds to the transition from HRS
to LRS. The succeeding voltage sweep of −4 to 0 V was applied
in Step 3, and the device remained at LRS. The final voltage
sweep was 0 V to +4 V in Step 4, and the device transitioned
from LRS to HRS with VRESET of +2.4 V. The ON/OFF current
ratio between HRS and LRS was as high as 106 at the reading
voltage of 0.1 V. Hence, sufficient margins for sensing different
resistance states were confirmed, and this application
demonstrated low power consumption. Multistep RESET is
frequently observed in gelatin-based memory devices, which
possibly corresponds to the ruptures of multifilaments with
different VRESET values (as discussed below). Table 3 presents
the performance comparison of the reported biomaterial-based
RRAM devices.9−12 The proposed RRAM has good ON/OFF
ratio with simple fabrication process.

We measured the resistance values of LRS and HRS as a
function of temperature to clarify the switching mechanism of
gelatin memory devices, and the result is shown in Figure 7.
The resistance value of HRS decreases as the temperature
increases from 300 to 400 K, and this decrease is associated
with the semiconducting behavior of the thin film. By contrast,

Figure 5. (a) ON/OFF ratio of gelatin memory devices with various
aluminum thickness values. (b,c) Set/reset voltage of gelatin memory
devices with various aluminum thickness values.

Figure 6. (a) Cross-section TEM image of the gelatin thin film
fabricated on ITO/glass substrate. (b) Typical resistive switching I−V
characteristics of Al/gelatin/ITO structure baked at 50 °C in a vacuum
plotted on a semilogarithmic scale.

Table 3. Performance Comparison of Biomaterial-Based
RRAMs

material
thickness
[nm]

applied
voltage [V]

VSET/VRESET
[V]

ON/
OFF
ratio ref

(PAH/
Ferritin)15

107 2 to −2 −1.5/1.5 ∼103 9

(LYS/
PSS)25

42 1.5 to −1.5 1/−1.3 102 10

(PAH/
CAT)15

52 1.8 to −1.8 −1.5/1.8 102 11

Melanin -- 4 to −2 −0.8/-- 102 12
Gelatin 35 4 to −4 −0.7/2.4 ∼106 [This

work]

Figure 7. Resistance with various temperature variable I−V character-
istics, from 300 to 400 K.
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the resistance value of LRS increases as the temperature
increases, indicating a weak metallic-like behavior. Thus, the
resistance ratio decreases at approximately one order over a
temperature range of 300 to 400 K. Ling et al. reported that if
filaments were formed in a device, the ON-state current will
have metallic I−V characteristics and will increase as the
temperature decreases.19 Accordingly, the resistive switching
behavior is related to the filament formation. In addition, the
CS-AFM analysis confirmed that the resistive switching of the
gelatin memory device is due to the formation and rupture of
filament paths.
The formation of filament paths and the distribution of

current at each state can be confirmed by CS-AFM character-
ization, as shown in Figure 8. The Pt-coated conductive

cantilever as a movable top electrode was scanned over an area
of 10 μm × 10 μm in the CS-AFM experiment. The current
was very low throughout the entire scanned region, with the
positive voltage sweep of 0 V to +8.0 V in Step 1 indicating
HRS. At −5.0 V in Step 3, the device switched from OFF (low-
conductance state) to ON (high-conductance state), and
filament paths formed. The ON state was maintained in the
voltage sweep of −5.0 V to +4.0 V, as shown in Step 4. Finally,
the filament paths were broken down, switching the device
from ON to OFF state. The formation and rupture of the
filament paths were observed after the SET and RESET
processes, indicating that the current density between the top
and bottom electrodes was not uniform, which resulted in the
increase in the applied voltage to a value higher than that of the
I−V characteristics (−0.7 and 2.4 V). These phenomena arose
because Al electrodes (area of 0.5 mm2) were utilized as the top
electrode for the measurement of the gelatin memory device
(Figure 6b). In Figure 8, the Al electrodes are replaced by a
conducting AFM tip electrode (electrical point source with an
additionally small contact area of approximately 30 nm),
resulting in the increase in resistance. The additional energy
barrier between the gelatin film and the conducting AFM tip
electrode caused low conductivity. Therefore, relatively higher
operation voltage and lower conductivity are exhibited in the
CS-AFM data (Figure 8) than in the I−V curve (Figure 6b). In
addition, this current density was concentrated in the filament
paths, which switched the device from ON to OFF state.
The filamentary theory has reported two types of filamentary

conduction. The first type is related to the formation of carbon-
rich filaments, while the second type is related to metallic

filaments formed by the migration or sputtering of electrodes
through films.20−22 Thus, the formation and rupture of
filaments and the composition of Al/gelatin/ITO structures
can be analyzed by EDX.
Figure 9a,b presents the EDX images of the Al/gelatin/ITO

structure in the pristine HRS, with no voltage applied and after
the RESET process, respectively. The distribution trends of
several elements (i.e., N, O, C, Al, In, and Sn) can be classified
into three parts.

Migration of Metal Ions. Al, indium (In), and tin (Sn)
atoms were observed in the gelatin thin film after the
reproducible resistive switching as a result of voltage
application, and several Al atoms were stacked at the interface
between the gelatin thin film and the bottom electrode (ITO)
because of chemical oxidation (eq 1) and chemical redox
reaction (eq 2). In addition, the aluminum oxide layer (Al2O3)
between the Al top electrode and the gelatin thin film acted as a
barrier that prevented the migration of In and Sn ions.23 As a
result, the In and Sn atoms were not distributed because some
of these atoms were stacked at the interface between the gelatin
thin film and the Al2O3 layer.

→ ++ −eAl Al3 (1)

+ →+ −eAl Al3 (2)

Aggregation of Nitrogen (N) and Al. The aggregation
and effect of N atoms in the gelatin thin film were thoroughly
investigated. The typical amino acid sequence of gelatin is Ala-
Gly-Pro-Arg-Gly-Glu-4Hyp-Gly-Pro.24 Figure 10a illustrates the
gelatin structure when controlled by temperature. The α-helical
structure of the gelatin strands can melt by increasing the
temperature, while many polypeptide chains are in a random
coil conformation that contains both positive and negative
charges.25 During baking, negatively charged ions were
generated by the interaction of water molecules with hydroxyl
in amino groups in the gelatin. The glutamic acid of gelatin
bound with metal ions (Al3+), and then the chelate effect
occurred. Figure 10b presents the chemical structure of
glutamic acid, and Figure 10c illustrates that Al−N and Al−O
bonds can be formed by applying voltage. All biochemical
substances displayed the ability to dissolve certain metal
cations, such as histidine, glutamic acid, malate, and
polypeptides, which are called chelators.26 Chelation in the
gelatin thin film occurred after voltage was applied. However,
the effect of chelation on memory properties remains to be
clarified.

Formation of Carbon-Rich Filament Path. The gelatin
micelles contain positive and negative charges which may have
effects on the switching behavior. As the results shown above,
the switching behavior is very similar to that of the MIM
RRAM structure. The gelatin is an insulator after baking and
the total charge is zero. It can then be treated as the insulator in
the MIM RRAM. The filament path may play an important role
in carrier transport.
Figure 9b shows that carbon was mainly detected in the

gelatin thin film. No metallic filament path can be observed
between the top and bottom electrodes, but with the rupture of
the filament paths characterized by carbon and oxygen, the
carbon-rich filamentary conducting paths contributed to the
high current flow in the ON state. Thus, we suggest that the
distribution of element C and O might be the rupture of the
filament path.

Figure 8. CS-AFM images of gelatin film in the ON and OFF states
during the set and reset voltage sweep. CS-AFM images were
measured with an electrochemically inert platinum top electrode,
instead of an aluminum electrode.
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To further clarify on the conduction mechanisms of the
gelatin-based RRAM device, the obtained typical I−V character-
istics were investigated, as shown in Figure 11. The I−V
relationship in the high-conductance state (ON state) exhibited
ohmic conduction behavior with a slope of around 0.98,
indicating the formation of filament paths in the device during
the SET process. By contrast, the fitting result in the low-
conductance state (OFF state) indicated that the charge
transport behavior is consistent with the trap-controlled space
charge limited conduction (SCLC) model.27,28 The SCLC
model describes the following three different conductive

regions: (1) a low-voltage region where the I−V curve exhibits
linear behavior with a slope of around 0.8 (I ∝ V), which
corresponds to the ohmic conduction mechanism, (2) a
transition region where the current increases nonlinearly with
voltage square dependence (I ∝ V2) and the slope increases to
2.0, which is close to the Child’s law, and (3) a region marked
by a sharp increase in current where the slope is around 3.2.
The results of the investigation on the I−V characteristics
reveal that the different conduction behaviors of the gelatin-
based RRAM device are governed by SCLC and the formation
of localized filament paths.
The noncomplete RESET (Figure 12a) and multistep

RESET (Figure 4) processes were frequently observed in the
I−V curves of the gelatin-based RRAM devices. These

Figure 9. High-angle dark field image of Al/gelatin/ITO memory (a) in the pristine HRS without applied voltage and (b) returning to the HRS after
the RESET; Sn, In, Al, O, C, and N were mapped by EDX analysis.

Figure 10. (a) α-Helical structure of gelatin strands can be melted by
increasing the temperature and can reversibly reconstitute upon
cooling, with α-helices interacting to induce the chelation of the
solution. (b) Chemical structure of glutamine. (c) Chemical structure
of Al-chelation.

Figure 11. Linear fitting for the I−V curve of a gelatin-based memory
device plotted on a log−log scale during the SET process in a negative
voltage sweep and during the RESET process in a positive sweep. The
red lines show the fitting results.
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phenomena may be consistent with the partial rupture of
multifilament paths at different VRESET (Figure 12b). Fresh
weak filaments may gather to form more stable and wider
filaments because of the increased number of sweeps. These
formed filaments then result in filament paths of different
shapes in the gelatin thin film, indicating that the RESET
process has to be applied at different VRESET to rupture all
filaments. In addition, during the noncomplete RESET process,
Step 1 of the second sweep starts at high current and reduces
the ON/OFF ratio of the gelatin-based RRAM. Therefore, if
gelatin-based RRAM devices can rupture multifilaments
completely during the multistep RESET process, the start
current of the sweep in Step 1 in HRS will be lowered, and the
ON/OFF ratio of the gelatin-based RRAM will be enhanced.
Figure 13a presents the reproducibility achieved at a voltage

reading of 0.5 V for the gelatin-based memory device. The
switching cycles can be repeated over 120 cycles. Figure 13b
illustrates the retention ability at the voltage reading of 0.5 V
per 100 s to further investigate stability. The current in the ON
and OFF states was obtained after each state was switched. The
resistance ratio remained higher than 103 without disturbance
for over 105 seconds at room temperature, signifying the
nondestructive readout properties and the nonvolatile nature of
the gelatin-based memory device.
The hydrophilic properties of the gelatin material affected the

performance of the gelatin memory devices. Thus, we designed
two experiments. First, the gelatin/ITO/glass samples were
placed under atmospheric environment (room temperature: 22
to 28 °C and relative humidity: 70% to 88%) for 3, 30, and 90
days, respectively. The samples were then sputtered with Al as
top electrode to fabricate the gelatin memory devices. The
experiment results are shown in Figure 14a. The second
experiment involved gelatin memory devices placed under
atmospheric environment (room temperature: 22 to 28 °C and
relative humidity: 70% to 88%). After 3, 30, and 90 days, these
devices were measured. The experiment results are shown in
Figure 14b. Figure 14a,b shows that when the gelatin thin films
were placed under atmospheric environment for 90 days, the

gelatin memory devices retained good ON/OFF ratio of
around 106. Meanwhile, the gelatin devices that were placed
under atmospheric environment for 30 days had the same
result. The gelatin memory devices placed under atmospheric
environment for more than 90 days had an ON/OFF ratio of
approximately 105. The conductivity of these devices also
decreased and flaked off easily. The results proved that good
electrical performance of the gelatin memory devices can be
achieved by employing appropriate manufacturing techniques.

4. CONCLUSIONS
This paper presents the bipolar resistive switching behavior of
the Al/gelatin/ITO sandwich structure. The simple-processed

Figure 12. (a) I−V curve of the noncomplete RESET process. (b)
Procedures of filament paths rupturing under noncomplete RESET
and multi-RESET conditions.

Figure 13. (a) Endurance performance at reading voltage of 0.5 V. (b)
Retention test for ON and OFF states.

Figure 14. ON/OFF ratio as a function of storage time for (a) gelatin
thin films and (b) gelatin memory devices under atmosphere
conditions.
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gelatin RRAM can achieve a higher ON/OFF current ratio than
106 and retention time of over 105 seconds. The migration of
metal ions and the aggregation of several elements in the
gelatin thin film were confirmed by EDX analyses. Both π-
conjugation and coordinating atoms (i.e., N atoms) that can be
bound to metal ions are found generally essential in producing
filaments. These results further support that the chelation of N
bound with Al ions improves the conductivity of LRS, but not
the production of metal filaments. The resistive switching
mechanism of the gelatin-based RRAM was investigated based
on the fitting results (or SCLC model) of electrical measure-
ments, and CS-AFM analysis remained consistent with the
formation and rupture of filaments. Carbon-rich objects were
identified as factors in forming conductive filaments, which
maintain the ON current state. Moreover, multifilament paths
can be ruptured completely by multistep RESET. The low
starting current in HRS can be achieved, thus improving the
ON/OFF ratio of the gelatin-based RRAM. These results
provide insight into the resistive switching mechanism in
gelatin-based RRAM and the possibility of enhancing memory
performance.
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