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Electrochemical properties of enzymes are of fundamental and practical importance in bio-

electrochemical applications. These redox properties, which can cause the reversible changes in the

current according to their redox reactions in solution, often depend on the chemical activity of

transition metal ions as cofactors within the active sites of enzymes. Here, we demonstrate that the

reversible resistance changes in enzyme-based multilayer films can be caused by the externally applied

voltage as a result of charge trap/release of haem FeIII/FeII redox couples in dry form. It is also

demonstrated that the electrically bistable switching properties of redox enzymes can be applied to

nonvolatile memory devices requiring low power consumption. For this study, cationic poly(allylamine

hydrochloride) (PAH) was alternately layer-by-layer assembled with anionic catalase enzyme onto

Pt-coated substrates until the desired number of layers was deposited. A top electrode was deposited

onto (PAH/catalase)n multilayer films to complete device fabrication. When an external bias was

applied to the devices, a switching phenomenon depending on the voltage polarity (i.e., bipolar

switching) was observed at low operating voltages (RESET at 1.8 V and SET voltage at �1.5 V), fast

switching speed at the nanosecond level, and an ON/OFF current ratio of �102. In the case of inserting

insulating layers of about 2 nm thickness between adjacent catalase (CAT) layers, these devices

exhibited the higher memory performance (ON/OFF current ratio of �106) and the lower power

consumption than those of (PAH/CAT)15 multilayer devices.
Introduction

Redox enzymes have attracted considerable attention in the

bioelectronic field such as for sensor devices and biofuel cells

because they regulate a variety of biochemical reactions with

high specificity under mild conditions.1–4 These biochemical

reactions are mainly caused by the presence of redox active sites,

mostly related to the efficient charge transport using mediated or

direct electron transfer between redox proteins and electrodes in

an electrolyte aqueous solution. For example, catalase (CAT),

which is a common enzyme found in nearly all living organisms,

has the haem FeIII/FeII redox couples.5,6 Considering that these

redox reactions are closely related to electron release (oxidation)

and trapping (reduction), redox enzymes may have electrically
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bistable properties which cause a reversible change in resistance

according to the externally applied low voltage. This possibility is

very significant because a variety of biomaterials demonstrating

redox reactions can be employed as active materials for the

resistive switching-based nonvolatile memory (RSNM)7–15

devices applicable to mobile electronics such as MP3 players,

digital cameras, and mobile phones requiring low power

consumption. Although enzyme-based memory devices have

been reported by Katz and co-workers, their memory devices rely

on the electrochemical reaction of redox enzymes in aqueous

buffer solution.16

In this study, we demonstrate that the redox enzymes such as

CAT can be used as resistive switching active materials for

nonvolatile memory devices and that furthermore these film

devices can display high memory performance with low power

consumption via layer-by-layer (LbL)-based molecular-level

manipulation. To date, a number of new organic and inorganic

materials, such as metal nanoparticles, transition metal oxides,

and conjugated molecules and polymers, have been deliberately

synthesized to construct RSNM devices.7–15 However, the flexi-

bility and feasibility of RSNM device construction and appli-

cation have been limited by the chemical complexity of material

synthesis and the processing difficulty. To address this issue, and
J. Mater. Chem., 2012, 22, 4645–4651 | 4645
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furthermore exploit the nonvolatile memory behavior of redox

enzymes, we employed the catalase (CAT) enzyme commonly

found in living organisms, instead of synthesizing new materials.

For this investigation, the multilayer films composed of

anionic CAT and cationic polyelectrolyte (PE) were prepared on

Pt-coated substrates using the electrostatic LbL assembly

method, which enables the preparation of films with controlled

thickness, composition and functionality on substrates of

different sizes and shapes.17–36 Our LbL deposition for the build-

up of CAT-based multilayers followed the process suggested by

the Caruso group.23 It has been demonstrated that the LbL

assembly method is effective for the preparation of various

electronic devices. For example, it was reported that LbL

multilayer films could be extended to a rectifying junction

diode.21,22 Recently, the Advincula group reported that nano-

metre-scale charging in LbL films based on conjugated polymers

can provide a write–read memory device using current-sensing

atomic force microscopy.20 More recently, the Pal group repor-

ted that the electrostatically assembled multilayers composed of

CdSe quantum dots can display electrical bistability.27 The

importance of this work lies in the possibilities for various

enzymes containing transition metal ions to be used as resistive

switching active materials for nonvolatile memory devices in

a dry form. Furthermore, another aim of our work was to use the

LbL assembly method to significantly improve the memory

performance and power consumption of LbL-assembled film

devices by the additional insertion of insulating PEs with nano-

scale-thickness. We believe that our approach can provide a basis

for exploiting the memory function of redox enzymes and

developing the RSNM devices with high memory performance

and energy saving.

Experimental section

Preparation of multilayers

The concentration of CAT (from bovine liver, Aldrich) and

poly(allylamine hydrochloride) (PAH) (Mw ¼ 70 000, Aldrich)

solutions used for all the experiments was 1 mg mL�1. The

solution pH of CAT and PAH was adjusted to 9. In this case,

CAT was used as an anionic component at pH 9, and on the

other hand, PAH was used as a cationic component. Pt-coated Si

substrates had an anionic surface by irradiating UV light. These

substrates were first dipped for 10 min in the cationic PAH

solution, washed twice by dipping in water for 1 min, and air-

dried with a gentle stream of nitrogen. Anionic CAT was

subsequently deposited onto the PAH-coated substrates by using

the same adsorption, washing, and drying procedures as

described above. This process was repeated until the desired

number of layers was deposited. The resultant multilayer films

were thermally dried at 150 �C for 1 h under air conditions to

remove the residual water within films.

Zeta-potential measurement

The zeta-potentials of catalase were measured using an electro-

phoretic light scattering spectrophotometer (ELS-8000) when the

respective micelles were alternately adsorbed onto 600 nm

diameter silica particles. (PAH/CAT)2-coated silica particles

were prepared as follows: 0.5 mL of PAH (1 mg mL�1 at pH 9)
4646 | J. Mater. Chem., 2012, 22, 4645–4651
was added to negatively charged 600 nm silica particles and, after

20 min, the excess catalase was removed by three repeated

centrifugations (7000g, 5 min)/wash cycles. The CAT (1 mg mL�1

at pH 9) was then deposited onto the catalase-coated PS particles

under the same conditions. The above process was repeated until

4 layers were deposited and then z-potentials of these colloids

were measured with increasing pH from 0 to 4.

QCM measurements

AQCM device (QCM200, SRS) was used to investigate the mass

of material deposited after each adsorption step. The resonance

frequency of the QCM electrodes was ca. 5 MHz. The adsorbed

mass of PAH and biomaterials, Dm, can be calculated from the

change in QCM frequency, DF, according to the Sauerbrey

equation: DF (Hz) ¼ �56.6 � DmA, where DmA is the mass

change per quartz crystal unit area in mg cm�2.

Fabrication of resistive switching memory devices

All the samples were prepared on Si substrates (2 cm � 2 cm)

with SiO2 layers of about 100 nm thickness. A Ti layer of 20 nm

thickness was then deposited on the substrates and the bottom

electrode (Pt) was subsequently deposited using a DC-magnetron

sputtering system. The (PAH/CAT)n multilayer films were then

formed on the Pt-coated Si substrates. The resultant multilayer

films were thermally annealed at 150 �C for 1 h under air

conditions. After thermal annealing, top electrodes with 100 mm

diameter were deposited onto the nanocomposite films. To

investigate the resistive switching behavior of LbL multilayered

devices, the current–voltage (I–V) curves were measured by

a semiconductor parametric analyzer (SPA, Agilent 4155B) in

the air environment. The pulsed voltage duration dependence of

high and low current states was investigated using a semi-

conductor parametric analyzer (HP 4155B) and a pulse generator

(Agilent 8110A). Although Ag electrodes were used as a top

electrode in these devices, a similar switching behavior was also

observed from Au, Pt or tungsten top electrodes. This indicates that

the Ag electrode itself has no significant effect on the resistive

switching characteristics of LbL (PE/enzyme or haemoglobin)n
multilayers. For measuring the resistive switching memory of

devices, at least 50 samples were prepared and tested and the

respective samples had a few hundreds of electrodes. We have

checked the electrical switching properties from about 100

samples, and resultantly obtained the reasonable switching

results with about 80% yield in laboratory environments.

Current sensing atomic force microscopy

Local current maps at the nanoscale level were measured using

current sensing atomic force microscopy (CS-AFM) (e-sweep,

SEIKO). For the CS-AFM measurement, a CS-AFM tip (i.e., Pt

tip) with a diameter of about 10 mm was used as a top electrode

instead of Ag electrodes.

Results and discussion

CAT is negatively charged in a phosphate buffer solution (PBS)

of pH 7.0 because the isoelectric point (pI) of CAT is approxi-

mately 5.6.28 In our work, anionic CAT and a polycation with
This journal is ª The Royal Society of Chemistry 2012
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a pKa of 9, poly(allylamine hydrochloride) (PAH),28 were alter-

nately deposited onto quartz crystal microgravimetry (QCM) or

ITO electrodes using the electrostatic LbL assembly method.

This method was quantitatively assessed using QCM. A change

in the QCM frequency (�DF) or mass (Dm) clearly demonstrates

the LbL growth of a PAH/CAT multilayer film (Fig. 1a). The

deposition of each layer of PAH or CAT resulted in a �DF of

30 � 2 or 83.8 � 4 Hz, respectively, corresponding to a Dm of

�533.6 ng cm�2 or �1480.6 ng cm�2. In addition, the thickness

of the PAH/CAT multilayers increased from approximately

18 nm to 52 nm as the number of bilayers increased (from 5 to 15

bilayers) (see ESI, Fig. S1†).

The bare ITO electrodes and the ITO electrodes coated with

pure PE multilayer films composed of poly(allylamine hydro-

chloride) (PAH) and poly(4-styrene sulfonic acid) did not exhibit

a noticeable redox current response in the range of potentials

from �0.4 to 0.1 V (data not shown). In contrast, the CAT/PAH

multilayer films exhibited a typical electrochemical redox

behavior; an oxidation peak was present at ��0.1 V, and

a reduction peak was present at��0.25 V (Fig. 1b). These peaks

were induced by the haem FeIII/FeII redox couples of the CATs in

the films. Furthermore, these resulting films were dried at 150 �C
for 1 h to completely remove the residual water from the films. As

a result, the thickness of the PAH/CAT multilayer films

decreased from 52 nm to approximately 49 nm because of the

formation of a densely packed structure that was caused by the

removal of the residual water (see ESI, Fig. S1†).

The biological redox activity of PAH/CAT multilayers was

examined by monitoring their catalytic activity toward H2O2. In

this case, the inherent biological activity was significantly

degraded after thermal drying (see ESI, Fig. S2†). However,

these multilayers remained fairly active showing the typical redox

reaction occurring from FeIII/FeII couples in PBS at pH 7.0

although the redox activity (i.e., oxidation and reduction peak

current) of the PAH/CAT multilayer films was altered after the

thermal treatment (Fig. 1b). These results encouraged us to study

the charge trap/release behavior of the haem FeIII/FeII couples of

the CATs in the resulting multilayer films in their completely dry

state.

Based on these results, we prepared nonvolatile memory

devices based on (PAH/CAT)n multilayers (Scheme 1). It should
Fig. 1 (a) QCM data of PAH/CAT multilayers as a function of layer

number. (b) Cyclic voltammogram of a (PAH/CAT)15 multilayer-coated

electrode in pH 7.0 PBS with scan rate¼ 50 mV s�1. These films were used

without thermal annealing. The redox reaction results from the redox

process of the FII/FeIII couple in the haem prosthetic structure of CAT. In

this case, it can be seen that in the potential region from �0.4 to 0.1 V,

there is an oxidation peak at��0.1 V and a reduction peak at��0.25 V.

This journal is ª The Royal Society of Chemistry 2012
be noted here that immobilized CAT-based films prepared by the

LbL assembly method are very effective in elucidating their

electrical switching properties due to the formation of relatively

thick and densely packed films. Although we tried other chemical

methods such as self-assembled monolayer (SAM) and simple

spin-coating for single layer, the extremely thin layer (<10 nm

thickness) allowing tunneling current caused a large amount of

leakage current.

First, the electrical measurements of nonvolatile memory cells

were performed with applied voltage in the air. In this case, Pt

and Ag were used for the bottom and top electrodes, respectively.

For the measurement of typical bipolar switching, voltage sweeps

from �1.8 V to +1.8 V and back to �1.8 V were applied with the

limited current compliance up to 100 mA. The high-current state

(scan range over �1.8 V) formed after the initial electroforming

stage (for a conductive path within multilayers) was suddenly

converted to a low-current state at +1.8 V when the voltage

polarity was reversely applied to the (PAH/CAT)n¼5,10,15 multi-

layered devices. In addition, increasing the bilayer number (i.e.,

increasing multilayer thickness) had a significant effect on

lowering the current level, mainly the OFF current level because

of the decrease of the electric field due to the increase of the film

thickness (Fig. 2a). As a result, the ON/OFF current ratio of

these devices was increased to a maximum of more than 102. To

evaluate device stability, cycling and retention time tests of 15

bilayered PAH/CAT film devices were carried out to determine

their electrical stability in the ON and OFF states using a reading

voltage of +0.1 V (Fig. 2b and c). In these cases, the ON andOFF

states were kept continuously stable during the repeated cycling

tests and a test period of 104 s in air. The multilayered devices

displayed thermally stable memory reliability despite increasing

the measurement temperature from 25 to 150 �C (Fig. 2c). When

the current curves shown in Fig. 2c are replotted in log ROFF �
Temp (K) and in log RON � Temp (K), RON decreased linearly

with increasing the measurement temperature, indicating that the

conductive state is in the metallic state (i.e., ohmic state)

(Fig. 2d). On the other hand, the temperature dependence of

ROFF of the devices implies a semiconducting character (Fig. 2e).

Recently, it was reported that proteins such as ferritin (with FeIII/

FeII redox couples) are more conductive than apoferritin
Scheme 1 Schematics for the set-up of PAH/CAT multilayer-based

RSNM devices.

J. Mater. Chem., 2012, 22, 4645–4651 | 4647
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Fig. 2 (a) I–V curves of (PAH/CAT)n multilayer devices with increasing

bilayer number (n) from 5 to 15. (b) The cycling tests of a 15 bilayered

device measured from the switching speed of 100 ns. (c) Retention time

test of a 15 bilayered device measured at a reading voltage of 0.1 V with

increasing the measurement temperature from 25 to 150 �C. Temperature

dependence of (d) RON and (e) ROFF of the device. RON decreases linearly

with decreasing measurement temperature, indicating that the high

conductive state is similar to the metallic state, and on the other hand, the

temperature dependence of log ROFF exhibits the semiconducting

properties.
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(without FeIII/FeII redox couples), showing the semiconducting

behavior.37 Furthermore, we have recently reported for the first

time that the LbL multilayers based on proteins such as ferritin

also can exhibit the nonvolatile memory properties in their dry

form.36

We also observed that CAT-based devices could be repeatedly

operated at switching speeds ranging from 100 ns to 1 ms (Fig. 2b;
Fig. 3 I–V curves of (PAH/CAT)15 multilayers measured at 100th sweep

and after one year in ambient air environments.

4648 | J. Mater. Chem., 2012, 22, 4645–4651
see ESI, Fig. S3†), and these reversible switching properties were

maintained after one year (Fig. 3).

In the case of PAH/CATmultilayers dried at room temperature

in a vacuum, the resulting device displayed an ON/OFF current

ratio of greater than �102, which was similar to that of the

multilayers dried at 150 �C (Fig. 4a). In contrast, the conventional

polyelectrolyte multilayers composed of cationic PAH and

anionic poly(acrylic acid) (PAA) showed insulating characteris-

tics without any switching memory (see ESI, Fig. S4†). These

results imply that resistive switching properties of LbLmultilayer

devices exhibiting the good electrical stability and fast switching

speed mainly originate from inherent CAT layers.

Recently, it was reported that solid electrolytes or transition

metal oxides sandwiched between an electrochemically active Ag

and an inert electrode showed resistive switching behavior

because of an electrochemical redox reaction based on the high

mobility of Ag ions.7,38–40 Although Ag electrodes were used as

the top electrodes in our system, a similar switching behavior was

also observed with electrochemically inert Au, Pt or tungsten (W)

top electrodes (Fig. 4b).

In particular, (PAH/CAT)15 multilayers sandwiched between

Pt (bottom) and tungsten tip (top) electrodes showed a relatively

ON/OFF ratio above 102 using a reading voltage of +0.1 V. In

this case, as a detachable tungsten tip electrode was used for

physical contact with the CAT-based films instead of conven-

tional vacuum deposition methods such as sputtering or evapo-

ration for top electrode deposition, there was no metal ion

diffusion into the films during physical contact with films or

during device operation (by electrochemically inert tungsten).

This observation indicates that the electroactive Ag electrode

itself has no significant effect on the resistive switching charac-

teristics of PAH/CAT multilayered devices.

The electrical properties of RSNM devices were also investi-

gated with three different sizes of top electrodes (i.e., 7, 100 and

500 mm diameter). In this case, there was no notable difference in
Fig. 4 (a) I–V curve of (PAH/CAT)15 multilayer devices. The multilayer

film was sufficiently dried at room temperature in a vacuum before

deposition of the top electrode. (b) I–V curves of (PAH/CAT)15 multi-

layers measured from the tungsten tip with a diameter of about 7 mm. The

electrical measurements were operated at an applied voltage pulse with

a 1 ms width in the air environment.

This journal is ª The Royal Society of Chemistry 2012
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the RESET or SET current level between these devices. Although

it was reported that the significant scaling down of the cell size

from 100 mm � 100 mm to 500 nm � 500 nm could result in

a decrease in RESET current of less than 1 order of magnitude,41

it was difficult to scale down the top electrodes to �100 nm used

in this study due to the limited capacity of the laboratory

equipment.

To understand the conduction behavior of the CAT multi-

layers, the I–V characteristics of 15 bilayered films in the negative

voltage sweep region were plotted and fitted on a log–log scale

(Fig. 5a). The I–V relationship in the ON state clearly exhibits the

ohmic conduction behavior with a slope of �1.0, which indicates

the formation of conductive paths in the device during the SET

process (i.e., switching from the low current (OFF) to high

current (ON) state). However, the conduction behavior in the

OFF state is much more complicated. Fitting results for the high-

resistance state indicate that the charge transport behavior agrees

well with trap-controlled space charge limited conduction

(SCLC),10,12 which consists of three different conductivity

regions: the ohmic region (I f V) at low negative voltage,

a transition region (I f V2) from ohmic to SCLC transport, and

the sharp current increase region. As a result, the different

conduction behaviors in the ON and OFF states indicate that the

ON/OFF switching of CAT-based memory devices is governed

by the SCLC conduction and the localized conductive path.

The formation of conductive filamentary paths was also

confirmed by current sensing atomic force microscopy (CS-

AFM) characterizations (Fig. 5b and c).

In this case, a Pt tip was used as a top electrode instead of Ag

electrode. The localized conductive paths were formed randomly

after aVSET of 5 V and disappeared from aVRESET of�5 V. That

is, the formation and rupture of the randomly distributed
Fig. 5 (a) The linear fitting for the I–V curve of a 15 bilayered device in

the log–log scale during the SET process in negative voltage sweep. CS-

AFM images of (PAH/CAT)5 multilayers in the (b) ON and (c) OFF

state, respectively. An electrically inert Pt tip was used as a top electrode

instead of Ag electrode. The localized conductive paths were formed

randomly after VSET and disappeared after the VRESET process.

This journal is ª The Royal Society of Chemistry 2012
conductive paths were observed after ‘‘RESET’’ (i.e., switching

from the high current (ON) to low current (OFF) state) and

‘‘SET’’ processes (i.e., switching from the low current (OFF) to

high current (ON) state). This phenomenon suggests that the

current density between the top and bottom electrodes is not

uniform but concentrated in these localized conducting paths,

which are turned on and off during switching. The rupture and

formation of conductive filamentary path were formed from

electron trap within and release from charge trap sites, respec-

tively. It was reported that the wave character of the electron

allows it to ‘‘mix’’ between the cofactors (charge trap sites) via

proteins despite the insulating characteristics of the proteins.42–44

Considering that the internal structure of multilayers is not

stratified but mixed structure due to a high degree of chain

interdigitation between CAT and PAH layers, such interdigi-

tated layers, facilitates electron-tunnelling across the organic

layers (i.e., CAT and PAH) between localization sites.

In addition, the VRESET of 1.8 V and VSET of �1.5 V shown in

Fig. 2a were higher than those from the devices shown in CS-

AFM. Although not completely understood, it is believed that

the surface interfacial contamination on conducting AFM

surfaces may provide an additional energy barrier for the

increased voltage thresholds for set and reset. Furthermore, the

possibility that the electric field exerted from the tip is non-

uniform throughout the multilayer cannot be excluded because

the conducting AFM tip can operate as an electrical point source.

This non-uniform electric field can increase the applied voltages

for resistive switching.

Although a variety of switching mechanisms (i.e., memristor

model,8,9 filamentary conduction model of a fuse–antifuse type45

or charge transfer between active components with different

energy levels46) for resistive switching memory devices were

reported by many other research groups, the memory effect with

the high and low current states in our devices could be due to

charge storage (high resistance) and release (low resistance)

within charge trap sites.47–49 That is to say, the charge trap and

release can cause the rupture and formation of conductive paths.

In our system, the redox active sites within the multilayers can be

used as charge-trap elements, which can considerably affect the

switching mechanism. First, after initial electroforming, the

negative voltage sweep of devices from �1.8 V to 0 V releases

the electrons from redox sites (i.e., region (1) in Fig. 2a) and

induces the high conductive state. This ON state is maintained

until electrons are partially injected into redox sites (i.e., (2)) and

trapped in redox sites by reversing the voltage polarity (i.e., (2)

/ (3)). However, after the reversal of the voltage polarity, the

conductive paths for electron in CAT multilayers are broken

down, resulting in a decrease in conductivity, corresponding to

the RESET process (i.e., switching from the high current (ON)

to low current (OFF) state). The OFF state is maintained up to

about �1.5 V (i.e., region (4)). However, an increase in the

external electric field for releasing the trapped electrons within

redox sites (i.e., region (4)) is thought to sharply increase the

conductivity at the SET voltage (i.e., VSET z�1.5 V), enhancing

the tunneling probability (i.e., the SET process) and resultantly

forming conductive paths. Based on this switching mechanism,

we also investigated the resistive switching properties of hae-

moglobin-based multilayer film devices (i.e., (haemoglobin/

PSS)15). Although these devices exhibited a relatively low
J. Mater. Chem., 2012, 22, 4645–4651 | 4649
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Fig. 6 (a) 2- and (b) 3-D scanning Kelvin probe force microscopy

(KPFM) images of a PAH/CAT multilayered device for charge trap and

release operation. (c) 2-D KPFM image of a single CAT layer onto the

Pt-coated substrate for charge trap and release operation.
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ON/OFF current ratio compared to that of CAT-based film

devices, the haemoglobin-based film with FeIII/FeII redox couples

evidently displayed the nonvolatile memory properties

(Fig. S5†).

Furthermore, we confirmed the switching mechanism based on

charge trap and release by Kelvin probe force microscopy

(KPFM) which has been widely used to examine the changes in

real-space imaging of the charge trap and release states. The

charges stored within CAT could be detected from the change in

surface potential when the tip (i.e., Au-coated tip with 20 nm

diameter) of the KPFM scans the surface of PAH/CAT multi-

layers (Fig. 6a and b). First, a 17 � 17 mm2 area of multilayer

films was scanned at 12 V for charge trap and then a 9 � 9 mm2

area �12 V in a 9 � 9 mm2 area for the charge release,

respectively.

After that, the charge trap operation was successively per-

formed by scanning a 5 � 5 mm2 area with a +12 V and then

�12 V bias in a 2 � 2 mm2 area for charge release, again. As

displayed in Fig. 6a, the yellow region indicates a charge trap
Fig. 7 I–V curves of (PAH/CAT/PAH/PAA)10 multilayer devices.
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state and the dark region corresponds to the charge release state.

This phenomenon was also confirmed by the KPFM image of

a single CAT layer (Fig. 6c). Resultantly, these results evidently

show that the nonvolatile devices composed of PAH/CAT

multilayers are operated by the charge trap and release

mechanism.

Based on these results, we have tried to significantly improve

the memory performance of CAT multilayer devices by the

structural design using LbL assembly. Our motivation was based

on the possibilities that the further insertion of insulating layers

of about 2 nm thickness between electrically active CAT layers

could effectively screen the leakage current in ON and OFF

current states, and resultantly induce the low level of power

consumption. For this investigation, (PAH/CAT/PAH/PAA)10
multilayers were used instead of (PAH/CAT)15 multilayers

(Fig. 7). These films were thermally annealed at 150 �C to

completely remove the residual water within films. In this case,

the (PAH/CAT/PAH/PAA)10 multilayer device exhibited the

higher ON/OFF current ratio (105 to 106) and the lower current

level (an ON current level of 10�5 A and an OFF current of 10�11

A at a reading voltage of �0.1 V) than those (an ON/OFF

current ratio �102, an ON current level of 10�2 and an OFF

current level of 10�4 A at a reading voltage of �0.1 V) of the

(PAH/CAT)15 multilayer device. On the other hand, operating

voltages of these devices were not significantly increased

compared to those of PAH/CAT multilayered devices. That is to

say, the charge carriers (i.e., electrons) captured in the CAT

layers for the device containing CAT layers are sufficient to

generate enough internal field to form the conducting filamen-

tary paths across the inserted insulating layers with the decreased

leakage current flow although the PAH/PAA film devices

without CAT layers do not have the memory effect. This

molecular-level control over device architecture via the use of the

LbL assembly approach makes it possible to access the thickness

regime and modulate the electrical properties simply not possible

by conventional processing techniques.
Conclusions

We have demonstrated that immobilized enzymes in a dry state

have unique electrical switching behaviors that can be used to

create nonvolatile memory under applied voltages. These

phenomena were found to be mainly caused by the charge trap/

release of the haem FeIII/FeII redox couples within CAT. In

addition, redox enzyme films were successfully applied to RSNM

devices. Furthermore, it was also demonstrated that the mole-

cular level control over structural design could significantly

enhance the memory performance and energy saving of RSNM

devices. Our approach—namely, using the redox active sites of

biomaterials such as enzymes instead of synthetic inorganic and

organic materials—will substantially widen the range of avail-

able materials for nonvolatile memory devices; various redox

proteins extracted from living tissues, such as from the liver (for

catalase), blood (for haemoglobin) and muscle (for myoglobin),

will probably be used to fabricate electronic devices under non-

liquid and non-physiological conditions. We believe that our

approach can provide a basis for preparing the nonvolatile

memory devices with adjustable memory performance and

exploiting the novel resistive switching materials.
This journal is ª The Royal Society of Chemistry 2012
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