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Exploration and characterization of the memcapacitor
and memristor properties of Ni–DNA nanowire devices

Hsueh-Liang Chu1,2,7, Jian-Jhong Lai3,7, Li-Ying Wu3, Shen-Lin Chang3, Chia-Ming Liu3, Wen-Bin Jian3,
Yu-Chang Chen3, Chiun-Jye Yuan1, Tai-Sing Wu4, Yun-Liang Soo4, Massimiliano Di Ventra5 and
Chia-Ching Chang1,6

A 2-μm-long Ni ion-chelated DNA molecule (Ni–DNA) was found for the first time to possess both memcapacitor and memristor

properties; this Ni–DNA molecule is known as a dual memory circuit element (memelement). As a memelement, the state of

impedance on Ni–DNA is proportional to the unit number of Ni ions containing a base pair complex (Ni–bp), which is

determined by the previously applied external voltage. Interestingly, the impedances of Ni–DNA change in response to a change

in the sweeping frequencies of the external bias. Our simulation results also indicate that changes in the effective resistance and

capacitance of Ni–bp may be attributed to changes in the Ni ion redox species in the Ni–bp of a Ni–DNA nanowire. Therefore,

the working mechanism of a nanowire-type memcapacitor and memristor is revealed. In summary, the Ni–DNA nanowire is

shown to be a multi-dimensional memory device, whose memory state depends on the length of DNA and applied external

voltages/frequencies.
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INTRODUCTION

Memory circuit elements (memelements) are multi-dimensional
electronic devices with memory capability whose resistance, capaci-
tance or inductance is determined by a previously applied voltage,
charge, current or flux.1 Memelements have attracted a considerable
amount of attention because of their potential applications in memory
computing by storing and processing information on the same
physical platform,2 as envisioned by Feynman in 1959.3 However,
only memristor devices have been developed and characterized,4,5

while the memcapacitor and meminductor remain to be developed,
due to a lack of functional materials or systems whose capacitance or
inductance can be controlled by external variables.
Several molecular electronic components,6–8 such as single-molecule

electronic components9,10 and extended metal atom chains or metal
strings,6,7,11 have been shown to transport charges, as measured by
scanning tunneling microscope (STM),3 nanopore12 and proximal
probes.13 Although the electronic properties of these molecular
electronic components can be controlled by external variables, they
are undesirable for the development of memelements due to the
instability of the scaffold of free metal atom/ion chains, the high
thermionic barriers of the metal-SAM-metal structures14 and the high
probability of inter-molecular interactions.

Nanowires with a high aspect ratio and large surface area-to-volume
ratio have great potential for integrating with a variety of technologies,
including solar cells,15,16 fuel cells,17 integrated circuits18 and bio-
sensing.19,20 The conducting current of conventional nanowires is
determined by various factors including the intrinsic composition,
length, width21,22 and chirality23 of the wires and the external bias. The
impedances of conventional nanowires are invariant because they have
fixed intrinsic composition, length and width. Therefore, the response
current–voltage profiles of conventional nanowires monitored under
direct current (DC) are unaffected by previously applied external
biases. However, DNA, a long linear biopolymer formed by the linkage
of four types of nucleotides, can act as a nanowire after proper doping
and exhibit unique electronic properties that are not observed in
conventional nanowires.18,20

Although the DNA duplex alone exhibits poor conductance, it
becomes conductive when metal ions, especially Ni ions, are chelated
inside the DNA duplex (Ni–DNA).22 Recently, Ni–DNA molecules
50–100 nm in length22,24 were shown to exhibit a negative differential
resistance (NDR) effect at room temperature, a characteristic of
memristive devices.21 This behavior may be attributed to the redox
current (Ired) of Ni ions.

24 Both chelated Ni ions and the π-stacking
bases in the DNA duplex were found to be essential for charge
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transport in Ni–DNA nanowires.25 Therefore, it is hypothesized that
the Ni ion-base chelating units (Ni–bp) in Ni–DNA may form a
precise conformation that is important for charge transport.
As shown previously, the redox state of Ni ions in the Ni–DNA

nanowire is switchable using the external biases.21,24 The ratio of redox
species of Ni ions (Ni2+/Ni3+) can be changed when the external biases
exceed the threshold of redox potential of Ni ions,4 indicating that the
Ni–DNA nanowire may exhibit a capacitive effect. In this study, a
micrometer-long Ni–DNA nanowire is developed and characterized to
explore its potential in the development of nanowire-based electronic
devices. Interestingly, the results show that the Ni–DNA nanowire
device may possess both memristor and memcapacitor functionalities.
The impedance of this Ni–DNA nanowire device is tunable by external
biases and bias frequencies.

MATERIALS AND METHODS

Ni–DNA synthesis
The pET30a vector (Novagen, Madison, WI, USA) was digested by BamHI to

form a 5.4-kb linear DNA. After enzyme digestion, DNA was purified using a

PCR clean-up kit (Qiagen, Valencia, CA, USA). DNA (final concentration

1.5 μM) was added to a buffered Ni2+ solution (10 mM Tris, 2.5 mM NiCl2, pH
9.0) and heated in boiling water for 5 min. After heating, the mixture was
allowed to cool to room temperature overnight. The resulting Ni–DNA was
dialyzed against double-deionized water to remove unbound Ni2+.

EXAFS measurement
The local structure surrounding Ni in Ni-histidine and Ni–DNA samples was
explored using extended X-ray absorption fine structure (EXAFS) techniques.
The Ni K-edge EXAFS measurements were performed at beamline BL07A at
the Taiwan light source at the National Synchrotron Radiation Research Center,
Hsinchu, Taiwan. A Si(111) Double Crystal Monochromator was used to scan
the photon energy. The energy resolution (ΔE/E) for the incident X-ray
photons was estimated to be 2× 10− 4. Samples were sealed between two layers
of Kapton tape during measurements. The EXAFS spectra were monitored in
the fluorescence mode using a Lytle fluorescence detector for both samples. To
confirm the reproducibility of the experimental data, multiple scan sets were
collected and compared. The IFEFFIT software package was used to analyze the
EXAFS data26 to extract local structural parameters. Several possible biochem-
ical structural models were used for fitting the experimental data with several
constraints to exclude unphysical results. The coordination numbers for all
neighboring shells were fixed in accordance with the adopted biochemical
structural models, while the Debye–Waller factor of all shells (except for shells

Figure 1 Ni ion chelating structure of Ni–DNA. (a) The χ functions (inset) and their Fourier transforms of the Ni2+–histidine complex (green) and Ni–DNA
(blue) are plotted as fine and thick lines for experimental and theoretical curves, respectively. Curves are shifted vertically for clarity. (b) Configuration of the
Ni–bp complex in Ni–DNA. The illustration shows that the Ni ion (deep-blue sphere) is chelated between A-T (top panel) and G-C base pairs (bottom panel).
(c) AFM image of the Ni–DNA device; the blue dashed line denotes the area of two-terminal electrodes. (d) Length-dependent hysteresis I–V curves of 170
(blue), 390 (red) and 830 nm (black) long Ni–DNA devices. Experimental data and theoretical results are marked with (E) and (T), with optimal values of N0
9×105, 1.6×106, 3.01×106 for fitting the 170, 390 and 830 nm long Ni–DNA devices, respectively.
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from bound waters) were set to be the same. The energy shifts (ΔE) that largely
depend on the atomic species for O and N shells were also set to be the same,

respectively.
The Ni K-edge X-ray absorption near-edge structure (XANES) spectra and

EXAFS spectra of NiO, Ni2+–histidine complex, NiCl2 and Ni–DNA were
collected and analyzed (Supplementary Figure S1). On the basis of the XANES

and EXAFS information, the molecular conformations of Ni-base pairs (Ni–bp)

were optimized using Gaussian 2009 with the basic set HF/3–21G (Figure 1b).

The molecular orbitals of the HOMO and LUMO states of Ni–bps were also
calculated in Gaussian 2009 (Supplementary Figure S2).

Substrate fabrication
Silicon wafers capped with a 300-nm thick SiO2 layer were used as substrates

for device fabrication. The substrate was photo-lithographically pre-patterned

to construct current leads and contact pads for wiring at the 10 and 100 μm
scale, respectively. The Ti/Au electrodes with a width and thickness of ~ 100

and 80–100 nm, respectively, were patterned on the substrate using standard

electron beam lithography to form a pair of finger electrodes with gaps from

~170 to 830 nm. Ti/Au deposition was achieved using thermal evaporation at a
base pressure of ~ 3×10− 6 torr for 10 min (Supplementary Figure S3).

Ni–DNA nanowire bridging
The Ni–DNA nanowires were connected between two gold terminals via DC

electrophoresis to generate the Ni–DNA devices (Figure 1c and illustrated in

Supplementary Figure S4). Briefly, a DC bias of 1 V is applied to the gold
electrode pair in the presence of Ni–DNA (~2 μM) for 10 min, while the

reference electrode is set to ground.

Electrical properties characterization
Once the Ni–DNA devices were fabricated, residual water on the devices was

removed by baking the devices at 80 °C for 15 min. Electrical properties,
including the current-voltage (I–V) loops and electrical writing and current

reading for the memory effect, were characterized under ambient conditions

with low humidity (water-free) on a Keithley 6517b instrument with a two-

terminal configuration. The multiple states of the Ni–DNA memristor device
were set using writing voltages of ± 6 V, larger than the redox potential of Ni

ions, for a certain period of time. The state of the Ni–DNA memory system was

read out at reading voltages of ± 1 V. For the alternating current (AC) mode

reading, the current was recorded by applying a sinusoidal bias voltage across
the Ni–DNA devices. The AC mode was operated at frequencies from 0.01 to

104 Hz.

The charge–voltage (q–V) measurements were also performed on the
Keithley 6517b by cyclic sweeping of the bias voltage between 7 and − 7 V
across the Ni–DNA devices. The accumulated charge in the Ni–DNA device
may be discharged during cyclic voltage sweeping, if necessary (Supplementary
Figure S5).

RESULTS AND DISCUSSION

The configuration of Ni ions in a 5.4-kb linear Ni–DNA (~2.0 μm in
length; see Materials and methods section) was characterized by
XANES spectroscopy; the spectrum of the Ni ion in Ni–DNA was
closer to that of the Ni2+–histidine complex27 than that of NiO
(Supplementary Figure S1a). These results indicate that the Ni ion
binds to both the oxygen and nitrogen of the bases in DNA. The
shoulder near 8338 eV in the XANES spectrum of Ni–DNA
(Supplementary Figure S1b) indicates that the chelated Ni ion at both
redox states, Ni2+ and Ni3+, is in a five coordinate pyramidal
geometry.28 The local structures surrounding the Ni ions within
DNA were further refined by the distance parameters (Table 1)
obtained from the extended EXAFS technique (Figure 1a). Optimal
structure analysis indicates that the Ni ion is chelated between the base
pairs of DNA and forms a distorted five coordinate pyramid with
bound water molecules (Figure 1b), suggesting that the Ni–base pair
(Ni–bp) complex is a basic conducting unit in Ni–DNA with a
conformation similar to extended metal atom chains or a metal ion
string.6

The charge transport properties of Ni–DNA were characterized on
the two-terminal gold electrodes with various gaps (170, 390 and
830 nm). Two gold electrodes are bridged by Ni–DNA nanowires to
generate a simple circuit device with the help of an external electric
field. The fabricated Ni–DNA device was monitored using AFM
(Figure 1c; Supplementary Figure S4). The gold electrodes of the
system are indicated by blue dashed lines. The extruded area in the
center of the image is the bundle of Ni–DNA nanowires with a height
of ~ 250 nm, that is, the width of the electrode (~100 nm). The
maximum number of parallel Ni–DNA nanowires in a bundle was
estimated to be ~ 31 250. Although Ni–DNA is approximately 2 μm
long, the gap width W between the paired gold electrodes was used as
an effective conducting length. The simulation of the conducting
currents of Ni–DNA devices indicates that the effective/conducting
number of Ni–DNA nanowires in a bundle is ~ 1800, 1395 and 1233
for devices with a gap of 170, 390 and 830 nm, respectively (Figure 1d;
Supplementary Figure S5). Interestingly, the number of Ni–DNA
nanowires on Ni–DNA devices estimated by conducting current
(1233–1800 nanowires) is much smaller than that (31 250 nanowires)
determined by atomic force microscope (AFM). This indicates that
although the thickness of a Ni–DNA bundle can be up to 250 nm, the
effective conducting channel is only ~ 10 nm thick. The presence of an
effective channel allows the same scale of conducting currents in Ni–
DNA nanowires on the same gap length of terminals. Moreover, our
simulation also indicates that a wider gap between electrodes leads to a
lower number of effective nanowires participating in charge transport.
This is consistent with the general concept of self-assembling nanowire
device fabrication.29

Consistent with previous studies,21,22,24 the Ni–DNAs of various
lengths (from 170 to 830 nm) exhibit an NDR effect (Figure 1d). The
mechanism of the redox molecule-based NDR is the charge transport
process of the redox reaction through the molecules between two
electrodes, as reported in conventional electric chemical reactions22,30

and in studies of the J.M. Tour group31 and our previous study.21 The
bias may vary depending on the redox molecules adopted in the
system. Moreover, NDR can occur in both bias directions if the

Table 1 Parameters of local structure around Ni atoms obtained from

curve fitting the Ni K-edge EXAFS

Sample Atom N R(Å) σ2(10−3 Å2) ΔE0(eV)

Ni–Histidine N 2 2.00±0.01 0.2±1.0 −11.8±2.9

O 2 2.11±0.01 0.2 3.2±0.9

O 2 2.24±0.02 7.3±1.6 3.2

Ni–DNA (A-T base pair) O 1 2.16±0.01 7.5±0.9 5.7±0.8

O 1 2.19±0.01 7.5±0.9 5.7±0.8

N 1 2.04±0.01 1.3±0.6 −4.5±1.6

O 1 2.07±0.01 SS3 ΔE1
N 1 2.33±0.01 SS3 ΔE3

Ni–DNA (G-C base pair) N 1 2.01±0.01 SS3 ΔE3
N 1 2.06±0.01 SS3 ΔE3
O 1 2.10±0.01 SS3 ΔE1
N 1 2.10±0.01 SS3 ΔE3
O 1 2.30±0.01 8.8±0.8 ΔE1

Abbreviations: EXAFS, extended X-ray absorption fine structure; N, coordination number;
R, bond length; σ2 the Debye–Waller-like factor that serves as a measure of the local disorder.
SS3 refer to the Debye-Waller factors of third shell. ΔE0, difference between the zero kinetic
energy value of the sample and that of the theoretical model. ΔE1 and ΔE3 are the ΔE0 of the
first shell and third shell, respectively. Underlined values were kept constant during fitting.
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appropriate redox molecule is used.32 This phenomenon was also
observed in our system. In electronics, the NDR can be observed when
electrons are excited with moderate electric fields to an energy and
momentum beyond an inflection point in the E–k relation.33 The
regular transistor-based NDR circuits are designed based on the
MOSFET systems and operated in the positive range only. Accord-
ingly, the Ni–DNA system is different from the transistor-like NDR
system and may not be used for practical NDR setups, such as
oscillators or filters.34

Interestingly, the peak (valley) currents of the I–V curves increase in
response to the increase in the conducting length of Ni–DNA. This
behavior may be attributed to the accumulative redox current (Ired) of
Ni ions in the Ni–DNA bundle of the device. The redox current is
proportional to the number of Ni ions (N0), which is the function of
the conducting length and the number of Ni–DNA molecules in a
bundle.24

To illustrate this point, we generated a theoretical model to simulate
the hysteretic I–V curves of Ni–DNA using the same set of parameters,
except that N0 is proportional to the length of the Ni–DNAs with the
same number of Ni–DNA nanowires in a bundle. The ratio of
different redox states of Ni–bp in Ni–DNA was expressed as a function
of external bias (V) and time (t). The number of Ni3+-bp is denoted as
N(t), serving as the state variable. N(t) was estimated using the
modified Arrhenius rate equations:

dNðtÞ
dt

¼ kox½T;VðtÞ� � ½N0 � NðtÞ�kred½T;VðtÞ� � NðtÞ; ð1Þ
where N0 is the total number of the Ni2+-bp and Ni3+-bp, kox[T,V(t)]
(kred[T,V(t)]) is the oxidation (reduction) rate constant, which
depends on temperature and the AC source. The kox[T,V(t)] and
kred[T,V(t)] can be estimated by equation (2) and equation (3),
respectively:

kox T;V tð Þ½ � ¼ k0oxexp
�b Eox � eV tð Þ½ �

akBT

� �
ð2Þ

and

kred T;V tð Þ½ � ¼ k0redexp
ð1� bÞ Ered � eV tð Þ½ �

akBT

� �
ð3Þ

where, k0ox and k0red are the standard rate constants of the redox
reaction, which varies with length of Ni–DNA: k0ox xð Þ ¼ k0ox 830ð Þ �
mox � ð830� xÞ and k0redðxÞ ¼ k0redð830Þ �mred � ð830� xÞ, where
mox= 5.67× 10− 3, mred= 6.06× 10− 7 and k0ox 830ð Þ ¼ 1:17 1/s,
k0red 830ð Þ ¼ 1:25´ 10�4 1/s for 830-nm long Ni–DNA devices. Eox
and Ered are the activation energies required to trigger oxidation and
reduction reactions of Ni ions, respectively. Eox= 3.5 eV and
Ered= 3.7 eV. kB is the Boltzmann constant, β= 1/2 is chosen as a
symmetry factor, and α= 30 is adopted to tune the rate constants for a
specific Ni–DNA system. The detailed model is described in the SI.
The results of model calculations (symbols) agree well with

experimental data (lines) (Figure 1d; Supplementary Figure S5). These
results indicate that the redox states of Ni ions in Ni–bp can be
controlled by external bias, resulting in the negative impedance effect
in this molecular wire. The charge transport signal of micrometer-long
Ni–DNA can be easily detected because of the redox-induced negative
impedance effect. This property allows the Ni–DNA-based circuit
device to fit easily into real electronic systems.
Although the chelated Ni ions are essential to charge transport in

Ni–DNA nanowires, the π-stacking of bases in DNA duplexes may
also play an important role.25 Molecular orbital analysis reveals that Ni
ions interact with the π orbitals of base pairs (Supplementary

Figure S2a) and facilitate charge transfer along the Ni–bp chain. The
bound water molecules also participate in the charge transfer process
(Supplementary Figure S2b), as indicated by the LUMO state of
Ni–bp. During electron transport in Ni–DNA, the paired π-stacking of
bp and Ni ion in Ni–bp may act as sources of electrons and holes,
respectively. Therefore, the possible conducting mechanism in Ni–
DNA may be the hopping of electrons from one Ni–bp unit to
another. This postulation is supported by our previous findings21,35

and the study of Wohlgamuth et al.25 The external bias-driven redox
state changes of Ni ions may possibly modify the resistance and
capacitance of each Ni–bp and facilitate electron transport.
The hysteretic I–V curves in Figure 1d indicate that the current

flowing through the Ni–DNA system depends on the history of V(t),
suggesting that the Ni–DNA system is capable of serving as a memory
device. The Ni–DNA-based memory device records information via
the dynamic states of Ni ions. When a constant writing voltage of 6 V
—a voltage higher than that required for redox state conversion—is
applied, all Ni ions in the Ni–DNA device are written to Ni3+ states,
that is, N(t)/N0→ 1 as t→∞. These written states can be distinguished
or read by the currents (read-out currents) in response to the input
external voltages (written voltages). To maintain the written states of
the Ni–DNA device, read-in voltages smaller than the activation
energy of Ni ions were chosen in the study.
The electronic properties of the Ni–DNA system were further

investigated by applying various external biases to the Ni–DNA device,
and the corresponding charges were read in both DC and AC modes
(Figure 2). In the DC reading mode, the Ni–DNA was first written by
various external biases (±2, ± 3 and ± 4 V) for 5 s and the stored
signal was read at a low voltage of 0.1 V. As shown in Figure 2a
(symbols), different states of charge were found in Ni–DNA with
different applied positive and negative writing voltages. This result
shows that the state of charge in the Ni–DNA device is controlled by
external voltages. Interestingly, the bias-controlled charge in the
Ni–DNA system remains the same after writing. The state of charge
remains stable and lasts for at least 400 s. This result clearly shows that
the Ni–DNA system possesses a unique external bias- and writing
time-dependent memory effect. In AC reading mode, the Ni–DNA
system exhibited a sweeping speed-dependent hysteretic Q–V curve
(Figure 2b). The charge in the hysteresis loops is inversely propor-
tional to the sweeping speed.
A simulation model (Supplementary Figure S6) was also established

to explain the above experimental results. The accumulated charges on
the voltage-controlled Ni–DNA can be estimated by the equation:
qtot(t)= qMR(t)+qMC(t), where qMR (qMR tð Þ ¼ R

IMRðtÞdt and qMC

(qMC(t)=C(t)V(t)) denote the resistance and capacitor effects on
the charge accumulation of Ni–DNA. R(t) and IMR(t) are the
resistance and current flowing through the voltage-controlled
Ni–DNA and can be described as IMR tð Þ ¼ VðtÞ

RðtÞ and
R tð Þ ¼ 1� N tð Þ

N0

h i
R2þðN0Þ þ ½N tð Þ

N0
�R3þðN0Þ. However, the Ni–DNA

system has an additional source of charge accumulation caused by the
exchange rate of Ni ion species, or the Ni ion redox-induced effect,
that is, qred tð Þ ¼ R t

0 Ired tð Þdt ¼ fe½N tð Þ � N 0ð Þ�. Consequently, the
total charge (qtot (t)) accumulation measured by the experiment can
be expressed as: qtot(t)= qMR(t)+qMCt(t)+qred(t).
In DC writing mode, the contribution of qMC is ~ 0, and, hence,

qtot(t)= qMR(t)+qred(t). Therefore, the calculated charge–time (q–t)
curves at different writing voltages fit perfectly with those of
experimental measurements (Figure 2a). The effective
impedance values of XR of the device are determined as
6.73× 108(Ω), 6.61× 108(Ω) and 6.06× 108 (Ω), when the writing
biases are set at ± 2, ± 3 and ± 4 V, respectively. The effective
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capacitances of the device are 3.14× 10− 10 (F), 3.08× 10− 10 (F) and
2.73× 10− 10 (F) at writing biases of ± 2, ± 3 and ± 4 V, respectively.
Interestingly, in AC writing mode, the calculated charge–voltage

(q–V) sweeping curves fit well with the experimental results
(Figure 2b). This observation indicates that the contribution of qMR

can be neglected, and, hence, qtot is controlled by the voltage sweeping
frequency. The qred term dominates qtot at low sweeping frequency; by
contrast, qMC dominates qtot at high sweeping frequency. The effective
impedance XR and capacitance of the Ni–DNA device under
sweeping frequencies of 3.5 × 10− 2, 3.5 × 10− 3 and 1.7× 10− 3 Hz
were determined to be in the range of 6× 108–7.2 × 108 (Ω) and
2.7 × 10− 10–3.5 × 10− 10 (F), respectively. The results from model
calculations (dashed lines in Figure 2) agree well with experimental
measurements (solid lines in Figure 2), suggesting that the
Ni–DNA system is not only a memristor but also a voltage-induced
memcapacitive system.35

The effect of different read-in voltage waveforms, for example,
sinusoidal and square waveforms, on the read-out current of the
Ni–DNA memory device was studied. After writing at 6 V for a half-
period with a sinusoidal or square waveform, the read-out currents
were recorded as shown in Figure 3a. The read-out current is stable
when the sinusoidal read-in voltage waveform is applied. However,
when operated with the square read-in waveform, the read-out
currents exhibit a large high-frequency oscillation at the point where
the abrupt jump occurs. The high-frequency oscillation in the read-
out current is caused by parasitic capacitance. When the square read-
in waveform is applied, a singularity dVðtÞ

dt occurs at the jump
discontinuities V(t). The portion of the current through the memca-
pacitor can be expressed as IMC tð Þ ¼ CðtÞdVðtÞdt þ V tð ÞdCðtÞdt . Singular
behavior occurs at the jump discontinuities V(t) because of the term
C tð ÞdVðtÞdt . Compared to the unsmooth read-in voltage waveform, the
smooth read-in voltage waveform (for example, the sine read-in) is
more suitable as the input read-in voltage for Ni–DNA-based memory
devices.
The Ni–DNA system as a memory device was further investigated

by operations of positive writing (W+), reading (R), erasing (E) and
negative writing (W− ) (Figure 3b, upper panel). The W+ (W− )
operation was performed by applying a constant input voltage at 6 V
(−6 V) across the electrodes for 12 s. The magnitude of the input
voltages in the W+ (W− ) operation was set higher than the activation
energy Eox (Ered) of the oxidation (reduction) reaction of Ni ions.
Consequently, the state of Ni ions near 100% (or 0%) Ni3+ via
oxidation (or reduction) in the Ni–DNA memory system was recorded
(Figure 3b, middle panel). The E operation was performed by applying
a high-frequency dampened sinusoidal voltage with a peak of 1.5 V.
The R operation was performed by reading the output currents
corresponding to the sinusoidal input voltage at 1.5 V with a period of
16 s. Experimental measurements and model calculations were per-
formed to obtain read-out currents from the R operations. The read-
out currents in the R operation agree well with the experiment and
theory. As shown in Figure 3b (lower panel), the state of Ni ions
recorded by the W+ or W− operation can be read out by the R
operation. The read-out current in the R operation immediately after
W+ can be readily distinguished from that in the R operation
immediately after W− . By contrast, the read-out currents in the R
operations immediately after E operation are indistinguishable from
those of R operations immediately after either W+ or W− . Informa-
tion on the state of Ni ions could be erased by the E operation,
resulting in an abrupt reduction of N(t)/N0 from the initial state to
42.4%, which is a chemical equilibrium value in the closed circuit
under an ambient environment (Supplementary Figure S7). The
writing and reading processes are reversible. Over 700 writing/reading
cycles could be performed on the fabricated Ni–DNA devices without
losing much of the signal. All control data are presented in the
Supplementary Section and Supplementary Figures S8 and S9.
According to the phase diagram shown in Figure 3c, the Ni–DNA

nanowire is postulated to operate as a multi-state memory device
when the redox states of a single Ni ion can be finely tuned by the
writing voltage. The multi-state memory can be quantified via the
value ð IVj j � IPj jÞ= IVj j of the system after the W+ operation
(Figure 3d). Here, IP is the peak value of the read-out current and
IV is the valley value of the read-out current. Both continuous and
pulsed reading modes were used to check the retention abilities of the
Ni–DNA memory system. Interestingly, the memory information in
the Ni–DNA system can be maintained for as long as 19 h without
being erased by repeated W+–E–W− –E operation cycles. By contrast,
the memory information can only be retained for ~ 30 min in the

Figure 2 Operation of the memcapacitor in DC mode and characteristics of
hysteric Q–V curves in AC mode. (a) Reading of the Ni–DNA system (time
dependence of charge accumulation, Q–t curves) of the 100 nm long Ni–
DNA system at a reading voltage of 0.1 V. In the beginning, the memristor is
written by applying voltages of 4, 3, 2, −2, −3 and −4 V (from top to
bottom) for 5 s. Closed squares, circles and triangles indicate experimental
results (E), whereas solid lines give theoretical fitting (T) to the data. (b)
Hysteresis Q–V loops of the same device in (a) at different sweeping speeds.
The sweeping frequencies are 3.5×10−2, 3.5×10−3 and 1.7×10−3 Hz for
data shown as black squares, red circles and blue triangles, respectively.
Solid lines denote simulation results. Symbols E and T indicate experimental
data and theoretical calculations, respectively. The optimal value of N0 is
6.5×105.
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continuous reading mode. This result indicates that the reading
operation may affect the stability of the multi-state memory system.
A similar result was also observed in the theoretical model mentioned
in the SI section. However, the extraordinarily high retention ability of
Ni–DNA in the pulsed reading mode contradicts the theoretical
modeling and can be attributed to the nanoscale contacts between
Ni–DNA and metal electrodes. The nanoscale contacts build a barrier,
working as parasitic capacitance to confine carriers in the Ni–DNA
system.
Recently, a new computer paradigm known as a ‘memcomputer’

was proposed to tackle notoriously difficult problems by bypassing the
limits of conventional computers. The brain-like configuration alter-
native to quantum computing employs memory elements to process
and store information at the same physical location.2,36 This universal
memcomputing machine is able to solve nondeterministic polynomial
time complete problems in polynomial time.37 The basic building
blocks in the circuit design of a memcomputer are memristors,
memcapacitors and/or meminductors.2 Interestingly, the impedance
of the developed Ni–DNA device was demonstrated to be tunable by

external bias, writing time and writing frequency, making it an ideal
two-dimensional memory and operating system with both memristor
and memcapacitor functionalities. Moreover, its resistance is indepen-
dent of the capacitance. The function of Ni–DNA impedance states
can be used simultaneously for calculation and information storage, a
unique characteristic of memcomputing. Thus, the fabrication of a
memcomputing device can possibly be realized by integrating Ni–
DNA-based devices.

CONCLUSIONS

On the basis of the principles of DNA origami and self-assembly,

DNA-guided nickel ion molecular wires can be fabricated using green,

environmentally friendly methods. The Ni–DNA system developed

here was shown to be a memcomputing device, exhibiting both

memcapacitor and memristor functionalities and the NDR effect

(Supplementary Figure S5). The device is controllable using external

bias, writing time and writing frequencies. This Ni ion-containing

DNA is thus a promising one-dimensional nanomaterial useful as a

Figure 3 Applications of memristor functionality: a memory device in AC mode. (a) Comparison between the read-out current in R operation caused by
square (black empty square and line) and sinusoidal (red empty square and line) read-in voltages. Inset shows the high-frequency oscillation in the read-out
current caused by jump discontinuity in the square read-in voltage. (b) (upper panel) Read-in voltage for a series of write–read–erase operations. (middle
panel) N(t)/N0 ratios in the series of write (W+ and W− )–read (R)–erase (E) operations. (lower panel) Read-out currents as a function of sine read-in voltage
in R operations immediately after W+, E and W− operations. (c) I–V curves of the Ni–DNA device after applying three different writing conditions. (E) and
(T) denote experimental data and theoretical calculation results, respectively. (d) Comparison among net read-out currents in continuous and pulsed reading
modes. Red and black open squares correspond to continuous and pulsed reading modes, respectively. Solid lines represent theoretical calculation results.
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scalable template for molecular electronic devices and computing
machines.
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