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Abstract
Signal processing based on molecular switches whose conductance can be tuned by an external
stimulus between two (on and off ) states has been proposed recently (Cervera et al 2008 J.
Appl. Phys. 104 084317). The basic building block is a metal nanoparticle linked to two
electrodes by an organic ligand and a nanoswitch. The net charge delivered by this
nanostructure exhibits a sharp resonance when the alternating potential applied between the
electrodes has the same frequency as the periodic variation between the on and off conductance
states induced on the nanoswitch. This resonance can be used to process an external signal by
selectively extracting the weight of the different harmonics. However, because of the fabrication
process at the nanoscale, the nanostructures will show a significant variability in the physical
characteristics. By using a phenomenological model that includes this variability, the stochastic
nature of electron transference, and the thermal noise, we demonstrate that reliable signal
processing can still be achieved by adapting the number of nanoswitches per bit of information
(circuit redundancy) to the nanostructure tolerance (device variability). Extensive kinetic Monte
Carlo simulations show that a moderate level of redundancy can compensate for significant
nanostructure variability. This result gives support to the concept of ensembles of redundant
switches as reliable components for signal processing at the nanoscale.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Switches are central to information processing. In particular,
nanostructures showing externally-tuneable high (on) and
low (off ) conductance states are of interest as the building
blocks of molecular electronics [1–5]. The switching can
be accomplished by conformational or redox changes [1–3]
induced by exposition to light [6–10], an electrochemical
reaction [2, 11, 12] or a mixed photochemical/electrochemical
process [13, 14]. Multi-atom relay [15] and nanoscale Si-
based [16] resistance switching devices, Langmuir–Blodgett
monolayers with large on/off resistance ratios [17–19],
and nanoscale field-effect transistors [20] have also been
demonstrated experimentally. Other nanostructures of recent
interest are quantized-conductance atomic switches based
on mixed electronic and ionic conductors [4], nanoscale
solid-electrolyte devices [5], and memristive systems formed
by nanoparticle assemblies that show an abrupt and large
resistance switching at room temperature [21]. Because the
list of chemically, physically and electrochemically switchable

nanostructures is expanding rapidly [22], theoretical studies
proposing novel information processing schemes based on
these systems can stimulate future particular realizations by
showing the essential characteristics of the concept.

Monolayer-protected metal nanoparticles [23–28] can
be employed to optimize the electron transfer between the
electrodes and the switching molecule [29, 30]. We have
explored recently the use of molecular switches to implement
a signal processing scheme based on the sharp resonance
of the net charge delivered by a nanoparticle linked to
two electrodes by a nanoswitch and an organic ligand [30].
The nanoswitch has an active centre permitting to tune the
conductance between the values GM (maximum) and Gm

(minimum) using a switching electrode or a light pulse.
The resonance occurs when the frequency of the alternating
potential applied between the electrodes is equal to that of
the periodic conductance variation induced on the nanoswitch.
This property allows for decoding a global input signal by
extracting the weight of the different harmonics.
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Metal nanoparticles with organic ligands are usually a few
nanometres in diameter. Tunnelling is the dominant conduction
mechanism through the alkanethiol ligands [31, 32], although
the nature of the electrical contacts in the molecular junctions
is also important [32]. Electron transfer is influenced by the
discrete nature of charge transport and the Coulomb blockade
energy barrier associated with the nanoparticle when the
Coulombic energy is higher than the thermal energy. This
condition is usually fulfilled by scaling down the elementary
building blocks. However, nanostructures [33, 34] suffer
from tolerance problems (because of the variability in their
physical characteristics) that may affect reliable operation. In
particular, the size distribution of the metal nanoparticles [35]
results in a significant spread of their properties. It has
been reported that high parameter variability influences the
conductance of molecular memories [36], the threshold
potential of voltage-driven molecular switches [37], and the
tunnelling junction characteristics of disordered arrays [38].
Fault-tolerant approaches [36, 39, 40] are needed to perform
reliable information processing from inherently unreliable
nanodevices.

Previous proposals for information processing using
nanostructures have emphasized memory and logic gate
schemes [41–54] and paid limited attention to the issue of
variability. In this study, we consider frequency-dependent
signal processing [30, 55] using nanoswitches with significant
variability and analyse the general properties required for
practical implementation. We carry out kinetic Monte Carlo
simulations [55] for a broad range of conditions and compare
the results obtained with those resulting from deterministic
approaches based on the master equation [30] to better
understand the stochastic nature of electron transfer and the
thermal noise effects. Moreover, we show that the introduction
of a moderate circuit redundancy can compensate for the
nanostructure variability, which is an important step towards
practical implementation of signal processing schemes based
on these systems.

2. Theoretical modelling

The building block of the signal processing device is formed by
a metal nanoparticle linked to two electrodes by a nanoswitch
and an organic ligand [30] (see figure 1(a)). Figure 1(b) shows
the equivalent circuit of the nanostructure, which includes the
left (L) and right (R) resistances RL = 1/GL and RR =
1/GR, the capacitances CL and CR, and the electron transfer
rates �±

L,n and �±
R,n. The time-dependent drain to source

(or bias) voltage is V (t). A gate voltage VG can also be
applied to the nanoparticle connected to the gate capacitance
CG. (While the use of this gate electrode is usual, it is not
essential for the device performance at high temperature [30].)
Electron transfer occurs by tunnelling between the electrodes
and the nanoparticle, and it is modulated by the ligands. The
nanoswitch has an active centre allowing to tune externally the
left conductance GL between the values GM (maximum) and
Gm (minimum) using a switching electrode or a light pulse.

Figure 1. (a) The building block of the signal processing scheme is a
nanostructure formed by a metal nanoparticle linked to two
electrodes by a molecular switch and an organic ligand (in red). The
nanoswitch has an active centre that permits to modulate its
conductance between the values GM and Gm by means of an external
stimulus (e.g., a switching electrode or a light pulse) [30].
(b) Equivalent circuit of this nanostructure, showing left (L) and right
(R) resistances, capacitances, and electron transfer rates. A voltage
VG can be also applied to the gate electrode and its influence on the
nanoparticle is given by the gate capacitance CG.

We assume that the left conductance can be modulated
periodically with a frequency ν0 = 1/τ :

GL(t) =
{

Gm, 0 < t < τ/2

GM, τ/2 < t < τ .
(1)

When hν0 < kT , the electron tunnelling rates are [30, 56]:

�±
L,n(t) = GL(t)

e2

−�E±
L,n

1 − exp(�E±
L,n/kT )

(2)

�±
R,n(t) = GR

e2

−�E±
R,n

1 − exp(�E±
R,n/kT )

(3)

where �±
L,n and �±

R,n are the tunnelling rates for electron
transitions between the left (L) and right (R) electrodes and the
nanoparticle from left to right (−) and from right to left (+),
as shown in figure 1(b). �E±

L,n and �E±
R,n are the changes in

electrostatic energy between the electronic occupation states n
and n+1 of the nanoparticle. The electrons are localized inside
the nanoparticle because the conductances GL and GR are
much smaller than the quantum conductance G0 = 2e2/h =
77.4 μS, where e is the elementary charge and h is the Planck
constant. This permits the estimation of �E±

L,n and �E±
R,n

using the orthodox theory [56–58]:

�E±
L,n(t) = ∓ e2

C∑
[

1

2
+ n − CGVG

e
− (CR + CG/2)V

e

]
(4)

2



Nanotechnology 20 (2009) 465202 J Cervera et al

�E±
R,n(t) = ± e2

C∑
[

1

2
+ n − CGVG

e
+ (CL + CG/2)V

e

]
(5)

where QG = CGVG is the charge injected to the nanoparticle
by the gate electrode and C� = CL + CR + CG is the total
capacitance.

Using the master equation formalism the occupation state
of the nanoparticle is evaluated from [30, 58]:

dPn

dt
= (�−

L,n−1 + �+
R,n−1)Pn−1 + (�+

L,n + �−
R,n)Pn+1

− (�+
L,n−1 + �−

R,n−1 + �−
L,n + �+

R,n)Pn (6)

where Pn(t) is the probability of the occupation state n.
Initially, P0(0) = 1 and Pn(0) = 0 (n > 0) because no
electrons have been transferred to the nanoparticle. From the
time evolution of the probabilities Pn(t), the current

I (t) = −e
∑

n

[�−
L,n Pn(t) − �+

L,n Pn+1(t)] (7)

and the net charge delivered after a retrieval time t0

Q =
∫ t0

0
I (t) dt (8)

are calculated. We use Q to assess the feasibility and
performance of the signal processing scheme because Q
could be detected by using output capacitors of relatively
large capacitances as interfaces between the nanostructure
and a CMOS circuit (these capacitors would give observable
time-dependent potentials [50, 59]). However, current
noise can severely limit the practical operation [30, 58, 59]
and we estimate current fluctuations by using the Full
Counting Statistics approach, which gives an evaluation of the
probability distribution function of the electrons transferred
to a given electrode [60, 61]. The second moment of this
distribution corresponds to the fluctuations in the net charge
delivered, 〈(Q − 〈Q〉)2〉, from which we estimate �∗Q =√〈(Q − 〈Q〉)2〉 as the uncertainty of 〈Q〉.

To check the validity of the above (continuum and
deterministic) model of electron transfer based on the master
equation, we have used also a kinetic Monte Carlo algorithm
where the electronic rates are given by the semi-classical
orthodox theory [55], incorporating explicitly the stochastic
nature of the electron transfer through the nanostructure.

Figure 2(a) shows the net charge delivered by the
nanostructure as a function of the dimensionless frequency of
the applied potential V (t) = V0 sin(2πνt). The capacitances
of the ligands are CL = CR = 1 aF. The conductances are
GR = 100 nS for the right ligand, and GM = 10 nS and
Gm = 5 nS for the on and off states of the nanoswitch.
The capacitance and potential of the gate electrode are CG =
4 aF and VG = 20 mV. These values are typical of
nanostructures [2, 25–27, 30, 41, 51, 57–59]. The additional
parameters V0 = 1 mV, t0 = 1 ms, and T = 300 K
are used throughout this study. The conductance switching
frequency in equation (1) is ν0 = 105 s−1. To obtain an
efficient modulation of conductance GL, this frequency must
be lower than the characteristic relaxation frequency for the

Figure 2. (a) Net charge delivered after t0 = 1 ms by the
nanostructure of figure 1(a) as a function of the ratio between the
frequency ν of the potential V (t) = V0 sin(2πνt) applied between
the electrodes and the frequency ν0 of the conductance modulation.
A resonance occurs when ν = ν0. The continuous curve, calculated
using the master equation, constitutes a good approximation to the
points obtained using a kinetic Monte Carlo algorithm. The error
bars of these points are noise estimations calculated from the mean
square deviation of the charge Q. The shadow region describes the
uncertainty in Q obtained from the master equation. (b) Each
nanostructure of figure 1 represents a bit of the seven-bit pattern
shown in the figure. The pattern 4 is defined by the vector
a = (0, 1, 1, 0, 0, 1, 1) and introduced through the applied potential
V (t) = V0

∑7
i=1 ai sin(2πν0

i t). The net charge Qi delivered by
nanostructure i determines the bit state (black or white).

change in the nanoswitch conductance. We need to consider
also the characteristic sampling frequency bandwidth of the
detector, which may limit the frequencies used for conductance
modulation in practical operation. In any case, the system
can operate also at much lower frequencies (because the
switching frequency is set externally). The drawback of a
lower frequency is the longer operational time t0, albeit with
a higher signal-to-noise ratio [30].

Figure 2(a) shows a marked resonance in the charge
delivered when the frequencies of the conductance modulation
(ν0) and the applied potential (ν) are equal. The resonance
peak is more marked for large nanoswitch conductance ratios
Gm/GM and increases with the time t0 and the potential
amplitude V0 [30]. The continuous curve calculated using the
master equation approach constitutes a good approximation to
the points obtained with the kinetic Monte Carlo algorithm.
The bars on each point are estimations of the thermal noise
calculated from the mean square deviation of Q. A signal
processing device can be implemented on the basis of the
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resonance shown in figure 2(a) [30]. We consider a seven-
segment pattern, where the segments (or bits) can be in black
or white states. The proposed signal processing device is
formed by the parallel arrangement of seven nanostructures
shown schematically in figure 2(b), where every nanostructure
represents a bit. Using this arrangement, a pattern codified
as input vector a = (a1, a2, . . . , a7) that stores the bit states
(ai = 1 for black state and ai = 0 for white state) can be
recognized. For instance, the input vector corresponding to
the pattern 4 shown in figure 2(b) is a = (0, 1, 1, 0, 0, 1, 1).
The switching function of equation (1) is applied to the switch
of nanostructure i with frequency ν0

i , and the neighbouring
nanostructures have switching frequencies that differ in a factor
2, 2ν0

i−1 = ν0
i = ν0

i+1/2; and ν0
1 = 105 s−1. When the parallel

arrangement is fed with the global input potential

V (t) = V0

7∑
i=1

ai sin(2πν0
i t) (9)

a resonant response is induced only on those nanostructures
where ai = 1 (see figure 2(a)). In this way, the nanostructures
with ai = 1 deliver a higher net charge Qi than those
with ai = 0. A threshold charge can be established to
identify (beyond the uncertainty introduced by the noise)
the nanostructures having a resonant response. The net
charge Qi determines the state of bit i (i = 1, . . . , 7) to
be black if Qi is above the threshold and white otherwise.
This allows us to decode the input signal by extracting the
state of the different harmonics, retrieving correctly the value
of the input vector a under a wide range of experimental
conditions (temperature, potential, conductance ratio, and
retrieval time) [30]. This signal processing device makes use of
the concept of resonance discussed by Pistolesi and Fazio [58].
However, it differs significantly from previous studies on
oscillating electromechanical nanostructures [58, 62, 63].

The proposed signal processing scheme relies on the
fact that the net charge delivered by a nanostructure is
a cumulative property, relatively robust with respect to
fluctuations. However, thermal noise may impose limitations
on the device reliability because it increases the uncertainty of
the net charge delivered by each nanostructure. This may cast
some doubts on whether Qi is above or below the threshold
value. The experimental variability in the nanostructure
characteristics, which is inherent to the nanoscale, increases
further the uncertainty of Qi and might render the device
inoperative.

The effect of thermal noise was analysed previously using
the master equation approach [30]. We extend significantly
this preliminary study by incorporating also the effect of
the nanostructure variability on the signal processing. First,
truncated Gaussian distributions are introduced to describe the
experimental variability of every nanostructure characteristic
(Gm, GM, GR, CR, CL, and CG), contrary to our previous
work that assumed these values to be free from tolerance
problems. Second, the electron transfer is modelled using
a kinetic Monte Carlo algorithm, which constitutes a more
efficient approach than the master equation formalism when
the nanostructures have different characteristics. And third,

Figure 3. To account for the nanostructure variability, the gate
capacitance values CG,i j of 7M = 21 nanostructures are randomly
distributed using a truncated Gaussian distribution around the mean
value C0

G. The distribution is limited by a variability width
δ = 0.2 (1 − δ � CG,i j /C0

G � 1 + δ). Index i makes reference to the
bit number and index j denotes the redundant nanostructure number
in a given bit.

the concept of circuit redundancy is demonstrated as a feasible
solution to the thermal noise and device variability problems.

Taking advantage of the scalability properties of
nanostructures, we show that a better discrimination between
the Qi values (and hence an improved signal processing)
can be achieved by introducing a certain degree of circuit
redundancy. The concept of redundancy was considered by
von Neumann [64] to build early computers using unreliable
components, and it has been suggested recently that the
use of redundant architectures may be necessary at the
nanoscale [65, 66]. We extend the original signal processing
scheme by using a parallel arrangement of M � 1 redundant
nanostructures per bit instead of only one (figure 2(b)), where
M is the circuit redundancy. We assume that the conductances
GL,i j of the j = 1, . . . , M redundant nanostructures that
compose bit i are modulated with the same frequency ν0

i . The
pattern is still defined by the vector a and introduced through
the applied potential V (t) of equation (9). The net charge
Qi = ∑M

j=1 Qi j delivered by the M redundant nanostructures
composing bit i (i = 1, . . . , 7) now determines the bit state
(black or white).

Metal nanoparticles [35, 67–70] and nanowires [71] show
Gaussian-like distributions in the size dimensions. This
variability affects the electrical properties of the nanostructures
that compose the signal processing system. Different
nanoparticle radii, for example, will lead to a finite distribution
of the resulting capacitances because the two magnitudes
are related (an approximately spherical capacitor has a
capacitance that scales linearly with its radius). Similarly,
when the size dimension and position of the ligands connecting
the nanoparticle to the electrodes suffer from a significant
variability, this will be reflected in the variability of the
tunnelling resistances [72–74]. Also, the effect of a secondary
gate depends on the distance and position with respect to
the nanoparticle and then the gate capacitances will follow
a distribution similar to those of the other parameters. To
describe the effect of the variability on the system parameters
we employ a truncated Gaussian distribution (see figure 3),
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Figure 4. (a) Net charge delivered per nanostructure for variability δ = 0, 0.1, and 0.2 with no redundancy (M = 1). The vertical bars are the
mean values of the Qi distributions and the error bars indicate the width of the distributions. The bit state is retrieved as black when the value
of Qi is above the threshold (indicated by the black horizontal line) and retrieved as white otherwise. (b) Distributions of charges Q1 and Q2

delivered by nanostructures 1 (white) and 2 (black) obtained with 400 simulation runs for δ = 0 and 0.2. Significant overlapping (and thus
poor signal processing) occurs for high component variability (δ = 0.2) and no redundancy. The overlapping region of the distribution tails of
Q1 and Q2 is shown as a grey vertical strip. The black vertical line is the threshold charge.

assuming as a first approximation that this variability affects
all the parameters that depend on the size and position of
the nanoparticles, the ligands and the gate (the tunnelling
resistances described by the conductances GR, GM, and Gm,
the capacitances CL and CR, and the gate capacitance CG).

In all the simulations carried out, the 7M values of every
nanostructure characteristic are randomly generated using
a truncated Gaussian distribution with prescribed standard
deviations around the typical nanoscale mean values G0

m =
5 nS, G0

M = 10 nS, G0
R = 100 nS, C0

R = C0
L = 1 aF, and

C0
G = 4 aF. Every distribution is limited by a variability width,

δ, which describes the maximum relative variation of the
nanostructure characteristic with respect to the mean value (see
figure 3). We note that each Gaussian distribution describes
the complete set of 7M nanostructures composing the signal
processing device, not the M redundant nanostructures of a
particular bit. For example, figure 3 shows a distribution of
21 gate capacitance values (CG,i j ) corresponding to M = 3,
where subscript i makes reference to the bit and subscript j to
the redundancy number.

3. Results and discussion

We have carried out extensive kinetic Monte Carlo simulations
to show that a moderate redundancy leads to enhanced signal
processing by reducing the overlapping of the net charge
distributions associated with the different bits (see figures 4–
6). In every simulation the nanostructure characteristics are
changed according to truncated Gaussian distributions with
variability width δ. The results are presented in the form of
histograms of net charge distributions showing the average
values of a large number of simulations. Three cases are
considered: no redundancy (M = 1), low redundancy (M = 3)

and moderate redundancy (M = 6). The respective numbers of
simulations are 400, 500 and 1000 (the number of simulations
is increased in this series to obtain meaningful statistics).

Figures 4(a) and (b) show the net charge Qi delivered by
each nanostructure in the case of no redundancy (M = 1).
Figure 4(b) shows the values of Q1 (yellow) and Q2 (red) for
δ = 0, obtained with 400 kinetic Monte Carlo simulations, in
the form of histograms. The spread around the mean values of
Q1 and Q2 is due to thermal noise. The tails of the distributions
of Q1 and Q2 overlap (as shown by the grey vertical strip)
and hence the threshold charge is not well defined. This
implies that there is a probability that the signal processing
gives incorrect results because some Q1 values are above the
threshold charge (shown as a black vertical line). Figure 4(b)
shows the values of Q1 (light blue) and Q2 (dark blue) for
δ = 0.2 in the form of histograms. The distribution widths
of Q1 and Q2 are now larger due to the combined effects of
thermal noise and nanostructure variability. The overlapping
of the distribution tails is so large that the signal processing
is unreliable under these conditions. Figure 4(a) shows the
simulation results in the case of the seven bits for variability
widths δ = 0, 0.1, and 0.2. The vertical bars indicate the mean
values for the distribution of 400 Qi values obtained in the
simulations. The width of the distributions is shown in the
form of segments. The black horizontal line is the threshold
charge established to determine the state of bit i : the bit is
black if Qi is above the threshold and white otherwise. It
is clear that the mean values of Q2, Q3, Q6, and Q7 are
above the threshold (and hence these are the black bits) but the
distribution widths are so large, especially in the case of non-
zero variability δ, that a significant fraction of Q2, Q3, Q6, and
Q7 values are below the threshold, which implies unreliable
signal processing. Similarly, the distribution widths of Q1, Q4,
and Q5 are so large that some values are above the threshold,
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Figure 5. (a) Net charge Qi/M delivered per nanostructure in the 7 groups of M = 3 redundant nanostructures that describe every bit for
variability δ = 0, 0.1, and 0.2. (b) Distributions of values of Q1/M and Q2/M obtained with 500 simulations for δ = 0 and 0.2. The
overlapping region of the distribution tails of Q1/M and Q2/M is shown as a grey vertical strip. The black vertical line is the threshold
charge.

Figure 6. (a) Net charge delivered per nanostructure for a redundancy of M = 6 nanostructures per bit and variability δ = 0, 0.1, and 0.2.
(b) Distributions of values of Q1/M and Q2/M obtained with 1000 simulations for δ = 0 and 0.2. Overlapping is avoided with moderate
redundancy, thus achieving efficient signal processing.

leading also to a wrong determination of the bit state. With
no redundancy, a good threshold charge cannot be determined
because of the significant overlapping of the Qi distributions.

Figure 5(a) shows the net charge delivered per nanostruc-
ture Qi/M using a low redundancy of M = 3 nanostructures
per bit. Figure 5(b) shows the Qi/M distributions of bits 1
and 2 for δ = 0 and 0.2. The signal processing reliability is
improved significantly with respect to the case M = 1, except
for the higher variability δ = 0.2. The width of the Qi/M dis-
tributions increases with δ for black bits and the overlapping
region that leads to poor signal processing also widens at high
δ.

Figure 6(a) shows the net charge delivered using a
moderate redundancy of M = 6 nanostructures per bit and

figure 6(b) shows the Qi/M distributions of bits 1 and 2 for
δ = 0 and 0.2. It is observed that the reliability of the signal
processing scheme is enhanced significantly with a moderate
redundancy (M = 6).

Figures 4–6 show that circuit redundancy can compensate
for a significant variability in the nanostructure characteristics,
allowing for efficient signal processing even with non-identical
nanostructures. This is emphasized finally in figure 7,
corresponding to the difference between the highest value
obtained in the simulations for Q1 (Q1,max) and the minimum
value obtained for Q2 (Q2,min). This difference is scaled to the
average value of Q2 and shown as a function of the redundancy
M . There is overlapping between the distributions of Q1 and
Q2 (and thus unreliable signal processing) when Q1,max −

6
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Figure 7. The difference between the highest value obtained for Q1

(Q1,max) and the minimum value obtained for Q2 (Q2,min), scaled to
the average value of Q2, as a function of the redundancy M for two
variability values δ. Note that Q1,max − Q2,min indicates the gap
between the two distributions: when this difference is negative, a
threshold value Qth can be approximately defined to implement
reliable signal processing.

Q2,min > 0. On the contrary, Q1,max − Q2,min < 0 corresponds
to a gap between the two distributions (and thus reliable
signal processing). Figure 7 clearly shows the significant
improvement in the device reliability that is obtained when a
moderate redundancy is used in the signal processing system.
When the nanostructures are identical (δ = 0), the case M = 2
gives a sufficiently high gap between the distributions of Q1

and Q2. For systems that suffer from significant variability
(δ = 0.2 in figure 7), a higher (but moderate) redundancy is
needed. In both cases, Q1,max − Q2,min decreases with M ,
suggesting that nanostructures with higher variability δ could
still be employed by further increasing the values of M .

Note finally that, because of their close proximity,
the state of a given nanostructure may be influenced
cooperatively by their nearest neighbours in the ensemble of
redundant nanostructures that compose every bit. These local
interactions could perhaps be exploited to enhance the effect of
redundancy [66] and improve further the system reliability.

4. Conclusions

The increasing number of switchable nanostructures that
have been demonstrated experimentally is stimulating novel
information processing schemes based on these systems.
However, because of the fabrication processes at the nanoscale,
the building blocks of the new architectures proposed will
suffer from a relatively high variability. This variability,
together with the thermal noise effect, must be compensated for
by using fault-tolerant techniques such as circuit redundancy.

We have recently shown that signal processing can be
based on nanoswitches whose conductance is tuned by an
external stimulus between two (on and off ) states [30]. This
previous work has been extended here to account for the effects
of nanostructure variability by using a phenomenological
model that includes the stochastic nature of electron transfer
and the uncertainties caused by the thermal noise. It is shown
that reliable signal processing can still be achieved by adapting

the number of building blocks per bit (redundancy) to the
nanostructure tolerances (variability). Extensive kinetic Monte
Carlo simulations show that a moderate level of redundancy
can compensate for significant nanostructure variability in
practical operation. This result gives additional support to the
concept of ensembles of redundant nanostructures for signal
processing at the nanoscale.
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