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We explore the processing of weak electrical signals in parallel arrays of bio-inspired threshold

nanostructures showing a high variability in their threshold potentials. We consider a two-state

canonical model that incorporates the basic properties demonstrated experimentally. The model

is inspired by the voltage-gated ion channels in biological membranes and shows that the

nanostructure variability can allow significant transmission of sub-threshold signals. Implications

for the design of practical devices are briefly discussed. VC 2011 American Institute of Physics.

[doi:10.1063/1.3650712]

Biological networks composed of non-identical thresh-

old nanostructures can process weak electrical signals in a

noisy environment. This is the case of clusters of ion chan-

nels in biological membranes and neuronal sensory networks

in the brain, where the variability between the effective

threshold potentials of the processing units arises from the

intrinsic biological diversity, the complexity of local connec-

tions, and the possibility of conductance modulation by

different species in solution.1–6 Remarkably, when trying to

design bio-inspired devices on the basis of functionalized

nanopores and nanoparticles,7,8 the fabrication uncertainties

may result also in a high variability in the threshold

potentials.9,10

The implementation of logical and signal processing

schemes using nanostructures is expected to have a low reli-

ability because of the weak signals involved, the thermal

noise, and the high individual variability in the threshold

potentials. The biochemical diversity of the ion channels

inserted in lipid bilayers,3–6,11 the different pore shapes

and surface functionalizations of synthetic nanopores,7,8 and

the size distribution of nanoparticles8–10 and nanowires12

result in a significant spread of their individual threshold

potentials. The threshold voltage mismatching of electronic

transistors can also have profound effects in voltage-driven

applications.13

We explore theoretically the signal processing in paral-

lel arrays of bio-inspired nanostructures showing a high vari-

ability in their threshold potentials. The diversity-induced

static noise that originates from the hardware variability is

considered together with the dynamic noise of the input sig-

nal. The simulations suggest that in some cases moderate re-

dundancy permits to minimize the adverse effects of the

hardware diversity and to exploit the threshold fluctuations

in order to increase the detection range of weak signals. The

basic concepts involved are commonplace in biophysics3–5,11

and should be of interest for the design of reliable informa-

tion processing schemes with non-identical nanostructures.

Potential applications include processing of weak signals

with biological channels inserted in lipid bilayers,4,11 syn-

thetic nanopores,7,8 arrays of functionalized nanoparticles,8,9

nanowire field-effect transistors,12 and nanoswitches based

on molecular dipoles.14,15

We make use of a simple model that incorporates the

effect of the bistable nature of the nanostructure on the

charge transport dynamics. The model is inspired by the

voltage-gated ion channels of biological membranes,1–6

incorporates some of the basic properties demonstrated

experimentally, and is amenable to fundamental analysis.

When the applied potential is V, the probability pðVjVth;iÞ of

finding a nanostructure i of threshold potential Vth;i in the

high conductance state is given by the canonical distribution

pðVjVth;iÞ
1� pðVjVth;iÞ

¼ exp½zeðV � Vth;iÞ=kT�; (1)

where k is Boltzmann’s constant, T is the absolute tempera-

ture, and e is the elementary charge. Thus, charge transport

is significant when V > Vth;i. The parameter z quantifies the

sensitivity of the system to the potential inputs in the vicinity

of the transition region between two states of high and low

conductance. For ion channels, the threshold potential is

related to the energy barrier due to the conformational

changes needed to open the channel, and z is the equivalent

gating charge number. This parameter depends on the num-

ber of charges moving across a fraction of the total potential

applied through the channel.3

Figure 1(a) shows a typical current-voltage curve for a

model nanostructure with two regions of low (g) and high

conductance (G) separated by a non-linear transition region

around the threshold potential. This behavior is a characteris-

tic of both biological2,3 and artificial12,15,16 threshold sys-

tems. We will assume that G� g � 0 and analyze the

processing of an input signal VðtÞ using a parallel array of N
non-identical nanostructures. Current experimental proce-

dures produce nanostructures with a high variability in their

properties, and this leads to statistical distributions of proba-

bility pðVth;iÞ for the values Vth;i of the individual threshold

potentials. Thus, each nanostructure has a different current

under the same applied potential V (those nanostructures

with Vth;i > V show a small current). The average current

per nanostructure is
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�IðtÞ ¼ GVðtÞ 1

N

XN

i¼1

pðVðtÞjVth;iÞ

¼ GVðtÞ
X

Vth;i

pðVth;iÞpðVðtÞjVth;iÞ; (2)

where NpðVth;iÞ is the number of nanostructures with thresh-

old potential Vth;i. We have considered discretized and trun-

cated Gaussian distributions of N/4 different threshold

potentials Vth;i, with mean �V th and standard deviation r,

spanning the range 1� d � Vth;i= �V th � 1þ d, where d is the

relative variability. Examples are given in Figs. 1(a) and

1(c)–1(f). The individual threshold potentials Vth;i vary from

26 to 78 mV when d ¼ 0:5 and �V th ¼ 52 mV.

Equations (1) and (2) show some of the essential charac-

teristics of threshold systems. We present simulations with

different probability distributions to study the effect of vari-

ability on the correlation between the input potential and the

output current. The absolute value of the current and its fluc-

tuations are analyzed as a function of the number of nano-

structures, applied potential, and nanostructure individual

characteristics in Figs. 1–3. We assume that the time varia-

tion of VðtÞ is slow enough for the system to follow instanta-

neously the external perturbation. This assumption is

reasonable for nanostructures characterized by relatively fast

time responses and, in particular, for the case of ion channels

and nanopores because of the small solution volumes

involved.4,7,17 The processing of weak, sub-threshold input

signals VðtÞ < �V th is of interest because the threshold vari-

ability results then in an increased total current with respect

to the case d ¼ 0. The nanostructures with smaller threshold

potentials show much higher currents than those with larger

threshold potentials because of the upward concavity of the

I-V curve in the sub-threshold regime (see Fig. 1(b)).

Figure 2 shows the average current per nanostructure �IðtÞ
when the sub-threshold multi-step potential VðtÞ ¼ V0½HðtÞ

þ Hðt� sÞ þ Hðt� 2sÞ þ Hðt� 3sÞ� is applied to a parallel

array with N ¼ 20, d ¼ 0:5, and r ¼ 0:39 �V th (higher cur-

rents). Here, HðtÞ is the Heaviside step function, s is the time

of each potential step and V0 ¼ 0:2 �V th. A Gaussian white noise

(GWN) of zero mean and standard deviation 0:05VT has been

added to the input potential. This potential has been scaled to

the average threshold potential �V th ¼ 2VT ¼ 52 mV, and the

distribution of threshold potentials is shown in Fig. 2(b). The

current for identical nanostructures (d ¼ 0, lower currents) has

also been shown for comparison. The effect of variability

becomes more marked when the sensitivity parameter z is

increased (see Figs. 2(c) and 2(d)). The current for the identical

nanostructures decreases with increasing z when VðtÞ < �V th,

but this effect does not occur with non-identical nanostructures

because of the averaging. Note also the correlation between

the input and output signals for d ¼ 0:5, even when V0 is

only 0:2 �V th and the minimum threshold potential is

Vth;i ¼ 26 mV > V0 � 10 mV.

The relatively high current through nanostructures with

low threshold potentials compensates for the low current

through those nanostructures with high threshold potentials.

Thus, the variability enhances the correlation between the

input potential and the output current. This fact has recently

been demonstrated experimentally for field-effect nanowire

transistors with different individual characteristics.12 The ex-

perimental variability resulted in a distribution of threshold

potentials for the nanowires. The theoretical results of

Fig. 2(d) agree qualitatively with the experimental results of

Fig. 4 in Ref. 12, thus confirming that variability can be ben-

eficial for signal processing.

The above results are not restricted to the multi-step

potential. Figure 3(a) shows the average current �IðtÞ for a

sub-threshold sinusoidal input potential VðtÞ ¼ V0sinð2pt=sÞ
with amplitude V0 ¼ 0:6 �V th. A GWN of zero mean and

standard deviation 0:05VT has been added to the input

FIG. 1. (Color online) (a) Steady-state I-V curve of a nanostructure. The low and high conductance regimes are separated by a non-linear transition region

around the threshold voltage �V th� VT ¼ kT=e is the thermal electric potential. (b) Average current per nanostructure vs. V/ �V th for a parallel array of N nano-

structures whose distribution of threshold potentials has mean �V th, relative variability d, and standard deviation r. The distributions considered are shown in

(a) and (c)-(f) and their parameters are given in (b). The parameter values used are G¼ 1 nS, z¼ 6, and �V th ¼ 2VT (¼52 mV at 300 K).

FIG. 2. (Color online) A sub-threshold multi-step

potential (a) with a GWN of amplitude 0:05VT is

applied to 20 identical (d ¼ 0, lower currents) and dif-

ferent (d ¼ 0:5 and r ¼ 0:39 �V th, higher currents)

nanostructures with the threshold potential distribution

shown in (b). The average current per nanostructure is

shown for z¼ 4 (c) and 6 (d).
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sinusoidal signal. The correlation between the input and out-

put signals is higher for d ¼ 0:5 than for d ¼ 0. The current

through nanostructure i increases non-linearly with V when

V < Vth;i (see Fig. 1(a)), and the contribution to the current

of a fraction of nanostructures with Vth;i < �V th can be large

enough to compensate for the fraction of nanostructures with

Vth;i > �V th. For sub-threshold signals, the time average cur-

rents h�Ii obtained over a period s are much higher for

d ¼ 0:5 than for d ¼ 0. The presence of GWN does not

change qualitatively this result.

Figure 3(b) shows that the nanostructure variability

should also be of relevance for estimating the signal averag-

ing effects caused by weak electric fields on biological

cells.17 Clusters of ion channels with different threshold

potentials coexist in cell membranes, and the external fields

may produce irreversible changes in the channel charge dis-

tributions. Thus, transmission of weak electrical signals

across the membrane could not be completely discarded for

long times because net currents might flow through the leaky

patches formed by the fraction of low threshold channels.

In conclusion, biological diversity plays a role in the

processing of electrical signals by non-identical threshold

units,1–6,18 and it is of interest to explore if the variability

effects associated with artificial nanostructures could also be

exploited in practical designs. Using a canonical model use-

ful for different threshold systems, we have clearly shown

that the variability inherent to the nanoscale can enhance

significantly the processing of sub-threshold weak signals

with respect to the case of identical threshold units. Coopera-

tive effects between non-identical units14,15 could further

enhance this effect. Implications for oscillating weak electri-

cal fields across cell membranes are also noted.
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