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What is Temperature? 

Peter Hänggi, University of Augsburg, Department of Physics, Universitätsstrasse 1, D-86159 Augsburg 

Abstract—In daily use, the concept of 
"Temperature" is identified as the measurable 
"degree of heat" of a substance. Here we encounter 
already different temperature scales: From 
Fahrenheit, Celsius, C°, etc., up to the scale 
expressed in Kelvin.  As a consequence of the second 
Law in thermodynamics there exists in fact a lowest 
temperature, but seemingly no highest one.  

In thermodynamics, the concept of a temperature is 
introduced as a physical state variable associated with 
the change in the amount of reversible heat as a 
function of a related change in entropy S, -- but of 
precisely which entropy S ? With thermodynamic 
entropy being a strictly monotonic increasing function 
of internal thermal energy its partial derivative is 
necessarily positive: Its inverse is identified as the 
absolute thermodynamic temperature T, which 
therefore can never be negative. 

Nevertheless, the concept of negative absolute 
temperatures as a new state of matter has recently been 
proposed and widely advertised in the context of 
experiments with interacting ultracold bosons: – a 
concept which this speaker critically commentates. 

Moreover, in the framework of classical statistical 
physics we encounter the "Equipartition 
Theorem", according to which each energy-carrying 
degree of freedom possesses on the average the same 
thermal energy. Matters become more complex on the 
atomic scale, entering the regime of quantum dynamics 
where this "Equipartition Theorem" no longer holds.  
At small scales, notions such as work, heat and 
temperature need to be reassessed. Also, does the 

temperature eventually fluctuate?  -- These issues 
become even more obscure when describing the 
influence of the theory of relativity. Even among 
experts it is then often unclear what the means are for 
measuring the temperature of a fast moving system: Is  
a moving body now hotter or colder, or does it 
maintain the same temperature?

REFERENCES 
For supplementary materials see: 

See on the home page: What is Temperature? 

http://www.physik.uni-
augsburg.de/theo1/hanggi/Temperature.html 

1



n a n o e n e r g y 2 0 1 3  -  t a l k s  a n d  p o s t e r s  

1

NANOENERGY LETTERS

Cooperative rectification in small-scale systems 

Paolo Malgaretti, Ignacio Pagonabarraga, and J. Miguel Rubi 
Department de Fisica Fonamental, Universitat de Barcelona, Spain 

 

Abstract—We have analyzed the dynamics of Brownian ratchets in a 
confined medium. The interplay between the intrinsic ratchet 
mechanism and a geometrically-induced rectification gives rise to a 
variety of dynamical behaviors that are not observed when the 
ratchet proceeds in an unbounded medium. A net current may 
appear even when none of those mechanisms can rectify if they 
actuate independently. Cooperative rectification could be used to 
control transport in mesostructures and to engineer new and more 
efficient devices for transport at the nanoscale. 

I.INTRODUCTION 

The failure of detailed balance in systems subjected to

unbalanced forces leads to new dynamical behaviors different 
from those observed when the system is in equilibrium. An 
example, present in the transport of particles under the action of 
unbiased forces of optical, mechanical, or chemical origin, is 
rectification of thermal fluctuations. The origin and implications of 
this phenomenon has attracted the interest of researchers in a 
variety of fields, ranging from biology to nano-science, due to its 
relevance in the transport in small-scale systems. The behavior of 
such small engines, referred to as Brownian ratchets, have been 
extensively studied and several models that capture some of their 
main features have been proposed. 

Ratchet models usually proceed in an unbounded space. In small 
system, however, particles experience local forces while they 
explore the space around it. Confinement then plays an important 
role because it significantly reduces the number of allowed states 
of the system [1] which leads to changes of its entropy and 
consequently to the presence of entropic forces [2] acting on the 
ratchet.  The important role of entropic barriers in the transport in 
confined media, or entropic transport [3], has been shown in a 
variety of situations that include molecular transport in zeolites, 
and transport through ionic channels and micro-fluidic devices. 
The presence of irregular boundaries gives rise to entropic forces 
that may also rectify the thermal fluctuations.  

We will analyze the interplay between rectification and 
confinement, and will characterize the new features associated to 
confined Brownian ratchets. We will show the existence of a 
strong cooperative rectification that may become manifest even in 
the case in which none of those mechanisms  can rectify the 
particle current when they actuate by separate. Such interplay 
strongly affects particle motion. To understand the mutual 
influence between both rectifying sources, we have studied three 
different ratchet models, namely the flashing ratchet, the two-level 
ratchet and a thermal ratchet. In the first two cases, the equilibrium 
is broken by the energy injected in the system through the intrinsic 
ratchet mechanism as it happens in the case of molecular motors. 

In the third one, the driving force is a thermal gradient that 
couples to the probability current, hence inducing a, local, Soret 
effect. 

Fig1. Left: particle diffusing in a varying section channel. Right: ratchet 
potential, V(x), entropy contribution coming from the Fick-Jacobs approximation, 
S(x), and total free energy, A(x). 

II.RESULTS
In the model proposed, the motion of the particles in a confined 
environment is described by means of a Fick-Jakobs kinetic 
equation [1], [5] in which the presence of boundaries is modeled 
through an entropic potential. The model introduces two 
parameters, namely the height of the entropic barrier and the free 
energy drop. The former accounts for the relevance of 
confinement in the overall dynamics whereas the latter controls 
the onset of the cooperative rectification.   

We have analyzed the cases of a flashing ratchet, a two-state 
model and a ratchet under the influence of a temperature gradient. 
We have observed the emergence of a strong cooperativity 
between the inherent rectification of the ratchet mechanism and 
the entropic bias of the fluctuations caused by spatial 
confinement [3]. Net particle transport may take place in 
situations where none of those mechanisms leads to rectification 
when acting individually. The combined rectification 
mechanisms may lead to bidirectional transport and to new routes 
to segregation phenomena. 

For a flashing ratchet, the second moment of the longitudinal 
velocity of a confined Brownian ratchet differs from the second 
moment associated to its transverse velocity while such an 
intrinsic anisotropy is lacking for the thermal ratchet. As a result, 
confined thermal ratchets can rectify only if there is an interplay 
between the asymmetric enthalpic potential and the temperature 
gradient. Comparing the cases of a flashing ratchet and a two-
state model of a molecular motor we conclude that the new 
mechanism we describe is robust with respect to the details of the 
Brownian ratchet. However, the specificity of the rectification 
can affect both the quantitative response of a Brownian ratchet to 
confinement and, in some cases, even affect the qualitative 

2



n a n o e n e r g y 2 0 1 3  -  t a l k s  a n d  p o s t e r s  

 

behavior observed; e.g. velocity inversion can be observed 
increasing ΔS for processive molecular motors in a symmetric 
channel while velocity inversion is never observed for non-
processive motors.  

Fig 2: Velocity dependece for a particle in a symmetric channel and symmetric (top) 
asymmetric (bottom) ratchet potential. The right column shows the velocity 
dependence on the phase shift between the ratchet and the entropic potential while 
in the right column we represent  the velocityas a function of  the entropic barrier 
ΔS. 

The Fick-Jacobs approach has provided insight to understand these 
qualitative differences. We have always assumed that the confining 
channel and the ratchet potential have the same period. If  both 
components have different periodicities, or if one of them shows 
irregularities (that can emerge, for example, from the presence of 
defects in the channel build up), one can still account for the 
mismatch between the ratchet potential and the channel corrugation 
by considering that the phase shift rather than having a well defined 
value is characterized by a uniform distribution. The results found 
show that in this situation a net current persists except for the fully 
symmetric geometry. For asymmetric potentials, we have seen that 
the dynamics of the particles  is very sensitive to corrugation and 
that the geometrical constraints strongly affect their motion. 
Controlling the corrugation of the channel one can enhance 
significantly the net Brownian ratchet velocity or can induce 
velocity inversion for all the Brownian ratchet models considered. 
Therefore, confinement provides a means to control particle motion 
at small scales. Since particles with different sizes show a 
differential sensitivity to the geometrical constraints, it is possible 
to use channel corrugation to segregate Brownian ratchets of 
different sizes, or even to trap particles. Confined Brownian 
ratchets offer new venues to the control of transport and particle 
manipulation at small scales. 

REFERENCES 
[1] D. Reguera and J. M. Rubi, Phys. Rev. E 64, 1 (2001). 
[2] J. M. Rubi and D. Reguera, Chem. Phys. 375, 518 (2010). 
[3] D. Reguera, G. Schmid, P. S. Burada, J. M. Rubi, P. Reimann, 
and P. Hänggi, Phys. Rev. Lett. 96, 130603 (2006). 
[4] P. Malgaretti, I. Pagonabarraga, and J. M. Rubi, Phys. Rev. E 
85, 010105(R) (2012). 
[5] P. S. Burada, G. Schmid, D. Reguera, J. M. Rubi, and P. 
Hänggi, Phys. Rev. E,  051111 (2007). 
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Jarzynski Equality and the Landauer's bound: an 
experimental approach 

A. Bérut, A. Petrosyan, S. Ciliberto 
Laboratoire de Physique ENS Lyon (CNRS UMR5672), 46, allée d'Italie 

F69007 Lyon, France 

 

Abstract—A single bit memory system is made with a brownian 
particle held by an optical tweezer in a double-well potential and the 
work necessary to erase the memory is measured. We show that the 
minimum of this work is close to the Landauer's bound only for very 
slow erasure procedure. Instead a detailed Jarzynski equality allows 
us to retrieve the Landauer's bound independently on the speed of 
this erasure procedure. 

I. INTRODUCTION 

T HE connection between thermodynamics and information is 

nowadays a widely studied problem [1,2,3,4].  In this context the 
Landauer's principle [4] is very important as it states that for any 
irreversible logical operation the minimum amount of entropy 
production is kB ln(2) per bit commuted by the logical operation, 
with kB  the Boltzmann constant. Specifically a logically 
irreversible operation is an operation for which the knowledge of 
the output does not allow to retrieve the initial state, examples are 
logical AND, OR and erasure. In a recent paper [5] we have 
experimentally shown that indeed the minimum amount of work 
necessary to erase a bit is actually associated with this Landauer's 
bound which can be asymptotically reached for adiabatic 
transformations. The question that arises naturally is whether this 
work corresponds to the free energy difference between the initial 
and final state of the system. To answer to this question it seems 
natural to use the Jarzinsky Equality (JE) [6] which allows one to 
compute the free energy difference   ΔF between two states of a 
system, in contact with a heat bath at temperature T.  

 We analyze here the question of the application of JE for 
estimating the ΔF corresponding to the erasure operation in our 
experiment, in which a colloidal particle confined in a double well 
potential is used as a single bit memory. We will show that a 
Detailed Jarzynski Equality (DJE)[6] is verified, retrieving the 
Landauer limit independently of the work done on the system. 

II. EXPERIMENTAL SETUP
The setup has already been described in a previous article [5,7] 

and we recall here only the main features. A silica bead is trapped 
by a laser beam in double-well potential. The left well is called 
``0'' and the right well ``1''. The position of the bead is tracked 
using a fast camera.  

The logical operation performed by our experiment is the 
erasure procedure. This procedure, which brings the system 
initially in one random state (0 or 1 with same probability) in one 
chosen state (e.g. 0), is obtained by a suitable modulation of the 
trapping potential and the application of a force we pushes the 
bead in the final state. A procedure is fully characterized by its 
duration τ and the maximum value of the force applied fmax. Its 
efficiency is characterized by the ``proportion of success'' PS, 
which is the proportion of trajectories where the bead ends in the

chosen well (e.g. 0), independently of where it started. 
The work W performed during the procdure to bring the bead 

from the initial to the final state is directly computed and the 
effective Free Energy difference ΔFeff is estimated using the  
Generalized Jarzinsky equality.  The experimental results are 
plotted in fig.1 which shows two main results.  

!Fig. 1.  Mean of the work (*) and effective free energy difference (X) for different
procedures. The over-forced procedures (red) have a proportion of success 
PS∼95%, the optimized procedures (black*) have PS> 91%, the under-forced 
procedures have PS> 83% (except the last point, that has PS∼75%). 

The directly computed work W is a decreasing function of τ 
and asymptotically approaches the Landauer limit at large τ. In 
contrast the ΔFeff   computed using the DJE is always close to the 
Landauer bound independently of τ. See ref. [7] for details. 

III. CONCLUSIONS
It has been experimentally shown that for a memory erasure 

procedure of a one bit system, which is a logically irreversible 
operation, a detailed Jarzynski equality allows us to retrieve the 
Landauer's bound for the work done on the system independently 
on the speed in which the memory erasure procedure is 
performed. 

REFERENCES 
[1] C. Van den Broeck. ''Bits for less or more for bits?'' Nature Phys.6, 937-938 

(2010). 
[2] M. Bauer, D. Abreu and U. Seifert. Efficiency of a Brownian information 

machine J. Phys. A: Math. Theor.,  45, 162001 (2012). 
[3] U. Seifert. Stochastic thermodynamics, fluctuation theorems and molecular 

machines, Rep. Prog. Phys., 75, 126001 (2012). 
[4] R. Landauer, Irreversibility and heat generation in the computing process, 

IBM J. Res. Develop.,  5, 183-191 (1961). 
[5] A. Bérut, A. Arakelyan, A. Petrosyan, S. Ciliberto, R. Dillenschneider, and 

E. Lutz,'' Experimental verification of Landauer's principle linking 
information and thermodynamics'', Nature, 483, 187-189 (2012) 

[6] S. Vaikuntanathan and C. Jarzynski, ''Dissipation and lag in irreversible 
processes'',  Euro. Phys. Lett., 87, 60005 (2009) 

[7]  A. Bérut, A. Petrosyan, S. Ciliberto,  '' Detailed Jarzynski Equality applied
to a Logically Irreversible Procedure'', arXiv:1302.4417v2 
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Quantum heat fluctuation of single particle sources 

F. Battista1, M. Albert2, M. Moskalets3 and P. Samuelsson1 
1Division of Mathematical Physics, Lund University, Box 118, S-221 00 Lund, Sweden. 

2Laboratoire de Physique des Solides, Université Paris Sud, 91405 Orsay, France. 
3Department of Metal and Semiconductor Physics, NTU ``Kharkiv Polytechnic Institute'', 61002 Kharkiv, Ukraine. 

Abstract—The prospect of time controlled information processing with 
individual electrons in nanoscale systems provides strong motivation 
for investigations of coupled charge and energy transport properties of 
single electron sources. Following our recent work [Battista et al, Phys. 
Rev. Lett. 110, 126602, (2013)] we investigate theoretically the 
statistical properties of temperature and potential fluctuations in an 
electronic probe coupled to a generic single electron source. Here we 
focus on average quantities and noise, the second cumulant of the 
fluctuations.  

I. INTRODUCTION 

THE ongoing miniaturization and close-packing of components 

in electronic devices has made it increasingly important to minimize 
and control heat dissipation in electronic systems on the nanometer 
size. In particular, any time-controlled information processing in 
nanoscale electronic devices will typically involve clocked 
application of voltage pulses and generation of time-dependent 
electrical currents, hence resulting in a time-varying heat flow. 
Extrapolating the electronics miniaturization trend, the ultimate 
carriers of information in nanosystems are single electrons. From a 
fundamental perspective, this motivates a careful investigation of 
coupled charge and energy transport properties of time-controlled 
sources for single electrons. In addition, the even more ambitious 
goal, to perform quantum information processing with single 
electrons in nanosystems, requires such electron on-demand sources 
as well as the transport through the system to preserve quantum 
coherence. 
The need for a better understanding of the coupled charge and 
energy emission properties of electron on-demand sources is further 
emphasized by the recent rapid experimental progress on fast, 
accurate single particle emitters, with operation frequencies 
reaching the GHz regime [1-6]. Following the experiments, a large 
number of works investigated the charge transport properties of 
these coherent electron on-demand [7-12]. Coherent on-demand 
sources open up for quantum coherent few-electron experiments as 
well as put in prospect quantum information processing with 
clocked single and entangled two-particle sources. Until recently, 
however, the energy emission properties of the sources received 
little attention. 
Importantly, although the low-frequency charge emission of ideal 
on-demand sources is noiseless, the emitted heat fluctuates (see 
illustration in Fig. 1. These heat fluctuations are ubiquitous for 
quantum coherent sources; particles emitted during a time shorter 
than the drive period 𝑇 have an uncertainty in energy larger than 

ℎ/𝑇. In our recent work [12] we proposed a system where the heat 
fluctuations could be investigated via experimentally accessible 
quantities, see Fig. 1. Here the main findings of our work are 
summarized.  

Fig. 1. a) Train of wavepackets emitted from a single electron pump. b) Energy 
probability distribution of emitted wavepacket. c) Schematic of the system 
considered in Ref. [11], with a single particle pump coupled to a thermally and 
electrically floating probe and an electronic reservoir, via edge states. 

II SYSTEM AND METHOD 
An optimal on-demand source emits a train of single particle 
wavepackets |Ψ⟩, equally spaced 𝑇   =   2𝜋/𝜔 in time, see Fig 1a. 
The wavepackets, emitted on top of a filled Fermi sea, are 
superpositions of states at different energies, Ψ⟩ =
∫𝑑𝜖  𝑐(𝜖) 𝑏 (𝜖) 0⟩, where 𝑏 (𝜖) creates a particle at energy 𝜖 >
  0, |0⟩ denotes the filled Fermi sea and 𝑐(𝜖) an amplitude 
normalized as ∫𝑑𝜖 𝑝(𝜖)   =   1, with 𝑝(𝜖) =    |𝑐(𝜖)|  . The average 
and width of 𝑝(𝜖) are 〈𝜖〉 and  Δ𝜖, respectively. We consider an on-
demand source coupled to a probe in the hot-electron regime, an 
electrically and thermally floating terminal, see Fig. 1c. The 
source-probe setup is implemented in a conductor in the quantum 
Hall regime. Particles emitted from the source propagate to the 
probe along the lower edge state. From the probe, emitted particles 
follow the upper edge and are collected in a grounded electronic 
reservoir kept at low (here zero) temperature. 

In the hot-electron probe, injected particles thermalize rapidly, via 
electron-electron interactions, on the time scale e−e. This time is 
much shorter than the typical time τd a particle spends inside the 
probe before being reemitted. However, the energy exchange with 
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the lattice phonons takes place on the time scale τe-ph, much 
longer than τd. The electron distribution in the probe is then in a 
quasi-equilibrium state, characterized by a chemical potential and 
temperature. In order to prevent charge and energy pile-up in the 
floating probe, both the chemical potential 𝜇 (𝑡) and temperature
𝑇 (𝑡) develop fluctuations in time. As we now discuss, these
fluctuations provide information on the quantum heat fluctuation 
of the source. 

III. TEMPERATURE AND POTENTIAL
To present a clear and compelling picture we analyze the 
temperature and potential fluctuations within a Boltzmann-
Langevin approach. We write 𝑇 (𝑡) = 𝑇 + 𝛿𝑇 (𝑡) and 𝜇 (𝑡) =
�̅� + 𝛿𝜇 (𝑡) with 𝑇 , �̅� average quantities and 𝛿𝑇 (𝑡), 𝛿𝜇 (𝑡)
fluctuating Langevin terms. The statistics of 𝛿𝑇 (𝑡) and   𝛿𝜇 (𝑡)
is determined from underlying quantum properties, as discussed 
below. First we consider the average quantities 𝑇   and  �̅� . The
starting point is the operator for charge current at the probe, 

𝐼 (𝑡) = 𝑑𝜖  𝑑𝜖 𝑒 ℏ 𝚤̂ (𝜖 − 𝜖)
where 

𝚤̂ (𝜖 − 𝜖) = 1
ℎ [𝑏 (𝜖)𝑏(𝜖′) − 𝑎 (𝜖)𝑎(𝜖′)]

with 𝑏 (𝜖)  [𝑎 (𝜖)] creating particles incident on [emitted from]
the probe. By analogy we write the operator for the energy current 

𝐼 (𝑡) = 𝑑𝜖  𝑑𝜖 𝑒 ℏ
[𝜖 + 𝜖 ]

2 𝚤̂ (𝜖 − 𝜖).
Taking the quantum average with respect to the emitted source 
state and the state of the probe, and averaging over a time much 
longer than the period T, we arrive at the dc component of charge 
and energy currents  

〈𝐼 〉 = 𝜎𝑒
𝑇 − 𝑔 �̅�

𝑒 , 〈𝐼 〉 = 〈𝜖〉
𝑇 − 𝑔

2
�̅�
𝑒 + 𝑙 𝑇

where 𝑔 = is the (single spin) conductance quantum and 𝑙 =
 the Lorentz number. Here we introduced σ = 0 for sources 

emitting alternating electrons and holes (no net charge per period) 
and σ = 1 for sources emitting one electron per cycle. We note 
that the first and the second terms of 〈𝐼 〉 and 〈𝐼 〉 in the equation
above are the currents emitted by the source and the probe 
respectively. The conditions for zero average charge and heat 
currents at the probe, 〈𝐼 〉 = 0 and 〈𝐼 〉 = 0, give

�̅� = 𝜎ℏ𝜔, 𝑇 = 1
𝑔 𝑙 𝑇 [2〈𝜖〉 − 𝜎ℏ𝜔]

Importantly, �̅�   and 𝑇  depend only on the source properties ω
and 〈𝜖〉 and fundamental constants. 

IV. FLUCTUATIONS
Turning to the temperature and chemical potential fluctuations, 
the quantities of main experimental interest are the low frequency 
correlators 〈 𝛿𝜇 〉 ≡ ∫𝑑𝑡  𝑑𝑡 〈𝛿𝜇 (𝑡)𝛿𝜇 (𝑡 )〉 and 

equivalently for 〈 𝛿𝑇 〉, with the measurement time 𝑡 ≫   𝑇  .
We first point out that the total fluctuations of charge and heat 
currents Δ𝐼  and Δ𝐼  are made up by bare fluctuations δ𝐼  and
δ𝐼  and fluctuations due to the varying temperature and voltage
of the probe, 𝜕 〈𝐼 〉𝛿𝑇  and 𝜕 〈𝐼 〉𝛿𝜇 , with 𝑥   =   𝑐, 𝑒, see Ref.

[12]. Taking into account the conservation of charge and heat 
current fluctuations, i.e. Δ𝐼 = 0 and Δ𝐼 = 0, we can express 𝛿𝑇
and 𝛿𝜇  in terms of the bare charge and heat fluctuations. The

correlators 〈 𝛿𝜇 〉 and 〈 𝛿𝑇 〉 can thus be expressed in terms
of low frequency correlators of bare charge and heat fluctuations 
〈𝛿𝐼 𝛿𝐼 〉 ≡ ∫𝑑𝑡  𝑑𝑡 〈𝛿𝐼 (𝑡)𝛿𝐼 (𝑡 )〉. The correlator of the

Langevin terms 〈𝛿𝐼 (𝑡)𝛿𝐼 (𝑡 )〉  is evaluated by taking the
quantum average of the corresponding correlator of current 
operators 𝐼 , 𝐼    following Ref. [13]. We arrive at

〈 𝛿𝜇 〉 = ℎ𝑘 𝑇
〈 𝛿𝑇 〉 = 1

𝑔 𝑙 𝑘 𝑇 + 1
2

(Δ𝜖)
〈𝜖〉 − 𝜎ℏ𝜔/2  

The potential fluctuations 〈 𝛿𝜇 〉  are proportional to the
average temperature, typical for equilibrium systems. In contrast, 
the temperature fluctuations 〈 𝛿𝑇 〉  are a sum of two physically
distinct terms. The first term, the classical fluctuations, is 
proportional to 𝑇   and results from the finite temperature of the 
probe and would be present even if the injected particles had a 
well defined energy, i.e. Δ𝜖 = 0 The second term, quantum 
fluctuations, is proportional to (Δ𝜖) and is a direct result of the
uncertainty of the energy of the injected particle. We also point 
out that there are no correlations between the voltage and the 
temperature fluctuations, i.e 〈𝛿𝜇 𝛿𝑇 〉 = 0.

V. CONCLUSIONS 

In conclusion we have investigated the quantum fluctuations of 
the heat current emitted from a single particle source. We show 
that these quantum heat fluctuations can be detected via potential 
and temperature fluctuations of a probe coupled to the source. 
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Abstract—We present a physical implementation of a Maxwell demon 

which consists of two capacitively interacting quantum dots: The first 

quantum dot - a conventional single electron transistor - is coupled to 

two thermal reservoirs  and corresponds to the partitioned box.  In 

addition, it is capacitively coupled to another quantum dot with its 

own  thermal  reservoir.  This  secondary  dot  can  store  one  bit  of 

information and continuously monitors the occupation of  the first. 

When parameters are tuned accordingly,  its capacitive back-action 

on the first dot performs an effective feedback control loop, which 

may act like Maxwell’s demon, capable for example of transporting 

electrons against a potential bias with a negligible modification of the 

energy  balance.  Treated  as  a  whole,  the  system  is  nothing  but  a 

thermo-electric  device  respecting  of  course  the  second  law  of 

thermodynamics: As such, it merely converts a thermal gradient into 

an electronic current. However, disregarding the demon degrees of 

freedom, we derive the reduced entropy production of the monitored 

subsystem and identify the modification with the information current 

associated to the feedback-control loop. 

I. INTRODUCTION

MAXWELL'S demon has inspired generations of scientists. It

performs a classical feedback-control operation on the system: The 

box  with  the  gas  molecules  is  continuously  monitored,  and 

depending on the measurement result (is a fast or slow molecule 

approaching the slit),  a  control  action is performed (opening or 

closing the door). Its fascination arises from the fact that simply by 

using information on a system to change its parameters one may 

achieve an apparent violation of the second law. Ideally, obtaining 

the  information  and  performing  the  control  actions  would  not 

require  any  energy  thus  keeping  the  first  law  unchanged.  Of 

course, it was soon realized by taking a closer look at the entropy 

production of the monitored system that the information used for 

feedback  will  enter  as  a  separate  contribution  thus  restoring 

validity of the second law. 

The continuing progress in our ability to control small devices has 

made  it  necessary  to  think  about  the  relation  between  the 

information used in the feedback process and its physical carrier 

[1–4].  In  particular  for  electronic  nanodevices  –  nowadays 

enabling  single-electron  counting  and  sensitive  control  –  it  is 

important  to  link information  to  a  physical  exchange  of  matter 

and/or  energy,  and  this  is  exactly  the  object  of  the  present 

contribution. 

II. IMPLEMENTING CONDITIONED INTERVENTIONS

THE  dynamics  of  a  single  electron  transistor  (SET)  with

electronic on-site energy 
ϵs

, which is weakly tunnel-coupled to

two thermal reservoirs α  {L/R}, is well described by a simple∈  

rate equation Ṗ=L P .The probabilities P = (PE , PF ) of finding

the dot empty or filled, respectively, are governed by the rates for 

jumping into
LFE=∑

α
Γα f α(ϵs)

and out of 

LEF=∑
α

Γα[1− f α (ϵs)]
the dot, where 

Γα
 denotes a bare

electronic  tunneling  rate  that  can  be   related  to  microscopic 

parameters and 
f α(ω)=[exp(βα(ω−μα))+1]−1

denotes the

Fermi  function  of  lead  α  with  inverse  temperature  βα and 

chemical  potential  μα.  The reservoir-specific  ratios  of  rates  for 

entering  and  leaving  the  dot  obey  local  detailed  balance 

ln ( LFE

(α)

LEF

(α) )=ln ( f α(ϵs)

1− f α (ϵs))=−βα(ϵs−μα)

.  This  term 

enters the entropy flow 
Ṡ e , which in the stationary state must 

balance the entropy production

Ṡ i=− Ṡe=−∑
σ σ '

∑
ν

Lσσ '

(ν)
P̄σ ' ln ( Lσ ' σ

(ν)

Lσσ '

(ν) )⩾0

.(1)

NOW imagine that by some non-invasive external device (e.g.

a quantum-point contact) the occupation of the dot is measured 

and  subsequently,  the  bare  tunneling  rates  are  instantaneously 

changed via suitable additional gates  Γα→Γα
E /F

conditioned

on the measurement result (Empty or Filled, respectively). If this 

control  action leaves  the electronic  on-site  energy  invariant,  it 

leads to a modified rate equation [5]

L=∑
α (−Γα

E
f α(ϵs) +Γα

F [1− f α (ϵs)]

+Γα
E

f α(ϵs) −Γα
F [1− f α (ϵs)])

, (2)

which obviously modifies  the  local  detailed  balance  condition. 

The  current  at  equilibrium  
f L(ϵs)= f R(ϵs)  will  not  vanish

anymore  and  the  associated  entropy  production  (1)  (also 

measurable  from  the  Full  Counting  Statistics  of  electrons 
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traversing the SET) is still positive but can now be split [6] into an 

apparent  entropy  production  (measurable  from  heat  and  matter 

currents between the SET dot and its junctions) and an additional 

information current  
Ṡ i= Ṡ i

app+ I⩾0
, which contains the effect

of  the  feedback.  Whenever  the  apparent  entropy  production 

becomes negative, one can thus define a thermodynamic feedback 

efficiency 
η=−Ṡ i

app / I
of information conversion. This treatment

completely  neglects  the  physical  nature  of  the  feedback 

implementation. 

ATTACHING another quantum dot that is tunnel-coupled to a

separate thermal reservoir to the SET, and letting the two interact 

capacitively as displayed in Fig. 1, it is possible to hard-wire the 

feedback-control  loop  performed  by  the  Maxwell  demon  into  a 

physical setup [7]. 

Fig.  1.   The  shaded  region  constitutes  the  demon,  the  contained  dot  d  couples 

capacitively to the SET dot s via Coulomb repulsion U . The shown trajectory (with 

equal initial and final state ρ = 1 and σ = E) transfers an electron through the SET 

against the bias and becomes likely when parameters are adjusted accordingly. 

The probabilities  Pρσ of finding the demon dot in state  ρ  {0, 1}∈  

and the SET dot in σ  {E, F}∈  are governed by a similarly simple 

rate equation 

Pρσ=∑
ρ ' σ '

∑
ν

Lρ σ , ρ ' σ '

(ν)
Pρ ' σ '

, where – depending on 

the occupation of the opposite dot – the transitions L
(ν)

triggered

by the reservoir ν  {L,R,D}∈  may depend on the interaction strength 

U. This rate equation describes a thermo-electric device as treated 

previously  [8].  The  associated  entropy  production  becomes 

Ṡ i=β(μL−μR)I S +(βD−β) I E⩾0
with the  electronic 

particle current IS from left to right and the energy current IE into the 

demon  reservoir  and  SET  lead  temperature  β and  demon 

temperature  βD .  Identifying  the  entropy  production  enables  the 

definition of meaningful efficiencies. For example, an SET current 

flowing against  the bias  
β(μ L−μ R) I S<0

may be realized for

sufficiently  low  demon  temperatures  when 

(βD−β) I E>−β(μ L−μR) I S .

WHEN the bare transition rates of the detector dot are much

larger than the SET transition rates (fast demon), it is possible to 

derive an effective Markovian rate equation of the SET dynamics 

alone  [9]  

Ṗσ=∑
ρ

Ṗρ σ=∑
σ '

Lσσ ' Pσ '

.  The  separation  of 

timescales  enables  one  to  approximate  the  rates 

Lσ σ '=∑
ρρ '

Lρσ ,ρ ' σ ' Pρ ' σ ' / Pσ '≈∑
ρρ '

Lρ σ , ρ ' σ ' P̄ρ ' σ ' / P̄σ '

by  the 

instantaneously adapting conditional probabilities of the demon dot 

P̄ρ ' σ ' / P̄σ ' . These coarse-grained transition rates 
Lσ σ '=∑

α
Lσσ '

(α)

break local detailed balance which – by ignoring the physical nature 

of  the  demon  –  must  be  interpreted  as  an  information  current. 

Further  tuning  the  microscopic  parameters  of  the  model,  it  is 

possible to reach the Maxwell demon limit, where the energy current 

through the SET leads is nearly conserved but the reduced entropy 

production  is  strongly  modified:  In  particular,  this  requires  the 

demon  to  precisely  monitor  the  SET  occupation  –  physically 

realized by using low demon temperatures  
βd U ≫1

and tuning

its  chemical  potential  to  
μd=ϵd+U / 2

.  Then,  the demon dot

will empty immediately after the SET dot is filled and vice versa. 

The entropy production of the joint system will diverge in this limit 

leading  to  a  vanishing  efficiency  as  a  thermoelectric  device. 

Furthermore, a true Maxwell demon will not change the energy of 

the  system.  In  our  model,  this  can  be  achieved  by  choosing 

comparably large SET temperatures
βU ≪1

. This limit  exactly

reproduces  the  rate  equation  (2)  when we  identify  the  feedback-

conditioned  tunneling  rates  as  
Γα

E=Γα(ϵs+U )
and

Γα
F=Γα(ϵs) . Thus, a nontrivial action of the demon can only be

achieved with non-flat tunneling rates.  Finally, also the remaining 

excess energy flow between SET and demon can be made arbitrarily 

small when 
ϵs/U ≫1

.

THE large difference between thermodynamic and information-

theoretic efficiencies for the physical  model at hand demonstrates 

that  Maxwell’s  demon is  an  idealization  which  does  not  take  its 

physical realization into account. 
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Abstract—Motion energy harvesters are an attractive power source 
for small electronic devices, but have fundamental limits on their 
output power. This paper discusses these limits and how they can be 
maximized by design, materials and geometry. Comparisons are 
made with batteries, and with the power requirements of wireless 
sensor nodes.  

I. INTRODUCTION 

MOTION energy harvesters has attracted a great deal of 

research interest as possible long term power sources for mobile 
and inaccessible electronic devices. However, because of the 
modest power levels achieved (and achievable), harvester sizes 
have generally become larger, and those at the micro-engineered 
scale have to date had little impact in practical applications. In this 
paper we discuss the factors that determine the ultimate power 
levels in these devices and the effect of scale, with reference to the 
power requirements of wireless sensor nodes. We consider only 
inertial energy harvesters, i.e. those that draw power from the 
relative motion of a moving structure to which they are attached 
and an internal proof mass. 

II. POWER LIMITS OF INERTIAL HARVESTERS
The power limits of inertial harvesters have been extensively 
anaysed and reported [1]. Regardless of transduction method, the 
transducer force cannot exceed mao where m is the proof mass and  
ao the external acceleration, so for an internal travel range Δz the 
maximum work per transit is maoΔz, and so the maximum power 
at an excitation frequency f is: 

Pmax = 2m⋅Δz ⋅aof (1) 

Because the mass is proportional to device volume and the travel 
range to device length, the power is proportional to length scale to 
the 4th power, and thus the power density drops as the device size 
reduces. This inevitably makes achieving useful power levels from 
micro-scale devices particularly challenging. However, within a 
given volume constraint we can increase the power by elongating 
the device in the direction of proof mass motion. Let us consider a 
device having dimension αL in the travel direction and L in the 
other two directions. It is straightforward to show that for a given 
swept volume, the product m⋅Δz is maximized if the mass occupies 
half the volume, giving Δz= αL/2 and m=ραL3/2 for a proof mass 
density ρ. Then since the device (swept) volume Vol = αL3 we 
have: 

Pmax = ρα2/3Vol4/3⋅aof/2 (2) 

This relation is plotted in Fig. 1 for two values of aspect ratio α, 
assuming a density ρ = 10 g/cm3 and input acceleration of 0.1g 
(i.e. 1 m/s2) at 10 Hz. The low aspect ratio example is relevant 
because devices made by MEMS processes typically have, like 
integrated circuits, a planar geometry with a short out-of-plane 
dimension, and when the proof mass motion is out of plane, the 
aspect ratio α will be necessarily less than 1. Furthermore, 
MEMS based harvesters with in-plane motion typically achieve 
travel ranges much less than the optimal half of the long 
dimension. This generally results from the difficulty in 
fabricating suspensions for the proof mass that provide large 
displacements in the required direction while providing adequate 
stiffness in the orthogonal axes. Fig. 1 clearly illustrates the 
desirability of enhancing the aspect ratios in micro-harvester 
designs. 

Motion harvesters mainly target applications where batteries are 
currently used, so the power vs volume of batteries is also plotted 
in Fig. 1 for comparison, for required operating periods of one 
month and one year, assuming Li-ion batteries with energy 
density 1 kJ/cm3.  

Fig. 1.  Maximum output power (thicker lines) for an inertial harvester as a 
function of proof mass swept volume, assuming vibration of 0.1 g at 10 Hz and 
proof mass density of 10 g/cm3, for device aspect ratios α=0.2 (dashed line) and 5 
(solid line). Thinner lines show average power vs volume for a Li-ion battery with 
a required life of 1 month (solid line) and 1 year (dashed line). 

It can be seen that the high aspect ratio harvester comfortably 
exceeds the power density of the one month battery, although if 
daily recharging is acceptable, the battery will be superior. 
Furthermore, the harvester power is for a device operating at its 
ultimate limit, whereas practical devices to date generally achieve 
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power densities at least an order of magnitude lower. One 
reason is that the practical volume of a device is generally 
significantly more than its swept volume, because of the extra 
space taken by the suspension, frame and so on. Also, the 
excitation levels and frequencies will be less than those assumed 
in the figure for many applications.  

III. HARVESTER OPTIMISATION 
Equation (2) implies that for a given volume constraint and 
input excitation conditions, the only two parameters available to 
increase the achievable power are the density and aspect ratio. 
In fact there are many other considerations which influence how 
close to this optimum a particular device can reach, but we will 
consider these two first. For density, the key issue for micro-
scale devices is that silicon, while a useful mechanical material, 
is a poor choice for proof mass because of its low density of 2.5 
g/cm3. Metals are a better solution, and one reported approach is 
to combine a discrete metal proof mass in a rolling geometry 
with an otherwise micro-fabricated structure, as shown in Fig. 2 
[2]. This also avoids the need for a suspension and so allows a 
long travel range. 

 
Fig. 2.  Wireless sensor node powered by electrostatic energy harvester, from 
[2]. Proof mass is a steel pin of 1.5 mm diameter and 2 mm long. 

For aspect ratio optimisation, a rolling proof mass is also an 
attractive approach. In [3], a harvester for a tire pressure 
monitoring application uses a rolling ball proof mass in an 
extended slot to achieve α >1. Rotating systems with bearings 
provide another approach which maximises in-plane 
displacement, while also allowing a planar geometry. An 
example is shown in Fig 3.  

 
Fig. 3.  Rotating mass harvester using a plucked piezoelectric actuator, from [4]. 
The proof mass diameter is 40 mm. 

The device of Fig 3 also illustrates one approach to maximizing 

transduction effectiveness. The low motion frequencies found in 
most applications are not easily achieved in resonant structures 
at the micro-scale, yet oscillating transducers are particularly 
effective for piezoelectric conversion. In this device, a non-
resonant, broadband proof mass couples to a high frequency, 
narrowband cantilever transducer by “plucking” it (by magnetic 
interaction) as it passes. 

IV. DISCUSSION AND CONCLUSIONS 
We have seen that power levels from microwatts to tens of µW 
can in principle be reached by motion harvesters well below 1 
cm3 in size, and have discussed a few examples of some 
approaches to maximizing these power limits. It is also worth 
considering whether these are sufficient power levels for our key 
application of wireless sensors. In fact most sensor nodes have 
peak powers in the mW range and above, although low duty 
cycles can bring the averages much lower. However, advances in 
the contributing technologies are bringing the power 
requirements ever lower. For example, the ADXL362 3-axis 
MEMS accelerometer from Analog Devices consumes less than 2 
μA at a 100 Hz output data rate [5]. Imaging devices typically 
require substantial power levels, but in [6] a CMOS active pixel 
image sensor is reported which with 54 × 50 pixels consumes 
only 14.25 µW at 7.4 frames per second. Signal processing 
circuits are also advancing; in [7] a system-on-chip for biosignal 
processing is reported with average power consumption of 
20 µW per bio-sensing node, including analog amplification, 
digitization, and some digital signal processing. Finally, the radio 
transmitter tends to be the most power-hungry component, but 
even well established protocols can function at modest levels 
using low duty cycles. In [8], power requirements of 33 – 92 µW 
were obtained, although this was for transmission of only a single 
byte every 120 secs.  

In conclusion, we can see that with reductions in system power 
requirements, and optimisation of harvester characteristics, 
powering of sensor nodes by motion energy harvesting can 
become practical in an increasing range of applications. 
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Abstract—We consider  a  nanoscale  heat  engine  based on resonant

tunneling through quantum dot that act as energy filters. By coupling

two quantum dots in series with a hot cavity, electrons have to gain a

prescribed amount  of  energy in order to enter from one lead and

leave to the other thereby performing work against an external bias.

Despite our simple physical model,  the heat engine turns out to be

highly efficient and powerful. Finally, we demonstrate the possibility

to scale up the power by putting many such heat engines in parallel in

a self-assembled quantum dot structure.

,�,1752'8&7,21
Energy harvesters take energy from the environment
and  convert  it  into  useful  work.  A  particularly
interesting  class  of  energy  harvesters  is  given  by
thermoelectric devices. These systems harvest heat,
e.g., from a hot computer chip and convert it back
into electricity. A key challenge of material research
is  to  find  thermoelectric  materials  with  a  high
conversion  efficiency.  Unfortunately,  decades  of
research in this area have only shown slow progress.
Mesoscopic solid-state physics can help to overcome
these problems of current thermoelectric devices.

Recently,  quantum  dots  -  nanometer-sized,
artificially  made  structures  -  in  the  Coulomb-
blockade regime have been shown to act as highly
efficient  heat-to-current  converters  [1].
Unfortunately, the resulting powers that they deliver
are small since transport through these dots is based
on the tunneling of single electrons.
Chaotic cavities that are connected to reservoirs via
many open transport channels have been shown to
deliver  much  larger  currents,  yet  their  power  is
comparable  to  those  of  dots  in  the  Coulomb-
blockade  regime and  decreases  as  the  number  of
open channels is increased [2].

This  suggests  that  transport  through  a  single
conductance channel is a very promising candidate
for an efficient and powerful thermoelectric energy
harvester, cf. Fig. 1. Therefore, in the following, we
consider  resonant  tunneling  through quantum dots
which  is  a  paradigmatic  realization  of  a  single
transport channel [3].

)LJ������3RZHU� �RI�D�TXDQWXP�GRW�HQHUJ\�KDUYHVWHU�DV�D�IXQFWLRQ�RI�WKH�FRQWDFW
FRQGXFWDQFH� ��,Q�WKH�&RXORPE�EORFNDGH�UHJLPH��SRZHU�JURZV�OLQHDUO\�ZLWK�WKH

FRQGXFWDQFH��)RU�ODUJH�FRQWDFW�FRQGXFWDQFHV��SRZHU�GHFUHDVHV�DV� �

II.6(783
We consider a central cavity which is connected to
two electronic reservoirs via quantum dots.   Each
reservoir  r=L,R  is  described  by  a  Fermi  function

with

temperature   and  chemical  potential  .  The
quantum  dots  each  host  a  single  level  of  width

$\gamma$ and energy . The cavity is coupled

to a heat source with temperature  that injects a
heat current  into the cavity to keep it in thermal
equilibrium with the heat source. We assume that
electron-electron  and  electron-phonon  interactions
within the cavity are strong enough that the cavity
is completely characterized by a Fermi distribution

function  

with temperature  and chemical potential .

The  latter  two  quantities  are  determined  by  the

convervation  of  charge, ,  and  energy,

. Here,   and   denote the
charge and heat current flowing from the cavity into
the  left/right  reservoirs.  They  are  given  by  the
standard  scattering  theory  expressions

,

.  Here,

denotes  the
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Lorentzian transmission of the quantum dots levels.
While the expressions for the currents in general can
be evaluated only numerically,  in the limit  of  small
level  width,  an  analytical  treatment  becomes
possible.

III. 5(68/76

In the limit of small level width, , the
conservation  laws  yield  a  set  of  two  algebraic
equations.  Solving  these,  we  find  that  heat  and
charge  current  are  proportional  to  each  other,

. In consequence, the efficiency 
which  is  defined  as  the  ratio  between  the  output

power and  the  input  heat

becomes  . At the stopping

voltage where  heat  and
bias-driven current compensate each other the heat
engine  thus  reaches  the  Carnot  efficiency

, i.e., it functions as in ideal heat to
charge  current  converter.  As  the  device  acts
adiabatically  at  this  operating  point,  it  does  not
produce  any  power.  The  maximal  output  power  is
achieved when half  the stopping voltage is applied.
Analytically,  we  find  the  maximum  power  to  be

.  The  efficiency

at maximum power is given by   in agreement
with general bounds from thermodynamics [4].

In the limit of arbitrary level width, the conservation
laws have to be solved numerically.  Optimizing the
full  solution to maximize the output power, we find

that the optimal parameters are given by 

and  . The resulting maximal power is given

by ,  i.e.,  it  only  depends  on
the temperature  difference but  not  on the  average
temperature. For a temperature difference of 1
K this amounts to a power of 0.1 pW. 

In order to scale up the output power, one can put
many such heat engines in parallel. A practical way to
realize this parallelization is shown in Fig. 2. A large
central  cavity  is  sandwiched between two layers of
self-assembled quantum dots. Transport between the
cavity  and  two  cold,  external  electrodes  is  only
possible  via  the  quantum  dots.  Interestingly,  the
layered  structure  can  help  to  reduce  phononic
leakage heat  currents  that  would  otherwise  reduce
the device efficiency.

We finally  remark  that  our  proposal  is  robust  with
respect to fluctuation of the dot properties. Assuming
a Gaussian distribution of level positions, we find that
a scattering of 10% reduces the output power to 90%
of its maximal value.

)LJ����� �6NHWFK�RI�D�SDUDOOHOL]HG�KHDW�HQJLQH�EDVHG�RQ�VHOI�DVVHPEOHG�TXDQWXP�GRWV�
7RS�DQG�ERWWRP�HOHFWURGH��EOXH��DUH�FRQQHFWHG�YLD�TXDQWXP�GRWV��\HOORZ��HPEHGGHG
LQ�DQ�LQVXODWLQJ�PDWUL[��WUDQVSDUHQW��WR�D�FHQWUDO�KRW�FDYLW\��UHG��
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We use Monte Carlo simulations based on phonon gas particles to 
study the role of the boundary roughness on the heat transport in 
silicon micro-ribbons at temperatures below 2K. The thermal 
conductivity and the energy transmission coefficient are calculated 
for different surface roughness. In the diffusive (Casimir) limit we 

find the 3T  behavior of the thermal conductivity as predicted by the 
Debye model. We report deviations of this comportment for very low 
temperatures and for smooth surfaces. The energy transmission is 
almost unity up to a cut-off frequency, which is correlated to the 
roughness. These observations are interpreted by a change in the 
scattering regime of the phonons at the surface boundaries shifting 
from specular to diffuse, depending on the root mean square 
roughness rmsσ  and the dominant phonon wavelength domλ . 

I. INTRODUCTION 

Silicon nanowires have strong potential for thermoelectric 
applications[1]. The efficiency of these devices requires an 
enhanced figure of merit ZT [2], which can be controlled by the 
thermal conductivity. The role of surface roughness on the thermal 
conductance becomes predominant, especially at low 
temperatures. Intensive studies, experimental as well as numerical, 
have been carried out to determine the thermal conductivity of 
silicon nanowires for temperatures above 20K [3–5]. The main 
difficulty is to quantitatively identify the different contributions to 
the scattering processes taking place in the nanowire. And the 
impact of the boundaries roughness is overwhelmed by phonon-
phonon normal and Umklapp processes, impurities, etc… On the 
other hand, at very low temperatures, the characteristic time of 
interactions for three phonon processes becomes very large 
compared to the other scattering processes and they can be 
neglected according to Matthiessen’s rule [6]. Today, we are able 
to fabricate nanowires almost free of imperfections and therefore 
boundary scattering becomes the main heat transport channel at 
very low temperatures. 
Our system is a mesoscopic silicon ribbon of 4µm long, 1µm in 
width and one unit cell in thickness.  It can also be seen as a quasi 
2D microwire. The mean free path is much greater than the width 
of the sample so that the ballistic regime is well established. Also, 
the dominant wavelength is smaller than the width. Consequently, 
phonon confinement effects are neglected and we thus treat 
phonons as classical particles. 

II. SIMULATION MODEL

The Monte Carlo method adopted here is similar to the approach 
used by the Peterson [7]. The advantage of the low temperature 
limit is that an analytical expression for the energy integral is 
avalaible. Indeed, when integrating over the frequencies the 
energy distribution given by: 

B ω( ) = 3
2π 2cD

3
ω 3

eβω −1
(1) 

becomes non-existent above he Debye frequency Dω . The upper 
limit is hence extended to infinity. 

ε = B ω( )dω =
π 2kB

4

10cD
33

T 4

0

ωD

∫ (2) 

where Dc  is the Debye sound velocity. 

Contrary to previous Monte Carlo models [7], [8], we calculate 
the total number of phonons by summing the energies associated 
with each phonon until the energy given by eq.2 is reached.  
A phonon frequency, which is randomly selected in the energy 
distribution, defines the phonon wavelength λ . The phonon is 
then launched at the entrance of the ribbon and it ballistically 
moves until it encounters a boundary. The collision between the 
phonon and the boundary is elastic because the system is in 
vacuum and radiations are negligible. The reflected phonon is 
assigned with an angle Sθ , which is randomly picked in a normal 
distribution centered on the incident angle iθ . The FWHM of this 
distribution is related to the probability for the phonon to be 
specularly scattered as calculated by Ziman [9] and is given by: 

p σ rms,λ( ) = exp −
16π 3σ rms

2

λ 2
"

#
$

%

&
' (3) 

The phonon undergoes scattering until it is either reflected back 
to the entrance and is counted as a loss, or it goes across the 
ribbon and is counted as transmitted. 

III. RESULTS AND DISCUSSIONS

The frequency dependant energy transmission coefficient is 
statistically determined and is given by ( ) outin NN /=ωτε  where

inN  is the total number of phonons of frequency ω and outN  is 
the number of transmitted phonons at the same frequency. The 
results are shown in Figure 1 for boundaries of different 
roughnesses. We observe that at low frequencies, the 
transmission is unity and decreases abruptly around a cut-off 
frequency to reach a limit of  0.35. The deviation from 1=ετ  
occurs at lower frequencies as the surface roughness is increased. 
In other words, as the surface roughness increases the cut-off 
frequency decreases. 
The thermal conductance is calculated from the heat flux Q  input 
in the ribbon and the temperature difference TΔ   between the 
two extremities of the wire. Taking unity for the energy 
transmission, the heat flux along the length of the ribbon is given 
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by [10]: 
 ∑=
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Where RS and resV are respectively the cross-section of the wire 

and the volume of the heat bath. 
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Fig. 1.  Energy transmission versus frequency for roughnesses ranging from 
2nm to 20nm. 
 
Using the total energy of phonons going through the ribbon, as 
given by eq.2, we obtain the temperature at the cold extremity 
and therefore TΔ . The thermal conductance is then simply 
given by TQ Δ= /κ . 
In Figure 2, the results show that the thermal conductance is 
proportional to 3T  for high temperatures and/or high 
roughnesses as expected for the Casimir regime. The thermal 
conductance decreases with higher surface roughness. At 
temperatures below 1K we see deviations from the 3T  law, 
which becomes more pronounced for smoother surfaces. In 
Figure 2 we also compare our simulations to the experimental 
results of Heron et al.[11]. Their thermal conductance 
measurements were performed by using the 3ω  technique on a 
silicon nanowire of length 10 µm and of cross-section 200 x 100 
nm2. It is interesting to notice that the orders of magnitude are 
very similar and we have the same behavior below 1K.   
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Fig. 2.  Thermal conductance with temperature. Dashed lines for different 
roughnesses of 1nm, 2nm and 5nm. Full circles depicting the experimental 
results by Heron et al.[11]. 
!
We explain this behavior by the transition from specular to 
diffusive scattering at the boundaries. With increasing 
temperatures, ),( λσ rmsp , given by eq.3, decreases rapidly. 

Taking 1.0=p ! as a criterion for the onset of the diffusive 
regime provides the ratio %7=λσ rms . Below this latter value, 
the effects of specularity are significant. This explains the 
observed trends. 
 

IV. CONCLUSION 

Based on first principles, the role of the boundary surface 
scattering on the thermal conductance of a mesoscopic ribbon 
structure (4µm in length, 1µm in width) is examined by using a 
Monte Carlo approach. 
The simulations are done at very low temperatures where the 
ballistic regime occurs and where phonon-surface roughness 
interaction is predominant. The diffusive 3T  behavior of the 
thermal conductance is correctly produced in the simulations. 
Our results show a deviation from this law when the specular 
regime appears for %7)( <λσ rms . Finally, we note that our 
simulation method maybe be relevant to study the impact of 
geometry of the ribbon on the thermal conductivity in the 
ballistic regime. 
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Abstract— Amorphous silicon and crystalline silicon (aSi:H/cSi) 
interface is technologically important semiconductor material for 
optoelectronics and photovoltaic applications. The fundamental 
property of this material for solar application is light absorption. 
The results of calculation of the optical band gap of amorphous-
crystalline silicon interfaces show optical gaps that are sensitive to 
surface orientation and thickness of the amorphous region. Our 
model suggests a rational strategy to tune the light absorption 
properties in aSi:H/cSi solar cell structures based on structural 
properties. 

I. Introduction 
Amorphous silicon (a-Si:H)/crystalline silicon (c-Si) heterojunction 
solar cells are a hot research topic in the solar cell field, because 
they allow for manufacturing of solar cells in a simple low 
temperature fabrication process [1, 2], with the HIT (Heterojunction 
with Intrinsic Thin layer) solar cells showing high energy 
conversion efficiency (23%) [3] and thermal stability [4]. The 
optical properties of the hydrogenated amorphous-crystalline silicon 
interface are important because they yield increased light absorption 
in the visible. This increases the number of photogenerated carriers 
(holes and electrons) in the solar cell, enhancing efficiency.  
The dependence of light absorption in such heterojunctions on the 
thickness of a-Si:H and the surface orientation has not been 
established. This work presents the first calculations of the optical 
absorption spectrum from density functional theory in models of 
amorphous-crystalline silicon surfaces with differing orientation 
([100], [110] and [111]) and amorphous layer thicknesses. The 
details are described in Phys Chem Chem Phys. 2012 14, 15173 [5]. 
In our earlier work on aSi:H/cSi interfaces, we focused on the 
structural and electronic properties and now we focus on optical 
properties. 

II. Methods
We use a standard heat and quench approach to generate models of 
aSi and aSi:H within the classical molecular dynamics code GULP, 
using empirical Tersoff interatomic potential for Si, which has been 
used extensively for cSi and aSi:H. All structural and optical 
properties of aSi:H/cSi were calculated using structures determined 
from ionic relaxations using density functional theory (DFT), within 
the generalized gradient approximation (PW91-GGA) [6] to the 
exchange-correlation functional, as implemented in the Vienna ab 
initio simulation package (VASP) [7]. Full details are found in refs 
[5, 8]. 

III. Results
 Fig. 1 (a)-(c) shows the absorption spectra for the three surface 
orientations of aSi:H/cSi, each with three different aSi:H 
thicknesses. Taking the [100] surface orientation, figure 1(a) shows  

Fig. 1 Computed optical absorption spectra for different aSi:H/cSi 
interface models: (a):[100], (b):[110] and (c):[111].  
greater light absorption in the low energy region with an increase in 
the thickness of the amorphous layer. Comparing the (110) and (111) 
interfaces, these interfaces show different spectra to the (100) surface. 
This arises since the (100) surface, being least stable, produces the 
thickest amorphous region for the same growth conditions and so the 
absorption spectrum in this case looks like that of aSi:H. The other 
surfaces produce thinner amorphous regions, which for the thinnest 
amorphous regions gives a spectrum that is closely similar to that of 
cSi (direct gap contribution). As the amorphous region gets thicker in 
the (110) and (111) orientations, the absorption spectrum shows 
changes, becoming more amorphous-like. 
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Fig. 2 (a) shows the absorption for the (110) orientation with 
34%-aSi:H-66%-cSi and parts (b) and (c) show the decomposed 
absorption spectra for the amorphous and crystalline regions. 
 

The optical properties of a-Si:H/cSi are characterised by  its 
optical band gap, which is obtained from the spectra in figure 
1(a)-(c) by extrapolating the linear part of the spectrum, the 
well-known Tauc plot; optical gaps from Tauc plots are given in 
table 1.The optical band gap of the [100] surface orientation is 
obtained by extrapolation, but the [110] and [111] surfaces 
require us to plot the individual contributions (amorphous and 
crystalline part) and make a linear combination of the individual 
optical band gaps weighted by their layer thickness to obtain the 
optical band gap of the interface. This is shown for an example 
interface in figure 2(b)-(c), for which the linear combination of 
the amorphous and crystalline optical gaps gives an optical gap 
of 1.96 eV for this interface. 
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All surface orientations show a reduction in the optical band gap 
as the size of the amorphous region increases, tending towards 
that of bulk aSi:H. Optical gaps from the (100) interfaces are 
smaller than compared to the other surface orientations. This is 
due to the fact that the [100] interface contains the thickest 
amorphous silicon layer. The [110] orientation interface with 
composition 13%-aSi:H-87%-cSi aSi:H/cSi gives the closest 
optical (direct) band gap to that of crystalline silicon, which 
arises from having the thinnest amorphous silicon region.  
In conclusion the first principles results of the optical band gap 
of amorphous-crystalline silicon interfaces show optical gaps 
that are sensitive to surface orientation and thickness of the 
amorphous region. Our model suggests a rational strategy to 

tune the light absorption properties in aSi/cSi solar cell 
structures based on structural properties. 

Table 1: Computed optical band gaps for aSi:H/cSi interfaces 
 

Orientation  Hydrogenated a-Si 
layer thickness  

Optical 
band gap 
Eopt (eV) 

[100] 48%-aSi:H-52%-cSi 1.74 

65%-aSi:H-35%-cSi 1.60 

82%-aSi:H-18%-cSi 1.30 

[110] 13%-aSi:H-87%-cSi 2.23 

34%-aSi:H-66%-cSi 1.96 

56%-aSi:H-44%-cSi 1.70 

[111] 26%-aSi:H-74%-cSi 2.14    

47%-aSi:H-53%-cSi 1.81 

58%-aSi:H-42%-cSi 1.61 
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 Abstract—In order to power miniaturized sensor modules, a 
miniaturized solar module was developed within the SiNAPS project.  
The silicon nanowire based solar cell shows an OC voltage of 517 mV.  
We also present the realization of a minimodule consisting of several 
silicon nanowire solar cells.  

I. INTRODUCTION 

Targeting autonomous sensors, power supply is an challenging

issue, especially if sensors are to be installed in remote locations. 
Solar energy has the advantage of being ubiquitous and therefore 
capable of supplying sensors without the need to replace batteries 
or other power sources. As the sun provides a rather high power 
density (100mW/cm² in the direct sunlight), the supply of 
miniaturized sensors can be realized with a rather small solar cell 
area, just depending on the energy consumption of the sensor 
itself. This helps in reducing both the weight and the volume of the 
energy harvesting module for the sensor node. 

[1] BODY 
Within the SiNAPS project, a silicon nanowire (NW) based solar 
cell module was developed for powering the sensor device. The 
NWs act as a light trapping structure which strongly increases the 
light absorption in the solar cell. At the same time, the NWs are 
the photovoltaically active material and provide the electronic 
structure of the solar cell. Figure 1 shows the structure of the 
realized core-shell heterojunction cells. 
NWs are prepared on an n-type silicon wafer by metal assisted wet 
chemical etching [1]. NWs emerging from this procedure have a 
random arrangement on the wafer substrate. The diameters range 
from 20 nm to 200 nm. The length of the nanowires is determined 
by the etching time. For etching we use a solution of HF/AgNO3. 
When AgNO3 gets into contact with the silicon, silver 
nanoparticles form which act as catalysts for the silicon etching. 
As the etching process is catalyzed by these particles, located 
etching occurs only at the sites covered by the nanoparticles, 
therefore, nanowires remain in the particle free regions. After the 
removal of the silver particles, amorphous hydrogenated silicon is 
deposited by conventional PECVD around the SiNWs. We 
deposited an about 1 nm thin instrinsic layer, followed by the 
deposition of about 10 nm of p-type a-Si:H. This procedure results 
in forming the p-n junction as in Sanyo's HIT (heterojunction with 
thin intrinsic layer) concept [2]. This active structure is covered by 
an about 1 nm thin Al2O3 layer for passivation, which is deposited 
by atomic layer deposition (ALD). For contacting the structure, the 
space between the nanowires is filled with a transparent 
conductive oxide. We use aluminum doped ZnO deposited by 
ALD [3]. A TEM cross section of the complete solar cell structure 

is shown in Fig. 2. 

The solar cells prepared using this approach reached an open 
circuit voltage of 517 mV, a short circuit current of 26.5 mA/cm², 
and an efficiency of 10.0% [4,5]. An I-V curve of the cell is 
shown in Fig. 3.  

In most cases, powering the sensor electronics requires a voltage 
higher than that delivered by a single photovoltaic cell, e.g. the 
SiNAPS circuitry requires 1.4 V at least. Therefore, several solar 
cells of this type have to be connected in series to form a 
minimodule. In the SiNAPS mote, we use 4 cells connected in 
series. The sensor circuitry requires a power of 40 µW, therefore, 
under AM1.5 conditions, a total solar cell area of 1.6 mm² is 
needed which results in a single solar cell size of 0.5x0.8 mm². 
For the series connection of the cells we use wire bonding as 
sketched in Fig. 4. A test module consisting out of 12 individual 
cells is shown in Fig. 5. I-U curves of this test module have been 
recorded using different module configurations, from a single cell 
up to 12 cells in series. (Fig. 6). 

In order to further reduce the volume of the device, we are 
transferring the SiNW solar cell preparation to SOI wafers and to 
crystalline silicon thin films with a thickness of less than 10 µm. 
On 8 µm thin laser crystallized silicon films, solar cells prepared 
using the presented approach reached an efficiency of 8.8%.. 

n#type!c#Si!NWs!
a#Si!(i)!
a#Si!(p+)!
Al2O3!
ZnO:Al!

n#type!silicon!
Fig. 1.  Scheme of the realized SiNW solar cell. n-type SiNWs are coated with an 
intrinsic and a p-doped amorphous Si layer. A thin layer of Al2O3 is applied 
before coating with aluminum,-doped zinc oxide for the front contact. 

Fig. 2.  Cross sectional TEM image of the realized NW solar cell. Note that both
the amorphous Si and the TCOperfectly coat the NWs. 
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Fig. 3.  I-V curve of a single SiNW solar cell. The open circuit voltage is 517 
mV and the current density reached is 26,25mA/cm². 

 
Fig. 4.  Contacting scheme of a single SiNW solar cell. 
  

 
Fig. 5.  Minimodule consisting of 12 nanowire solar cells. The cells are soldered 
onto a copper plate which makes contact to the n type substrate and connected in 
series by wire bonding.  

 

 
Fig. 6.  IV curves recorded under AM 1.5 conditions for different numbers of 
cells connected in series in the minimodule. The OC voltage rises linearly with 
the number of cells. The slight reduction in the current is to be identified with 
small differences between the single cells of the minimodule. 
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Abstract—This paper reviews the experience of designing vibration 
energy harvesters for practical applications. The characteristics of 
the vibrations in a real application will influence the type of 
harvester, transducer and its detailed design due to the frequency and 
amplitude of the excitation and any constraints which may apply. The 
harvester should also be tested with the real vibration spectrum in 
order to get a true measure of the output of the system as a whole. 
testing with a pure sinusoid is not realistic. 

I. INTRODUCTION 

VIBRATION energy harvesting is the conversion of ambient

kinetic energy (vibrations) into electrical energy for use in 
powering autonomous systems. There is considerable ongoing 
research in this field but much of this work is performed with no 
real application in mind. Understanding the nature of the 
application provides essential information that is crucial to the 
design of a practical energy harvester, especially since no one 
solution will address all applications. For example, the 
characteristics of the vibrations need to be understood so the best 
type of harvester can be selected and designed to capture the 
maximum possible energy from the vibrations. Important design 
constraints (e.g. the maximum size or form of the harvester) and 
the amount of energy required by the application electronics must 
also be appreciated. This paper reviews previous work carried out 
within the University of Southampton on a range of vibration 
energy harvesters designed for different applications. Both 
electromagnetic and piezoelectric transducers are discussed and 
the insight gained into the implications of addressing real 
applications is presented. 

II. MAINS POWERED APPLICATIONS

Electrical motors and equipment that run off mains electricity will 
typically exhibit a characterisitic vibration frequency at 50 or 60 
Hz in Europe and the US respectively, and also harmonics at 100 
and 120 Hz. This type of application is typically the most 
strightforward to address since a standard fixed frequency inertial 
energy harvester will provide the most power output. That leaves 
the design constraints to be considered. The available phyical 
space in the application and the amount of energy required will 
govern the size of the harvester and this may also determine the 
most suitable type of transducer. For example, electromagnetic 
energy harvesters do not favourable scale down in size due to 
reduced electromagnetic coupling arising from increased coil 
resistances and smaller magnetic fields as coil and magnet sizes 
shrink. The situation for MEMS electromagnetic harvesters 
becomes even worse when the microfabrication constriants of 
typical processes are considered. The electrical resistance per unit 
length of microfabricated metal tracks coupled with the poor coil 

fill factor arising from limitations in photlithography and the nedd 
to insulate between layers  results in high resistance coils with 
relatively few turns [1]. Coupled with this, the magnetic field 
strength of electroplated magentic materials is about half of ther 
bulk couterpart. Hence, the power and voltage levels tpically 
demonstrated by MEMS electromagnetic harvesters are very low. 
Figure 1 shows the microfabricated coil of an early MEMS 
electromagnetic harvester fabricated during the EU VIBES 
project which produced just 23 nW from vibrations of 9.81 m/s2 
at 9.8 kHz [2]. This frequency also highlights the challenge of 
addressing low frequency applications using microscale devices. 
Resonant frequencies tend to increase with decreasing device size 
and achieving 50 Hz is a considerable challenge. 

Fig. 1.  Electroplated micro coil on a silicon paddle inertial mass [2]. 

The electromagnetic device finally developed in the project was a 
pragmatic solution that operated at 50 Hz and delivered 58 µW 
from 0.6 m/s2 vibrations and is shown in figure 2 [3]. This device 
is made using traditional wound copper coils and bulk rare earth 
magnets mounted on an etched berylium copper beam.   

Fig. 1.  Electromagnetic harvester fabricated using conventional machining and 
bulk materials [3]. 

III. HELICOPTER APPLICATION

Health and Usage Monitoring Systems (HUMS) are becoming 
widely used in helicopters for monitoring components and 
systems to reduce accidents. The EU project TRIADE developed 
self-powered embedded wireless sensors. The vibrations on a 
helicopter are quite large across the airframe which presents a 
good opportunity for harvesting energy. The requirement for 
embedding the system mean the energy harvester design had to
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be no thicker than 3 mm including displacement and 
approximately half the size of a credit card. This requirement 
ruled out higher amplitude lower frequency vibrations since the 
amplitude of the harvester would in this case be too high. 
Instead a characteristic vibration found across the airframe at 67 
Hz was chosen. The target power level for the system was 200 
µW. The solution developed for this project was a screen 
printed piezoelectric T-shaped cantilever harvester shown with 
electroncs in figure 3 [4]. This harvester produced 240 µW 
when excited at vibration frequency of 67 Hz and peak 
amplitude of 3.9 m/s2. 

Fig. 3.  Screen printed piezoelectric energy harvester and power conditioning 
electronics for embedded application in helicopters [4] 

Piezoelectric harvesters scale much more favorably with size 
than electromagnetic devices, even down to the MEMS scale. 
The piezoelectric properties of deposited thin-film piezoelectric 
materials (typically aluminum nitride (AlN) or PZT) may not be 
as good as, for example, bulk ceramic PZT, but they are 
certainly sufficient for energy harvesting applications. Research 
to improve the piezoelectric properties of such films is ongoing 
but for MEMS devices an easier approach for improving power 
output would be to simply increase the mass size. This would 
also help in the quest to reach low operating frequencies. The 
device presented in figure 3 uses a screen printed tungsten film, 
density around 10 g/cm3, to make a 2.8 g inertial mass and this 
is essential for achieving the required frequency and power for a 
harvester that meets the size constraints of the application. To 
put this in perspective, for MEMS devices fabricated from 
silicon (density 2.3 g/cm3) a 5 x 5 x 0.525 mm volume would 
give an inertial mass of 0.03. A tungsten film of 120 µm across 
that inertial mass would double its value and also the power 
output of the harvester. It is unlikely that incremental 
improvements in piezoelectric material properties will result in 
a doubling of a particular harvester’s output power in the near 
future but increasing the MEMS inertial mass and achieving 
such a step change in performance seems much more 
achievable.  

IV. TESTING

Finally, when testing harvesters in the laboratory it is very 
convenient to simply drive a shaker table with a sinusoidal signal 
at a particular frequency. For example, in the case of the 
helicopter application, the natural thing to do would be to test the 
harvester with a sinusoidal excitation at 67 Hz. However, in 
practical applications, the vibration spectrum usually contains 
multiple peaks at different frequencies. We have compared the 
charging rate of the system shown in figure 3 when excited with 
sinusoidal vibration at the resonant frequency and with it driven 
by the full helicopter vibration spectrum [5]. Even though the 
full spectrum contains a characteristic peak of the same 
frequency and amplitude used in the sinusoidal case, the charge 
rate was found to be reduced by around 50% and the final 
voltage on the supercapacitor was reduced from 1.8 to 1.2 V. 
This occurs due to the nature of the real waveform. Although all 
the peaks in frequency domain are clearly separated and do not 
interfere each other, the waveform in the time domain can be 
regarded as a superposition of different sinusoid waveforms with 
various frequencies. As these waveforms are not always in 
phase, they may partially cancel each other and thus the 
amplitude of the harvester is reduced.      

V. CONCLUSIONS 
The importance of understanding the application of a vibration 
energy harvester has been demonstrated in a number of ways. 
The application defines the input excitation, the maximum size 
and may also introduce factors such as varying frequencies with 
time. These factors must be considered when selecting the type 
of harvester (linear/nonlinear), type of transducer and its detailed 
design. Furthermore, testing with real world vibrations sampled 
from the actual application is essential to understand the real 
output characteristics of the harvester. One final note, whilst 
quoting power output from a harvester to a particular resistive 
load is interesting data, the time taken to charge a capacitor of a 
certain value to a specified voltage is a much more practical 
measure of the energy harvested since it includes the power 
conditioning electronics and the effect of the capacitor charging 
up with time. This approach promotes the concept of designing 
the harvester and electronics in a holistic manner which is also 
essential for practical applications.    
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Abstract— Energy consumption during computation has become a 
matter of strategic importance for modern ICT due to its increasing 
impact on society. In this paper we review some of the basic 
principles governing energy consumption in ICT and discuss future 
perspectives for energy efficient extremely scaled computers and 
other ICT microsystems. In the second part of the paper, entirely new 
information processing concepts will be discussed based on learning 
from information processing examples in nature, specifically, the 
individual living cell will be considered in the context of information 
processing. 

While electronic devices, such as transistors, can be made very 
small, ultimately exhibiting feature sizes of ~5-10nm 
nanometers, the overall system sizes remain relatively large, 
typically on the centimeter scale. Moreover, while the scaling 
limits of individual electronic devices have been be estimated 
from physics-based considerations, the question of the limits of 
scaling for a functional ICT system remains open.  

In order to comprehend scaling limits for systems, scaling and 
energy limits for many electronic components are needed, for 
example logic and memory devices, I/Os, communication etc. 
(Fig. 1). For a system-level analysis of extremely scaled ICT, a 
hypothetical silicon computer is considered in this paper that is 
to be realized in a cube 1 µm in size (Fig. 2) [1, 2]. Such a 
‘computer’ (later referred to as Si-µCell) must contain logic 
circuitry and nonvolatile memory to store a program and data. It 
also needs I/O components and an energy source. This paper 
will explore the connection between device physics in the 
Boltzmann-Heisenberg limits and the parameters of the digital 
circuits implemented from these devices using a Turing Machine 
model [1, 2]. 

The fundamental limiting factors for severely scaled 
microsystems are 1) the tunneling limit on the minimum device 
size due to small mass of electrons, 2) excessive energy 
consumption in metal wires used for rigid interconnect systems, 
3) high RF external communication costs at microscale, and 4)
the management of heat generated in a small volume. An 
additional limiting factor is availability and capacity of on-board 
energy sources at this  small scale [3]. 

In 1959, Richard Feynman gave a visionary presentation in 
which he suggested the possibility of building computers whose 
dimensions were ‘submicroscopic’ [4]. Although the progress of 
CMOS technology has been extraordinary, submicroscopic 
computers remain outside of our grasp. Moreover, it might be 
just unachievable with existing technologies. However, nature 
appears to have successfully addressed the submicroscopic design 
challenge, and may offer alternative solutions for future 

microsystems for information processing. As will be argued in 
this paper, the living cell can be conceptualized as a general-
purpose computer with molecular-scale components. In fact, 
the living cell provides an existence proof that functional and 
autonomous systems are possible at the volume of a few cubic 
microns. The living cell is a marvelous machine, which, in order 
to achieve the legacy of a sustained existence, not only acquires, 
processes, and uses information, but does so at incredibly low 
rates of energy consumption in the range of femtowatts to 
nanowatts. Such levels of power consumption do not appear to 
be achievable in electronic microsystems (Table I). The ‘design 
secrets’ of the living  (in carbo) systems and the implications for 
the minimum-energy electronic inorganic  (in silico) systems will 
be discussed. 

Fig. 1.  Energy consumption (per bit) in different components of ICT: A 
comparison of fundamental limits and current baseline technology 

1µm

Memory:   40 kbit 
Logic: 320 bit 

Fig. 2.  Si-µCell: A hypothetical 1µm3 silicon computer 
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Table I. System-level comparison of a 1µm3 ‘Ultimate CMOS’ and a 1µm3 

biological (cell) information processors [2] 

Parameter' ‘Ultimate'CMOS’'processor' Bio6processor'
Logic& Memory& Logic& Memory&

Density( 1017(cm.3( 1016(cm.3( 1018(cm.3( 1019(cm.3(
Energy/bit( 103kBT( 108(kBT( <10kBT( <104kBT(

Power( 10.7(W( 10.13(W(
Heat(flux( 1(W/cm2( 10.6(W/cm2(

Energy(per(1011(
output(bits( 10.2(J( <10.9(J(

Time(to(
compute(1011(

output(bits(
105(s( 103(s(
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 Abstract—We have used the nanomagnetic logic (NML) computing 
architecture to study some of the fundamental issues related to 
thermodynamic limits of energy dissipation in computation. In one 
example, we operate a simple NML circuit very close to thermal 
equilibrium to demonstrate “Brownian” computing in which no 
externally applied fields are used to power the circuit. In another 
example, we demonstrate (by explicit micromagnetic simulation as 
well as experiment) that the energy dissipated during erasure of a 
single magnetic bit can approach kTln(2) with high precision, in 
accordance with Landauer’s principle.  

I. INTRODUCTION 

RECENT  trends in computing technology place ever 

increasing emphasis on the reduction of energy dissipation per 
function. Magnetic computing is emerging as a promising new 
approach to ultra-low energy computing. It is noteworthy that the 
manipulation of nano-scale, single-domain magnetic bits is one of 
the example systems considered for Gedanken (thought) 
experiments related to the minimum irreversible entropy increase 
upon memory erasure in Bennett’s classic analysis of the 
thermodynamics of computation [1]. Nanomagnetic technology 
has now progressed to the extent that Bennett’s Gedanken 
experiments are now actually practical, giving hope that realistic 
computing devices could be constructed to operate at the ultimate 
fundamental limits of energy dissipation. In this talk, we discuss 
the use of nanomagnetic technology in experimental studies of 
Brownian computing and the energy dissipated in the erasure of a 
single magnetic bit. 

Nanomagnetic logic (NML) circuits process information by 
manipulating the magnetization states of single-domain 
nanomagnets coupled to their nearest neighbors via magnetic 
dipole stray-field interactions. Conventionally, an external 
magnetic “clocking” field is applied to reset the system between 
computation cycles by saturating the magnetization of the 
nanomagnetis along their hard axes [2, 3]. After setting the inputs 
to the circuit, this clocking field is then removed, guiding the 
circuit into its ground state configuration. A simple 1-D linear 
chain of identical rectangular nanomagnets with their magnetic 
easy axes perpendicular to the chain’s long axis serves as a simple 
model circuit which acts as a communication line. The ground 
state configuration of the chain is antiferromagnetic (alternate 
magnets along the chain magnetize in opposite directions). With 
an input magnet on one end of the chain that is set prior to 
clocking, the magnetization state of the terminal magnet at the 
opposite end of the chain depends on the state of the input magnet. 
In this way, information is propagated along the chain. 

II. BROWNIAN FLUCTUATIONS

When a nanomagnet chain is operated at room temperature, we 
have observed that the dynamics of the nanomagnets as the

clocking field is removed is strongly influenced by thermal 
fluctuations. When the strength of the clocking field is 
intermediate between full  hard axis saturation and zero, the 
energy barrier for each nanomagnet that separates the two 
magnetic states (“up” and “down” corresponding to 1 and 0) is 
intermediate between zero and it’s maximum value at zero field. 
When this energy barrier is only of the order of kT, where k is 
Boltzmann’s constant and T is the temperature, thermal 
fluctuations will cause the nanomagnets to rapidly and randomly 
flip between the two states. Dipole field interactions favor the 
antiferromagnet alignment of adjacent magnets, but the 
fluctuations inevitably introduce ferromagnetically aligned 
“defect” pairs. As fluctuations cause one or the other of such a 
pair to flip, the defect appears to hop one unit to the left or right. 
Thus the defects are able to random walk along the chain.  If a 
defect diffuses all the way to the end of a chain, it disappears, and 
the correct effort-free state of the chain is reached.  Two defects 
can also collide and annihilate each other. Thus, in order for a 
circuit involving nanomagnetic elements to reach the correct 
logical state, it is necessary to control the dynamics such that all 
the fluctuation induced defects “anneal out” of the circuit. 

We have performed micromagnetic simulations of this type of 
defect diffusion in NML chains and confirmed the results with 
magnetic contrast imaging experiments. An example of the 
simulation results are shown in Fig. 1 (a-e). In this simulation, a 
linear chain of 15 nanomagnets was modeled using material 
parameters corresponding to Permalloy with magnet dimensions 
of 60 nm × 120 nm × 5 nm, with nearest neighbor separations of 
20 nm. The clocking field was held fixed at 37 mT, which 
corresponds to an energy separation between up and down of a 
few kT at room temperature.  All the magnets were first 
initialized along their hard axis, and then the simulation 
proceeded. Within about 1 nsec, the chain falls into a state with 
only a few defects. The remaining defects then undergo a random 
walk. The results of the simulation at several points in time (Fig. 
2 a-e) show this random walk and an example of a defect 
diffusing out the end of the chain. The total duration of the 
simulation was 6 nsec. 

To investigate this behavior experimentally, we fabricated 
Permalloy nanomagnets chains and imaged them using 
photoemission electron microscopy (PEEM) at the Advanced 
Light Source synchrotron at Lawrence Berkeley National Labs. 
The magnetic contrast arises from X-ray magnetic circular 
dichroism [4]. The nanomagnets were fabricated using electron 
beam lithography to be 80 nm wide, 6 nm thick, and variable 
height, with height:width aspect ratios ranging from 1:1 to 2:1. 
Each aspect ratio has slightly different anisotropy energy, leading 
to different defect diffusion rates. An SEM micrograph of an 
example chain is shown in Fig. 2k. Results shown in Fig. 2f-j 
show a series of time-lapse images of a single chain in which a 
defect undergoes a random walk. Further details of the 
experiment are reported in Ref. [5]. With experiments such as
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this, as well as others, we demonstrated purely thermally driven 
computing closely related to the thermally activated computer 
discussed by Bennett [1]. 

Fig. 1. Defect diffusion in nanomagnet chains. (a)–(e) Micromagnetic 
simulation of the magnetization of a line of nanomagnets with a defect pair 
highlighted in the first four frames. A hard axis field is held at a fixed value of 
37 mT. The magnetization of the first nanomagnet on the left is held fixed as an 
input to set the antiferromagnetic ordering of the chain. A defect that has formed 
in the wire moves in a random walk until exiting the chain to the right in (e). 
(f)–(j) Time-lapse PEEM images showing a defect pair diffusing through a 
nanomagnet chain. The defect pair highlighted with a red marker. (k) SEM 
micrograph of a nanomagnets chain with logically opposite input nanomagnets 
on each end.

III. LANDAUER LIMIT

One way to express Landauer’s principle [1] is that the 
minimum energy that must be dissipated upon erasure of one 
binary bit of information is kT ln(2). Although much discussed 
and debated from a theoretical perspective, there has been very 
little experimental investigation of Landauer’s principle, 
primarily due to the difficulty of measuring such a small energy 
(2.8 × 10-21 J at 300K). We have embarked on an effort to 
measure this energy dissipation during erasure of a 
nanomagnetic bit, as was considered by Bennett in Ref. [1]. 

Landauer erasure involves setting a bit that is initially in either 
the 1 or 0 state with equal probability to the 1 state with unity 
probability.  To perform this function in a nanomagnet, two 
magnetic fields are utilized, one along the magnetic hard axis to 
lower the energy barrier between the two states and the other 
along the easy axis to drive the nanomagnet into the 1 state. 
Then the total energy dissipation in the nanomagnet is derived 
from the difference between the areas of the two hysteresis 
loops, one along each in-plane  axis. 

We first carried out micromagnetic simulations of this 
operation. The two orthogonal fields were manipulated 
according to the timing sequence shown in Fig. 2. 

Fig. 2.  Left:  timing diagram for external magnetic fields applied during ‘restore 
to one’. Hx  is applied along the magnetic hard axis to remove the uniaxial
anisotropy barrier, while Hy  is applied along the easy axis to force the 
magnetization to ‘one’. Right: illustration  of the magnetization of the 
nanomagnet at the beginning and end of each stage, and the direction of the 
applied field in the x-y plane. 

Carrying out a micromagnetic simulation using suitable 
experimentally accessible parameters and including effects of 
thermal fluctuations, we obtained results shown in Fig. 3. The 
outputs of the simulation are the vectors M(t) and H(t). The 
hysteresis loops are plotted in Figs. 3a and 3b and a histogram 
of the energy dissipation found from over 2000 individual 

simulations is shown in Fig. 3c. Further details of this 
calculation are reported in Ref. [6]. 

FIG. 3.  (a) X-axis and (b) Y-axis hysteresis loops of a nanomagnet during the bit 
erase operation at 300K, obtained by solving the stochastic  LLG equation.  Each 
point  on the curve is the average of 2000 simulations.  The total area of the loops 
is very close to kT ln(2).  Stage numbers correspond to the raising and lowering 
of external applied fields as described in Fig. 2c Histogram of the energy 
dissipated at 300K.  

Recently, we have succeeded in making experimental 
measurements that correspond to this procedure. The first key to 
the experiment is to use the magneto-optic Kerr effect (MOKE) 
to measure the magnetization, M(t). In order to obtain a large 
enough MOKE signal, we work with an array of identical 
nanomagnets, with high enough areal density to give a 
sufficiently large signal, yet with adequate spacing between 
nanomagnets to eliminate any coupling between adjacent 
magnets. We found the optimal array to consist of nanomagnets 
with dimensions of about 80 nm × 100 nm in-plane and 10 nm 
thickness with an intermagnet spacing of 500 nm. The second 
key to the experiment is to calibrate the MOKE signal in order to 
make an absolute measurement of M. This was done by 
measuring the coercivity of the nanomagnets as a function of 
temperature and then using the Sharrock equation [7] to extract 
the magnetic moment of the nanomagnets. An example of the 
measured hysteresis loops is shown in Fig. 4. In the figure, 
magnetization is shown in arbitrary units. After following the 
above calibration procedure, the energy dissipation is calculated. 
Analysis of our current results show an energy dissipation of (2 
± 2) kT, consistent with the theoretical value of kT ln(2). 

Fig. 4.  Hysteresis loops measured using the procedure shown in Fig. 2 for an 
array of nanomagnets using MOKE. 
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Abstract—The magnetization dynamics in magnetic multi-layer 
nanostructures subject to the action of injected spin-polarized electric 
currents and external applied magnetic fields is considered. The 
dynamics is described by the Landau-Lifshitz-Gilbert equation 
augmented with the Slonczewski spin-torque term. The conservation 
properties of magnetization dynamics are introduced to motivate the 
study of spin-torque-driven self-oscillations by using special 
perturbation techniques applied to low-order dynamical systems. 
Such methods are used to study synchronization phenomena for 
injection-locked spin-torque oscillators. 

,��,1752'8&7,21�

,1�WKH�ODVW�GHFDGHV�WKHUH�KDYH�EHHQ�FRQVLGHUDEOH�UHVHDUFK�HIIRUWV�
LQ� WKH� ILHOG� RI� VSLQWURQLFV²WKH� HPHUJLQJ� VFLHQFH� WKDW� DLPV� WR�
H[SORLW�WKH�LQWULQVLF�HOHFWURQ�VSLQ��,Q�IDFW��VFLHQWLVWV�DQG�HQJLQHHUV�
DOO� RYHU� WKH�ZRUOG� KDYH� EHHQ� VWLPXODWHG� WR� GHVLJQ� DQG�SURGXFH� D�
QHZ�JHQHUDWLRQ�RI�VPDOOHU��IDVWHU��DQG�PRUH�HQHUJ\�HIILFLHQW�QDQR�
HOHFWURQLF� GHYLFHV�>�@� 6SLQWURQLF� GHYLFHV� UHO\� RQ� WKH� TXDQWXP�
PHFKDQLFDO� HIIHFWV� RI� HOHFWURQV� KDYLQJ� WZR�VWDWH� VSLQV�� ³XS´� RU�
³GRZQ´��7KH�LQWHUDFWLRQ�EHWZHHQ�IHUURPDJQHWV�HOHFWURQ�VSLQV�DQG�
FRQGXFWLQJ� HOHFWURQV� IORZLQJ� WKURXJK� D� PDJQHWLF� PXOWL�OD\HU�
QDQRV\VWHP� FDQ� EH� XVHG� IRU� D� QXPEHU� RI� WHFKQRORJLFDO�
DSSOLFDWLRQV��
7KH�PRVW� FRPPRQ�GHYLFH� LQ�ZKLFK� WKLV� HIIHFW� LV� H[SORLWHG� LV� WKH�
VSLQ�YDOYH��ZKLFK�FRQVLVWV�RI�DW�OHDVW�WZR�OD\HUV��DERXW�����QP�LQ�
ODWHUDO� VL]H�� RI� IHUURPDJQHWLF� PDWHULDOV� VHSDUDWHG� E\� D�
QRQPDJQHWLF� PDWHULDO� OD\HU� �)LJ�� ���� ,Q� RQH� OD\HU�� UHIHUUHG� WR� DV�
IL[HG� OD\HU�� WKH� PDJQHWL]DWLRQ� LV� SLQQHG� WR� D� JLYHQ� RULHQWDWLRQ��
ZKHUHDV�LQ�WKH�RWKHU�IHUURPDJQHWLF�OD\HU��UHIHUUHG�WR�DV�IUHH�OD\HU��
PDJQHWL]DWLRQ� G\QDPLFV� FDQ� IUHHO\� WDNH� SODFH�� 6XFK� D�
QDQRVWUXFWXUH� KDV� EHHQ� XVHG� IRU� D� ORQJ� WLPH� DV� VHQVRU� RI� µZHDN¶�
PDJQHWLF� ILHOGV�� WKDQNV� WR� WKH� JLDQW� PDJQHWRUHVLVWLYH� �*05��
HIIHFW�� 7KLV� HIIHFW� LV� REVHUYHG� DV� D� VLJQLILFDQW� FKDQJH� LQ� WKH�
HOHFWULFDO� UHVLVWDQFH� RI� WKH� GHYLFH� GHSHQGLQJ� RQ� ZKHWKHU� WKH�
PDJQHWL]DWLRQ� RI� DGMDFHQW� IHUURPDJQHWLF� OD\HUV� LV� LQ� DQWLSDUDOOHO�
�KLJK�UHVLVWDQFH��RU�LQ�SDUDOOHO��ORZ�UHVLVWDQFH��VWDWH��*05�VHQVRUV�
DUH�HPSOR\HG��IRU�LQVWDQFH��LQ�WKH�FXUUHQW�JHQHUDWLRQ�RI�KDUG�GULYH�
UHDG�KHDGV��
$OPRVW� WHQ�\HDUV�DIWHU� WKH�GLVFRYHU\�RI� WKH�*05�HIIHFW�� WKH�GXDO�
SKHQRPHQRQ�� QDPHO\� WKH� SRVVLELOLW\� WR� DFW� RQ� WKH� IUHH� OD\HU�
PDJQHWL]DWLRQ� E\� LQMHFWLQJ� D� VSLQ�SRODUL]HG� FXUUHQW� WKURXJK� WKH�
PXOWL�OD\HU�VWUXFWXUH��KDV�RSHQHG�WKH�ZD\�WR�WKH�XVH�RI�VSLQ�YDOYHV�
DV�PLQLDWXUL]HG�PLFURZDYH�VLJQDO�JHQHUDWRUV��
,Q� IDFW�� LQ� ������ 6ORQF]HZVNL>�@� DQG� %HUJHU>�@� LQGHSHQGHQWO\�
SUHGLFWHG� WKDW� D� VSLQ�SRODUL]HG� FXUUHQW� FDQ� H[HUW� D� WRUTXH� RQ� WKH�
PDJQHWL]DWLRQ�RI�D�IHUURPDJQHWLF�OD\HU�DQG��LQ�SDUWLFXODU��PD\�OHDG�
WR� VZLWFKLQJ� RU� VXVWDLQ� ODUJH�DQJOH� SUHFHVVLRQDO� PRWLRQ� RI� WKH�
PDJQHWL]DWLRQ�LQ�IDU�IURP�HTXLOLEULXP�FRQGLWLRQV����
,W� LV� FOHDU� WKDW�� E\� PHDQV� WKH� *05� HIIHFW�� WKH� PDJQHWL]DWLRQ�

SUHFHVVLRQ� RI� WKH� IUHH� OD\HU� FDQ� SURGXFH� DQ� RVFLOODWLQJ� YROWDJH�
VLJQDO� DQG� WXUQ� WKH� VSLQ�YDOYH� LQWR� D� VSLQ� WRUTXH� QDQR�RVFLOODWRU�
�6712��� 7\SLFDO� 6712V� FDQ� JHQHUDWH� PLFURZDYH� VLJQDOV� ZLWK�
IUHTXHQF\�UDQJLQJ�IURP�*+]�WR�WHQV�RI�*+]��ZKLFK�FDQ�EH�WXQHG�
E\�FRQWUROOLQJ�WKH�DPSOLWXGH�RI�WKH�LQMHFWHG�VSLQ�SRODUL]HG�FXUUHQW�
DQG�WKH�H[WHUQDO�DSSOLHG�PDJQHWLF�ILHOG��7KLV�H[WHQGHG�WXQDELOLW\�
PDNHV� 6712V� LGHDO� IRU� DGYDQFHG� DSSOLFDWLRQV� LQ�
WHOHFRPPXQLFDWLRQV��VXFK�DV�ZLUHOHVV�V\VWHPV��UDGDU��DQG�VR�RQ���

)LJ�� ��� � 6NHWFK� RI� D� PDJQHWLF� VSLQ�YDOYH� QDQRV\VWHP� VXEMHFW� WR� LQMHFWHG� VSLQ�
SRODUL]HG� FXUUHQW� DQG� DFWLQJ� DV� spin% torque% nano-oscillator.% This% nano-oscillator%
consists% of% at% least% two% layers% (about% 100% nm% in% lateral% size)% of% ferromagnetic%
materials%separated%by%a%nonmagnetic%VSDFHU��

7KH� FUXFLDO� LVVXH� ZKHQ� GHDOLQJ� ZLWK� 6712V� LV� WKH� ORZ�
PLFURZDYH� SRZHU� HPLWWHG� E\� D� VLQJOH� GHYLFH�� ZKLFK� LV� DERXW� ��
Q:� >�@� DQG� LV� QRW� VXLWDEOH� IRU� RQ� FKLS� DSSOLFDWLRQV�� 3RVVLEOH�
VROXWLRQV� WR� FLUFXPYHQW� WKLV� SUREOHP� KDYH� EHHQ� SXUVXHG� LQ� WKH�
UHFHQW� \HDUV� E\� VHYHUDO� JURXSV� DQG� DUH� FXUUHQWO\� WKH� IRFXV� RI�
FRQVLGHUDEOH� UHVHDUFK�� 7KH� IRUPHU� RQH� UHOLHV� RQ� WKH�
V\QFKURQL]DWLRQ�>���@�RI�VHYHUDO�6712V�LQ�D�ZD\�WKDW�D�FRKHUHQW�
VLJQDO�� ERWK� LQ� IUHTXHQF\� DQG� SKDVH�� FDQ� EH� H[WUDFWHG� IURP� WKH�
6712�DUUD\�WR�SURGXFH�D�PRUH�SRZHUIXO��LQ� WKH�RUGHU�RI�PLFUR�
ZDWWV��PLFURZDYH�VLJQDO��+RZHYHU��DW� WKH�SUHVHQW�PRPHQW�� WKHUH�
LV�QR�HYLGHQFH�LQ�OLWHUDWXUH�DERXW�V\QFKURQL]DWLRQ�RI�ODUJH�DUUD\V�
RI� 6712V�� $OWHUQDWLYH� VWUDWHJLHV� WR� REWDLQ� ODUJHU� PLFURZDYH�
SRZHU� IRU� D� VLQJOH� 6712� KDYH� EHHQ� DOVR� DWWHPSWHG�� OHDGLQJ� WR�
GHPRQVWUDWLRQ�WKDW�FRQVLGHUDEO\�KLJKHU�SRZHU��RYHU���µ:��FDQ�EH�
HPLWWHG�>�@���

7KH� GLIILFXOW\� RI� V\QFKURQL]LQJ� PXOWLSOH� 6712V� KDV� WR� EH�
DVFULEHG� WR� WKH� YHU\� FRPSOH[� G\QDPLFDO� SLFWXUH� DVVRFLDWHG�ZLWK
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MXVW�D�VLQJOH�6712��,Q�IDFW��WKH�REVHUYDEOH�RXWSXW�VLJQDO��ZKLFK�
LV� LQ� WXUQ� UHODWHG� WR� WKH� LQWHUQDO�PDJQHWL]DWLRQ�G\QDPLFV��KDV�D�
YHU\�VWURQJ�GHSHQGHQFH�RQ�WKH�H[FLWDWLRQ�FRQGLWLRQV��LQ�WHUPV�RI�
H[WHUQDO� DSSOLHG� PDJQHWLF� ILHOG� DQG� LQMHFWHG� VSLQ�SRODUL]HG�
FXUUHQW��7KLV�KDV�EHHQ�LPPHGLDWHO\�UHFRJQL]HG�DV� WKH�VLJQDWXUH�
RI� KLJKO\� QRQOLQHDU� EHKDYLRU� RI� 6712V�� ZKLFK� UHTXLUHV�
DSSURSULDWH� WKHRUHWLFDO�PRGHOOLQJ�DQG�DQDO\VLV� WHFKQLTXHV� WR�EH�
IRXQG�LQ�WKH�IUDPHZRUN�RI�QRQOLQHDU�G\QDPLFV���

,,� 02'(//,1*�$63(&76
<PM� UIOVM\QbI\QWV� LaVIUQK[� QV� \PM� NZMM� TIaMZ� KIV� JM�
\PMWZM\QKITTa� [\]LQML� Ja� KWV[QLMZQVO� \PM� NWTTW_QVO� �VWZUITQbML��
4IVLI]�4QN[PQ\b�/QTJMZ\�MY]I\QWVC E"�

���� ����

ZKHUH� � LV� WKH� PDJQHWL]DWLRQ� YHFWRU� ILHOG� QRUPDOL]HG� WR�
WKH� IUHH� OD\HU� VDWXUDWLRQ� PDJQHWL]DWLRQ� �� � LV� WKH� GDPSLQJ�
FRHIILFLHQW�� � LV� WKH� HIIHFWLYH� ILHOG� WDNLQJ� LQWR� DFFRXQW�
H[FKDQJH�� DQLVRWURS\�� PDJQHWRVWDWLF� DQG� =HHPDQ� LQWHUDFWLRQV��
UHVSHFWLYHO\��

���� ����

7KH�HIIHFWLYH�ILHOG�FDQ�EH�REWDLQHG�IURP�WKH�QHJDWLYH�YDULDWLRQDO�
GHULYDWLYH� � RI� WKH�PLFURPDJQHWLF� IUHH� HQHUJ\�
IXQFWLRQDO>�@��H[SUHVVHG�LQ�QRUPDOL]HG�IRUP��

����
,Q�HTXDWLRQV���������� �LV�WKH�H[FKDQJH�OHQJWK�RI�WKH�IUHH�OD\HU�
PDWHULDO� �ZLWKLQ� WKH� UDQJH������QP��� � LV� WKH�DQLVRWURS\�
HQHUJ\� GHQVLW\�� WKH� ILHOG� � LV� REWDLQHG� IURP� WKH� VROXWLRQ� RI�
PDJQHWRVWDWLF� 0D[ZHOO¶V� HTXDWLRQV� DQG� LV� WKH� H[WHUQDO�
DSSOLHG�PDJQHWLF� ILHOG�� 7KH� ODVW� WHUP� LQ� HT�� ���� UHSUHVHQWV� WKH�
VSLQ�WUDQVIHU� WRUTXH� DV� GHULYHG� E\� 6ORQF]HZVNL>�@�� ZKRVH�
LQWHQVLW\� LV� FRQWUROOHG� E\� WKH� QRUPDOL]HG� HOHFWULF� FXUUHQW�
DPSOLWXGH� �� ZKHUH� � LV� D� PDWHULDO� SDUDPHWHU�
UHODWHG�ZLWK� WKH�SRODUL]DWLRQ� IDFWRU�RI� WKH� IL[HG� OD\HU�� � LV� WKH�
FURVV�VHFWLRQDO� DUHD� RI� WKH� IUHH� OD\HU�� � � � LV�
WKH� HOHFWURQ� FKDUJH�� � LV� WKH� IUHH� OD\HU� WKLFNQHVV�� LV� D�
FKDUDFWHULVWLF� FXUUHQW� GHQVLW\� DQG� � LV� WKH�PDJQHWL]DWLRQ�XQLW�
YHFWRU�LQ�WKH�IL[HG�OD\HU��(TXDWLRQV���������KROG�LQ�WKH�UHJLRQ� �
RFFXSLHG� E\� WKH� IUHH� OD\HU�� FRPSOHPHQWHG� ZLWK� KRPRJHQHRXV�
1HXPDQQ� ERXQGDU\� FRQGLWLRQV� IRU� WKH� PDJQHWL]DWLRQ� YHFWRU�
ILHOG�RQ� ���
(TXDWLRQ� ���� KDV� WKH� LPSRUWDQW� SURSHUW\� RI� SUHVHUYLQJ� WKH�
PDJQHWL]DWLRQ� PDJQLWXGH� DW� HDFK� VSDWLDO� ORFDWLRQ� GXULQJ� WKH�
G\QDPLFV��

��� ����

SURYLGHG� WKDW� �� ,Q� DGGLWLRQ�� LQ� WKH� DEVHQFH� RI�
GLVVLSDWLRQ� DQG� VSLQ�WRUTXH�� QDPHO\� ZKHQ� �� (T��
����GHVFULEHV�D�FRQVHUYDWLYH�V\VWHP�IRU�WKH�IUHH�HQHUJ\������

,W� LV�DSSDUHQW� WKDW�HT������GHVFULEHV�D�KLJKO\�QRQOLQHDU�VSDWLDOO\�
GLVWULEXWHG� G\QDPLFDO� V\VWHP� ZKLFK� PD\� H[KLELW� FRPSOH[�
G\QDPLFDO� EHKDYLRU� �VHOI�RVFLOODWLRQV�� V\QFKURQL]DWLRQ�� TXDVL�
SHULRGLFLW\�� VSDWLR�WHPSRUDO� FKDRV�� HWF��� XQGHU� WKH� DFWLRQ� RI�
'&�$&�ILHOGV�DQG�LQMHFWHG�FXUUHQWV��7KXV��JHQHUDOO\��WKH�VROXWLRQ�
RI�PDJQHWL]DWLRQ�G\QDPLFV�FDQQRW�EH�REWDLQHG�LQ�FORVHG�IRUP���
1HYHUWKHOHVV�� IRU� WKH� FDVH� RI� FRQILQHG� QDQRVFDOH� VSLQ�WRUTXH�
RVFLOODWRUV�� DV� WKRVH� GHSLFWHG� LQ� )LJ�� �� DQG� RIWHQ� UHIHUUHG� WR� DV�
QDQRSLOODUV��RQH�FDQ�UHDVRQDEO\�DVVXPH�WKDW�WKH�PDJQHWL]DWLRQ�LV�
KRPRJHQHRXV�LQ�VSDFH�GXULQJ�WKH�G\QDPLFV��RZLQJ�WR�WKH�VWURQJ�
H[FKDQJH� LQWHUDFWLRQ�� 7KHUHIRUH�� (T�� ���� FDQ� EH� UHGXFHG� WR� DQ�
RUGLQDU\�GLIIHUHQWLDO� HTXDWLRQ�GHVFULELQJ�D� ORZ�RUGHU�G\QDPLFDO�
V\VWHP� HYROYLQJ� RQ� WKH� XQLW� VSKHUH�� DFFRUGLQJ� WR� WKH� SURSHUW\�
H[SUHVVHG�E\�(T�������
,W�FDQ�EH�VKRZQ�WKDW�WKH�QRQ�FRQVHUYDWLYH�HIIHFWV��GDPSLQJ��VSLQ�
WRUTXH�� DUH� VPDOO� TXDQWLWLHV� RI� WKH� G\QDPLFV� DQG�� WKHUHIRUH��
VSHFLDO� SHUWXUEDWLRQ� WHFKQLTXHV� FDQ� EH� XVHG� LQ� RUGHU� WR� ILQG�
H[LVWHQFH�� QXPEHU�� VWDELOLW\� DQG� ELIXUFDWLRQ� RI� PDJQHWL]DWLRQ�
VHOI�RVFLOODWLRQV� GULYHQ� E\� WKH� DFWLRQ� RI� '&� H[FLWDWLRQV>�@��
0RUHRYHU�� WKH� HIIHFW� RI� WKHUPDO� IOXFWXDWLRQV� LQ� VSLQ�WRUTXH�
GULYHQ� PDJQHWL]DWLRQ� G\QDPLFV� FDQ� EH� WDNHQ� LQWR� DFFRXQW�
WKURXJK� DSSURSULDWH� DXJPHQWDWLRQ� RI� (T�� ���� ZLWK� D� UDQGRP�
WRUTXH�WHUP>��@��
%\�XVLQJ�VXFK�WKHRUHWLFDO� WRROV�� LW�KDV�EHHQ�VKRZQ�WKDW�DFFXUDWH�
SUHGLFWLRQ� RI� V\QFKURQL]DWLRQ� SKHQRPHQD� LQ� PDJQHWL]DWLRQ�
G\QDPLFV� FDQ� EH� DFKLHYHG� IRU� VSLQ�WRUTXH� RVFLOODWRUV� GULYHQ� E\�
WKH�DFWLRQ�RI�$&�DSSOLHG� ILHOGV�DQG�FXUUHQWV��ZKLFK� LV� WKH�FDVH��
IRU�LQVWDQFH��RI�LQMHFWLRQ�ORFNLQJ�H[SHULPHQWV>�����@��
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Abstract— We studied, by means of micromagnetic simulations, the 
magnetization reversal, the dissipated energy and the excited spin 
eigenmodes in bistable magnetic switches, consisting of Permalloy 
elliptical nanodots with either 1000 nm × 600 nm or  100 nm × 60 nm 
lateral dimensions. Two different strategies for reversal are 
considered and the relative results compared: the irreversible 
switching obtained by the application of an external field along the 
easy axis, and the precessional switching accomplished by the 
application of a short magnetic field pulse, oriented perpendicular to 
the initial magnetization direction. The obtained results are discussed 
in terms of deviation from the macrospin behavior, energy dissipation 
and characteristics of the spectrum of spin eigenmodes excited during 
the magnetization reversal process.  

I. INTRODUCTION 

IT appears that the design and realization of reliable 

nanomagnetic switches, to be used in either magnetic memories or 
nanomagnetic logic (NML) devices, requires a detailed 
modellization and understanding of the switching mechanism and 
consequent dynamics. To this respect, relevant aspects are the 
analysis of the spin waves generated during the reversal, which are 
severe source of noise in real devices and represent a limit to the 
data writing or processing rates, [1] as well as the control of the 
dissipated power in view of low-energy consumption devices. [2]  
In this work, we compare the results of a computational study of 
the reversal mechanism for either a “micrometric” (1000×600×5 
nm3 ) or a “nanometric” (100×60×5 nm3 ) elliptical Permalloy 
(Ni80Fe20) dot. Two switching strategies are analysed: the former 
consists in the application of an external field along the easy axis, 
in the direction opposite to the initial magnetization (referred to as 
“damping switching” (DS), the latter, named “precessional 
switching” (PS), is obtained by the application of a short pulse of 
field, oriented perpendicular to the initial magnetization direction. 
The characteristics of the reversal are computed analysing the 
magnetization dynamics via the numerical solution of the 
discretized Landau-Lifshitz-Gilbert (LLG) equation, within the 
standard micromagnetic approach. The role of the dot size and of 
the chosen switching strategy are briefly discussed with emphasis 
given to the dissipated power and to the characteristics of the 
excited magnetic eigenmodes spectrum. 

II. MICROMAGNETIC SIMULATIONS

 Micromagnetic simulations have been carried on using a 
special version of the commercial software MICROMAGUS. 
[3] The elliptical dot was discretized in cells with lateral size of 
1×1×5 nm and 5×5×5 nm in the nanometric and micrometric 
dot, respectively. The LLG equation was solved, achieving the 
temporal evolution, at zero temperature, for the magnetization 
of the single cells. The magnetic parameters of polycrystalline 
Permalloy have been used, with γ=1.76×107 rad/(Oe·s) the 
gyromagnetic ratio, α=0.02 the phenomenological damping 
constant, Ms=860 G the saturation magnetization, A= 1.3×10−6 
erg/cm the exchange stiffness, and a moderate uniaxial 
anisotropy (K1=1×105 erg/cm3). The easy direction caused by 
this anisotropy coincides with the major axis of the ellipse. As 
shown in the top panel of Fig.1, in our reference frame, this is 
the x-axis, while the z-axis is along the minor axis of the ellipse 
and the y-axis is perpendicular to the plane of the dot. In 
addition to standard features of the commercial version, we 
used a special routine to calculate the temporal evolution of the 
dissipated power according to the well-known  expression [2] 
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summed over the whole set of discrete cells (i and j are the 
indices of the two dimensional array of cells). 
As far as the dynamical calculations are concerned, here we 
used a post-processing routine to calculate the average power 
spectrum of the magnetic dot as the sum of the power spectra of 
the single cells. 

III. RESULTS
Fig.1 shows the main features of the reversal for both the 
micrometric (a)-(f) and the nanometric dot (g)-(n). The DS of 
both dots (panels (a), (b), (c) and (g), (h), (i)) has been simulated 
starting from the almost saturated state, obtained by applying a 
field Hx=+700 Oe, and then abruptly reversing the field to -700 
Oe (to avoid symmetry breaking problems, the field is applied at 
about 2 degrees from the x axis). Due to the almost antiparallel 
orientation of the dot magnetization and of the external field, the 
reversal process exhibits a delay of several hundreds of ps, 
because the torque is relatively small in the first moments after 
field inversion.  

27



n a n o e n e r g y 2 0 1 3  -  t a l k s  a n d  p o s t e r s  

Fig. 1.  Evolution of the averaged dot magnetization components, dissipated 
power and spectrum of excited eigenmodes during DS (panels a,b,c  and g,h,i) 
and PS (panels c,d,e  and  l,m,n) for both the micrometric (panels a-f) and the 
nanometric (panels g-n) dot. 

The reversal starts from the dot boundaries, where the 
magnetization slightly deviates from the easy direction, and then 
the different energy terms exhibit oscillations, reflecting the 
precession of the magnetization of the cells. The characteristics 
of the reversal process are appreciably different if one considers 
the PS process, obtained by the application of a 110 ps pulse 
field directed along z, with maximum amplitude Hz=750 Oe. 
The modulus of M is much closer to unity even during the 
reversal, reflecting a more uniform behavior of the 
magnetization. Moreover, one sees that the reversal is much 
faster for PS compared to DS: after only 110 ps, i.e. at the end 
of the pulse length, the magnetization is substantially reversed. 
This behavior leads also to a strong reduction of the dissipated 
energy, whose calculated values are reported within the relevant 
panels of Fig.1.  
However, note that dissipation is appreciably larger than the 
minimum value of 1.3 perg achievable in an ideal PS process of 
a macrospin with the same magnetization, volume and 
anisotropy of our elliptical nanodot (red curve in Fig.1(m)).  
To analyse the characteristics of the magnetic eigenmodes 
excited within the micro and nanodot after the switching, we 
have recorded the temporal evolution of the magnetization of 
the single cells from t=7 to t=20 ns, i.e. when the amplitude of 
the dynamical components of M are sufficiently small and the 
ground state roughly coincident with the “reversed” state. Then, 
the averaged power spectrum was calculated, after either DS 
(Fig.1(c) and (i)) or PS (Fig.1(f) and (n)). Note that there is a 
frequency shift of the whole spectrum at larger frequencies for 

DS with respect to PS, because in DS the external field of the 
reversed state is fixed to Hx=-700 Oe, while in the PS it is zero. 
Apart from this rigid shift, there is an appreciable difference 
between the spectra of the micro and of the nanodot. In the 
former case the spectrum presents one main peak and several 
modes at higher frequency, reflecting the relatively complex 
dynamics of this large dot. In the latter case, instead, the 
spectrum essentially consists of one or two discrete peaks, 
because of the nanometric size of the dot. Although the length 
limit of this letter prevent from a detailed illustration of the 
spatial extension of the eigenmodes connected to each peak in 
the spectra, it is clear that the main peak correspond to a sort of 
“fundamental mode” of the dot, characterized by an in-phase 
precession extending over a relatively large portion of the dot 
surface. 
Finally, in Fig.2 we present a comparison of the energy 
dissipated during PS in the nanometric dot, as a function of the 
intensity of the field peak, and that dissipated by DS. It can be 
seen that a minimum of about 4.2 perg is achieved in PS,  i.e. 
about seven times lower than the value relative to DS (28.3 perg, 
red square in Fig.2). In the same figure we also present the 
values of the dissipated energy obtained in the ideal case of the 
PS process of a macrospin with the same magnetization, volume 
and anisotropy of the elliptical nanodot (blue dots in Fig.2). As 
expected the dissipated energy is always larger in the case of a 
realistic nanodot with respect to the ideal case of a single 
macrospin. 
This work was supported by the European Community’s Seventh 
Framework Programme (FP7/2007-2013) under Grant No. 
318287 “LANDAUER" and by the Ministero Italiano 
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2010ECA8P3 "DyNanoMag". 

Fig. 2.  Dissipated energy during PS (full squares) in the nanodot, as a function 
of the intensity of the magnetic field pulse. For comparison, the energy dissipated 
in the macrospin approximation (open circles) and that dissipated  during DS 
(open square)  are shown. 
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I. INTRODUCTION 

We focus in the performance as piezoelectric energy harvester

of a weakly damped monostable 1D oscillator, submitted to an 
asymptotically power-law (Lèvy-like) distributed colored noise. A 
nonlinear oscillator can pick energy up from a wider range of 
frequencies than its linear counterparts, thus better exploiting the 
available noise energy. Now, much as a linear oscillator needs 
tuning in order to maximize the energy harvested in a particular 
situation, a nonlinear one would need to adjust its parameters to 
optimally respond to a noise having certain spectral and statistical 
features. 

The system we consider is similar to the one studied in [1,2]: a 
voltage V is to be applied to an external  load, modelled as a 
constant resistance R, and some capacitance C (due partly to the 
external circuit but mainly to the piezoelectric transducer  itself) so 
the response will exhibit some delay, encoded in its time constant 
τp =RC. Let m and γ  be, respectively, the oscillator’s mass and 
viscous friction coefficient, and  σ  the coupling to the stochastic 
source. Then x and V obey  

In a regime where Vrms ≈ xrms (Vrms is the r.m.s. extracted voltage, 
while xrms is the r.m.s. departure of the oscillator from its 
equilibrium position) Vrms will be dominated by large excursions 
of the oscillator. These are allowed by a finite-range potential like 
the Woods--Saxon one we propose here [3], whereas they are 
suppressed by the even-power potentials considered in [1,2]. 
Hence xrms could be used as a gauge of power production. 
The form of the potential  is 

For a large enough, U(x)  resembles a harmonic potential for 
R>>a and |x|>a. Hence we can monitor the deviation from 
the linear case by varying just one parameter (a in our case), 
whereas  avoiding unreal infinite walls. Such a kind of potential 
depends on only two parameters with a clear interpretation and is 
easy to generate dynamically. We have chosen as the external 
noise the process defined in [4-7] through the following sde 

where ξ(t)  is a white noise of zero mean and correlation 
<ξ(t) ξ(t')>=2δ(t-t'), τ  is the self-correlation time and 
 

So defined, η  is a colored non-Gaussian noise obeying a  
q-exponential  distribution [4-7]. Its analysis shows that for q >3, 
the distribution of  η (t)  is not normalizable; for 1<q<5/3  the 
distribution resembles a Lèvy one, and for q<1  it is a cut-off 
distribution. For q=1, we recover the Gaussian distribution and 
η(t)q=1  is nothing but an OU noise. 

Following [1,2] we have regarded the noise amplitude σ as a 
parameter under our control. Whereas this is not impossible, to do 
so (e.g. through double electrical conversion and an OpAmp, or 
directly through a lever) would imply energy consumption. In 
such a situation, what the form of the potential tells us is that a 
moderately round and deep enough square well acts as a great 
selector of large excursions and is thus able to take the most out 
of a very weak  Lèvy-like fluctuation. 

II. RESULTS

In Figure 1 we monitor the performance of the system as q 
increases above 1for  4 values of the noise amplitude σ, and ten 
of the potential depth Vo. We have fixed  a=0.05 so U(x) is not so 
steep but still away from the harmonic limit. The first noticeable 

Fig. 1.  Vrms  as a function of q for  a=0.05, four values of  σ  and ten of Vo (odd 
values in gray, even ones in black). For low σ  (lower frames),  Vrms  decreases 
with Vo for 1< q< qx  and then rises spectacularly with q and Vo, until some 
saturation in terms of  q (clearly visible in the lower right frame) occurs. 

feature is the almost linear increase of  Vrm  with q, for σ and Vo 
high enough. For σ =0.8 (higher left frame), almost nothing new 
is learnt: Vrm  is higher (even at q≈1.0) the higher Vo is, indicating 
that the well acts simply as a selector on the basis of noise
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strength. 

The true gain comes for weak enough noise  (lower frames): 
whereas for Gaussian noise the system remains confined within 
the well (with shallower wells slightly better performing), a 
crossing occurs at some  qx  (≈1.05 for σ =0.4 and 1.02  for σ = 
0.2)  and its r.m.s. displacement  rapidly scales as q increases, 
reaching for q≈1.1  the levels achieved at higher σ. The most 
spectacular case is σ =0.2  (lower  right frame): for a deep well 
Vo =1, Vrm  is 0.3 at q=1  and 1.5 at q ≈1.1. 

Fig. 2.  Vrms  as a function of q, for  Vo =1.0  and four values of σ; a increaseses 
downwards, in steps of  0.01 (odd values in gray, even ones in black). 

A similar behavior is found when one fixes Vo =1.0  and varies 
a (Fig. 2). The main difference is that  no crossing occurs for 
low  σ, so that a steep potential  a  small)  always yields the best 
performance. 

III. OTHER ASPECTS
Another possible (maybe  more realistic) interpretation would 
be not to assign the variance <ξ(t)ξ(t')> = 2 σ2 δ(t-t') to the 
driving white noise ξ(t)--as done in [3-6]--, but to  look at the 
relation with the noise parameter q.  It is given by  

However, the main characteristic of the previous indicated 
results still persist.  

Inspired by the improvement observed in the stochastic 
resonance response in coupled systems [9-12], we have also 
studied a  coupled set of the above indicated units. As first step 
towards finding optimal coupling networks, we have considered 
a system arranged in an Euclidean network, and coupled only to 
first neighbors (in a  mechanical  way). We have studied the 
response dependence on the coupling parameter finding a 
notable  enhancement at  the output. The analysis of other form 
of couplings as well as lattice topologies is left for further work.  

IV. CONCLUSIONES
We have here focused on the performance as piezoelectric 
energy harvester of weakly damped monostable 1D oscillator 
(both single or coupled), submitted to an asymptotically power-
law distributed colored noise. As indicated, in a regime where 
Vrm  ≈ xrm,  it will be dominated by large excursions of the 

oscillator. These are allowed by a finite-range potential like the 
Woods--Saxon one we have proposed, whereas they are 
suppressed by the even-power potentials considered in [1,2].  

The chosen potential  model depends on only two parameters 
with clear interpretation and  is easy to generate dynamically 
while the external noise source was chosen as a non Gaussian 
process. Following [1,2] and for the benefit of this study, we 
have regarded the noise amplitude σ as a parameter under our 
control (however, also the σnG could be used). As indicated 
before, a moderately round and deep enough square well acts as 
a great selector of large excursions and is thus able to take the 
most out of a very weak  Lèvy-like fluctuation 
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Abstract—A CMOS configuration of the basic digital logic gates 
using the concept of stochastic resonance (SR) is presented. In 
this framework, the SR effect applied to nonlinear electrical 
systems that exhibit hysteresis is proposed, in order to build 
logical gates (SR gates). The hysteresis property is crucial, 
because it ensures the stability of all logic states. Moreover, 
this configuration also allows the selection of the logic 
operations, by applying an external bias. SPICE simulations 
are run using a 0.18-µm CMOS technology. The simulations 
results have proven the effective performance of the SR gates 
for an optimal amount of noise, despite the introduction of an 
intentional mismatch between the threshold voltages of the 
transistors. 

I. INTRODUCTION 

THE use of an optimal amount of noise has proved to be an

effective method to improve specific tasks. This effect is well-
known as stochastic resonance (SR) [1]. One of the main 
applications of the SR effect is the improvement of the response of 
nonlinear systems to weak input stimuli [2]. An application of 
noise in nonlinear systems was proposed by Murali et al., where 
the basic logic operations can be implemented by electrically 
modeling a double-well potential function with an additive 
Gaussian noise [3]; further, the precise values for the bias are 
necessary to set the logical operation, However, the 
implementation of this system is quite complex because it requires 
the use of several operational amplifiers and additional bias 
circuits, which is expensive in terms of VLSI. This paper proposes 
a novel configuration, by cooperative use of noise in nonlinear 
systems. The concept involves the electrical systems where the 
hysteresis phenomenon occurs. In this case, the presence of two 
thresholds prevents the activation of the output in the presence of 
large noise fluctuations. 

II. CIRCUIT DESIGN AND SIMULATION OF THE SR GATES

The idea of this paper is based on the utilization of noise to build 
logic gates. The main design is based on electrical systems with 
hysteresis, which posses a double threshold. Traditionally, noise 
assistance has been used to improve weak signals detection in 
systems with one threshold. However, one evident problem is that 
a high-amplitude peak of the noise signal can trigger an 
unnecessary response (Fig. 1a). Generally this response has 
fluctuations and hazards; in our case, the double-threshold system 
avoids hazards as long as the noise amplitude remains lower than 
the difference between the two thresholds, therefore the logic state 
remain stable (Fig. 1b).  Figure 2 shows the proposed   electrical  

Fig. 1 (a) Noise assistance in nonlinear systems with one threshold; (b) noise 
assistance in nonlinear systems exhibiting hysteresis.  

M1 M2

M3 M4

Mbias subthreshold
bias circuit

Vg1 Vg2
Vout Vout

Vbias

Vdd

Fig. 2 (a) Noise assistance in nonlinear systems with one threshold; (b) noise 
assistance in nonlinear systems exhibiting hysteresis.

diagram of the implementation of the SR gates. This 
configuration is a differential pair configuration where Vg1 and 
Vg2 denote the floating gates, and Vout and Vout are the outputs. 
Vbias1 and Vbias2 serve as selectors for the logic operations. The 
generic symbol of a four-terminals SR gate is shown in Fig. 3. 
Table 1 lists the combinations of Vbias1 and Vbias2 to set either the 
NOR or the NAND operation with Vout as the output. By 
selecting Vout as the output, both the OR and the AND operations 
can be performed (Fig. 4a). The introduction of noise (Vnoise) aids 
in the detection of the weak input signals as well as to overcome
the problem associated with the mismatch between 
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Fig. 3 Generic symbol of SR gate.

Table 1: Selection of the logic operations according 

 

 

Fig. 4 (a) Configuration for the basic logic operations depends on the values of 
Vbias1 and Vbias2; (b) configuration of the C-element. 

the threshold voltages. However, a main limitation is the timing 
of the SR gates. The delay time of the SR gate response is 
limited by the stochastic process; therefore, synchronization 
would be a problem for the effective performance of high-
complexity circuit configurations. A suitable alternative is the 
implementation of asynchronous circuits with the current SR 
gates. Therefore, in addition of the basic logic gates, there are 
some necessary configurations required to implement 
asynchronous logic. Such is the case of the C-element. This is a 
two-input configuration, where the output storages the previous 
state as long as both the inputs are different. This configuration 
can be implemented as shown in Fig. 4b. Table 2 represents the 
state table of the C-element. In this case, the feedback allows 
the storage of the previous state, until both the inputs attain the 
same value. The circuit simulations are performed through a 
SPICE program using a 0.18µm CMOS technology. The power 
supply is set to 0.35V and all the transistors are working in the 
subthreshold region. Additive Gaussian noise is introduced in 
Vnoise (µ = 0 and σ =18mV) and an offset voltage of Vdd. One 
well-known advantage of the subthreshold regimen is the 
reduction of the power consumption; however one implication, 
is the increase of the sensitivity of the threshold-voltage 
variations; particularly in the differential pair configuration, 
where a precise matching is required between the transistors.  

Table 2: C-element state table 

Vin1 Vin2 Y Ynext 
0 0 X 0 
0 1 0 0 
1 0 0 0 
1 1 1 1 
0 1 1 1 
1 0 1 1 
0 0 0 0 

 
 

Figure 5: Simulation results of SR gate for NOR, OR, NAND and AND 
operations. 

Figure 6: Simulation results for the C-element. 

In this case, the introduction of noise actually helps to overcome 
this problem. During the simulations, the threshold voltage is 
intentionally varied. Figure 5 shows the simulation results of the 
SR gates of the four basic logic gates. The simulation results for 
the C-element are shown in Fig. 6 for a power supply of 0.35 V. 

III. CONCLUSIONS

The concept of stochastic resonance effect served as the basis to 
build a digital logic with noise assistance in bistable systems. 
The main contribution of this study is the use the hysteresis 
characteristic of the differential pair configuration to avoid 
spontaneous hazards and high amplitude oscillations. Moreover, 
the proposed circuit can be used to implement the four basic 
logic gates, by simply varying the two external bias values, 
either to 0 or to Vdd. Owing to the fact that all the transistors are 
working in the subthreshold regime, the circuit achieves a low 
power consumption. Noise also reduces the mismatch effect of 
the differential pair. The circuit simulations have demonstrated 
the effectiveness of using noise in the proposed configuration to 
build logical circuits. 
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 Abstract— Beyond single molecule electronics, exploration of device 
architecture is a central issue in molecular-scale electronics. We have 
demonstrated that the cytochrome c (Cyt c) network array acts as an 
electronic circuit that consists of a redox element. The 
current−voltage characteristics of the Cyt c network array 
exhibit nonlinear curves with a threshold voltage that corresponds 
well with the Coulomb blockade model over a wide range of 
temperature. As an indication of the threshold behavior, a weak 
periodic input signal is optimized by the presence of a particular level 
of noise that enhances signal detection. This result indicates that 
stochastic resonance emerges in the Cyt c redox network array. 

I. INTRODUCTION 

NOISE plays a crucial role in biological systems. Stochastic 

resonance (SR)1 enhances signal detection by superimposing 
noise. It has been found in many sensors of living organisms and 
the neural network of the brain and it is used in artificial systems 
for visual processing and other functions. Single electron tunneling 
is effective for SR with extreme low energy and low-dimensional 
circuitry architecture. Although much effort of nanolithography 
has been expended, the limitation and problems are inevitable 
results due to the uncertaion size of tunneling islands. Such 
limitation can be avoided by a molecular system where localized 
and discrete electron orbital can mediate electron transfer2. In 
particular, bioinspired approach is potentially useful to realize 
single electron devices where the electron transfer processes occur 
as stepwise reduction-oxidation reaction via electron transfer 
proteins at room temperature3. The structure of such protein is 
optimized for electron transfer by evolution and well defined by 
self-assembled holding of peptide chains.  

Figure 1. Electronic analogue between Coulomb island (metal) and redox center 
(protein).

Figure 2. Schematic representation of the Cytc redox network array device and its 
current-voltage (I-V) characteristics measurement. DNA species are utilized as 
scaffolding to easily form the Cyt c network array structure. 

Figure 1 represents electron configuration analogues, where it 
is presumed that the redox center approximates a Coulomb island 
on the molecular scale. The Cyt c molecule has the advantages of 
being regular in size (2.5×2.5× 3.7 nm3) and having stable energy 
levels, because the structure of individual Cyt c molecules is 
determined in advance, and the redox system exists in the center 
part of the molecule. The parallelism means that a self-assembled 
redox array can be described by the well developed theory of the 
Coulomb blockade (CB) model, and is therefore expected to 
exhibit a neural network behavior. In particular, the threshold 
characteristic of neuron firing should yield SR. Here, we report 
nonlinear I−V characteristics with a threshold voltage (Vth) in the 
Cyt c redox network array from 10 to 90 K, and interpretation of 
the I−V curves with Vth by applying a two-dimensional (2D) CB 
model and the signal detection of SR at 10 K, as a first step 
toward the realization of a molecular neural network device3. 

��� ELECTRIC PROPERTIES
A schematic illustration of the Cyt c redox network array 

device is shown in Figure 2. Self-assembly is employed; 
therefore, it is expected that the Cyt c array structures could be 
tuned in a desired manner, and lowcost, rapid device fabrication 
could be achieved with clean processes. DNA was utilized as the 
scaffolding for the formation of the Cyt c redox network array 
(Figure 2). Phosphate groups are present on the exterior of DNA; 
therefore, it was expected that the phosphate groups would bind 
to the amino groups on the exterior of Cyt c by Coulombic 
interactions, resulting in DNA covered by Cyt c. Gold (Au) 
nanogap electrodes were fabricated for connection to the Cyt c 
redox network array using a top-contact configuration by angled 
incidence deposition under a vacuum4. 

From the analogue between the redox and CB array, it is 
expected that a low-dimensional (LD) CB model5 would be 
suitable to interpret the I−V curves with Vth. A schematic 
illustration of the 2D CB array is shown in Figure 3a, where the 
square boxes represent Coulomb islands and red arrows indicate 
current  paths  in the 2D CB array. The I−V curve characteristic 
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Figure 3. Analysis of the I−V curves at 90 K or below. (a) Schematic illustration 
of the 2D CB array model sandwiched between two electrodes. Arrows from left 
to right sides on the 2D CB array represent current paths. The expected I−V 
curves for the 2D CB array are added for reference, where the current increases 
with a convex function after crossing Vth. (b) I−V curves at 10, 50, and 90 K 
fitted by the 2D CB model, assuming ζ= 2.5. 

of the 2D CB array is well represented; the model is expressed 
as 

I ∝{(V/Vth)−1}ζ   (1) 

where I, V, Vth, and ζ are the current, bias voltage, threshold 
voltage, and index for the number of electronic conduction 
paths, respectively. Vth is equal to ΣEc

n, where Ec
n corresponds 

to the single-electron charging energy of each CB element in the 
current path. Figure 3b shows that the observed I−V curves at 
10, 50, and 90 K are well fitted by eq. 1 with adjustment of the 
Vth and ζ parameters. ζ = 2.5 was obtained and the ζ values are 
identical, regardless of the change in temperature. This ζ value 
is in good agreement with those (2.2 < ζ < 2.8)5 that indicate a 
2D CB array reported for films containing nanoparticles 
prepared by drop-casting. The agreement suggests a 2D CB 
pathway, thus, the Cyt c redox network array is found to operate 
as an electronic circuit. 

III. STOCASTIC RESONANCE
As one function of a neural network, the Cyt c redox 

network array with Vth. elements should exhibit SR, which 
improves the input signal by the superimposition of noise. 
Output signals were systematically measured by changing the 
amplitude of white noise against the small periodic square wave 
as input signal. Figure 4a shows a comparison of the input 
voltage and output current from the Cyt c network at 10 K as a 
function of time. No output signal is detected for the small input 
of periodic square wave with no noise (0 mV). When the 
amplitude of white noise exceeds the threshold (400, 1200, and 
1600 mV), the output signals synchronized to the input signal 
are clearly observed. 

The correlation coefficients (C.C.) between the input 
reference and output waveforms were plotted against the noise 
amplitude at 10 K as shown in Figure 4b. When no noise is 
added, the C.C. is 0.3, which is possibly caused by the 
resemblance between the input reference and transient response 
spike signals in the output current. The C.C. values gradually 
increase with the noise amplitude from 0 to 400 (mV) and 
plateau at around 0.9. The subsequent C.C. values are larger, 
regardless of the device number (n = 1), which is ascribed to the 
formation of at least 100 or more Cyt c network pathways 
between the Au nanogap electrodes, based on the 20 µm width 
of the gap electrodes; the C.C. values are significantly increased 
with the increasing parallel number for the simulation of a 
parallel circuit for a nonlinear response device.  

The signal-to-noise ratio (SNR) was obtained by applying a 
fast  Fourier  transform (FFT) to the individual output signals. 

Figure 4. Noise-induced entrainment and stochastic resonance (SR). (a) Signal 
detection of SR based on the Cyt c redox network array device at 10 K. Input 
voltage and output current with the noise at 0, 400, 1200, and 1600 mV are 
plotted against time. (b) Correlation coefficient (C.C.) plotted as a function of the 
noise amplitude. (c) Signal-to-noise ratio (SNR) as a function of the noise. 

SNR is defined as the ratio of P(ω0.1) to SN, where P(ω0.1) and SN 
are the integration values of the peak around 0.1 Hz and the 
noise in the FFT power spectra of the output signals, 
respectively. Figure 4c shows SNRs plotted against the noise. 
The SNR values increase with the noise amplitude, reaching a 
maximum at 1200 (mV), and then decrease. The results in Figure 
4a−c indicate the emergence of SR in the Cyt c redox network 
array device.  

IV. CONCLUSION
We have observed nonlinear I−V curves in the Cyt c 

molecular redox network array from 10 to 250 K. Among them, 
nonlinear I−V curves with Vth from 10 to 90 K are seen, which 
is well fitted using the 2D CB model. The Vth(T) values increase 
linearly with decreasing temperature. The results indicate that 
each Cyt c molecule acts as a CB element in the 2D network 
array at 90 K or below. Consequently, we have demonstrated 
that the Cyt c redox network array can be described by the CB 
behavior, and operates as an electronic circuit. As an indication 
of the threshold behavior, SR emerges in the Cyt c redox 
network array device with the C.C. values up to 0.9 and the bell-
type behavior of SNR values. These results are first step toward 
next-generation architecture for future molecular neural network 
devices in molecular electronics. 
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Abstract—2D-materials have attracted the attention of the 
scientific community in the recent years since the discovering of 
graphene. Layered materials are considered to build mechanical 
structures such as resonators with outstanding properties. Here we 
discuss the possibility of using suspended monolayer ribbons, brought 
to a bistable configuration when compressed, to harvest energy from 
noisy environmental sources. 

I. INTRODUCTION 
Micro- and nano-electro-mechanical systems have been widely 

used as harvesters from environmental energy sources [1]. In 
particular, bistable mechanical systems have shown improved 
performances when excited with noise [2], when resonators do not 
respond properly to the wide frequency range that real mechanical 
vibrations have. Different strategies have been considered in order 
to achieve the bistability condition: magnetic repulsion [3], 
electrostatic repulsion [4], gravitation-based [5] and compression-
based which is the method here considered, following the results 
recently published in [6]. 

Here we start by studying the graphene mechanical properties 
and move to h-BN and MoS2, two well known piezoelectric 
materials that provide a simple scheme for electrical transduction. 
Studying the piezoelectric behavior of these two materials allows 
quantifying the output electrical power generated in a specific 
structure. 

II. MECHANICAL DESCRIPTION
The mechanical description of the considered structures is done 

obtaining the out-of-plane deformation potential for 17nm long 
ribbons using ab initio atomistic calculations with the SIESTA 
package. Figure 1 shows the considered unit cell for graphene, h-
BN and MoS2 and a portion of the computational supercell. Table 
1 lists the different parameters which specify the atomic 
configuration. Arm-chair chirality is considered for all cases to 
facilitate the comparison between them.  

graphene h-BN MoS2

a (Å) 2.48 2.60 3.20 
h (Å) - - 1.57 

Table 1.  Optimized lattice constants for graphene, h-BN and MoS2. 

Instead of explicitly considered a finite-width nanoribbon, to 
reduce the computational load we study the infinite two-
dimensional material, thus edge effects are neglected. 

Consequently, and for the sake of simplicity, we assume that the 
total energy of the system is proportional to the number of lateral 
unit cells.  

In Figure 2(a) a schematic view of a 8x8 graphene super-cell 
can be seen indicating the z-coordinate related to the 
displacement of the center of the ribbon. The computed elastic 
potential energies for the three cases are showed on Figure 2(b). 
An intrinsic non-linearity in the non-compressed configuration 
can be seen for all three cases, especially strong for the graphene 
ribbon. Figure 2(c) shows the graphene U(z) curves for different 
compression values. For a certain compression value bistability is 
achieved, followed by its accentuation as compression is 
increased. The characteristics of bistability can be quantified 
through the potential barrier height, ΔU, and the minima position, 
zo. Figure 2(d) shows these quantities as a function of the applied 
compression following a shared characteristic function.  

Fig. 1.  Optimized unit cells for graphene, h-BN and MoS2 and computational 
super-cell segment. As it is expected S atoms show an out-of-plane dislocation. 

Fig. 2.  (a) Schematic of a 8x8 graphene supercell. Z represents the out-of-plane 
displacement. (b) Non-compressed elastic potential energy for graphene (grey), h-
BN (blue) and MoS2 (green). (c) Graphene elastic potential energy for three 
different compressions: C=0 (squares), C=0.25 (circles) and C=1% (triangles). (d) 
Potential barrier height, ΔU, and minima position, zo, for graphene and h-BN as a 
function of C. A threshold value must be overcome to produce bistability for h-
BN, while for graphene it does not apply. 
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 The strong non-linearity of the graphene potential energy 
seems to reduce the compression threshold needed to produce 
the bistability to Cthreshold=0 while for h-BN it has a non-zero 
value as it can be seen on Figure 2(d). 
 

III. PIEZOELECTRIC DESCRIPTION 
The piezoelectric effect on h-BN and MoS2 is computed 

using the Berry Phase approach implemented in the SIESTA 
code. The obtained macroscopic polarizations, P, allow 
quantifying the polarization response as a function of both 
compression and displacement, i.e. the amplitude of the 
oscillation.  

 
 e11 (C/m)  

h-BN 
e11 (C/m) 

MoS2 

Calculated 2.80·10-10 3.43·10-10 
Reported [7] 1.38·10-10 3.64·10-10 

Table 2.  e11 piezoelectric coefficients for h-BN and MoS2. 
 

Figure 3 shows the h-BN-polarization change, ΔPx, for 
different compression values as a function of the induced 
displacement, z. A change of sign appears for ΔPx

0 at non-zero 
compression when transiting from a strained to a stretched 
configuration. 

 
Fig. 3.  Polarization as a function of the induced displacement, z, for h-BN for 
different compression values. 

 
The relation between P, C and h is parameterized in order to 

evaluate the voltage across the ribbon during a dynamical 
simulation. 

IV. DYNAMIC RESPONSE AND GENERATED POWER 
In order to evaluate the response of the proposed systems 

under the action of a noisy excitation the following coupled 
differential equations must be solved: 

 

VCzi

FextVzb
dz
dUzm

p

eff





−Γ=

+Γ−−−=

1

1  (1) 

 
as it is defined on [6]. The Cp value for the capacitance of the 
ribbon across the x direction is determined treating the system 
as a parallel-wire capacitor with Cp=πε0εw/ln(l/r), where w and l 
are the total width and length respectively and r represents the 
“wire” radius which is assumed to be of the order of the 
boundary electronic states radius which is approximately “a” 
[8]. The external force is modeled through a white Gaussian 
noise with σ=1pN for all cases. 

 
Fig. 4.  Root mean square of the generated electric power (black line + symbol) 
and displacement (red line) after dynamical simulation. Both curves show an 
optimal compression value which maximizes its magnitude around c=1%.  

 
In order to quantify the capability of generating electric power 

the root mean square of V is calculated after numerical 
simulation. This Vrms value depends on the compression as it is 
shown in Figure 4. It shows that there is an optimal compression 
value that maximizes the output power. 

V. CONCLUSIONS 
Bistable mechanical systems can increase the harvested electric 
power by more than an order of magnitude under some 
conditions in comparison to that for the corresponding harmonic 
configuration. A power of approximately 8pW is achieved for 
the optimal compression for h-BN. 
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 Abstract—Accepting errors during switch operation in logic gates 
may lead to errors in software computation, however this can 
decrease the minimum amount of energy required per computation. 
In this paper the authors present simulated results of sorting 
algorithms using hardware prone to errors. The computation error is 
then related to the energy saving in respect to the correct 
computation.  

I. INTRODUCTION 

WITH the ubiquity of computing systems, power consumption

has become a major concern in the development of modern 
hardware and software solutions. Most of recent works in the field 
of energy consumption reduction have been devoted  to the design 
of low-power systems and energy-aware algorithms. However, in 
the last years, the accuracy-energy trade-off has caught the 
attention of research. Traditionally, programs are designed 
requiring the correctness of the results; nevertheless it has been 
shown that a lot of different applications are resilient to inaccurate 
data during their executions [1,2]. Such inaccuracy can be 
obtained both with approximate algorithms and with inaccurate 
low-power hardware. This work presents simulated results of 
correct algorithms application, namely sorting algorithms, on ad-
hoc designed inaccurate hardware, in order to highlight the 
accuracy-energy saving dependence. The proposed energy saving 
mechanism, and consequent evaluation, lies on Landauer’s 
principle [3], considering irreversible information manipulation 
and consequent entropy variations as explained in Section II. 
Traditional approaches to the sorting problem consist in 
developing algorithms that compute a totally ordered output 
sequence reducing the number of steps performed in relation to the 
length of the input sequence. However, in some applications, a 
quasi-sorted list can be an acceptable result. Algorithmic 
procedure that output a quasi-sorted list has been proposed in the 
past [4]. In this work this kind of output is the result of application 
of exact sorting algorithm on non-exact hardware. A common 
operation performed by sorting algorithms is the comparison 
between elements, which is usually executed in hardware by a 
magnitude comparator. Such component takes as input two 
variables and compares one against the other producing one or 
more outputs depending on the result of the comparison. Usually 
comparators are capable to compare numbers consisting of a 
limited number of bits, longer numbers can be compared 
cascading together more comparators. In this work we consider 
that the comparators may be prone to error. 

II. SUB-LANDAUER GATES
According to Bennett “any logically irreversible manipulation 
of information, such as the erasure of a bit or the merging of two 
computation paths, must be accompanied by a corresponding 

entropy increase in non-information bearing degrees of 
freedom of the information processing apparatus or its 
environment” [5]. Such statement involves the second principle 
of thermodynamics, which states that in a closed system the 
entropy cannot decrease; thus, a computation that decreases the 
entropy has to cause an increment of the entropy in the 
surrounding environment. If we perform such operation at a given 
temperature T, it requires a minimum energy E=TS, where S is 
the entropy variation. 
Consider a simple operation, for example a bit erasure, and 
assume to start with a system at equilibrium at a given 
temperature T. Before the execution of the operation the system 
can assume two different states (i.e., 0 or 1); after the application 
of the reset procedure the number of possible states is reduced to 
one (i.e, the state 0). According to Boltzmann the variation of 
entropy in this scenario is: 
ΔS = Sf − Si = kB (ln(1)− ln(2)) = −kB ln(2) ,   (1) 

which leads to the Landauer limit ΔE=-kBTln(2) [3]. 
In real applications, when the role of thermal fluctuation is not 
negligible, as in nanoscale devices, a probabilistic approach is 
required. In a two state system (0,1), at thermal equilibrium, the 
probabilities of having the particle on the 0 (p0) or on the 1 (p1) 
state are the same (i.e. p0=p1=0.5). Applying the reset operation 
the two probabilities change; assuming the possibility of an error 
in the reset operation, the probability of error Pe=p1 may be 
greater than zero. Using such description we can compute the 
entropy variation according to Gibbs using: 
S = −kB (p0 ln(p0 )+ p1 ln(p1))     (2) 
The initial entropy results in Si=kBln(2), and the final entropy Sf 
can be written as a function of the error probability Pe: 
Sf (Pe ) = −kB ((1−Pe )ln(1−Pe )+Pe(ln(Pe ))    (3) 
and thus also the energy dissipated is a function of Pe [6]: 
Q(Pe ) = −kBT ((1−Pe )ln(1−Pe )+Pe ln(Pe ))− kBT ln(2)   (4) 
Given a logic NAND gate composed of two switches (e.g., two 
inverting transistors) and considering the minimum energy 
required to operate a switch in the set/reset operation, we can 
estimate the minimum energy required by a logic network 
consisting of NAND gates as a function of the error probability of 
the switches. 

III. SIMULATED EXPERIMENT
Our experiments simulated a 16-bits integer numbers comparator, 
using the logic network of the Motorola 4-bits magnitude 
comparator SN54/74LS85 as building block, where the traditional 
logic gates are replaced with NAND gates. Four of these 4-bits 
comparators have been used to compare 16-bits integers. Each 
comparator has been simulated in order to be prone to error 
caused by the switching error probability set on each switches of 
the NAND gates. For the sake of simplicity, all switches on a 4-
bits comparator have the same error probability Pe, while 
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different comparators can have different switch error 
probability. We simulated the behavior of the comparators logic 
network varying each comparator switch error probability from 
0 to 0.5, with a step of 0.05 resulting in 14641 combinations. 
For each combination a Monte Carlo simulation has been 
performed, comparing one million pairs of random numbers 
uniformly distributed in the range from 0 to 216-1 and extracting 
the total comparison error rate and the relative energy saving 
with respect to Landauer’s limit (i.e. the difference between the 
minimum energy without error and with error). Then, for each 
comparison error rate in the range from 0 to 0.5, we simulated 
the performance of five different sorting algorithms (selection 
sort, insertion sort, quick sort, merge sort, and bubble sort) with 
input of size 500, 10000 and 20000.  

Fig. 1. Disorder level as a function of the comparison error probability for arrays 
of 500 elements. Increasing the comparison error rate the disorder level of the 
output array tends to increase. 

For each run we computed the disorder level (the ratio between 
the number of pairs in wrong order over the total number of 
pairs) of the output sequence versus the comparison error 
probability. The disorder level is 0 when the array is completely 
ordered and it is 1 when the array is in reverse order. When the 
elements in the array are randomly ordered, with uniform 
probability distribution, the disorder level is about 0.5. 

Fig. 2.  Disorder level as a function of comparison error rate for arrays of 20,000 
elements. Increasing the comparison error rate the disorder level of the output 
array tends to increase. With input array of this size the performance of the 
selection sort tends to be equal to the insertion sort ones. 

IV. RESULTS
In Figure 1 the disorder level as a function of the comparison 
error probability is represented for the five different sorting 
algorithms. The resulting values are averaged 10 times for an 
array of 500 elements. Bubble sort, quick sort, and merge sort 
appear more resistant to comparison errors and can produce a 
quasi-sorted output sequence with less than 10% of pairs in 
wrong order, with a comparison error rate of 5%. The insertion 

sort performance is the worst; with a steep increase. Similar 
results are presented in Figure 2 where the input arrays have 
20,000 elements. In this case the performances of the best 
algorithms remain similar while the performance of the selection 
sorts tends to worsen reaching the insertion sort performances. 
Based on these results, we can choose from the pre-computed 
comparators switch error rate, comparison error, and maximum 
energy saving relation, the most convenient switch error rate 
combination in terms of energy saving. For instance, given a 
maximum output noise tolerance of 1%, that leads to a 
comparison error rate of 0.5% for the best algorithms, we can 
choose a switch error combination that leads up to almost 50% 
of energy saving. 
This is illustrated in the following table: 

Bits 0-3 Bits 4-7 Bits 8-11 Bits 12-15 Comp err (%) ΔE (%) 
0 0 0 0 0 0.00 
0.45 0 0 0 0.01 -24.82 
… … … … … … 
0.05 0 0 0 0.01 -7.16 
0.5 0 0 0 0.02 -25.00 
0.4 0 0 0 0.02 -24.28 
0.2 0 0 0 0.02 -18.04 
0.3 0.25 0 0 0.16 -42.32 
0.3 0.05 0 0 0.16 -29.20 
0.4 0.5 0 0 0.17 -49.28 
0.5 0.25 0 0 0.17 -45.28 
0.4 0.2 0 0 0.17 -42.32 
0.35 0.2 0 0 0.17 -41.40 
0.45 0.05 0 0 0.17 -31.98 
0.2 0.05 0 0 0.17 -25.20 
0.45 0.5 0 0 0.18 -49.82 
0.45 0.4 0 0 0.18 -49.10 
0.4 0.4 0 0 0.18 -48.54 
0.35 0.5 0 0 0.18 -48.36 
0.45 0.3 0 0 0.18 -46.86 

Table 1.  The first four column represent the error rate probability assigned to 
each switch of the relative comparator, from the less significant (bits 0-3) to the 
most significant (bits 12-15). The fifth and sixth column represent the 
comparison error probability and the maximum energy saving respectively. 

Such good results are mostly due to the different weight that the 
comparators have on the overall comparison; indeed, even 
accepting a higher error rate on the less significant bits, the 
comparison error rate remains low, mostly because the chance of 
needing to check the 4 less significant bits of a 16-bits number is 
1/212. In this case, considering comparing only 12 bits of 16, it is 
possible to save 25% of energy just turning off the less 4 bits 
comparator, obtaining a comparison error rate of 0.02% (like on 
the fifth row in Table 1). However, the possibility of selecting a 
switch error for each comparator, in a wide range instead of 
simply turning it on or off, provides better control on the error 
rate and energy saving. 
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Abstract—We present recent works done in collaboration between 
Université Paris-Est and UPMC-Sorbonne Universités on MEMS 
vibration energy harvesting using electrostatic transducers. This 
study focuses on the combination between mechanical and electrical 
nonlinearities. Hence, both spring softening and spring stiffening 
effects can be obtained simultaneously, which allowed to drastically 
increase the harvester’s bandwidth. In addition, we show 
experimentally how a voltage-controlled multistable potential 
function can be obtained, making the device suitable for harvesting 
power from stochastic vibrations efficiently.  

I.INTRODUCTION 

Vibration Energy Harvesters (VEH) catch mechanical energy

trough a spring mass system, and then convert the largest possible 
fraction of this energy into electrical power. To this end, 
electromagnetic, piezoelectric or electrostatic transduction can be 
used, and sometimes a combination of these. VEHs with 
electrostatic transduction (e-VEH) present interesting features 
which can make the difference with the other transduction 
schemes: they are indeed suitable for fabrication in silicon-based 
MEMS technologies through fully batch fabrication process [1]. 
Moreover, the bulk crystalline silicon keeps repeatable elastic 
properties even under strong deformations. Therefore, it can be 
used for fabrication of nonlinear springs for wideband VEH. The 
main drawback of e-VEH is that contrary to electromagnetic and 
piezoelectric VEH, they need to be pre-charged in order to initiate 
the conversion process. So, to obtain a totally battery-free system, 
an electret or a piezoelectric layer needs to be added. However, 
contrary to piezoelectric VEH, the electromechanical coupling 
factor of e-VEH can be voltage controlled, which gives 
opportunities to design smart self-adaptive devices [2].  
In this abstract we will discuss how nonlinear mechanical spring, 
stopper impacts and voltage-induced nonlinearities can tune or 
enlarge the bandwidth of a VEH, and more particularly of a 
MEMS e-VEH. We will also present how to obtain a tunable 
multistable potential to make e-VEH suitable for stochastic 
vibrations. 

II. FREQUENCY TUNING
It is well known that an electrostatic resonator which is biased by a 
DC voltage presents a frequency shift of its mass maximum 
displacement. For small displacements in a gap-closing transducer, 
the electrostatic force can be assimilated to the restoring force of a 
negative spring, resulting in a voltage-dependent resonant 
frequency given by:  

2

(1) 

where C0, U0 and d0 are the initial capacitance, bias voltage and 
gap between the electrodes, km is the linear stiffness of the 
mechanical spring and ke the electrically controlled stiffness. 
In addition, the electrostatic force of MEMS actuators can be 
used to increase the stiffness of resonators in a similar way that a 
guitar chord is manually tuned. In that case the increase spring 
stiffness is given by [3]: 

(2) 

where Fe is the actuator electrostatic force and κ a positive 
constant depending on the actuator geometry. 
Figure 2 shows simulations results of the harvested power versus 
bias voltage U0 on a constant resistive load for a similar MEMS 
e-VEH than in figure 1 [4]. Each curve corresponds to a different 
value of k3 in the spring restoring force with Duffing’s 
nonlinearity, simplified as Fspring=-(k1·x+k3·x3). It demonstrates 
that a large frequency tuning range can be obtained with a 
moderate variation on the output power.  

Fig. 1.  Pictures of the tested eVEH [4]. 

Fig. 2.  Simulation of the harvested power for a similar device than in Fig. 1 
(U

0

=30 V, acc.=0.5 g

peak

) with 3 values for the cubic term in the spring force.  
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III. STOPPER INDUCED NON-LINEARITIES
In many VEH, stoppers are implemented in order to limit the 
displacement of the mobile mass. It reduces the fatigue of 
springs and avoids electrical contacts between the electrodes. As 
a consequence, the spring-mass system becomes a piecewise 
oscillator whose stiffness increases during the stopper contact 
[5]. Figure 3 shows the measured harvested power with the 
device in figure 1. The frequency of maximum power decreases 
with U0 for low voltages: the electrical non-linearities are 
predominant. But at 30 V, an increase of the bandwidth towards 
higher frequencies occurs because of the non-linearities induces 
by the impact with stoppers, resulting in -3dB bandwidth of 
more than 30% [6]. 

Fig. 3. Harvested power measured at 1 atm, on a 5.4 MΩ load and for 1 gpeak of 
external acceleration. 

Fig. 4.  Potential energy of the e-VEH with respect to the mass position. 

IV. TUNABLE MULTISTABLE POTENTIAL
The potential energy of the e-VEH in figure 1 with respect to 

the mobile electrode position is shown in figure 4. When the 
electrostatic force is comparable to the elastic restoring force, it 
presents two potential barriers and 3 wells. The level and 
locations of maxima are controlled by the bias voltage. A 
multistable potential is practically obtained when the stoppers 
are located between a fixed electrode and the closest maxima. 

4

However, if the stoppers are too close from the fixed electrodes 
and the bias voltage too high, the electrostatic instability (pull-
in) occurs and the movable mass remains stick on the fixed 
electrode. For the tested e-VEH, the multistable potential appears 
for a bias voltage around 20 V. Figure 5 shows measurements of 
the harvested power on a 5.4 MΩ load for an input excitation 
PSD of band-limited (160 Hz) colored noise with acceleration 
level of 1 grms. The useful bandwidth for the harvested power 
increases significantly for U0 ≥ 20V.  However at 50 V, the 
harvested power drastically decreases. This can be explained by 
the high electrostatic force which tends to keep the mass close to 
the boundaries, limiting the capacitance variation needed for the 
energy transduction and increasing the frequency of the impact, 
which dissipates more kinetic energy.  
. 

Fig. 5.  Measured harvested power on a 5.4 MΩ load for a 160 Hz-band-limited 
colored noise input (acceleration level of 1 grms). 

V. CONCLUSION
Electrostatic vibration energy harvesters are more complex 

and less mature than piezoelectric or electromagnetic VEH. 
However, since the electromechanical coupling and nonlinear 
features can be tuned electrically, they are suitable to realize 
smart devices capable of adaptation with the variations on the 
vibration environment. 

The ~1 cm2 x 1mm e-VEH presented in this abstract can 
harvest 2.2 µW at 150 Hz for an external acceleration of 1 gpeak 
and has a bandwidth or more than 30% thanks to the 
combination of electrostatic and stopper induced mechanical 
nonlinearities. The resulting multistable potential makes this 
device also very efficient for stochastic noise excitation. 
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Abstract— Non-linear dynamics has become one of the key aspects to 
improve the efficiency of kinetic energy harvesters working in the real 
environment. Different methods based on the exploitation of the 
dynamical features of stochastic non-linear oscillators using bi-stable 
piezoelectric cantilevers or buckled beams have been proposed in the 
past years. Such methods are shown to outperform standard linear 
oscillators and to overcome some of the most severe limitations of 
present approaches once applied to ambient vibrations. These 
approaches are particularly interesting in designing harvesters at the 
micro scale, where it is almost impossible to exploit the kinetic energy 
present in nature in the low frequency range (below 1 kHz) with small 
resonant oscillators. Some results using micro and nano harvesters are 
presented. 
 

I. INTRODUCTION 
In the recent years the development of power-aware and energy 
efficient electronics concerning various technological levels has 
opened new chances to ubiquities computing and wireless sensing 
(1). The powering of wireless sensor networks (WSN) as well as 
small-scale electronics, of the order of few hundreds of microwatt, 
gives more hints to the harvesting generators approach (2).  
The possibility to power the sensor nodes directly harvesting the 
energy from the environment seems to be a good solution to avoid 
ore integrating the traditional batteries.  
Among various renewable energy present in the environment, 
kinetic energy in the form of mechanical vibrations is the most 
interesting one because of its abundance and versatility (3).  
In the recent years few solutions have been developed to increase 
the vibration-to-electricity energy conversion through the 
piezoelectric materials using linear and non-linear stochastic 
dynamics (4–9). These kinds of harvesters have shown to provide 
high output voltages even maintaining compact sizes. Among the 
others the strategy to use the non-linear bistable Duffing oscillators 
outperforms the corresponding linear ones when excited by wide 
bandwidth vibrations away from the resonant frequency (9). The 
exploitation of a bistable oscillator for energy harvesting has been 
mainly implemented using two different approaches: a cantilever 
configuration coupled to permanent magnets (4-6) or a buckled 
beam configuration without any presence of magnets (7). Both 
these configurations present interesting performances in the 
presence of wide bandwidth vibrations like the one typically 
available in various environments. In the following the preliminary 
results of small piezoelectric buckled membranes (see fig.1) with a 
thickness below 1 µm are presented. The measurements have been 
carried out using as kinetic excitation exponentially correlated 
gaussian noise or sinusoidal signals.  
 

        
Figure 1: Optical images of two piezoelectric nanomembranes. 

II. THE MEASUREMENTS 
The measurements were performed on piezoelectric membranes 
with a thickness of about 800 nm made with a 300nm AlN layer 
sandwiched between two molybdenum layers used as electrodes. 
The membranes were produced at the VTT Technical Research 
Centre of Finland (Helsinki) in the framework of the 
NANOPOWER EU project. The geometries vary from fully 
clamped square or circular membranes (a square membrane is 
shown in figure 1-left), to membranes suspended in a beam 
configuration (figure 1-right). The non-linear dynamics is ensured 
by the corrugation of the membrane itself due to thermal stresses 
during the production phase. The kinetic excitation was provided 
fixing the membranes to a mechanical shaker, driven by 
sinusoidal or random signals with various amplitudes. The 
piezoelectric membranes output signal was acquired and analysed 
with first and higher order spectral analysis algorithms like 
spectrograms or bispectrum and bicocherence giving 
informations about the gaussianity and linearity of the time series. 
The Voltage Power Spectrum and the Spectrogram of the 
membrane in figure 1-left with a sinusoidal excitation at the 
frequency of 459 Hz are shown in figure 2 as an example. 

 

 
Figure 2: Power Spectrum (top image) and Spectrogram (bottom image) of the 
square membrane under a sinusoidal excitation with the frequency of 459 Hz. 
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Some non-stationary event is clearly visible in the lower graph 
of figure 2, which is responsible for the spurious signals 
appearing in the low frequency region as seen in the Power 
Spectrum image. 
The signal non-linearities are easily seen through the non-null 
regions through the bicoherence analysis in figure 3. 
 

 
Figure 3: Bicoherence of the output signal of the square membrane under a 
sinusoidal excitation at a frequency of 459 Hz. 

 
Watching the voltage phase portrait (dV/dt vs V) of the same 
signal, in the following figure 4, it is interesting to note that the 
non-linearities and non-stationarities are induced by the bistable 
behaviour of the membrane itself, performing oscillations 
around each attractor and between the two. 
 

 
Figure 4: hase portrait of the same output voltage signal of the square 
membrane under a sinusoidal excitation at the frequency of 459 Hz. 
 

III. CONCLUSION 

The preliminary measurements on the dynamics of non-linear 
nano-membranes show interesting hints on the behaviour and 
design of non-linear energy harvesters. This bi-stable, or more 
in general multi-stable, approach appears promising for the 
realization of small non-linear harvesters able to transform 
vibrational energy into electricity even at low frequencies. This 
potentiality makes the small-scale vibration energy harvesting a 
possible solution as an alternative way for the powering of 
microelectronics. 
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Abstract—There is renewed interest in thermoelectrics to be used as 
power sources for a range of microscale autonomous sensors. 
Microfabricated SiGe generators have been fabricated and the 
thermoelectric properties of SiGe material characterized. Power 
factors as high as 6.02 ± 0.05 mWm–1K–2 with ZT of 0.135 ± 0.135 at 
room temperature have been demonstrated using a modulation doped 
2D quantum well system. Silicon nanowires are also demonstrated 
with ZT values of 0.057 corresponding to enhancements of 137 times 
over that of bulk Si material with the same doping density. 

I. INTRODUCTION 

Thermoelectric materials convert thermal energy into electrical

energy through the Seebeck effect. Recent interest in 
thermoelectrics research has been increasing due to a range of 
applications including powering autonomous sensors and 
harvesting the heat from cars to replace the alternator to improve 
fuel efficiency and reduce emissions. The figure of merit which is 
important in defining the efficiency of thermoelectric materials is 
given by 

(1) 
where α is the Seebeck coefficient, σ is the electrical conductivity, 
κ is the thermal conductivity and T is the temperature. The second 
important figure of merit is the power factor, α2σ which is 
proportional to the maximum power that can be generated by a 
thermoelectric material when fabricated into a module. 
A large ZT requires a high electrical conductivity and a low 
thermal conductivity. In bulk materials the Wiedemann-Franz rule 
links the two making optimization of ZT almost solely dependent 
on the doping density of the material. Few bulk materials therefore 
exist with ZTs >1 [2]. Dresselhaus [3] suggested the use of low 
dimensional structures to increase the Seebeck coefficient and also 
to potentially reduce κ through increased phonon scattering. 
The approach presented in this paper for higher performance 
thermoelectric materials is through the use of modulation doped 
Ge quantum wells (QWs) with Si1-xGex barriers where both the 
electrical and thermal transport are along the QWs. 

II. FABRICATION
The samples were grown by low-energy plasma enhanced 
chemical vapour deposition on top of silicon-on-insulator 
substrates [4]. Design 1 [5] consisted of 378 repeats of a i-Ge QWs 
with Si0.3Ge0.7 barriers all grown strain symmetrised on a Si0.2Ge0.8

relaxed buffer. Design 2 [5] consisted of 378 repeats of i-Ge QWs 
with Si0.4Ge0.6 barriers all grown strain symmetrised on a 
Si0.25Ge0.75 relaxed buffer. In both cases the active material was 
grown to be at least ten times thicker than all buffers and support 
layers. 
Physical characterisation of the material by transmission electron 
microscopy (TEM) and x-ray diffraction (XRD) demonstrates 
high quality heterolayers but with high dislocation densities 
[4][6]. Free standing Hall bars were designed and fabricated with 
heaters at each end along with electrical contacts and 
thermometers allowing α, σ and κ to be extracted from the 
material. Fig. 1 presents a scanning electron microscope image of 
one device.  

Fig. 1.  A SEM image of a free standing Hall bar with integrated heaters, 
thermometers and electrical contacts. 

III. CHARACTERISATION

The complete details of the electrical and thermal characterisation 
of the material has been undertaken [6]. Fig. 2 provides a review 
of the ZT values produced as a function of QW width for the two 
designs and compares the values to bulk Ge and bulk Si0.3Ge0.7 
with similar doping of ~1 x 1019 cm–3. Whilst the best ZT value is 
comparable to the best bulk Si0.3Ge0.7 at room temperature, the 
power factors which are important for the amount of power which 
can be delivered in modules is 6 times largers than the bulk 
material. The advantage of the modulation doped scheme is that 
the material can be engineered with similar ZT but with the ability 
to deliver far larger powers to an impedance matched load.
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Fig. 2. The ZT as a function of quantum well width at 300 K. Design 1 
(blue squares), design 2 (red circles). 

IV. MODULES
   Fig. 3 presents an SEM image of p-type legs before being flip-
chip bump bonding to a similar set of n-type legs into a complete 
module. The initial modules allowed every pair of n-type and p-
type legs to be individually measured to determine the 
performance and the power density of one set of legs is shown as 
a function of ΔT across the module in Fig. 4. This first 
demonstration of microfabricated SiGe modules still requires 
substantial optimization but it demonstrates the principle of using 
silicon technology to produce microfabricated thermoelectric 
generators. 

Fig. 3.  A SEM image of a module test structure. 

V.  NANOWIRES 
Significant enhancements to ZT have also been demonstrated 
using nanowires [7]. Fig. 5 demonstrates an SEM image of one 
hundred parallel 45 nm wide Si nanowires doped at 4x1019 cm–3.  
Measurements of the devices produced σ = 20,300 S/m, α = –271 
µV/K and a κ of 7.78 Wm–1K–1 corresponding to a ZT of 0.057. 
This is an enhancement over bulk Si of a factor of 137 
demonstrating the significant enhancements available to 1D 
systems. 
Vertical nanowires have also been developed to allow integration 
of large arrays of nanowires into flip-chip bonded modules. 

Further details will be presented of these devices and the 
potential for microfabrcated SiGe thermoelectric modules. 

Fig. 4.  The power density versus ΔT across one n-type and one p-type 
leg in the microfabricated module. 

Fig. 5.  A SEM image of one hundred 45 nm wide Si nanowires with 
integrated heaters, thermometers and electrical contacts. 

The work has been funded by the EC FET Proactive Initiative 
“Towards Zeropower ICT” under the GREEN Si project. 

REFERENCES 

[1]  D.M. Rowe (Ed.), “Thermoelectrics Handbook: Macro to Nano” CRC Taylor 
and Francis 2006. 

[2] G.J. Snyder and E.S. Toberer, “Complex thermoelectric materials” Nature 
Materials 7, 105, 2008. 

[3] L.D. Hicks and M.S. Dresselhaus, “Effect of quantum-well structures on the 
thermoelectric figure of merit” Phys. Rev. B 47, 12727, 1993. 

[4] S. Cecchi et al., “Ge/SiGe superlattices for thermoelectric energy conversion”, 
J. Mat. Sci. 48, 2829, 2013. 

[5] J.R. Watling and D.J. Paul, “A study of the impact of dislocations on the 
thermoelectric properties of quantum wells in Si/SiGe materials system” J. 
Appl. Phys. 110, 114508, 2011. 

[6] A. Samarelli et al., “The thermoelectric properties of Ge/SiGe modulation 
doped superlattices” J. Appl. Phys. (Accepted for publication) 

[7] A.I. Boukai et al., “Silicon nanowires as efficient thermoelectric materials” 
Nature 451, pp. 168-171, 2008. 

44



n a n o e n e r g y 2 0 1 3  -  t a l k s  a n d  p o s t e r s  

NANOENERGY LETTERS

The opto-thermo-mechanical conversion mechanism in a MEMS with 
integrated nanoantennas for energy harvesting from infrared radiation 

Jordi Agustí1, Alexander Cuadrado2, Miquel López-Suárez1, Javier Alda2, Gabriel Abadal1

NANERG Lab. Dept. Enginyeria Electrònica. Escola d’Enginyeria, Universitat Autònoma de Barcelona, 08193-Bellaterra, Spain 
Applied Optics Complutense Group. Facultad de Óptica y Optometría, Universidad Complutense de Madrid, 28037-Madrid, Spain 

e-mail: Jordi.Agusti@uab.cat 

Abstract — The first step on trying to harvest energy from ambient 
sources is to be able to convert one type of energy into another. Lots 
of energy scavenging methods have been presented and implemented 
during the last decade. Here we introduce, what we think is, a new 
concept for transforming electromagnetic energy into kinetic energy 
through thermal mechanisms. 

Related topics: 

1. - Energy transformation processes and dissipation at micro and
nano scale. 
2. - Energy harvesting for powering micro and nano devices.

INTRODUCTION 

 On energy harvesting systems one of the most, if not the most, 
important part is the transducing element. Its energy 
transformation action makes the energy conversion mechanism 
possible. MEMS have been proven to be very useful on 
developing this task from the kinetic to the electric domain [1]. 
However, little effort has been put in developing the idea of using 
MEMS to harvest energy from electromagnetic radiation sources. 
Though for the case of radioisotope power generators promising 
results have been obtained [2]. 

 Solar cells are by far the most well know devices used to 
harvest energy from the sunlight radiation [3]. Yet another device 
called rectenna is also focused on obtaining a DC electrical current 
from electromagnetic waves which frequency is in the MHz/GHz 
range [4] .  

 Following the working principle of the rectennas and moving 
from the mega/gigahertz to the terahertz (optical-infrared) range, 
the use of nano-rectennas seems the natural evolution. 
Nanoantennas have been proposed for highly efficient direct 
conversion of sunlight to electricity [5], but the existence of 
several limitations has shifted this technology to a distant future 
[6]. 

DEVICE 

 The goal of this work is to scavenge energy from the 1.55 µm 
IR window. As an attempt to face this challenge we have designed 
and analyzed a transducer element consisting of a clamped-
clamped beam with integrated nanoantennas. Fig. 1 shows a 3D 
image of the studied geometry. 

 We have analyzed how the micromechanical structure responds 
to the heat produced by the plasmonic resonance of the infrared 
antennas. The amplitude of this resonance is modulated by the gap

of the device, which changes in time as a result of the thermal 
response of the beam. 

 Both, the optical absorbance and the energy conversion to the 
thermal domain of the hybrid nanoantenna-MEMS device are 
analyzed. Additionally, the transduction to the mechanical 
domain in the form of beam vibrations of the optical energy 
absorbed by the structure and transformed into heat is also 
modeled. 

Fig. 1. 3D image of the studied device geometry and its temperature distribution. 
The inset graph shows the simulated temperature profile of the structure. 

THEORETICAL MODEL 

 An analytical model has been developed in order to simulate 
the theoretical response of the analyzed device. This model solves 
a system of two non-linear ordinary differential equations (1), 
which expressions have been obtained by projecting the Euler 
Bernoulli and the thermal field equations onto a set of test 
functions using the Galerkin method. 

X + c1 X + c2 − c3 + c4Z( ) X − c5X 3 = 0

Z + c6Z − c7Abs X( ) = 0
(1) 

where X is the vertical displacement of the structure, Z is the 
average temperature of the structure, ( )bsA X the displacement 

dependent IR energy absorption of the nanoantennas and xc  are 
constants involving the characteristics of the device. 
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SIMULATION RESULTS 

 Using the mathematical model we have developed a Matlab 
based code from which we can obtain the simulated theoretical 
results. As an example, Fig. 2 shows the time evolution of the 
displacement of a 10 x 0.1 x 0.05 µm3 clamped-clamped beam 
with an array of infrared antennas in it. As can be seen, the 
microbeam is oscillating around an equilibrium point. Note that 
the incident infrared light is a continuous wave (not modulated). 
Therefore, in this device there is a continuous wave excitation 
which gives rise to the self-oscillating of the mechanical 
structure. This kind of response is a consequence of the non-
linear feedback between the absorption of the infrared energy 
and the thermo-mechanical response of the micro-mechanical 
beam. 

Fig. 2. Example of the temporal displacement of an illuminated device. 

FABRICATION 

 Simultaneously with the modeling, we have started to 
fabricate the micromechanical structures. Fig. 3 shows a scheme 
of the fabrication process flow. The needed steps are the 
following: 

a) Silicon wafer with a grown layer of silicon dioxide

b) Spinning and electron beam lithography of a PMMA layer

c) Development of the PMMA

d) Evaporation of the structural metal (Cr)

e) Lift-off of the evaporated metal

f) Etching of the silicon dioxide sacrificial layer

Fig. 3. Fabrication process flow for the studied devices. 

The first fabricated devices have been obtained (figure 4), 
though some of the fabrication steps must be properly tweaked 
in order to obtain the desired characteristics and/or dimensions. 

Fig. 4. SEM image of a facribated 5-components array of Cr clamped-clamped 
beams with integrated nanoantennas. 
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Abstract – 
The modification of the work function of silicon (111) surfaces due to 
different surface functionalisation has been investigated for different 
coverages using density functional theory. A study has been 
performed for five different thicknesses of alkane and thiol alkane 
monolayers. Our results reveal that in order to interpret the variation 
of the work function, a combination of factors such as induced charge 
on the slab, polarity of the tether, direction of the tether’s dipole 
moment with respect to the surface and coverage ratio need to be 
considered at the same time. For nonpolar terminating species such 
as F, Cl and Br, the change in the work function is directly 
proportional to the amount of charge transferred from the surface 
and is related to the difference in electronegativity of the passivating 
and silicon atoms at the surface. The change seems to be a monotonic 
function of coverage in this case. Polar molecules such as TeH, SeH, 
SH, OH, NH2, CH3 and (thiol) alkane chains do not follow this trend 
due to the interaction of their dipole with the induced electric field at 
the surface. For this case, the magnitude and sign of the dipole 
moment of the species generally describe the change in work function. 
The latter does not depend on the sulphur and carbon linkers of 
alkane chains on Si (111) due to the nearly same electronegativity of S 
and C. 

I. INTRODUCTION 

SEVERAL studies have revealed the creation of organic 

monolayers on silicon surface and consequently demonstrated 
the tuning of the electronic properties of the interface [1-4]. 
Self assembled monolayers (SAMs) can change the work 
function of the surface [5], control the dielectric constant in 
field-effect-transistors (FETs) [6] and may be used as scaffolds 
for molecular linkers [7]. This forms a very useful platform to 
implement in technologies such as bio-sensors based 
on surface functionalisation, enhanced-performance 
nanowire-based FETs and molecular electronics [8-12]. 
Considering the importance and applications of SAMs there is 
still no comprehensive theory which can explain and 
anticipate the surface modifications due to functionalisation 
schemes. It is our aim to bridge the gap with experiment 
by deriving input parameters in analytical models from first 
principles. Here, we focus on using density functional theory 
to extract the work function of silicon surfaces with various 
terminations and organic monolayers with different lengths and 
tethers. The work function relates to important knowledge on the 
reorganisation of electronic 

charges caused by surface modifications. It is also a key 
parameter that can be used to lower the threshold voltage in 
nanowire-based FETs [13] and enhance their sensitivity in low-
power sensors [14]. 

II. METHODOLOGY

First-principles calculations within density functional theory were 
carried out using the PWSCF code of the QUANTUM-ESPRESSO 
distribution [15]. The Perdew-Burke-Ernzerhof (PBE)! functional 
within the generalized gradient approximation (GGA) and 
ultrasoft pseudopotentials (USPPs) were used in all cases. The 
kinetic-energy cutoff for the planewave basis was fixed to 55 Ry 
for the wave function and 525 Ry for the charge density. We 
consider thin slabs of silicon separated by twelve equivalent 
vacuum layers in a supercell geometry. Brillouin-zone 
integrations were performed using a 10×6×1 Monkhorst-Pack k-
points mesh. The fixed occupation technique was employed using 
few additional bands to ensure convergence of the electronic 
states. 
In summary, the basic procedure to find the work function of 
silicon surfaces is as follows: 

1. A geometry optimisation is performed at the outset. In our
slab model we just have six layers of silicon but obviously
the available experimental data are for a bulk surface. So 
we apply local relaxation of the outer most surface layer
and the surface termination species to find the equilibrium 
geometry of the chemical bonding and interfaces. The rest 
of the five silicon layers including the hydrogens at the 
bottom are fixed during geometry optimisation.

2. After determining the electronic structure of the optimised
geometry, the electrostatic potential is extracted from the 
converged Kohn-Sham equations using post-processing tools.  
3. The vacuum level is determined by calculating the
macroscopic average of the electrostatic potential. 
4. The work function is given after subtracting the Fermi energy 
from the vacuum level.  
The structure of our hydrogenated slab supercell and the 
average electrostatic potential are depicted in Figure 1.  

III. DISCUSSION

In order to investigate the effect of length and type of atomic 
tether in the work function behaviour, this quantity has been 
calculated for alkane and alkane-thiol chains and five different 
chain lengths CnH2n+1 (n = 1, 6, 8, 10, 12). The results are plotted 
in Figure 2. There is an obvious dependence of the work function 
on the chain length. Starting from the smallest possible thickness 
of the organic monolayer the work function decreases with
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increasing thickness and seems to converge to a value at least of 
0.6 eV lower than that of the hydrogenated surface. 

Fig. 1. Average of electrostatic potential along Z direction of the hydrogenated 
silicon (111) slab and the lattice structure of it on top. 

Comparing the two curves in Figure 2, it is apparent that 
different types of bonding, namely, Si-C and Si-S, do not have a 
significant effect on the value of the work function. This could 
be due to the similar electronegativity of carbon and sulphur. In 
order to understand how the work function is related to 
interfacial properties, we have studied various types of 
terminating species with 50% and 100% coverage assembled on 
a Si (111) surface. As it is depicted in Figure 3 there is a 
considerable change in the work function which our analysis 
attributes to electron valency and electronegativity. 

Fig. 2.  Work function for alkane and thiol alkane chains. The variation with 
chain length is shown for five different chain lengths CnH2n+1 (n = 1, 6, 8, 10, 
12). The value of a hydrogenated silicon slab is also depicted for comparison. 

IV. CONCLUSION

By changing the type of monolayer on a silicon surface we can 
alter the electronic properties at the semiconductor-molecule 
interface. This change can be described based on polarisability 
of the terminating molecule and the creation of dipole moment 
and electronegativity of the linker. Our charge analysis shows 
that charge always transfers from the slab to the molecule and 
both the number of valence electrons and electronegativity of 
the linker specify the amount of transferred charge. Due to the 
direction of surface dipole moment which is inward to the 
surface we expect that the work function always increases. 
However, the change is not the same for all of our passivating 

species and this depends on the molecular dipole moment 
interaction with the surface dipoles (!!" = !!!. !! = −!.!! ). 
Based on this and the fact that full coating does not change the 
local charges on the Si in contact with the linker, the amount of 
coverage can have completely different effect on the sign and 
magnitude of the change in work function. A better 
understanding of the surface chemical modifications to the work 
function can lead to improved threshold voltage in transistor 
devices for low-power sensors. 

Fig. 3. Work function variation with different surface terminations for half and 
full surface coverage. The value of a hydrogenated silicon slab is also depicted 
for comparison. 
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�,,7���&/16#6DSLHQ]D�DQG�3K\VLFV�'HSW��8QLYHUVLW\�RI�5RPH��/D�6DSLHQ]D���5RPH��,WDO\
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Abstract²,Q�WKH�IROORZLQJ�ZH�UHSRUW�D�FRPSUHKHQVLYH�UHYLHZ�RI�RXU
UHVXOWV�FRQFHUQLQJ�WKH�HOHFWURQLF�DQG�RSWLFDO�SURSHUWLHV�RI�WKH�PRVW
VWXGLHG � PLQRULW\ � VXUIDFH � RI � DQDWDVH� � WKH � ������ � DQG � WKH � GHULYHG
QDQRVKHHWV� � 6LPLODUO\� � DFFRUGLQJ � WR � WKH � UHSRUWHG � HQKDQFHG
SKRWROHFWULF�FRQYHUVLRQ�HIILFLHQF\�RI�WKH�ILQDO�'66&�K\EULG�PDWHULDOV
DVVHPEOHG�RQ�WRS�RI�WKH�������IDFHW��ZH�VKRZ�UHVXOWV�RI�WKH�DQFKRULQJ
RI�VKRUW�FKDLQ�DOLSKDWLF�GLROV�RQ�WKHVH�QDQRVKHHWV��

,� ,1752'8&7,21
In 1972  a milestone in photocatalysis  was achieved by the very

pioneering work of  Fujishima and Honda. They at frst  discovered

the revolutionary possibility of  splitting water by simply irradiating

TiO2 nanoparticles with  sunlight[1].  Such  relevant  result  has

tremendously  raised  the  interest  of  the  scientifc  community

towards the very appealing properties of  titania. Nowadays, many

industrial and technological applications, i.e. in catalysis, in sun-to-

energy  conversion  (organic-inorganic  solar  cells,  dye  sensitized

SCs), in photocatalysis,  in gas  sensing, and  in  many other felds,

take advantage of this manifold material, as witnessed by the ever

increasing  number  of  published  scientifc  reports  and  patents

focusing on its relevant device oriented properties. Not secondarily,

the  prompt  availability  of  more  accurate  and  sensitive

experimental  techniques  has  lead  to  the  synthesis  of

nanostructured  TiO2-based  materials:  their  surface  area

enhancement  and  the  inherent  improvement  of  their

photochemical activity make them subject of  further deep analysis.

Among  all  the  possible  morphological  shapes  [2],  the  study  of

(001)-oriented  nanosheets  (NSs)  is  of  wide  interest  for  the

enhanced optical activity of  tio2-based materials with such facet

exposure [3]. More in details, a double nature characterizes such

layered structures: one is the "bulk-cut" face obtained from anatase

along  [001], the other is  the so-called  lepidocrocite [4]. This new

phase can be thought as still derived from the previous (001),  but

differently resulting from the gliding of  the upper layer of  the flm

over the lower along the Ti-O-Ti chain direction. A  barrierless

path driven by the stress reduction characterizing the fnal bilayer.

These NSs are precursors of  titania nanotubes (NTs) which in turn

can be used  for  further  assembling  of  nanostructured materials

with  different  morphologies  and  applications  [5].  Despite  the

strong interest, due to different preparation methods and chemical

environments,  conficting  reports  about  their  photo-excited

properties exist and even their crystalline structures are still under

debate. Here, moving from the analysis of  electronic and optical

properties  of  different  reconstructions  of  the  parental  minority

(001)  surface of  anatase,   we shed light,  by using frst-principles

simulations, on the unambiguous relation among atomic structure,

electronic bandstructure and optical properties of  several TiO2-

based  nanosheets. The  last  part  of  this  work  foucuses  on  the

possibility of  using such NSs in DSSC. We report results about

the  anchoring  mechanism  on  top  of  them  with  molecules

characterized by functionality of  interest. A common theoretical

scheme  for  the  study  of  both  surface  and  bilayer

electronic/optical properties is used [6].

,,� ������7,2��685)$&(����;���96����;��
7KH�PRWLYDWLRQV�WR�IRFXV�RQ�WKH�������WHUPLQDWLRQ�RI�DQDWDVH

DUH � DW � OHDVW � WZR�IROG� � ,� � WKH � ZHOO�DVVHVVHG � LQIOXHQFH � RI � WKH
PLQRULW\ � ����� � VXUIDFH � RQ � WKH � SKRWR�UHDFWLYLW\ � RI � DQDWDVH
QDQRSDUWLFOHV� � � �ZLWK � WKH �GHEDWH �DERXW � WKH � UROH �RI � WKH � VXUIDFH
UHFRQVWUXFWLRQ�LQ�UHODWLRQ�WR�WKH�SKRWRFDWDO\WLF�SURSHUWLHV�ZKLFK�LV
VWLOO � RSHQ � � DQG � LL� � WKH � VSDWLDO � ORFDOL]DWLRQ � RI � WKH � H[FLWRQ � WKDW
LPSOLHV�LPSRUWDQW�FRQVHTXHQFHV�IRU�WKH�RSWR�HOHFWURQLF�SURSHUWLHV
RI�WKLV�VXUIDFH��)LJ���VKRZV�VWUXFWXUHV��'HQVLW\�2I�6WDWHV��'26��
RSWLFDO�VSHFWUD��DQG�HOHFWURQ�KROH��H[FLWRQ��ORFDOL]DWLRQ�LQ�WKH�WZR
��[��� � DQG � ��[�������� � VXUIDFHV � RI � DQDWDVH � 7L2�� � WKH � IRUPHU
KLJKO\�VWUHVVHG�DQG�DOVR�NQRZQ�DV�WKH�EXON�FXW�RI�DQDWDVH� � WKH
ODWWHU� � DOPRVW � VWUHVV � IUHH� � LQ � WKH � UHFRQVWUXFWLRQ � VXJJHVWHG � E\
/D]]HUL � HW � DO � >�@� �7KH � FRPSDULVRQ � EHWZHHQ �'26 � DQG � RSWLFDO
VSHFWUD�FOHDUO\�UHYHDOV�WKH�SDUDPRXQW�UHOHYDQFH�RI�WKH�LQFOXVLRQ
RI�WKH�H[FLWRQLF�HIIHFWV�LQ�RUGHU�WR�GLVWLQJXLVK�EHWZHHQ�WKH�WZR
UHFRQVWUXFWLRQV� � ZKRVH � HOHFWURQLF � SURSHUWLHV� � DW � YDULDQFH� � �DV
VKRZQ�E\ �'26� �DUH � DOPRVW � LGHQWLFDO � WR � WKRVH �RI � WKH �EXON� � ,Q
SDUWLFXODU� � IURP � WKH � FRPSDULVRQ � EHWZHHQ � H[FLWRQ � �H�KROH�
GLVWULEXWLRQ�DW� �WKH�WZR�VXUIDFHV��ZH�VWUDLJKWIRUZDUGO\�SUHGLFW�LQ
WKH � FDVH � RI � WKH � �� � î � ��� � DW � DOO � WKH � SKRWRH[FLWDWLRQ � HQHUJLHV
LQYHVWLJDWHG � KHUH� � WKH � FRPSOHWH � H[FLWRQ � GHORFDOL]DWLRQ � LQ � WKH
VXEVXUIDFH�DQG�EXON�SDUW�RI�WKH�VODE��VPDOO�SUREDELOLW\�WKDW�ERWK
HOHFWURQ � �YLROHW � LVRVXUIDFH� �)LJ�� �ERWWRP�SDQHO � ULJKW� �DQG �KROH
�ZLWK � IL[HG � SRVLWLRQ� �JUHHQ �GRW� � )LJ�� �ERWWRP�SDQHO � ULJKW� � DUH
LPPHGLDWHO\�DYDLODEOH�DW�VXUIDFH�VLWHV�DQG�LQYROYHG�LQ�VXEVHTXHQW
FKHPLFDO�UHDFWLRQV���PDNLQJ�WKLV�UHFRQVWUXFWLRQ�VRPHKRZ��LQHUW�
IRU�SKRWR�FDWDO\WLF�RULHQWHG�DSSOLFDWLRQV��$W�YDULDQFH��WKH����î���
LV �PRUH � VXLWDEOH � IRU � VLPLODU � DSSOLFDWLRQV � VLQFH � LW � IXOILOOV � WZR
IXQGDPHQWDO�UHTXLUHPHQWV��WKH�VSDWLDO�VHSDUDWLRQ�RI�HOHFWURQ�DQG
KROH� � DQG � WKHLU � LPPHGLDWH � FR�SUHVHQFH � DW � WKH � VXUIDFH� � DV � WKH
SKRWR�LQGXFHG � VSOLWWLQJ � RI � ZDWHU � PROHFXOHV � IRU � K\GURJHQ
SURGXFWLRQ��7KLV�LV�REVHUYHG�PDLQO\�IRU�HQHUJLHV�EHORZ�����H9�
ZKHUH �ERWK� WKH �FDUULHUV �DUH � ORFDWHG �DW � WKH� VXUIDFH� �2XU � UHVXOWV
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FRQILUP � H[SHULPHQWDO � ILQGLQJV � UHSRUWLQJ � WKH � VXSHULRU � TXDOLW\ � RI
WKRVH�������IDFHWV��FKDUDFWHUL]HG�E\�WKH�SUHVHQFH�RI�UHVLGXDO�VWUHVV��

,,,� $1$7$6(��/(3,'2&52&,7(��$1'�7+(,5�86$*(�,1�'66&
$OVR�LQ�WKH�FDVH�RI�7L2��EDVHG�16V�FOHDU�HYLGHQFH�LV�VKRZHG

E\ � RXU � DSSURDFK � >�@ � RI � WKH � UHOHYDQFH � WKDW � PDQ\�ERG\ � HIIHFW
LQFOXVLRQ � SOD\V � LQ � WKH � WKHRUHWLFDO � GHVFULSWLRQ � RI � ERWK � WKH � WZR
RULHQWDWLRQV��DQDWDVH�DQG�OHSLGRFURFLWH��LQ�RUGHU�WR�JHW�D�FRPSDULVRQ
EHWZHHQ�H[SHULPHQW�DQG�WKHRU\��%HVLGH�WKH�YHU\�VWDEOH�OHSLGRFURFLWH
ELOD\HU� �ZH �FRQVLGHUHG �GLIIHUHQW �PRGHOV � IRU � WKH � DQDWDVH �RULHQWHG
RQH��V\PPHWULF�DQG�DV\PPHWULF�ELOD\HUV����WKH�KLJKHU�WKH�V\PPHWU\
WKH � FORVHU � WKH � WZR�7L�2�ERQG� OHQJKWV � DW � WKH � VXUIDFH� �KDYH �EHHQ
FRQVLGHUHG � LQ � RXU � DQDO\VLV� � FRQVLVWHQWO\ � ZLWK � GDWD � DYDLODEOH � LQ
OLWHUDWXUH��6XFK�LQFUHDVHG�GHJUHH�RI�SRO\PRUSKLVP�JLYHV�LQWHUHVWLQJ
UHVXOWV � LQ � WHUPV � RI � EDQGJDS� � V\PPHWULF � �DV\PPHWULF� � DQDWDVH
RULHQWHG�OD\HUV�DUH�FKDUDFWHUL]HG�E\�DQ�LQGLUHFW��GLUHFW��JDSV��ZKLOH
WKH�JDS�IRU�WKH�OHSLGRFURFLWH�LV�GLUHFW��2Q�WRS�RI�WKH�')7�FDOFXODWHG
EDQGJDS�D�4XDVL�3DUWLFOH��*:��FDOFXODWLRQ�LV�SHUIRUPHG�LQ�RUGHU�WR
�RSHQ��WKH�JDS��ZKLOH�D�QHZ�QDUURZLQJ�RI�WKH�VDPH�JDS�LV�REVHUYHG
RQFH � WKH � %HWKH�6DOSHWHU � HTXDWLRQ � LV � VROYHG�� 7KLV � UHVXOW � FOHDUO\
UHYHDOV � WKH � H[FLWRQLF � QDWXUH � RI � WKH � PDLQ � RSWLFDO � SHDNV � RI � WKH
WKHRUHWLFDO�RSWLFDO�VSHFWUD�RI�LVRODWHG�QDQRVKHHWV��
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Abstract— Energy harvesting powered devices have the potential for 
widespread use in buildings. The most prevalent ambient energy 
source available in buildings is light, which is normally harvested 
using photovoltaic devices. The light to be harvested can be from both 
natural and artificial sources and a range of different types of solar 
cells are available to suit differing light sources and intensities, and 
as such must be selected to suit the type of light to be encountered. 
For use inside buildings it is desirable to choose a device which will 
operate efficiently under artificial lighting as many locations have 
limited or no natural light, however, the nature of artificial sources is 
changing over time from incandescent sources, through fluorescent 
lights, with LED lights currently attracting significant interest due to 
energy savings. This paper presents an investigation into the selection 
of solar cell type for a range of artificial lighting sources and 
illumination levels. 

I.INTRODUCTION 

ENERGY harvesting powered devices have the potential for

widespread use in buildings. For battery powered installations, 
harvesters offer more environmentally friendly solutions and do 
not need periodic replacement since long lifetimes can be achieved 
[1]. When natural solar energy is not available, harvesters must 
rely on artificial sources. However, artificial sources are evolving 
from incandescent, through fluorescent, to LED in future which is 
attracting significant interest due to energy savings. An 
investigation of the difference in the energy harvested, caused by 
changing the artificial source, has not been presented in previous 
research. 
This paper reports an investigation of the output power achievable 
from 4 types of solar cell (detailed in table 1) under 3 different 
artificial light sources, typically encountered within buildings, for 
various illumination levels.  

Table 1.  Details of the selected solar cells including the use that each one is 
optimized for 

Model Material Use Manufacturer 

MC-SP0.8 Polycrystalline
Silicon Outdoor Multicomp 

AM-1815 Amorphous 
Silicon Indoor SANYO 

AM-5608 Amorphous 
Silicon Outdoor SANYO 

Indy4050 Dye-Sensitized Flexible G24i 

Of major importance to energy harvesting powered devices is that 
the solar harvester selected will harvest sufficient energy when 
deployed irrespective of the light source providing the 
illumination. 
Many different solar cell technologies [2, 3] have been developed 
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and optimized for energy harvesting from either natural or 
artificial light [4]; the output power of a solar cell is influenced 
by the spectral composition of the incident light. Therefore, for 
example, the output power of an outdoor type solar cell can 
decrease dramatically when the light source is changed from 
natural to artificial due to the differing spectra. Energy harvesting 
powered devices will not operate if the solar cell cannot harvest 
sufficient energy [5], which may occur if the solar cell is 
optimized for a different light source. Therefore this paper 
investigates the difference in output power of solar cells under 
different light sources and aims to aid the selection of devices 
deployed in buildings. 
The 4 different types of solar cell were selected because they 
represent the main types available. Three important light sources 
were tested: incandescent (halogen), compact fluorescent lamp 
(CFL) and LED. 

II. EXPERIMENTAL PROCEDURE
In this paper, each light source is investigated at 3 levels: 1000 lx 
representing well illuminated conditions; 500 lx as the normal 
lighting condition at the desk surface; and 200 lx representing 
poor lighting. The investigation was performed in an opaque 
enclosure to shield the solar cell from ambient light. The light 
source was mounted inside the enclosure with a filter to change 
the incident light level on the solar cells which were situated at 
the center of the illumination. The incident light level on the 
device under test was measured using a light meter (ISO-TECH 
Lux-1337), and adjusted to the desired value. The solar cell 
output was loaded using a resistance box and its output power 
calculated.  The Maximum Power Point (MPP) [6] of the solar 
cells were then found by varying the load.  

III. RESULTS
The power densities of the solar cells at their MPP are shown in 
table 2 for the incandescent light source, table 3 for the 
fluorescent light source, and table 4 for the LED light source. 

Table 2.  Maximum output power densities of solar cells under the incandescent 
light source 

Incandescent Source Power Density (µW·cm-2)
1000 lx 500 lx 200 lx 

MC-SP0.8 566 194 101 
AM-1815 38 14 5 
AM-5608 72 19 6 
Indy4050 24 9 5 
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Table 3.  Maximum output power densities of solar cells under the fluorescent 
light source 

Fluorescent Source Power Density (µW·cm-2)
1000 lx 500 lx 200 lx 

MC-SP0.8 30 12 3 
AM-1815 37 18 4 
AM-5608 37 17 4 
Indy4050 13 8 3 

Table 4. Maximum output power densities of solar cells under the LED light 
source 

LED Source Power Density (µW·cm-2) 
1000 lx 500 lx 200 lx 

MC-SP0.8 25 8 3 
AM-1815 27 10 3 
AM-5608 29 10 4 
Indy4050 19 7 2 

The output power of the AM-1815 decreases when the light 
source changes from incandescent to CFL (7 % reduction) and 
LED (28 % reduction). The other types have a larger reduction 
in output power, especially the MC-SP0.8, under CFL (95 % 
reduction) and LED (96 % reduction). The flexible solar cell has 
an average 60 % less power than the other devices in all 
situations. The output of the MC-SP0.8 under each light source 
at 500 lx is shown in Fig. 1; a significant difference (~20 times) 
occurs between the power density under incandescent and 
CFL/LED illumination sources. 

Fig. 1.  Power density versus current for MC-SP0.8 solar cell harvesting 
energy from different light sources at 500 lx 

The AM-1815 has similar performance when used under 
incandescent, CFL or LED at 500 lx, as shown in Fig. 2, which 
suggests that this device is most suited for use with a range of 
light sources. 

4

Fig. 2.  Power density versus current for AM-1815 solar cell harvesting energy 
from different light sources at 500 lx 

IV. CONCLUSIONS
In conclusion, the solar cells generally harvest less power under 
LED than halogen and CFL light sources. The large difference in 
output power of the natural light solar cell between incandescent 
and CFL/LED sources could lead to a device which can only 
operate under incandescent lighting. The amorphous-Si solar 
cells show a similar power output under all three sources. The 
flexible solar cell harvests least solar energy in all situations but 
is necessary for mounting onto curved-surfaces. 
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Abstract— Thanks to its partial coherence and to the high exchanged 
flux densities, near-field radiative heat transfer (NFRHT) has become 
a promising way to significantly enhance both thermo-photovoltaic 
(TPV) devices efficiencies and power densities. A parametric study of 
Drude and Lorentz models performances in maximizing NFRHT 
between two semi-infinite planes separated by nanometric distances 
at room and high temperatures was led. Optimal parameters that 
provide optical properties maximizing the radiative heat flux density 
are reported in this paper and compared to those of real materials 
usually considered in similar studies, silicon carbide and heavily 
doped silicon in this case. Finally, the frequently assumed hypothesis 
which states a maximal radiative heat transfer when the two semi-
infinite planes are of identical materials is numerically confirmed. Its 
subsequent practical constraints are then discussed. Presented results 
enlighten relevant paths to follow in order to choose or design 
materials maximizing nano-TPV devices performances.

INTRODUCTION 

It has been shown in the late 1960 [1, 2] that the radiative heat

flux (RHF) exchanged by two media in the near-field (NF), i.e. 
when these media are separated by very small distances (smaller 
than the thermal radiation characteristic wavelength 
( Tkhc bT /=λ ) could exceed by several orders of magnitude
the black body limit. This topic has then received an increasing 
attention until its recent experimental verifications [3, 4]. In 
addition, the particular plane-plane configuration, potentially 
useful for various applications such as the cooling of high flux 
density electronic devices [5] or thermo-photovoltaic (TPV) 
conversion of radiative energy [6], has been thoroughly 
investigated from a theoretical point of view by several groups 
[7-9]. These works mainly addressed dielectrics, usually silicon 
carbide (SiC) [8, 10] which surface phonon-polaritons highly 
contribute to the NF RHF increase. They also considered 
materials which support plasmon-polaritons in the wavelength 
range of thermal radiation at room temperature (infrared) such as 
tungsten [7, 11] or heavily doped silicon (HD-Si) [9, 12]. 

In the present work, hypothetical materials modeled by local 
Drude and Lorentz models are considered. The aim of this work is 
to find the sets of parameters of these models that possibly 
maximize the RHF between two semi-infinite planes of identical 
materials separated by a nanometric gap at room and TPV devices 
operating temperatures. For this purpose, we calculate the 
exchanged RHF between the two media while varying the 
different parameters in a wide range. Exact calculations of the NF 
RHF expression derived from the fluctuating electrodynamics 
theory are performed. The optimal hypothetical material 
performances are compared to those of usually considered 

materials, SiC and HD-Si for instance. Finally, the influence of 
small discrepancies between the two planes optical properties on 
the RHF is examined. Results are discussed based on a Landauer-
type mesoscopic description of radiative heat transfer which 
enlightens relevant paths to follow for the design of 
metamaterials maximizing NF RHF. 

I. METHOD 
Consider two semi-infinite planes 1 and 2 separated by a vacuum 
gap of thickness δ and characterized by their dielectric functions 

and temperatures ( 11,Tε ) and ( 22 ,Tε ), respectively. The total

RHF density exchanged by the two media is given by [13] 

q = qprop + qevan  where :

qprop =
dω
2π0

∞

∫
i=s,p
∑ [Θ(ω,T1)−Θ(ω,T2 )]

d 2q
(2π )20

ω
c∫

(1− | r31
i |2 )(1− | r32

i |2 )
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i=s,p
∑ dω

2π0

∞
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d 2q
(2π )2

ω
c

∞

∫ e2ıγ3δ Im(r31
i )Im(r32

i )
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are the contributions of propagative and evanescent waves 
respectively. Θ(ω,T ) = ω / exp(ω / kT )−1#$ %&  is the mean

energy of a Planck oscillator at a temperature T and a circular 

frequency ω ,  3
i
jr are Fresnel reflection coefficients for an i -

polarized wave ( { , }i s p∈ ) propagating from medium 3

(vaccum) to medium j and 
1/22 2

/ )(3 c qγ ω= −$ %& ' is the normal

wave vector component in vacuum where q is its parallel 
component. 
In the extreme near field regime ( Tδ λ= ), the evanescent
contribution dominates the transfer. Furthermore, for dielectrics 
as silicon carbide (SiC) and for some doped semi-conductors, 
heavily doped silicon (HD-Si) for instance, the p-polarized 
evanescent contribution prevails. RHF then reduces to: 

q  qpevan = qpevan (ω,T1,T2 ,δ)0

∞

∫ dω  where the

monochromatic flux density can be written in a Landauer form 

qpevan (ω,T1,T2 ,δ) =
q0
2

4π 2
[Θ(ω,T1)−Θ(ω,T2 )]

q
q0
2ω

c

∞

∫ τ evan
p (ω,q)dq (∗)

whereτ evan
p (ω,q) = 4e2ıγ3δ Im(r31

i )Im(r32
i )

|1− r31
i r32
i e2ıγ3δ |2

can be seen as the

average probability that ( ), qω  mode contributes to the transfer
[14]. 

53



n a n o e n e r g y 2 0 1 3  -  t a l k s  a n d  p o s t e r s  

II. RESULTS
With δ=10 nm, we consider the extreme near-field regime. Results 
corresponding to medium 1 at T1=300 K and medium 2 at T2=299 
K are presented in the following paragraphs.Yet, concclusions are 
general and still valid at temperature differences between the two 
media up to 300 K. 

Identical media : Drude vs Lorentz models.   First, the 
transfer between identical media was considered. Drude and Lorentz 
models are considered. Their parameters (ε∞, ωp,%Γ) for the first, and 
(ε∞, ωTO,% ωLO,% Γ) for the latter, ranged in a large domain of usual 
values. For both models, the lower ε∞ the higher the flux density. 
Values in the range ε∞ є [1,20] were considered. Drude model 

provides the highest flux density values ( 5 2
2.5 10  W.m

−
×; ) reached 

when ωp is around the circular frequency of Planck oscillator 
maximal energy at a considered T. For ε∞=1 for instance (Fig. 1-a), 
Drude model maximal NF RHF is 5 times higher than what is 
obtained by Lorentz model, with ωTO%= ωTO(SiC) [15]. Finally, HD-Si 
at doping concentrations around 1019 cm-3 approaches 90% of 
optimal Drude model performances while SiC nearly achieves 60% 
of maximal Lorentz model NF RHF [16]. 

Maximal transfer for identical media.   NF RHF between two 
semi-infinite planes of different material was calculated. Materials 
dielectric functions of both planes were modeled using the same 
model but with different parameters values. Normalized NF RHF for 

Drude model ( 1ε =∞ ), where material 1 (T1, ,1 1pω Γ ) is the one

realizing Fig. 1-a maximum, is plotted in Fig. 1-b as a function of 

/2 1p pω ω  and /2 1Γ Γ . The maximum is observed at

( / , / ) (1,1)2 1 2 1p pω ω Γ Γ = , i.e. for identical materials. Besides, we

observe a 10% drop of RHF value for a 10% relative difference 

between 2pω and 1pω . The sensitivity of RHF to Γ  differences is

much lower. On the other hand, for Lorentz model, RHF is far 
more sensitive to the differences between the two materials optical 
properties. For instance, in the case of SiC exchanging with another 

material, a 0,1% difference between LOω of the two planes leads to a

relative drop of RHF higher than 50%. This high sensitivity is due to 
the very sharp peak in the imaginary part of SiC dielectric 
permittivity, i.e. to the high SiC damping factor and can be reduced 
by reducing Γ  [16]. 

(a) (b) 

Fig. 1.  Normalized RHF for Drude model ( 1ε =
∞

) between two planes of 

identical materials  as a function of plasma frequency and damping coefficient (a) 
and between two planes of different materials  (b) at room temperature. 

The mesoscopic description contribution : multiplying 
transfer channels as a key to reach maximal NF RHF 

The transmission coefficient ( , )
p

qevanτ ω of ( ), qω evanescent

modes ( / 10q q > ) for p polarization is presented in Fig. 2. First,
we note that modes contributing to the transfer (hot-colored 
areas) are significantly more numerous with Drude model. The 
use of more transfer channels may then explain the higher flux 
density values.  
Now, consider the expression of evanescent contributions to NF 
RHF (equation ( )∗ ). The integrand of the sum over the wave 

vector involves ( , )
p

q qevanτ ω  and not only ( , )
p

qevanτ ω , which

means that high qmodes have a dominating weight in the total 
monochromatic flux density. Compared to Lorentz model, Drude 
model ensures that a higher number of these modes contribute to 
the transfer. 
Thus, in order to maximize NF RHF, to be used materials 
dielectric properties shall allow the use of the highest number of 
transfer channel. Then, high wave number value channels should 
be preferred. The active control of participating modes is 
possible by meta-materials that present a tunable dielectric 
function. Materials with tunable non-local dielectric functions, 
such as graphene for instance [17], allow a finer control of 
contributing channels which makes them particularly promising 
candidates. 

(a) (b) 

Fig. 2.  ( ), qω  modes transmission probability in the case of Drude (a) and

Lorentz (b) models. In both cases, dieletric function  models are used with the sets of 

parameters maximizing NF RHF for 1ε =
∞

(and ( )SiCTO TOω ω=  for Lorentz

model). 
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Abstract—Harvesting energy from a (piezoelectric, magnetic, 
magnetostrictive,…) device with a forced excitation has attracted the 
attention of researchers since many years. Nowadays, the concept of 
harvesting/extracting the energy from the device but with natural 
excitation from the environment, i.e. with non-forced excitation, has 
also become important. The works at the AS2M department of 
FEMTO-ST Institute consists in developing piezoelectric devices and 
MEMS harvesters that can work with both excitations in order to 
maximize the autonomy of the harvesters. This letter gives a general 
overview of these works. 

When a controlled excitation source is used to excite a 
piezoelectric device for energy harvesting, we can speak of forced 
excitation. An example and commercially available excitation 
source is magnetic. In order to maximize the harvested energy, it is 
recognized that the excitation be controlled or tuned to work at the 
resonant frequency of the piezoelectric device. Furthermore, in 
order to ease the energy transmission from the excitation to the 
piezoelectric device, a seismic mass (and ferromagnetic if the 
excitation is magnetic) is attached to this latter. An energy 
harvester device with forced excitation is classified as an energy 
transmitter as its principal aim is to transmit the energy from the 
external to a local and smaller kit.  

Contrary to harvesters with forced excitation, those working 
without forced excitation benefit from the natural vibrations that 
surround the harvesting device. These vibrations can come from 
the movement (resp. organic movement) of an animal or a human 
to which is attached (resp. in which is placed) the device, from a 
vehicle or aircraft with engines in operation, from water waves if 
the device is packaged in a box placed on the surface of the sea, … 
In this, the frequency of excitation is low, even very low, relative 
to the resonant frequency of the piezoelectric device. 
Consequently, the harvested energy is lower than that with forced 
excitation. Generally, there is no way to increase this excitation 
frequency since the excitation sources are not controlled and are 
not controllable. In counterpart, the main advantage is that the 
high autonomy that typifies the energy harvesting device. 

The works raised at the AS2M department of the FEMTO-ST 
Institute at Besançon (France) consists in developing piezoelectric 
devices for energy harvesting and that can work with both forced 
and natural excitations. The objectives are the obtention of a 
quantitatively convenient energy output for a given period, and at 
the same time the possibility to generate a lower but sufficient 
energy output for a very long period. The feature is that two modes 
exist: the charge mode and the high autonomy mode. In the charge 
mode, which can last some tens of minutes and which is 
performed  from time to time, the harvester device is put on an 
excitation source system working at high frequency allowing a 

quick charge of a small accumulator packaged with the device. 
An example of this small accumulator is an electrical capacitor. 
Then, during the high autonomy mode, the surrounding natural 
movement will be the only source of excitation of the harvester 
which permits to continue the supply of the accumulator and of 
the load, although at low frequency. To reach these objectives, 
the department works on the development of multi-modal and 
multi-DoF (degrees of freedom) piezoelectric devices that can 
work efficiently with different frequencies and this for any 
orientation of the devices relative to the excitation axis. These 
energy harvesters will be principally used to supply small robots 
(microrobots) and small emitters devoted to in-body (human and 
animal) utilizations. Yet, recent projects carried out by the AS2M 
department demonstrate proof-of-concept of multi-DoF 
piezoelectric devices with sizes less than the cubic centimeters 
and which are called piezoelectric MEMS (micro electro 
mechanical systems). These piezoelectric MEMS are usable for 
different applications: precise positioning and sensing, 
microrobotic calibration, laser scanning in microphonosurgery… 
[1-2]. The feature consists therefore in extending these developed 
piezoelectric MEMS such that they can also be used as energy 
harvesters. 
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Abstract— The concept of the Collins network with stochastic 
resonance is one method for detecting sub-threshold signals. 
However, such a system can easily become complicated and the 
performance degraded in the case of noisy input. The present work 
proposes a simplified version delay network. The performance 
evaluation demonstrates the relationship between the Collins network 
concept and filtering theory. 

I. INTRODUCTION 

Stochastic resonance (SR) is a curious and interesting 

phenomenon, in that system response can be enhanced by adding 
noise. One of the promising methods for its application is the 
Collins network [1]. This network has been well investigated, 
mainly in the fields of nanotechnology [2] and biology [1]. The 
advantages of the Collins network are 1) by adding noise, an 
amplified sub-threshold signal can be output, and 2) the tuning of 
the noise intensity is not necessary. Since such merits disappear if 
the input is corrupted by external noise [3], we have previously 
proposed the concept of the delay network [4]. The delay network 
gives the same performance as the Collins network because the 
delayed version of the external noise plays the same role as the 
added noise in the Collins network. This means that it is not 
necessary to have many noise sources. However, as will be 
explained in detail, the delay network is composed of a large 
number of nonlinear devices. The contribution of the present paper 
is the proposal of a simplified version of the delay network. 
Performance evaluations demonstrate that our proposed network 
filters out only the output of the nonlinear device, and the 
proposed network can give the same performance as the Collins 
network. 

II. CONCEPT OF THE DELAY NETWORK AND THE SIMPLE VERSION

This section briefly shows the Collins network, and introduces the 
concept of delay network. In this work, we focus on non-
dynamical system such as comparator and trigger, which is one of 
the major SR systems. 

The Collins network can output the amplified version of a sub-
threshold input signal [1]. The network is depicted in Fig.1(a). It 
consists of N parallel nonlinear devices whose characteristic )(xh  

has a threshold, and the identical and independent distribution 
(i.i.d.) internal white noise sources )(tiη . The input signal )(ts  
itself does not exceed the threshold, but adding the internal noise 
makes it possible. This is referred as the SR effect. In linear 
response regime, the device output at an array i can be given as, 

)()())()(()( tytyttshty i
s

ii
ηη +=+=   (1) 

where )(ty s is the signal component and )(tyi
η is the noise 

component in the output. The network output )(ty  can be 
obtained by summing the output of each array, 

∑∑ =
=

+==
N
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s

N

i
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N
tyty

N
ty

1
1

)(1)()(1)( η .      (2) 

Equation (2) shows that the network output is corrupted by the 
noise component )(tyi

η . The Collins network is a clever method 
because it eliminates the noise simply by summing the output. 
Adding i.i.d. noise means that the noise component of each array 
is uncorrelated with that of any other array. Summing a large 
number of the uncorrelated components has the effect of 
averaging out the noise. However, if the input contains an 
external noise, then the performance is degraded so that the 
network is not effective [3,4]. 
  Our previously proposed delay network has the same 
advantage as the Collins network in the case of a noisy input [4]. 
It achieves this by using the following property of noise: The 
delayed and non-delayed components of noise are uncorrelated 
if the delay interval Δ is larger than the correlation time of the 
noise. Fig. 1(b) describes the system of the delay network. In the 
delay network, the sub-threshold signal should be constant over 
the delay time, that is, )()( ittsts Δ+≈  for ],1[ Ni∈ . This

means that the “correlation time” for the signal should be longer 
than the delay interval. In this case, the output at each array is, 

)()())()(()( i
s

iii ttytyttttshty Δ++=Δ++Δ+= υυ  (3) 

where )(tyυ  is the noise component induced by the external 
white noise. From the above property, the component is 
uncorrelated with the other delayed one. The network output can 
be expressed as, 
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Δ++==
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N
ty

11
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As in the case of the Collins network, due to the large number of 
uncorrelated components, the noise component in eq. (4) should 
disappear. This means that the proposed delay network has the 
same performance as the Collins network. 
  From Fig. 1(a), it can be observed that the Collins network is a 
complicated system since it has N internal noise sources and N 
nonlinear devices (usually, N is greater than 100). One of the 
advantages of the delay network is that the multiple sources are 
replaced by a single external noise. In this sense, the delay 
network is a simplified version of the Collins network. However, 
the delay network still has N nonlinear devices, in addition to the 
delay units. The characteristics of the devices are identical so that 
they can be combined into a single device. Since the nonlinear 
devices are non-dynamical, the order of the delay unit and the 
device can be exchanged. The output of each delay unit is, 

)()()()( ii
s

ii ttyttytthty Δ++Δ+=Δ+= υ . (5) 
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Fig. 1.! ! Models of three kinds of systems: (a) the Collins network, (b) the delay network, and (c) the proposed simplified version. Although these systems have the same 
performances, their structures are quite different. Note that the simplified system (c) contains only a single nonlinear device and its output is filtered by a transversal-type 
low-pass filter.  

Fig.2. Normalized in–out correlation performance in the simplified version of the 
delay network for various N. The performances in the Collins network are plotted 
for the variance of the internal noise. 

Applying the condition )()( ittsts Δ+≈  to eq. (5), the resulting

expression is identical to eq. (3). Equation (5) can be 
implemented with a single device and different amounts of 
delay, as shown in Fig. 1(c). Summing the output of eq. (5) gives 
eq. (4), which corresponds to the situation in Fig. 1(b). It should 
be noted that the simple system shown in Fig. 1(c) has a bank of 
delay units, which is often referred to as a transversal filter in 
the signal processing field. In this sense, the Collins network can 
be realized by the low-pass filtering of a nonlinear device 
output. 

III. NUMERICAL RESULTS AND DISCUSSIONS
In this section, the proposed schemes are evaluated and 
compared with the Collins network numerically. The 
performances are measured by the correlation between the 
input sub-threshold signal and the network output. The value is 
normalized by both outputs [2,4]. The sub-threshold signal is 
the single bipolar pulse whose time interval is 10 [ms], 
amplitude is 1.0 [V] (i.e. 2.0 [Vpp]), and duty ratio is 0.20. The 
nonlinear device is a comparator with threshold 1.5 [V]. In 
these settings, the signal by itself cannot exceed the threshold 
(i.e. sub-threshold case), but it can with the addition of noise. If 
the input exceeds the threshold, the device outputs a voltage of 
5.0 [V], otherwise -5.0 [V]. For simplicity, the noise is white 
Gaussian, and the amounts of the delays are assumed to be 
simple common differences Δ−=Δ )1(iti , where Δ=10-6[s]. 

The performances obtained by numerical simulation are 
shown in Fig. 2 as functions of the variance of the internal noise 
and the external noise for the Collins network (Fig. 1(a)) and 
simplified delay network (Fig. 1(c)), respectively. The 
performances of the simplified delay network agree well with 
the Collins network if the condition )()( ittsts Δ+≈  holds. 

When the maximum delay NN 610)1( −≈Δ− [s] is larger than 
the correlation time of the signal, this condition is satisfied. In 
the above settings, the correlation time is 2.0 [ms]. For 

10≤N , the maximum delay is enough smaller than the 
correlation time so that the performances of the two networks 
are equivalent. When N=1000, the condition does not hold, and 
the performance is degraded. 

As mentioned earlier, the proposed simplified version of the 
delay network can be viewed as a low-pass filtering of the 
device output. The transversal filter suppresses the high- 
frequency noise component so that the network may output the 
sub-threshold signal. The cutoff frequency of the filter is 

( ) 1−ΔN [Hz]. Increasing N results in the high-frequency 
component being well suppressed. However, a large N leads to 
the cutting off of the signal component. As shown in Fig. 2, 
when N=1000, the cutoff frequency is 1.0 [kHz]. Since the third 
side-lobes start at this frequency, the delay bank suppresses the 
side-lobes. 

Our proposed delay network will be beneficial for signal 
processing with sub-threshold signals. The condition related to 
the correlation time can be satisfied in nano-devices. The 
implementation of the delay bank is not a problem. The use of a 
high-frequency signal makes it easy to realize a suitable delay 
due to the short wavelength. If the condition is satisfied, the 
performance can be obtained simply by filtering the nonlinear 
device output. The authors hope that the present work will be a 
good reference for applications of SR. 
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Abstract—Stochastic Resonance (SR), known as a noise-enhanced 
phenomenon, can improve the performance of communication 
systems. By applying SR in the receiver, it is possible to detect a weak 
signal that is not detectable in the traditional linear receiver. In the 
SR systems, the input of multi-carrier has not ever been discussed. So 
this paper proposes the SR receiver for multi-carrier detection and 
evaluates its Bit-Error-Rate (BER) performance�  

I.  INTRODUCTION 

In wireless communication systems, the noise has been treated as 
a nuisance degrading the performance. On the other hand, in SR 
system, the noise can improve the signal detection [1], [2]. By 
applying this remarkable phenomenon to the communication 
systems, the noise can improve its performance. 

SR has been studied theoretically and observed in a large 
variety of systems. As an application of SR in engineering, weak 
signal detection using SR has been proposed [3]–[5]. In wireless 
communication, however, the practical method of applying SR to 
signal detection is not clear. Consequently, to authors’ knowledge, 
a practical application of SR to the communication system has not 
been performed. Motivated by this, we have been studying the SR 
receiver [6]. 

We focus on two critical conditions that conventional linear 
receiver cannot detect signal; the received signal is buried in noise 
and the received signal is below receiver sensitivity. For the 
former situation, a non-linear receiver performs better than the 
conventional linear receiver when noise is non-Gaussian [7]. In 
most case in wireless communication systems, channel noise is 
Gaussian. On the other hand, conquering receiver sensitivity lights 
up new and attractive challenge in wireless communication 
systems. The receiver sensitivity based on an IEEE 802.11 
wireless LAN standard is approximately -80 dBm [8]. If we could 
lower the receiver sensitivity, then we could lower transmission 
power and simultaneously interference to other users will be 
reduced. The reduction of interference in wireless LAN and 
cellular systems can enhance system capacity. We also note that 
the reduction of power consumption will increase battery life. 

In this paper, we propose an SR receiver for the detection of 
multi-modulated signal called multi-carrier, and show its 
effectiveness. In applying the SR receiver to the wireless 
communication systems, a multiple access system that can support 
simultaneous access from different users must be considered. 
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Fig. 1.  System model of the two users. 

However, this situation has not ever been discussed in SR 
systems. This paper shows the BER performance in multi-carrier 
case and evaluates the effectiveness of the proposed system. 

II. SYSTEM MODEL

System model of two users case is shown in Fig. 1. In the 
transmitter, each user transmits a modulated signal given by 

),2cos()()( tfkTtgAts kb
k

π−= ∑
∞

−∞=

 

where A is the signal amplitude, k is the index of time, Tb is the 
signal duration, g(t) is the bi-polar pulse g(t) = 1 in 0 ≤ t < Tb and 
otherwise g(t) = 0. This is a frequency-shift keying signal in that 
the messages are transmitted by signals that differ in frequency.  
And, fk ∈  f0, f1, f2, f3 are the frequencies of the symbol k in each 
user, and their spacing is 1.0/Tb. At the channel, the background 
noise nc(t) assumed to be zero-mean white Gaussian noise with 
variance σc

2 is added, where the signal to noise ratio (SNR) of the 
received signal(= 10 log(A2/2σ2

c )) is assumed to be 0dB. And 
then the received signal composed of s(t) , nc(t) and intentional 
noise nSR(t) is fed into the SR process expressed by 
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tdy
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TABLE I 
PARAMETER SETTINGS FOR THE COMPUTER SIMULATION. 

parameter value 

channel and intentional noise AWGN 
signal amplitude A [V] 20.0 
signal duration Tb [s] 100.0 

carrier frequency f0 [Hz] 1.0 

potential parameter a 32.0 
potential parameter b 1.0 

total numbers of transferred bits 10000 

Fig. 2.  BER performance of the stochastic resonance receiver：(a) one user, 
(b) two users. 

where y(t) is the output of SR, nSR(t) is zero-mean white 
Gaussian noise with variance σSR

2. Then, the SR output is 
multiplied by cos(2πfkt) and the message is recovered by the 
integrated and dump circuit and a threshold decision in each 
user. 

III. NUMERICAL RESULTS

The proposed system is evaluated with BER by computer 
simulation. BER is the number of bit errors divided by the total 
number of transferred bits during signal duration. Table. I shows 
simulation parameters. These parameters value are chosen to 
have SR effect. 

Figure 2(a) shows the BER performance versus the noise 
variance σ2

SR in 1 user. As we see from Fig. 2(a), the BER 
curve is improved by an increase in σ2

SR, and then slightly 
degrades depending on a further increase in σ2

SR. 
Figure 2(b) shows the BER performances versus the noise 

variance σ2
SR in two users. As we see from Fig. 2(b), the BER 

curves show the SR effect, and achieve the same performance as 
in one user. This shows the effectiveness of the SR receiver for 
more than one carrier. 

Figure 3 shows the BER performances versus the noise 
variance σ2

SR in the number of users N = 1, 10, 20, 30. The 
frequency spacing is 1.0/Tb. As we see from Fig. 3, the BER 
curve is shifted left with the increase of users. This is because 
the signals from other users become the interference; 
consequently they behave like the noise equivalently. And each 
BER curve shows the SR effect. This shows the effectiveness of 
the SR receiver for multi-carrier. 

IV. CONCLUSION

In this paper, we have proposed the SR receiver for multi carrier 
detection and evaluated its BER performance. In the results of 
computer simulation, the effectiveness of stochastic resonance 
in multi user has been shown in the given parameter. 

Fig. 3.  BER performance as a parameter of the number of users N． 
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 Abstract— Graphene-oxide based conducting nanocomposites have 
broad applications in energy conversion and storage system due to its 
high accessible surface area, conductivity after reduction and 
stability. Surfactant-directed assembly was controlled by their 
micellization property above critical micelle concentration (CMC). 
Nowadays, the surfactant below CMC has been proposed to establish 
different behavior and open the possibility for new nanostructure in 
future applications for energy device.  

I. INTRODUCTION 

Recently, graphene-based nanocomposites are of great interest 

due to the unique properties of the 2-D membrane-like materials. 
Exfoliated graphene oxide, as a rigid support, is often used as the 
unreduced precursor for the final graphene-based products. 
Development of methodology for graphene oxide-based 
nanocomposites has attained much effort in the scientific industry. 
Out of them, surfactant-directed template method stands as one of 
the most effective way to prepare decent nanocomposite structure. 
Some previous work has been done on surfactant-directed 
assembly template method for preparation of graphene oxide-
based conducting nanocomposites with polymerization of organic 
monomers in the surfactant micelles intercalated between 
graphene oxide nanosheets. Surfactant assembly structure depends 
on a series of factors including surfactant structure (packing 
factor), surfactant concentration, temperature, pH, solvent and so 
on. Most of the research is build up based on the condition of 
surfactant concentration above critical micelle concentration 
(CMC) due to the predictable structure. However, as our 
knowledge, current research has raerely demonstrated the 
intension to explore the surfactant assembly behavior between 
surface-charged graphene oxide nanosheets in the low 
concentration of surfactant without forming micelle structure. The 
findings may provide pathway to prepare the graphene-based 
nanocomposite with less impurity and novel nanostructure.     

II. METHODOLOGY 
 

Exfoliated graphene oxide was prepared by modified 
Hummers’ Method and followed by cautious purification. 
Surfactant assembly experiments have been separated into two 
parts. For the first group, two different surfactants were added into 
super-dilute GO solution (0.05 mg/mL) respectively with the result 
of super-low surfactant concentration. At room temperature, CMC 
of Dodecyl trimethyl ammonium bromide (DTAB) is 4.35 mg/mL 
and CMC of cetyltrimethylammonium bromide (CTAB) is about 
0.354 mg/mL. With the control of surfactant concentration at a 
fifth of CMC, surfactants were added into well dispersed GO 

aqueous solution under continuous stirring respectively and 
finally dried in oven. Samples were marked as GO-DTAB-0 and 
GO-CTAB-0. 

The second group, theoretical calculation of DTAB 
amount is required to meet the condition of fully-covered 
graphene oxide nanosheets with surfactant monolayer based on 
some assumptions. Based on that, the weight ratio of GO to 
DTAB is 1/4.38 if surfactants were fully absorbed on graphene 
oxide nanosheet surface tightly by monolayer. DTAB-added GO 
solutions were prepared with the serial concentrations below 
CMC, which is 4.35 mg/mL. After calculation, DTAB 
concentrations were chosen with 4.5 mg/mL (GO-DTAB-1), 2.5 
mg/mL (GO-DTAB-2), 1.1 mg/mL (GO-DTAB-3), 0.5 mg/mL 
(GO-DTAB-4), 0.1 mg/mL (GO-DTAB-5). Continuous stirring 
were maintained for 5 mins. Samples were deposited on clean 
silicon slide, and then dried overnight in oven for AFM analysis. 

III. RESULTS AND DISCUSSION 
 
Surface-grafted surfactant assembly on GO nanosheet Part I 

 
In the first group experiment, in the purpose of preparing 

few-layer stacking surfactants on GO nanosheets, super-dilute 
GO nanosheets and surfactant were mixed to prepare the samples 
GO-DTAB-0 and GO-CTAB-0. 

From XRD graph in Figure 1, d-spacings of GO-DTAB-
0 and GO-CTAB-0 could be achieved for characterization of their 
hierarchical organized structure. As shown in the figure, peak d-
spacings of GO-DTAB-0 and GO-CTAB-0 are 1.145 nm and 
1.273 nm respectively. It is already known that d-spacing of GO 
is 0.34 nm. DTAB and CTAB have been intercalated between 
GO nanosheets by stacking the surfactant chains in certain angle. 
With theoretical calculation, estimated DTAB length = (0.15 + 
0.127 * 12 + 0.26) nm = 1.934 nm, and estimated CTAB length = 
(0.15 +0.127 * 16 + 0.26) nm = 2.442 nm. Apparently, DTAB 
and CTAB chains are not vertically attached onto GO nanosheets. 
Although, it is unknown that how many layers the surfactant 
averagely stacks on GO nanosheet, for the purpose of 
exploration, we assume that monolayer surfactants were 
adsorbed. Basic structure model is described here in Figure 2. 

It is calculated that the standing angle of surfactant chain 
attached on the surface of graphene oxide. Since the precipitates 
stack by two surfactant-grafted graphne oxide nanosheet, the 
distance from XRD should be divided by 2 for the real vertical 
height. For GO-DTAB-0 and GO-CTAB-0: 
sinΦDTAB=（1.145–0.34）/2/1.934 = 0.209, ΦDTAB = 12°  
sinΦCTAB=（1.273–0.34）/2/2.442 = 0.191, ΦCTAB = 11° 
thenΦDTAB =ΦCTAB 
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Figure 1 (Left) XRD of GO, GO-DTAB-0, GO-CTAB-0 deposited on substrate 

Figure 2 (Right) Schematic graph of surfactants attached to GO. 

 
It is interesting to observe that the stacking angles of 

both surfactants are equal in the same environment. From the 
AFM Figure 3, we could also observe the stepping thickness on 
the GO nanosheets, which indicates the existing of stacking 
assembly. 

 

  

  
 

Figure 3 AFM of GO-DTAB-0(top) and GO-CTAB-0(bottom) samples. 
 
Surface-grafted surfactant assembly on GO nanosheet Part II 

 
In the second group experiment, qualitative 

characterization of the serial samples were conducted with 
Malven instrumental analyzer for zeta potential measurement, 
From Figure 4, it is clearly observed that the zeta potential of 
suspension is changing from negative to positive by increasing 
surfactant concentrations, and surfactant concentrations are all 
below critical micelle concentration except GO-DTAB-1. 
Regarding to the stability, GO-DTAB-3 is the most unstable, 
which is the case of theoretically estimated fully covered 
graphene oxide by surfactant monolayer. The zeta potential 
measurement shows that DTAB is strongly attached onto 
graphene oxide in the systems by electrostatic force. In Figure 
5, samples were characterized by FTIR technique. 
Corresponding bond analysis: C=O (1736 cm-1), carboxy C-O 
(1414 cm-1), epoxy C-O (1220 cm-1, 1100 cm-1). And the 
peaks between 2750 and 3000 cm-1 is according to ammonium 
salt part of DTAB, which disappeared at GO sample. These 
evidences further demonstrate the strong interaction between 
graphene oxide and DTAB after mixture. 

Compared the vertical heights in Table I results with 
experimental part I, it is aggressively assumed that DTAB 
constantly formed multiple bi-layer structure on graphene oxide 
at all surfactant concentrations below CMC. The increasing of 
DTAB concentration results in larger coverage and number of 
DTAB bilayer on graphene oxide nanosheets. 
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Figure 4 (Left) Zeta potential measurement of DTAB treated GO. 

Figure 5 (Right) FT-IR measurement of DTAB treated GO. 
 

Samples Vertical Distance (nm) 

GO-DTAB-2 9.68 

GO-DTAB-3 5.51 

GO-DTAB-4 3.16 

GO-DTAB-5 1.23 

Table I Vertical distance of a series of DTAB treated GO nanosheets. 

IV. CONCLUSIONS 
At the low concentration of surfactants, molecular 

structure-similar cationic surfactants show the same lying angle 
of surfactant molecular chains on graphene oxide nanosheets 
without regarding to the molecular chain length of surfactant. In 
particular, low concentration also induces the multiple bilayer 
stacking blocks of surfactant brush in leaned lamellar structure. 
After removal of the surfactants, it could generate hierarchically 
structured porous GO-based nanocomposite for energy 
conversion and storage applications. However, the scientific 
analysis with aggressive imagination and deduction is not 
sufficient right now to describe the full-picture mechanism. 
Further investigation should be carried on for this promising 
field by combing fundamental science with technical 
development. 
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Abstract—This paper presents a screen printed piezoelectric mi
energy harvester with a low resonant frequency. The energy 
harvester was optimized with an extend mass, which reduces the 
resonant frequency and tip displacements of the device within a 
limited space. The fabricated device has dimensions of 
10mm×9mm×0.5mm and has a resonant frequency of 262Hz. It 
produced an average output power of 0.37µW when excited at a 
sinusoidal vibration with amplitude of 4.9m·s-2 (RMS) and its 
resonant frequency. The design was simulated using ANSYS coupled 
field analysis and the experimental results match the simulation 
results with a difference less than 8.4%. 

I. INTRODUCTION 

RECENT development in piezoelectric micro energy harvester

has seen its resonant frequency being reduced from kHz to a range 
between 100 and 300Hz [1][2][3]. Vibrations with frequencies 
within this range are widely available in environment, which 
makes low frequency micro energy harvesters more useful in 
practical applications.  

Morimoto et al. [1] reported a piezoelectric energy harvester 
composed of c-axis-oriented (PZT) films transferred onto stainless 
steel cantilevers. A 2.8µm thick PZT film was epitaxially grown 
on Pt/MgO substrates using RF-magnetron sputtering and 
transferred to 50µm thick stainless steel cantilevers. This device 
had dimensions of 18.5×5mm² and had a resonant frequency of 
126Hz. Its output power was 5.3µW under a vibration of 5m·s-2. 
Stoppel et al. [2] fabricated a piezoelectric energy harvester using 
MEMS processes. The device had a 2µm thick AlN layer 
deposited on a 200µm SOI wafer. The total dimensions were 
5×7.2mm². It had a resonant frequency of 259.8Hz and an output 
power of 1.9µW when excited at vibrations of 1.6m·s-2. Lei et al. 
[3] presented a micro PZT energy harvester that was fabricated 
using the combination of MEMS and screen printing processes. A 
27µm thick PZT film was printed on a pre-processed silicon 
wafer. The resulting device has an average resonant frequency of 
333 Hz and its output power was measured as 39.3µW at 9.8m·s-2. 
Fabrication in the above research all somehow involved MEMS 
processes which are more expensive compared to screen printing 
processes. 

This paper presents a piezoelectric micro energy harvester with 
an extend mass. It has a resonant frequency lower than 300Hz and 
was fully fabricated using the screen printing processes, including 
the inertial mass. A coupled field analysis was carried out to 
model the design and simulation results were used to compare 
with the experimental results. 

II. DESIGN AND FABRICATOIN
A T-shape piezoelectric energy harvester was designed in 

previous research to condense the proof mass along the direction 
of the width rather than the span of the cantilever so that the tip 
displacent can be reduced for low profile applications [4]. To 
further reduce the resonant frequency without increasing the tip 
displacement, a structure with extened mass was designed. The 
mass is extend from the arms of the T-shape strucutre towards the 
fixed end of the cantilever as shown in Fig. 1. 

Mass

9

10

4.8

2

0.2

3.5 3.5

PZT 
beam

Unit: mm

Fig. 1.  Piezoelectric energy harvester with extended mass. 

The designed piezoelectric energy harvester has a bimorph 
structure as shown in Fig. 2. Designed thickness of each layer 
was marked in the figure and such dimensions results in a 
resonant frequency of 286Hz. The thicknesses in brackets are 
values measured in the fabricated device that will be discussed 
later. 

Dielectric layer: 20 mm 
(18mm)

Electrodes: 10 mm 
(8mm)

PZT layer: 60 mm 
(60 mm)

Substrate: 50 mm 
(52 mm)

Mass: 200 mm"
(240 mm)

Fig. 2.  Cross section through the bimorph piezoelectric energy harvester. 

The substrate material is 430S17 stainless steel which was 
chosen because it is compatible with the firing temperature 
required by the screen printable pastes. The lead zirconate titanate 
(PZT) printable paste used in this work was based upon a 
piezoelectric ink formed by blending PZT-5H powders of 
different particle size [5]. Other pastes used in the generators 
were commercially available and supplied by Electro-Science 
Laboratories Inc. These were an insulating dielectric (ESL4924), 
a gold conductor for the bottom electrodes (ESL8836) and a 
silver polymer paste (ESL1901-S) for the top electrode. A 
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bespoke high density tungsten based printable paste was used to 
form the inertial mass so that the devices are able to be 
fabricated completely using the screen printing process [6]. The 
resulting film density is 9550 kg·m-3. The total mass is around 
0.3 gram. Fig. 3 shows a batch of screen printed piezoelectric 
micro energy harvesters with extended masses.  

Fig. 3. A batch of screen printed piezoelectric micro energy harvesters. 

Polarisation of the PZT layer was achieved by simultaneously 
heating the devices and applying an electric field across the top 
and bottom electrodes. An electric field of 6 MV·m-1 was 
applied and the samples were heated to 200 °C. The field was 
maintained for 50 minutes comprising 30 minutes poling at 200 
°C and 20 minutes cooling down. The resulting d33 coefficient 
was around 100 pC/N. Fig. 4 compares the size of the 
piezoelectric micro energy harvester with a one-penny coin. 

Fig. 4.  Size of a screen printed piezoelectric micro energy harvester. 

III. EXPERIMENTAL RESULTS
The energy harvester was tested on a shaker (Labworks ET-

126) with a programmable resistance box and a PC with 
LabVIEW software collecting the data. The design was modeled 
in ANSYS with direct coupled field analysis between the 
mechanical and piezoelectric domain. Together with coupled 
physics circuit simulation in ANSYS, the performance of the 
piezoelectric energy harvester can be fully simulated. Details of 
this simulation method can be found in [7]. 

Fig. 5. RMS open circuit voltage of the energy harvester (excited at 4.9m·s-2). 

In all tests presented in this paper, the energy harvester was 
excited at a sinusoidal vibration with amplitude of 4.9m·s-2 
(RMS). The two PZT layers were connected in parallel. Fig. 5 
compares the simulation and test results of the RMS open 
circuit voltage of the device. It shows that the actual resonant 
frequency (262Hz) is 8.4% lower than in the simulation 
(286Hz). This is because the actual thicknesses of the layers are 
slightly different from the target values as shown in Fig. 2. Fig. 

6 shows its output power when the harvester was connected to 
various resistive loads and Fig. 7 shows the output power at the 
optimum load resistance. It was found that the measured 
optimum load resistance (290kΩ) is just 7.4% off the simulated 
optimum load resistance (270kΩ). Furthermore, the maximum 
output power in the test (0.378µW) matches the output power in 
the simulation (0.382µW) with a difference of only 1%.   

Fig. 5. Average output power of the energy harvester with various resistive loads 
(excited at 4.9m·s-2). 

Fig. 6. Average output power of the energy harvester when connected to the 
optimum resistive load (excited at 4.9m·s-2). 

IV. CONCLUSIONS AND FUTURE WORK
A piezoelectric micro energy harvester with dimensions of 

10mm×9mm×0.5mm was fabricated using low cost screen 
printing processes. An extended mass was designed resulting in 
a resonant frequency of only 262Hz. The experimental results 
match the ANSYS simulation with reasonable differences. 
However, the output power of this energy harvester is still low. 
Future work will include optimizing the design for a higher 
output power and designing the power conditioning circuit for 
the improved energy harvester. 
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Abstract— Extreme low power systems can be powered by small 
energy harvesters. The use of an hybrid energy harvester, composed 
by a nonlinear bi-stable piezoelectric cantilever and solar cell, can 
give the advantage of a higher probability of continuous power 
supply. In this way a small wireless sensor has been developed and 
powered. It operates in the 2.4 GHz band. 

I. INTRODUCTION 

The requirement of being extremely low power is becoming a

main issue in the realization of today’s electronics. Wireless 
sensor network are not an exception. An extreme low power 
system can work without batteries simply using an energy 
harvester [4, 5]. In some situations it can be good to have more 
than one power source. For example a hybrid energy harvester can 
be used to convert energy from vibrations and from light.  

Fig. 1 - block diagram of a autonomous wireless sensor node 

Some other circuitries are required to build an autonomous 
wireless sensor node: they are represented in Fig. 1. Generally a 
power conditioning and a voltage supervisor are required to 
convert, to regulate, to store the energy and to determine when to 
turn ON or OFF the electronics respectively. All these devices 
have to be carefully selected to reduce the amount of the quiescent 
current. A microcontroller is used to acquire information from the 
sensors and to control the radio frequency transceiver. 
The advantages of using a nonlinear bi-stable energy harvester and 
how it works will be presented. For example, this wireless sensor 
can be used in all environments where vibrations and or light are 
present: no batteries are required. 

II. VIBRATION ENERGY HARVESTER
A piezoelectric nonlinear bi-stable vibration energy harvester 

has been used to convert the energy of the vibrations into 
electricity. During several tests has been demonstrated that a 
nonlinear bi-stable piezoelectric energy harvester [2] have a higher 

efficiency in energy conversion than a linear one of the same 
sizes and materials. In general real vibrations are wide band 
signals. This means that the energy is spread over tens, hundreds 
or thousands of hertz. A linear oscillator can collect energy only 
from signal at or very close to its resonance frequency. A 
nonlinear energy harvester is a wide band system: in this way it 
can convert more energy. The harvester we propose is composed 
by a piezoelectric cantilever, an inertial mass and two permanent 
magnets as depicted in Fig. 2. 

Fig. 2 - nonlinear bi-stable piezoelectric energy harvester 

III. POWER CONDITIONING
To rectify the randomly variable signals coming from the 

harvester a classical four silicon Schottky barrier diodes bridge 
rectifier has been used. The simple diodes bridge appeared as the 
best solution, especially when the dynamic of the current coming 
from the harvester is order of magnitude larger than its RMS 
value. The coupling with another source (e.g. a solar cell) can be 
made by a fifth diode that prevents the current flows from one 
source to the other. 

The schematic of the circuitry is depicted in Fig. 2. After the 
rectification the voltage is stored in two ceramic capacitors to 
provide first energy storage. A piezoelectric vibration energy 
harvester can produce a voltage that in some situations can reach 
values higher than 20 V and a low voltage capacitor, for example 
a tantalum type, is not suitable for this purpose. 
Then a LDO voltage regulator is used to regulate the voltage: it 
was preferred to a switching type because in several tests 
unpredictable behavior of commercial devices in the OFF-ON 
cycle has been observed. 

A supervisory circuitry is required because the energy 
coming from the harvester is not constant.  So a comparator, a 
voltage reference and a solid state small signal switch are used to 
turn ON or OFF the sensor. The supervisor used is the 
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TPS3836J25 of Texas Instruments: its supply current is 
typically 220 nA. It mainly compares the incoming voltage from 
the regulator to the reference value. Using a FET connected to 
its output pin, the supervisor turns ON and OFF the 
microcontroller and of the radio frequency transceiver 
accordingly to the energy available on the storage medium. A 
small signal N-Channel field effect transistor (MMBF170) has 
been used: its gate-body leakage current is less than 10 nA. The 
supervisor current requirement is around 220 nA. 

 
Fig. 3 - schematic of the power conditioning and voltage supervisor circuitry 
 

IV. TESTS 
The vibrations used for the tests have been recorded from real 
environments using a professional accelerometer: model 7132A 
by Measurement Specialties. They have been reproduced by an 
arbitrary signal generator, for example an Agilent 33522A, and 
a shaker, K2007E01 by The Modal Shop Inc. The recorded 
time series are collected into a public database available through 
the web [3]. A typical time series of the acceleration in a car can 
be seen in Fig. 4 (bottom line). With this kind of vibrations up to 
1 mW of electrical power can be converted using a double layer 
piezoelectric cantilever (sizes 38.2 x 16.7 x 0.8 mm by Mide 
Technology Corporation). The same vibrations, applied to the 
same piezoelectric harvester but in linear condition converts 
around 0.3 mW. The upper line of Fig. 4 represents the voltage 
across a storage capacitor of 1000µF from 0 V up to the desired 
operating voltage of 3.3 V.  
 

 
Fig. 4 - Typical acceleration in a car and capacitor charging 
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I. ABSTRACT 

Energy is increasingly a first-order concern in computer 
systems. Exploiting energy-accuracy trade-offs is an 
attractive choice in applications that can tolerate 
inaccuracies. Recent work has explored exposing this 
trade-off in programming models. A key challenge, 
though, is how to isolate parts of the program that must be 
precise from those that can be approximated so that a 
program functions correctly even as quality of service 
degrades.  In this talk I will describe our effort on co-
designing language and hardware to take advantage of 
approximate computing for significant energy savings. We 
use type qualifiers to declare data that may be subject to 
approximate computation. Using these types, the system 
automatically maps approximate variables to low-power 
storage, uses low-power operations, and even applies more 
energy-efficient algorithms provided by the programmer. 
In addition, the system can statically guarantee isolation of 
the precise program component from the approximate 
component. This allows a programmer to control explicitly 
how information flows from approximate data to precise 
data. Importantly, employing static analysis eliminates the 
need for dynamic checks, further improving energy 
savings. I will describe a micro-architecture that offers 
explicit approximate storage and computation and our 
recent proposal on using neural networks as approximate 
accelerators for imperative programs. I will conclude with 
an overview of our current/future research directions, 
including language extensions for quality-of-result 
specification, programming tools, approximate storage and 
approximate wireless communication. 

II. BIO 
Luis Ceze is an Associate Professor in the Computer 

Science and Engineering Department at the University of 
Washington.  His research focuses on computer architecture, 
programming languages and OS to improve the 
programmability, reliability and energy efficiency of 
multiprocessor systems. He has co-authored over 60 papers 
in these areas, and had several papers selected as IEEE 
Micro Top Picks and CACM research Highlights. He 

participated in the Blue Gene, Cyclops, and PERCS 
projects at IBM and is a recipient of IBM awards. He is 
also a recipient of an NSF CAREER Award, a Sloan 
Research Fellowship and a Microsoft Research Faculty 
Fellowship. He consults for Microsoft Research and co-
founded Corensic, a UW-CSE spin-off company. He was 
born and raised in Sao Paulo, Brazil, where it drizzles all 
the time; he now lives in the similarly drizzly Seattle. When 
he is not working he is found either eating or cooking 
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Abstract—Energy efficiency is now a major (if not the major) concern 
in electronic systems engineering. While hardware can be designed to 
save a modest amount of energy, the potential for savings are far 
greater at the higher levels of abstraction in the system stack. The 
greatest savings are expected from energy consumption-aware 
software. This article emphasizes the importance of energy 
transparency from hardware to software as a foundation for energy-
aware system design. Energy transparency enables a deeper 
understanding of how algorithms and coding impact on the energy 
consumption of a computation when executed on hardware. It is a key 
prerequisite for informed design space exploration and helps system 
designers to find the optimal tradeoff between performance, accuracy 
and energy consumption of a computation. Promoting energy 
efficiency to a first class software design goal is therefore an urgent 
research challenge. This article outlines our vision and first steps 
towards addressing this challenge. 

I. INTRODUCTION 

ENERGY efficiency is now a major (if not the major) concern

in electronic systems engineering. Research initiatives worldwide 
have a strong focus on making systems energy efficient. The EC’s 
FET MINECC programme aims to “lay the foundations for 
radically new technologies for computation that strive for the 
theoretical limits in energy consumption while maintaining or 
even enhancing functionality and performance.” The research 
objectives targeted in this context range from “new elementary 
devices and inter-device-communication mechanisms operating at 
the limits of minimum energy consumption”, “novel computing 
paradigms with radically improved energy efficiency” such as 
“approaches inspired by biology, post-Boolean logics and 
computing under uncertainty, randomness and unreliability as a 
result of low-energy device properties”, to “software models and 
programming methodologies supporting the strive for the energetic 
limit (e.g. energy cost awareness or exploiting the trade-off 
between energy and performance/precision).” This article 
addresses the last of these objectives; it is focused on energy 
transparency, which we regard to be a key prerequisite for new 
energy-efficient software models and software development 
methodologies.  

II. ENERGY-AWARE COMPUTING
Energy-aware computing is a research challenge that requires 

investigating the entire “system stack” from application software 
and algorithms, via programming languages, compilers, instruction 
sets and micro architectures, down to the design and manufacture 
of the hardware, or alternatively bottom up. This is because energy 
is consumed by the hardware performing computations, but the 
control over the computation ultimately lies within the software 
and algorithms, i.e. the applications running on the hardware. It 

has recently become clear that, while hardware can be designed to 
save a modest amount of energy, the potential for savings are far 
greater at the higher levels of abstraction in the system stack. The 
greatest savings are expected from energy-consumption-aware 
software. Experts from Intel [1] estimate that energy-efficient 
software can realize savings that are three to five times of what 
conventional software is achieving. These savings can be made 
purely by software taking better control of the energy-saving 
features of hardware. Our research aims to realize exactly these 
savings - closing the gap that currently exists between software 
and hardware.  

The importance of closing this gap has long been recognized as 
evidenced by the closing statements in an article published in 
1997 on “software design for low power” [2], where the authors 
list five key objectives that “help making software design 
decisions consistent with the objectives of power minimization” 
as follows: “Choose the best algorithm for the problem at hand 
and make sure it fits well with the computational hardware. 
Failure to do this can lead to costs far exceeding the benefit of 
more localized power optimizations. Minimize memory size and 
expensive memory accesses through algorithm transformations, 
efficient mapping of data into memory, and optimal use of 
memory bandwidth, registers and cache. Optimize the 
performance of the application, making maximum use of 
available parallelism. Take advantage of hardware support for 
power management. Finally, select instructions, sequence them, 
and order operations in a way that minimizes switching in the 
CPU and datapath.”  

Addressing the challenge of energy-aware computing clearly 
requires collaboration between researchers vertically over several 
layers in the system stack, so that a deeper understanding of how 
energy is consumed during computation can be gained. The trend 
over the last decades has been to de-couple software engineering 
from the operation of the hardware; this now hinders progress 
when designing software for low-energy systems, for which a 
good fit of the algorithm to the hardware is critically important. 
As a consequence, much of the potential energy saving available 
from power-efficient hardware is wasted.   

III. ENERGY TRANSPARENCY
Energy transparency from hardware to software is the central 

concept that lays the foundation for energy-aware system design. 
It aims to provide information on energy usage of programs 
without executing them, and at different levels of abstraction, 
from machine code to high-level application code. Energy 
transparency is fundamentally at odds with the natural trend in 
modern software engineering - the desire to abstract away 
machine-level details using high-level languages, abstract data 
types and classes, and sophisticated libraries that require layers of 
interpretation or compilation, in the interests of portability, 
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understandability and software reuse across hardware platforms. 
By contrast, energy transparency requires making visible how 
algorithms and their encoding in software impact on the energy 
consumption of a computation when executed on hardware. 
Availability of this information enables early design space 
exploration. It helps system designers to find the optimal 
tradeoff between performance, accuracy and energy usage of a 
computation. Energy transparency enables the promotion of 
energy efficiency to a first class software design goal. 

To achieve energy transparency, models of how energy is 
consumed during a computation are required. Such models can 
in principle be established at different levels of abstraction, 
ranging from models that characterize individual functional 
hardware blocks (e.g. [3]), via Instruction Set Architecture 
(ISA) specific characterization models (e.g. [4], [5] and [6]), to 
models that aggregate hardware energy consumption values at 
intermediate representations used by the compiler tool chain 
(e.g. [7]). The process of establishing these models involves 
developing a representative set of test cases, executing these on 
a hardware test harness that includes a power consumption 
monitoring system, and attributing the measurements obtained 
to the respective model elements.  

The final energy models, irrespective of their level of 
abstraction, provide information that feeds into static resource 
usage analysis algorithms, such as [8], where they represent the 
resource usage of elementary parts of the computation, e.g. 
program operations including library procedures, or usage of 
hardware blocks. Static resource usage analysis techniques can 
then be performed on a representation of a program that 
matches the one used in the energy model. The analysis 
traverses the representation and infers upper and lower bounds 
on the resource usage of the computation, expressed in terms of 
a function on several parameters of the input data (e.g., size), 
and the hardware platform where they are intended to be 
executed (e.g., clock frequency and voltage).  

It is important that a good trade-off is found between the 
simplicity of the models, which improves the efficiency of the 
analysis, and the accuracy of the models, which improves the 
accuracy of the global analysis. Today, a large number of 
fundamental research questions need to be investigated, and 
numerous practical challenges need to be overcome, before 
energy transparency can become an integrated part in electronic 
system design. A future, where software developers have an 
intuitive understanding of how much energy is consumed by the 
programs they write, where instant feedback can be given to 
developers on how “hot” or “cold” their code is, is a vision that, 
in our opinion, is realizable. It forms the basis for energy-
efficient computing from hardware to software, over the entire 
system stack, and enables system designers to “strive for the 
energetic limit.”      

IV. ESTABLISHING THE LIMIT
The question of what constitutes the limits of energy 

consumption of computation is an important one generally, and, 
in the context of optimizing software for energy efficiency, 
particularly. Considerable research effort is being invested into 
finding the theoretical limits of energy consumption of 
computation, thus establishing the basic physical properties of 
information processing. To realize the considerable savings that 
are expected from energy-efficient software, determining the 

practical limits is no less important. 
This necessitates investigating the minimum energy 

consumption that can be achieved for a given computation by 
optimal utilization of a target hardware platform. Finding this 
limit may require manual tuning of application code and manual 
configuration of the hardware; the remaining challenge is then to 
develop techniques that optimize and configure the system to 
reach this limit fully automatically. In practice, there are vast 
numbers of optimizations, different computer architectures, 
hardware configurations, e.g. in terms of memory/cache size, 
supply voltage and clock frequency, power management systems 
and manufacturing technologies with different physical 
properties, all influence the energy consumption during 
computation. In modern multi-core and distributed systems, the 
major cost of a computation is caused by data communication, 
not the computation itself. Fundamental research is needed to 
fully understand the impact of communication on the energy 
consumption of a computation, and to determine how to exploit 
this knowledge to save energy. For instance, in some cases, 
moving the program to the data is more energy efficient than 
moving the data to the program. Energy transparency aims to 
make all these effects visible; it is therefore a critical step to 
establish the practical limit and crucial to enable automatic 
optimizations for energy-efficient software, as well as dynamic 
scheduling of resources, so that energy usage, performance and 
accuracy are optimally balanced.   

It is the vision of the Whole Systems ENergy TRAnsparency 
(ENTRA) project (http://entraproject.eu) to enable energy-
efficient system design, especially energy-efficient software 
engineering, through resource usage analysis, verification and 
optimization, both during code development and at runtime, 
based on whole-system energy transparency.  
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