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Abstract—We provide an outlook of some important state vari-
ables for emerging nanoelectronic devices. State variables are phys-
ical representations of information used to perform information
processing via memory and logic functionality. Advances in mate-
rial science, emerging nanodevices, nanostructures, and architec-
tures have provided hope that alternative state variables based on
new mechanisms, nanomaterials, and nanodevices may indeed be
plausible. We review and analyze the computational advantages
that alternate state variables may possibly attain with respect to
maximizing computational performance via minimum energy dis-
sipation, maximum operating switching speed, and maximum de-
vice density.

Index Terms—Logic, memory, molecular electronics, nanode-
vices, nanoelectronics, nanotechnology, spintronics, state variable.

I. INTRODUCTION

S ILICON-BASED electronics makes up a large part of the
essential infrastructure responsible for mankind�s advanced

development and sophistication as is known today. Beginning of
electronic component advances started at the turn of the twenti-
eth century with vacuum tubes, transistor devices in 1940s, and
then moved to ICs based on transistor�transistor logic (TTL)
in the 1960s. Today, CMOSs have become the technology of
choice for ICs. CMOS scaling has proceeded for over 25 years,
and now with the industry approaching below-32-nm nodes,
some basic questions regarding the competitiveness, function-
ality, and performance limits of CMOS and charge-based elec-
tronics are being revisited.

Most of today�s charge-based information processing is based
on Boolean logic, i.e., 1 or 0. For Boolean computation to occur,
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a physical state variable must be able to reside in two distin-
guishable states, be controlled between states (write), read, and
initialized in a de�ned state (erase). In addition, information is
also required to be transmitted from one physical location to
another. This simpli�ed scheme is fundamental to general com-
putation used in everyday applications such as word processing,
gaming, and multimedia. Computer users executing these ap-
plications generally demand maximum computer speed (time
to perform a function), minimum physical area/volume (high
device density per area), minimum computation errors (relia-
bility), minimum energy dissipation (reduced heat dissipation),
and maximum value [dollars per device or dollars per micropro-
cessor without interlocked pipeline stages (MIPS)]. Optimizing
one parameter typically comes at a cost of trading-off another.
The reality, however, is based on limits set by materials (such as
thermal conductivity, defects, mobility, dielectric constant, and
saturation velocity), devices (such as gain, fan-out, and parasitic
effects), and manufacturing processes (such as yield, critical di-
mensions, and line width roughness).

Alternatives that could possibly offer bene�ts beyond charge-
based CMOS are continually being explored. Some successful
examples of alternative state variables beyond charge-based de-
vices include magnetism (magnetic domain) used in magnetic
data storage, chalcogenide-phase-change-based memory used in
CDs/DVDs, and photon-based communication used for broad-
band applications. However, in all cases, information is trans-
ferred back to the electrical domain where nearly all of the
information processing takes place today, and as such, this is
an area where new state variables with superior characteristics
would have maximum impact. This paper will highlight some
state variables that are extensively being explored to replace
charge-based electronics for either memory, logic, or intercon-
nect applications. We look at an optimistic scenario with respect
to performance parameters such as switching speed, density,
and power dissipation, and conclude by assessing the state vari-
ables toward the common charge-based variable (device) in a
2-D architecture. This paper limits the discussion to: 1) irre-
versible computation where, as in most practical situations, a
complete history of each operation cannot be maintained (re-
quired for reversible computation) and 2) the system being in
thermal equilibrium with the surrounding environment.

II. ELECTRON CHARGE

Silicon-based electronics, commonly referred to as electron-
charge-based electronics, can be fundamentally considered as
a variable that is able to alter between various states of
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electron population (charging/discharging of capacitance). A
simple charge-based switch can be approximated as a capaci-
tor. The energy dissipated in charging and discharging (one full
cycle) a capacitor C is given by Edissipated = CV 2 = NqVDD .
The supply voltage VDD is at about 1.1 V in today�s 90-nm
node ICs. If we look forward to the 2020 time frame, the In-
ternational Technology Roadmap for Semiconductors (ITRS)
expects VDD to reduce down to 0.7 V [1]. As CMOS scaling
proceeds, the number of electrons N involved in a switching
event will also decrease. In the ultimate case, but not necessar-
ily a practical one, only one electron would need to be switched
to represent 1 bit of information (N = 1), which would reduce
the energy dissipation to only qVDD , which, in this case, is
directly a function of VDD . It has been shown in numerous
studies that the fundamental minimum switching energy dis-
sipated for a single electron in equilibrium with the thermal
bath is kT ln 2 = 0.017 eV, as illustrated by the Landauer�s
bistable potential well method [2]�[4], Shannon�s channel ca-
pacity theorem [5], the ideal MOSFET model [6]�[8], and via
thermodynamic derivations [8]�[10]. It is well accepted that
kT ln 2 is indeed the theoretical minimum energy dissipation
of an electron, based on the condition that the switching time
�switch � T1 , where T1 is the electron energy relaxation time.
To put this into perspective, silicon has a relaxation time T1 of
about 1 ps, representing a 1-THz operating frequency [11]. The
ITRS community anticipates on-chip local clock frequencies
to asymptote to about 73 GHz (2020) [1], while experimental
FET structures today report speeds coming close to 1 THz [12].
Practically, however, it is expected that IC clock and bus speeds
will not come close to the operating speeds of discrete MOSFET
devices, primarily due to the RC time constant of on-chip in-
terconnects. However, although high switching speeds typically
translate to an increased bit throughput, the tradeoff is that de-
vice (and interconnect) in which energy dissipation increases
rapidly. Energy dissipated during a single-electron switching
cycle between two discrete energy levels could be represented
as Edissipation = �T1/2 + kT ln 2, where � = qVDD/�switch .
This formula is derived from analysis of the evolution of a
generic two-level quantum switch connected to the heat bath
from the completely mixed to the de�nite state [13]�[15]. Such
a process can describe the simplest information irreversible gate
such as RESTORE TO ONE.

According to the ITRS [1], a single MOS transistor will be
capable of operating at a frequency of 12.5 THz, corresponding
to 0.08 ps switching time, which is faster than the 1-ps electron
relaxation time in Si. However, one should note that the energy
stored in the gate capacitances in conventional CMOS ICs is
mostly dissipated in the resistance of the clock and drive metal
interconnects, where relaxation times are as fast as 10 fs. It is
interesting to note that even for quantum nanodevices with bal-
listic transport, heat dissipation still occurs at the contact points.
This thermodynamically de�ned heat is generated in the classi-
cal reservoirs over the length having a physical meaning of the
electron mean free path [16]. The most signi�cant performance
parameter of a logic gate is the average power that it dissipates
in order to operate at the maximum clock rate. Fig. 1 illustrates
the substantial increase in energy dissipation as a result of faster

Fig. 1. Energy dissipation versus switching time for different energy separa-
tion (different error rates). The energy dissipation increases exponentially and
the dynamic term dominates beyond 32 GHz.

switching and the tradeoff that relates VDD , switching speed,
and energy dissipation. Based on the 2020 ITRS projections
where VDD = 0.7 V and on-chip frequency is expected to come
close to 73 GHz, the fundamental energy dissipation is expected
to approach 2.5kT ln 2 per electron per switch cycle. Ultimate
device energy dissipation most likely will be higher than 2.5kT
ln 2 per electron considering various tunneling and thermal exci-
tation events that contribute to nonzero static power dissipation.
The industry is already discomposed by leakage currents from
source�drain and gate�drain tunneling, making static power dis-
sipation comparable to the dynamic power component [17].

Regarding device size, analysis based on the MOSFET de-
vice and structure limitations consisting of tunneling, dopant,
and voltage threshold variation limitations estimates an ultimate
CMOS scaling gate length of about 10�5 nm [1], [17], [18]. To
estimate the ultimate density of the electron-based logic de-
vices in semiconductor realization, one can proceed with a sim-
ple electron in a well model. Quantum mechanics immediately
gives an answer for the smallest switch size. For the quantum
well in one and two dimensions, there is always a bound state.
However, for the quantum well in three dimensions with a �nite
energy barrier, the existence of the bound state is governed by
the relation between the well width a and energy barrier height
Ebarrier , and the minimum size of the well for the given barrier
height is given by a = �flh/2

�
2Ebarrierme� . This is an ultimate

limit; therefore, for reliable device operation at a �nite temper-
ature, one would practically require the quantum well width to
be larger. For the typical energy scale in a semiconductor of
order of 1 eV and the electron effective mass of me� = 0.2me ,
where me is a free electron mass, one can estimate the minimal
possible well size of 0.3 nm and a corresponding integration
density of roughly 1/a2 � 1013 devices/cm2 .

Other estimates invoking Heisenberg uncertainty relations
provide a gate (barrier) length of about 1.5 nm (electron in a
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Fig. 2. Two-level single-spin system. To achieve distinguishability between
up and down spins, an external B �eld is required to achieve a Zeeman splitting
of greater than kT ln 2.

well model) [9], while others consider that the ultimate limit
is restricted by the fundamental building blocks of matter
such as the size of an atom [19]. Assuming the latter (sin-
gle atom and ignoring interconnection area requirements), and
also that Boolean information is to be represented by altering
charge population within a physical system consisting of two
bound atoms, such a scenario will occupy an area of about
0.08 nm2 , achieving a density above 1014devices/cm2 . Con-
sidering the case where �switch = 1 ps with a corresponding
dissipated energy of a full switching cycle of 2 × 1.5kT ln 2
(VDD at the rate of 0.017 V, as shown in Fig. 1), total dissipated
power would approach the megawatts-per-square-centimeter
range. Such optimistic calculations immediately attract practical
questions such as which device can switch charge populations
controllably between two atoms? How would they be connected
to the external world? And, what type of cooling methods (if
any) could possibly accommodate �ux in the megawatts-per-
square-centimeter range?

III. SINGLE SPIN

Other than representing information by the presence/absence
of electrons, electrons also possess intrinsic angular momentum,
more commonly known as spin. Spin is the fundamental build-
ing block of magnetism, and as such, invoke on demand electron
spin orientation that requires a magnetic �eld B to be generated
to manipulate splitting between energy levels, which could be
done via spin�orbit (SO) coupling or by an external magnetic
�eld. An applied magnetic �eld produces a Zeeman splitting
of magnitude �E = gµB, where g is the electron g-factor and
µ is the Bohr magneton. The energy levels split symmetrically
with a separation of �E and relax after T1 , having energies
–�E/2, as shown in Fig. 2. This situation is very similar to elec-
tron charge where distinguishability must exceed the thermal
noise minimum of kT ln 2. Other than coupling differences, the
single-spin scenario mimics power considerations for electron
charge, as presented previously, where the total energy dissipa-
tion of a single electron equates to Edissipation = 1/2�T1 + kT
ln 2. In addition to the dissipated energy of the single-spin
system, concern exists regarding the relatively large exter-
nal magnetic �elds (155 T) required to achieve single-spin
Zeeman splitting [20].

The dynamic behavior of single-spin switching is different
since the switching process does not depend on moving carri-
ers, but is limited by the spin�s (electron or hole) relaxation time

(the time it takes for spin orientation to relax to its equilibrium
state). Similar to the electron relaxation time in the momentum
space, the spin relaxation time is dependent on the SO cou-
pling properties of the material. The shortest spin relaxation
time is estimated to be about 1 ps associated with holes that
have stronger SO coupling, while electrons can reach up to sev-
eral hundred nanoseconds to microseconds when the coupling is
weaker [21]. To gain the bene�ts of spin-based systems via min-
imizing scattering events, electron motion is typically required
to be at a minimum. The smallest single-spin element/device
could conceptually be a single atom, and hence, potentially be
capable of device densities > 1014 devices/cm2 , which if op-
erated at minimum power dissipation (2 × 1.5kT ln 2) at 1 ps
would dissipate power in the range of megawatts per square cen-
timeter, very similar to the extreme case of electron-charge, as
discussed previously. However, unlike electron charge, single-
spin reading and writing techniques are still in their infancy.
Some single-spin-coupling regimes include magnetic resonance
force microscopy (MRFM) [22], scanning tunneling microscopy
(STM) [23], detection via use of an FET [24], and quantum dot
and quantum point contact arrangements [25]. Practical room-
temperature examples of single-spin information processing are
yet to evolve, but a path toward single-spin quantum cascades for
information processing and logic is indeed evolving [26], [27].
From a device perspective, unlike the FET (charged-based de-
vice) that performs both switching and ampli�cation for sig-
nal restoration, single-spin device concepts are far from ex-
hibiting gain that is essential in sequential logic applications,
and hence, at this stage, single-spin state variables seem to be
more suitable as memory elements.

IV. SINGLE DOMAIN

A single domain consists of various spins that make up a
region of aligned spins called a spin domain. The collective be-
havior of a spin domain differentiates it from the single-spin ex-
ample discussed previously, primarily due to indirect exchange
coupling that causes spins to interact and mass-align in a polar-
ized fashion. The stability achieved from this collective behavior
has enabled the long-term success of magnetic media storage.
The smallest single-domain size is predominantly dependent
on the materials stability with respect to the thermal bath kT.
In designing usable memory devices, materials typically re-
quire a uniaxial magnetocrystalline anisotropy Ku , such that
KuV/kT � 50�70, where V is the volume. With decreasing
volume, the magnetic anisotropy energy per domain responsi-
ble for preserving the directionality of the magnetic moment
becomes comparable to the thermal energy. When this happens,
the thermal �uctuations induce random �ipping of the magnetic
moment, and with time, cause the loss of stable magnetic order,
thereby becoming superparamagnetic. For Co, the superparam-
agnetic limit is about 10 nm [28] and for FePt, which is known as
a �high-Ku material,� it is about 3 nm [29]; it is potentially pos-
sible to achieve densities >1012bit/cm2 . As a comparison, the
current limit placed on recording media density set by industry
is at about 1011bits/cm2 .
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Extending from the previous single-spin-power calculations,
one would expect that since there are N spins now in a spin do-
main, the total energy dissipation of a single-spin domain would
be Edissipation = N(1/2�T1 + kT ln 2). This would be the case
if the B �eld is in the z-direction. However, numerical simula-
tions from Salahuddin and Datta show otherwise [30]. Based on
�-pulsing (magnetic �eld perpendicular to the spin direction),
a single domain can be considered to act as a single spin. As a
result, Edissipation potentially could be the same as for the single-
spin case. In terms of dynamics, speeds of single-domain-spin
switching are at about 200 ps [31], but less than 10 ps have been
reported [32] in the case where large external magnetic �elds
are used (up to 10 T). Since a single domain cannot be switched
as fast as a single spin and requires increased area/volume to
maintain stability, maximum power dissipation is expected to be
in the range of about kilowatts per square centimeter. Neverthe-
less, magnetic domains are easier to implement than integrating
a single spin due to more relaxed dimensional controls. As one
would expect, however, scalability will ultimately be determined
by the material�s superparamagnetic limit that is dependent on
material volume and uniaxial magnetocrystalline anisotropy.
Nevertheless, the scienti�c community continues to push these
limits by exploring unique spin-domain characteristics in new
device concepts such as magnetoresistive RAM (MRAM)
and spin-torque-transfer-based RAM technology (STT-RAM).
Another novel spin-domain-based memory is the racetrack
memory in which magnetic domains are used to store infor-
mation in tall columns of magnetic material arranged perpen-
dicularly on the surface of a silicon substrate [33]. Regarding
logic applications, magnetic logic devices have not kept pace
with their memory counterparts. The few examples that exist
are in their infancy, which include magnetic quantum cellular
automata [34], [35] that relies on magnetic domains in single-
domain regime and spin switches that rely on paramagnetic-to-
ferromagnetic phase transitions [36], [37]. But it is interesting
to note that both approaches increase functionality by having
the ability to function as both logic and memory elements.

V. SPIN WAVES

Spin waves, otherwise known as magnons, are collective os-
cillations of spins in a spin lattice around the direction of mag-
netization. The coherence length of the spin waves may ex-
ceed tens of micrometers at room temperature [38], [39], which
makes spin waves an attractive candidate for application in logic
devices. Spin waves can be used to transmit information among
spin-based cells and achieve logic functionality exploiting wave
interference [40]. The �rst working spin-wave-based logic gate
was experimentally demonstrated by Kostylev et al. [41]. Using
the spin wave as a state variable, a bit of information can be
encoded into a phase of the spin wave. For example, logic state
1 and 0 can be assigned to two phases 0 and �, respectively.
In order to make a logic switch, one has to make the �-phase
shift of the propagating spin wave. This can be achieved by
modulating the local magnetic �eld created by electric current
in the conducting substrate [41]. Depending on the magnitude
of the electric current, the spin wave receives a phase shift

that can be calculated taking into account spin wave disper-
sion, �� =

� l
0 [k(Hext) � k0 ]dz, where k0 is the spin wave

vector without magnetic �eld, k(Hext) is the modi�ed wave
vector under the applied magnetic �eld, and l is the waveg-
uide length. The total energy per switch, in this case, can be
estimated by taking into account the energy required to pro-
duce the external magnetic �eld by an electric current. For a
simple geometry (circular loop of radius R), and for the dis-
tance to the ferromagnetic �lm much less than the loop radius,
i.e., d � R, the strength of the magnetic �eld produced by
the current in the loop is given by Hext � Iext/2�R, where
Iext is the electric current. Thus, the energy per modulation is
given by Eswitch = (2�RHext)2Z/�spin wave , where Z is the
loop impedance. For conducting ferromagnets such as NiFe or
CoFe, an external magnetic �eld of 20�50 Gs is required for
�-phase modulation [42]. Taking R = 1 nm, Z = 50 �, and
�spin wave = 10 GHz, we estimate the energy per switch to be
from 10�18 to 10�19 J. The ultimate energy dissipation limit
for phase modulation could be less. Potentially, the modulation
energy could be reduced by employing ferromagnetic materials
with low coercive force and by introducing alternative physical
mechanisms such as spin wave coupling with multiferroic mate-
rials. In all cases, the switching time is de�ned by the spin wave
period T = 2�/�spin wave and is directly related to the spin wave
frequency. The energy of a spin wave carrying 1 bit of informa-
tion can be estimated as follows: Esw = µ0 �MHextV , where
�M is the magnetization change (spin wave amplitude) caused
by the external magnetic �eld of strength Hext and V is the ma-
terial volume. The equation is similar for magnetic domain-wall
logic [43], except that the magnetization change produced by a
spin wave is much less than the saturation magnetization Ms ,
�M � Ms . The energy of a spin wave may be close to kT,
regardless of the material volume. One important feature of the
spin-wave-based circuitry is that the main power dissipation may
not occur in the ferromagnetic waveguide, but in the external
electric contour that modulates the magnetic �eld. Fig. 3 shows
the results of numerical simulations on energy dissipated per
switch in a ferromagnet (internal) and the magnetic �eld gener-
ating contour (external). In the ultimate limit of fast switching
(switching time much shorter than the spin wave relaxation time
in the given material, i.e., �spin wave�damping � 1), all power
will be dissipated in the conducting wires. The ratio of the in-
ternal and external dissipated energies depends on the strength
of coupling among the source of magnetic �eld and the spin
waveguide. The projected power dissipation varies for differ-
ent magnetic �eld source con�gurations, but does not exceed
100W/cm2 . A fundamental drawback inherent to the spin wave
is its relatively low spin wave velocity at about 105 m/s, resulting
in time delay for signal propagation. A limiting scaling factor is
the spin wavelength �spin wave , and hence, an elementary spin
wave logic gate has to be at least one wavelength long. In deter-
mining the most optimistic density limit, one can assume it to
be an array of magnetic ions having a diameter of 0.1 nm and
a spacing of 0.1 nm (to the nearest neighbor), and their asso-
ciated length being equal to �spin wave at about 0.25 µm. For a
two-input logic gate and single output, ultimate device density
is foreseen to be about 109devices/cm2 .

Authorized licensed use limited to: IEEE Xplore. Downloaded on February 11, 2009 at 14:26 from IEEE Xplore.  Restrictions apply.



70 IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 8, NO. 1, JANUARY 2009

Fig. 3. Numerical simulations showing energy dissipated per switch in a spin
wave modulator. The results do not present the fundamental limit but the general
trends for power dissipation in the ferromagnetic waveguide (internal: lower
curve) and in the magnetic �eld generating wires (external: upper curve). The
higher the modulation magnetic �eld, the shorter the switching time, and the less
energy is dissipated due to the magnon�phonon and other scattering processes
in the ferromagnetic �lm. At the same time, the increase of the modulation �eld
implies an increase of the magnetic �eld generating electric current and increase
of the Joule heat dissipated in the conducting wires.

VI. MOLECULAR MOVEMENT AND CONFORMATION

Of ever growing interest and fascination are molecular-
based devices for beyond-CMOS augmentation [44]. Molecular
switches, such as bistable rotaxanes, constitute a state variable
for which information storage relies on physical changes of
the molecule [45]�[48]. The bistable, redox-switchable rotax-
anes that have been utilized in nanowire crossbar memory de-
vices consist of a tetracationic cyclophane, cyclobis(paraquat-
p-phenylene) (CBPQT4+ ), encircling a linear rod component
containing �-election-rich tetrathiafulvalene (TTF) and 1,5-
dioxynaphthalene (DNP) units, and terminated by bulky stop-
pers at each end (Fig. 4). At equilibrium, the CBPQT4+ ring
exhibits a 9:1 preference for encircling the TTF rather than the
DNP unit. The �rst two oxidation processes of the molecule
remove electrons from the TTF �-system, resulting in the se-
quential formation of the TTF radical cation (TTF+�) and di-
cation (TTF2+ ), respectively. Coulombic repulsion between the
TTF+� and CBPQT4+ induces the ring to move to the DNP
site. Thus, the ionization potential of the rotaxane molecule
constitutes the minimum energy required for information stor-
age, i.e., one electron per molecule at the voltage at which
the redox event occurs (energy diagram presented in Fig. 5).
For recently reported bistable rotaxanes [49], this oxidation
process occurs at about 0.8 V, corresponding to an activation
energy of 1.2 × 10�19 J/molecule. Because information stor-
age is based on the nanoscopic movement of atomic nuclei
along the length of the molecule, the rate of maximum switch-
ing process is fundamentally limited by the frequencies of the
relevant vibrational modes of the compound, giving a mini-
mum switching speed of about 0.1 ps. Local minima on the
oxidized potential energy surface could further slow this rate
that could practically limit experimental molecular devices sev-
eral of orders magnitude slower. The current bistable rotaxane
molecules occupy a 73 � �A2 footprint [50], and can, in theory,
be scaled beyond 1012 devices/cm2 . Such optimistic limits are
indeed realizable considering the recently demonstrated cross-

bar platform incorporating bistable self-assembled rotaxanes at
a density of 1011 devices/cm2 [51]. Considering the most op-
timistic estimates of energy, speed, and density limits, devices
based on linear molecular motion scaled to these ultimate limits
would dissipate power beyond megawatts per square centimeter.
Again, for this to be at all possible, a tradeoff between power
dissipation and density would have to be made to ensure that the
molecules operate within acceptable temperature margins and
switching speeds, and in addition, would need to be supported
by negligible parasitic effects within the supporting architecture.

Unlike the rotaxane molecule that switches in a linear fash-
ion, other molecules also have a bistable rotational mechani-
cal movement. These switches are sometimes called nanomo-
tors [52] or nanopropellers [53]. Also note that other than using
redox to �switch� the molecule, other methods such as exploit-
ing a molecules dipole moment in the presence of an electric
�eld has also been proposed [54]. Another fascinating group of
molecules being considered for logic switches are metal com-
plexes. Metal complexes of copper and nickel can have different
geometries in different oxidation states, and different conforma-
tions can be used as a state variable such that the metal center can
be used to drive intrarotational motion. As an example, consider
nickel carborane complexes. In order to affect the switching be-
havior in a device, the orientation of the ligands on the metal
complexes can be altered, thus modulating the tunneling current
through the device. The electrochemistry of nickel carborane is
accompanied by a change in the orientation of the two carborane
cages. In the Ni(III) complex, the carbons in the cage are tran-
soid with respect to each other, and in Ni(IV), they are cisoid, as
shown in Fig. 6. The potential energy surfaces computed for this
rotation in a simpli�ed complex show that the potential energy
minima for the two different oxidation states occur at different
rotational coordinates, thus giving a driven rotational motion
(Fig. 7). The energy required for a 130� rotation has been deter-
mined by cyclic voltammetry to be 0.66 eV [55]. The switching
rate in the molecules is limited by the vibrational frequency of
the rotational mode. For the nickel carborane complex, Ra-
man spectroscopy shows the frequency of this mode to be
63 cm�1 , which equates to an upper theoretical switching speed
limit of approximately 0.5 ps. The molecule has a footprint of
1 nm × 1.5 nm = 1.5 nm2 , providing a maximum device den-
sity up to about 1012 devices/cm2 . However, unlike the solid-
state demonstration of the rotaxane molecules, the metallacarbo-
rane molecules� solid-state switching ability still remains to be
veri�ed.

Using molecules as a state variable is considerably dif-
ferent from, say an electron or a spin, due to their
characteristic weight and size, in that they are substan-
tially physically larger and heavier. This difference is par-
ticularly germane for memory applications where storage
time can be estimated from the Wentzel�Kramers�Brillouin
(WKB) theory as �store � 1/Ptun = exp

�
2
�

2m/flh(a
�

Eb)
�
,

where m is the molecular mass, Eb is the barrier height,
and a is a constant. For logic device implementations,
molecular-memory-based devices are expected to be practi-
cally slower than electron or spin implementations due to
the larger m for molecules (although the maximum vibration
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Fig. 4. Rotaxane molecule. (a) Structural formula of a representative bistable rotaxane used in molecular electronic devices. (b) Switching mechanism of a
rotaxane molecule. In the OFF (ground) state, the tetracationic CBPQT4+ ring encircles the electron-rich TTF unit. Oxidation of the TTF unit produces its dication
(TTF2+ ), which results in Coulombic repulsion of the CBPQT4+ ring to the neutral DNP site. Two electron reduction of the TTF2+ back to its neutral form
results in a metastable ON state in which the CBPQT4+ has not yet returned to the more favorable TTF station.

Fig. 5. Energy diagram of the bistable rotaxane switching process. At equi-
librium, the bistable rotaxane molecules exist in the OFF co-conformation (with
a selectivity determined by G). Oxidation of the molecule changes the potential
energy surface (upper trace) to one with a single local minima corresponding to
the ring position of the ON state. Reduction back to the lower potential energy
surface results in the exclusive formation of the ON state of the molecular switch.
The molecules relax back to the OFF state at a rate determined by the energy
barrier (G�). The ON state may also be actively erased by applying an erasing
voltage at about �2 V (not shown).

frequency of the rotational mode is less than 1 ps), since
tsw = L/v = L

�
m/2Eb , where L is the feature size. Indeed,

molecular devices hold the promise of scaling to extremely
high density levels, approaching the number of active molecu-
lar elements close to Avogadro�s number; however, to achieve
such heights, as in all ultimate density scenarios, practical chal-
lenges such as addressing the complex interconnection scheme,
eliminating undesirable coupling effects, and achieving reliable
readout is required to be solved at an architectural level.

Fig. 6. One-electron process causes a 144� rotation of one of the two carborane
ligands in a nickel carborane complex. In the Ni(IV) oxidation state, the carbons
(black balls) are on the same side of the molecule. Addition of an electron
reduces Ni(IV) to Ni(III) and powers a rotation. In the Ni(III) complex, the
carbons are on the same sides of the molecule. The process is reversible.

Fig. 7. Computed potential energy surfaces for ligand rotation in the Ni(III)
and Ni(IV) carborane complexes. The lower potential energy surface shows
that the Ni(III) complex has its potential minima when the carbons are on the
opposite sides of the molecule. Removal of an electron (producing the Ni(IV)
complex) results in the molecule relaxing to the potential energy minima on
upper surface where one ligand has rotated through 144� and the carbons are
now on the same side of the molecule.
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Fig. 8. Two-step phase change process underlies the principle of phase change
memory (PCM). The �rst transition occurs from amorphous to crystalline state.
At the crystallization temperature Tc , molecules obtain enough kinetic energy
such that they rearrange into a more energetically favorable crystalline state.
Bonds are modi�ed such that the Ge coordination goes into octahedral from
tetrahedral-amorphous to crystalline state. The second transformation occurs
from crystalline going back to its original amorphous state. This process requires
the material to be taken to a molten state (hence the increased power) to break
bonds and quenching achieves the amorphous state (hence the shorter pulse
time).

VII. PHASE CHANGE

Phase change, or otherwise called Ovonics, mostly refers to
chalcogenide-based materials that can transform between amor-
phous and crystalline states leading to a signi�cant conductance
change. This is the fundamental operating mechanism for non-
volatile memory schemes such as phase-change RAM (PRAM)
and rewritable CDs and DVDs. The most common phase change
material used in chip memory is Ge2Sb2Te5 (GST) [56]. The
phase change process depends on the materials phase transi-
tion, as shown in Fig. 8. The �rst transition occurs from amor-
phous to crystalline state. At the crystallization temperature Tc ,
molecules obtain enough kinetic energy such that they rearrange
into a more energetically favorable crystalline state. This process
can be interpreted as bonds being modi�ed (not breaking) such
that the Ge coordination goes into octahedral from tetrahedral-
amorphous to crystalline state [57]. We assume that the smallest
elemental volume of a GST material can be no smaller than
two unit cells [57], as shown in Fig. 9, in which case the active
area volume corresponds to V = 0.03648 nm2 , leading to an
ultimate devices density at a multiple of 1012devices/cm2 . The
most optimistic estimate does not include limits set by concerns
such as thermal proximity effects as a result of joule heating.
A two-unit-cell model consists of 24 Te�Ge bonds, each bond
requiring energy of 160 kJ/mole to modify and 32 Te�Sb requir-
ing 40 kJ/mole to modify. The minimum number of discreetly
modi�ed bonds is one bond of Te�Sb and one bond of Te�Ge,
corresponding to a minimum energy dissipation of about 1 eV
(1 × 40 kJ/mole + 1 × 160 kJ/mole) and maximum energy
dissipation of 27 eV (24 × 40 kJ/mole + 32 × 160 kJ/mole).

The second transformation occurs from crystalline going to
the amorphous state. This process requires the material to be

Fig. 9. Two-unit-cell crystal structure of GST. This is believed to be the
smallest chalcogenide cell that would exhibit phase change properties [57].

taken to a molten state by breaking the Te�Sb and Te�Ge bonds,
186 kJ/mole and 192 kJ/mole, respectively [58]. From this anal-
ysis, we can determine that the total minimum energy required
for a phase change cycle is about 3 eV (1 kJ/cm3), with a max-
imum value of about 82 eV (30 kJ/cm3). Based on the latest
prototype nanoscale GST devices, energy dissipation values
reside between our theoretical limits at about 8 kJ/cm3 [59].
Regarding speed, we can assume that the vibrational energy re-
laxation (� 1000 cm�1) is the fastest molecular dynamic move-
ment, and hence, cannot switch faster than several nanoseconds,
in line with the fastest crystallization processes reported (about
5 ns) [59]. Considering these limits and tradeoffs that would
need to be taken to ensure an acceptable ON/OFF ratio with
respect to energy dissipation, we can assume expected phase-
change-based switching to dissipate maximum power at about
kilowatts per square centimeter.

VIII. DISCUSSION

The state variable mechanisms that have been discussed,
along with the most optimistic performance attributes, are sum-
marized in Table I. The estimates within the table are by no
means aimed to serve as an in-depth fundamental limit analysis,
but to serve as optimistic performance estimates in switching
speed, power dissipation, and device density. From the outset,
it can be seen that the �alternative� state variables do not pro-
foundly outperform electron charge. The current challenge in
microprocessor technology development is to minimize energy
dissipation, which fundamentally requires the state variable to
compete with the thermal noise bath (less than kT ln 2 in the
most idealized case). If energy dissipation is to be less than
this limit, distinguishability will be compromised, and elabo-
rate fault-tolerant and redundancy mechanisms would need to
be implemented. From our analysis, we see that electron and

Authorized licensed use limited to: IEEE Xplore. Downloaded on February 11, 2009 at 14:26 from IEEE Xplore.  Restrictions apply.



GALATSIS et al.: ALTERNATE STATE VARIABLES FOR EMERGING NANOELECTRONIC DEVICES 73

TABLE I
SUMMARY OF STATE VARIABLE PERFORMANCE ESTIMATES

spin regimes offer the most optimistic minimum power dissi-
pation scenario in approaching the kT ln 2 limit. It is indeed
evident that material, device, interconnect, and patterning tech-
niques are required to be developed to attain such an optimistic
performance. Another aspect of practicality lies in variability
bene�ts between spin and electron charge, in particular toward
thermal and quantum �uctuations. It has recently been shown
that spintronic devices can improve variability compared with
today�s charge-based devices as variability of spintronic devices
has been shown to be limited only by thermal �uctuations, and
not by quantum �uctuations as for electronic devices [60]. How-
ever, a major drawback in a practical spin-based device is the
lack of any demonstrated spin �gain� device that is required
for spin circuit fan-out. Conceptual spin gain devices have been
proposed [37], [61], but it is still not clear if such logic devices
require carrier charge transport. If so, scattering and losses as a
result of electron carrier transport would remain and justifying
power dissipation bene�ts using spin would be negated.

Molecular-based state variables offer unique advantages, par-
ticularly due to their larger mass (compared to an electron)
that translates to longer retention times in memory applica-
tions. These are some reasons why molecular-based devices
are more suitable for memory device applications (in addition
to their natural two-terminal-device forms) and are continu-
ously incorporated into alternative architecture designs such as
hybrid CMOS/MoLecular (CMOL) and neural network imple-
mentations [62], [63]. Other interesting bene�ts include molec-
ular design and synthesis that allows preferential molecular
self-assembly onto metals and semiconductors for intercon-
nection [51]. Bottom-up assembly coupled directly to the state
variables will offer major advantages, particularly as top-down
lithography approaches more challenging variability conditions
beyond the 22-nm node.

In light of progress in employing alternate state for infor-
mation processing, technology development will continue to
counteract the slower rate of CMOS scaling (referred to as the
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