
1

On the Possibility of Ultra-Low Power Switching in Multilayer
Graphene Nanostructures

B. Dellabetta,1 Z. J. Estrada,1 J. Shumway,2 and M. J. Gilbert1
1Department of Electrical and Computer Engineering and Micro and Nanotechnology Laboratory, University of

Illinois
208 N. Wright St. Urbana, IL 61801

2Department of Physics, Arizona State University, Tempe, AZ 85287
Phone: 217-333-3064 Fax: 217-244-6375 E-mail: matthewg@illinois.edu

Introduction

A particularly attractive way to solve the power con-
sumption problem in next generation logic devices is by
harnessing the collective motion of electrons. While col-
lective phenomena are normally found at low temper-
atures, recent work suggests it possible to find spon-
taneous coherence at and above room temperature in
closely spaced monolayers of graphene separated by a
tunnel dielectric.1 This occurs when electrons in the top
layer bind with vacancies in the bottom layer via a strong
Coulomb interaction to form “indirect excitons,” which
in turn organize into a Bose-Einstein condensate. This
type of behavior may be viewed as spontaneous inter-
layer coherence: selection of a particular superposition
of states in the two layers for the entire system.

Despite the potential applications, the superfluid phase
of bilayer graphene remains a poorly understood quan-
tity. In this contribution, we theoretically examine the
material properties, length scales and transport condi-
tions required to realize and manipulate this state at
room temperature.2–5 Additionally, we present results of
static and dynamic quantum Monte Carlo calculations
detailing the critical temperature of the exciton conden-
sate in the presence of additional fermion flavors found
in graphene.6

Pseudospin Transport at Finite Temperature

We first use self-consistent quantum transport theory
to investigate the influence of temperature on the inter-
layer transport properties of the bilayer graphene system.
We find that at low temperature the critical tunneling
currents and quasiparticle penetration depths are well
explained by the existing zero-temperature pseudospin
torque model. However, when the thermal broadening
associated with finite-temperature transport is included,
we find that modes injected above the gap lead to in-
creased critical interlayer currents and quasiparticle pen-
etration in to the gapped regime beyond what current
analytical models predict. In Fig. 2, we plot the inter-
layer current versus the interlayer voltage at three differ-
ent temperatures. The increases in the critical tunneling
current are due to thermal smearing smoothing out the
quantum interference effects present at low temperature
leading to a slower pseudospin precession about the pseu-

dospin Bloch sphere.

Materials Dependence of Critical Current

The complexity of the structure shown in Fig. 1 makes
it imperative to study the effects of lattice vacancies
which will inevitably arise during fabrication. We per-
form self-consistent calculations to compare room tem-
perature performance characteristics for disordered dou-
ble layer graphene systems in an effort to illustrate per-
formance behavior in the presence of lattice defects un-
der non-equilibrium conditions. We compare channel and
contact disorder, which occur after and before the coher-
ence length, respectively. The coherence length is defined
as the length quasiparticles can tunnel into the device be-
fore being rertro-reflected,

Lc ∼
1

kF

√
ρs

∆sas
, (1)

where kF is the Fermi wave vector, ρs is the superfluid
density, and ∆sas is the single particle tunneling contri-
bution. The analytic estimate of the critical current, or

FIG. 1. Schematic of the device under consideration. Two
graphene monolayers are separated by a tunnel oxide of SiO2

1 nm thick. An oxide 20 nm thick separates the monolayers
from the top and bottom gates.
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maximum current the device can sustain, is

Ic ∼
qWρs
h̄Lc

, (2)

for a system of width W . Channel disorder causes a drop
in superfluid density, following a square root behavior
with respect to vacancy concentration. The results of this
effect can be seen in the left half of Fig. 3. Contact dis-
order, however, creates a barrier for carriers injected into
the channel, which causes reflection off disorder rather
than the superfluid gap. This can be seen as an effec-
tive decrease in the width of the device, as conductivity
drops linearly with contact disorder. We conclude that
lattice vacancies spread throughout the top layer past
the coherence length have a reduced effect compared to
the ideal case. However, vacancies concentrated near the
metal contacts within the coherence length significantly
alter the interlayer superfluid transport properties.

We also examine the performance characteristics as we
scale the layer width of the graphene monolayers which
comprise the double layer structure. We find that for
layer widths of 30 nm, the device performance can ex-
ceed analytical predictions due to thermal smoothing of
the interlayer interactions. However, when the device
is further scaled to 20 nm and below, we find an ap-
preciable drop of the critical current which results from
increased quantum interference between injected quasi-
particles and those reflected off the excitonic gap opened
at the Fermi energy. The result can be seen in Fig. 4,
which shows that numerical results are well below ana-
lytic values for small layer widths. These large degrada-
tions in performance show that sufficiently wide, cleanly
contacted channels are necessary during fabrication in
order for the system to yield high critical current in the
superfluid regime.

FIG. 2. Plot of the interlayer current for temperatures of 0 K
(dashed red), 150 K (dotted blue) and 300 K (solid black).

FIG. 3. Statistical distribution of the critical current that can
be driven through the condensate before the phase transition
to a noninteracting state. Channel (contact) vacancy concen-
trations are plotted on the left (right) of the ideal maximum
interlayer current.

FIG. 4. Plot of the critical currents calculated via numerical
simulations (black) compared to analytical estimates (red).
We see that below a particular layer thickness, the critical
current drops below the analytic estimate.

Phonon Effects on Critical Current

When examining the transport properties of a room-
temperature exciton condensate, it is important to con-
sider the scattering of charge carriers by phonons in
each of the graphene layers. We examine the effect that
carrier-phonon scattering has on device performance by
incorporating phonon scattering into our NEGF simula-
tions within the self-consistent Born approximation.7 We
include contributions from both elastic acoustic phonon
scattering and inelastic optical phonon scattering, so that
the retarded Green’s function is calculated as:

GR(E) = [EI −H − ΣL(E)− ΣR(E)− Σac(E)− Σop]
−1

where Σac(E) and Σop(E) are the self-energies represent-
ing acoustic and optical phonon scattering, respectively.
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FIG. 5. The value of the critical current (Ic) found at differ-
ent values of Fermi Energy (|EF |) for both the ballistic case
(black) and the phonon case (red). As |EF | is decreased, the
effect of phonon scattering becomes more pronounced.

The critical current observed in both the ballistic sim-
ulations and simulations involving phonon interaction is
shown for multiple values of the Fermi energy (|EF |) in
Fig. 5. As expected, the critical current in the ballis-
tic case decreases linearly as the Fermi energy decreases,
since EF ∝ kF for graphene’s linear dispersion relation.
This can be explained by an increase in Lc with decreas-
ing Fermi energy since Ic ∝ 1/Lc from Eqs. (2) and (1).
However, the critical current in the phonon case decreases
more rapidly. Changes in Lc are not sufficient to ex-
plain the drop in Ic with decreasing |EF | when including
phonon interactions. In order to explain the non-linear
drop in critical current seen when phonon interactions
are included, we plot in Fig. 6 the average self-consistent
value of the superfluid density ρs normalized to ρs when
|EF | = 0.4 eV with and without phonon interactions.
In the ballistic case, we observe that ρs remains close to
unity differing at lower |EG| due to confinement effects
as the Fermi wavelength approaches. Nevertheless, we
see that when phonons are included ρs drops quickly as
|EG| decreases. This is due to the fact that quasiparticles
can penetrate farther into the device before being retro-
reflected, leading to carriers interacting interacting more
strongly with the phonons in the individual graphene lay-
ers. The energy changes in the carriers due to the scat-
tering energetically separates the excitons, prematurely
breaking interlayer coherence and leading to a large drop
in the value of ρs and the corresponding drop in Ic as
|EF | decreases.

We observe that the effect of phonon scattering on the
critical current depends on the coherence length of the
system. In the presence of phonon scattering, the critical
current was found to be significantly reduced at lower
values of the Fermi energy or longer coherence lengths. In
addition to the dependence of the transition temperature
on the Fermi energy, the effect of phonon scattering on
transport places operational limits on the Fermi energy
(gate voltage) which should be used in such a device.
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FIG. 6. Plot of the average self-consistent value of ρs normal-
ized to ρs at |EF | = 0.4 V for the device with and without
phonon interactions. In the ballistic case, ρs decreases be-
cause of confinement, but the degradation is more rapid in
the phonon case.

Transition Temperature with Increased
Fermion Flavors

Theoretical predictions of the Kosterlitz-Thouless
transition temperature (TKT ) for an exciton condensate
in bilayer graphene differ over many orders of magnitude,
a difference arising from assumptions about the impor-
tance of extra fermion flavors and their contribution to
screening. In the works predicting a high transition tem-
perature of TKT ≈ 0.1TF (where TF is the system Fermi
temperature) the fermionic degrees of freedom in the sys-
tem were taken to be constrained by the large energy gap
formed when the interacting electrons and holes bind.1

Other works on the same double-layer graphene system
predict a low transition temperature of TKT ≈ 10−7TF
by assuming that screening from additional degrees of
freedom add independently.8

In order to investigate the role of screening in ex-
citon condensates, we perform path-integral quantum
Monte Carlo (PIMC)9 simulations on exciton conden-
sates formed in symmetric electron-hole double-layer sys-
tems. The Hamiltonian for our system is:

H =

Ne∑
i=1

p2i,e
2m∗ +

Nh∑
i=1

p2i,h
2m∗ +

∑
i<j

e2

ε|ri,e − rj,e|
(3)

+
∑
i<j

e2

ε|ri,h − rj,h|
−

∑
i,j

e2

ε
√
|ri,h − rj,e|2 + d2

(4)

This Hamiltonian represents electrons and holes in
two parallel, two-dimensional sheets, separated by a
d = 0.5 nm SiO2 tunnel barrier with ε = 3.9ε0. Since
the layers are symmetric, all quasiparticles have a mass
of m∗ = 0.09me, a value chosen so that the Fermi ve-
locity resembles vF in graphene.10 The simulated number
of electrons and holes corresponds to carrier densities of
ne = nh = 5 x 1012cm−2 in each layer and places the
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FIG. 7. Superfluid fraction for spinless (black circles, Nf = 2)
and spin-1/2 (blue triangles, Nf = 4) symmetric double-layer
electron-hole condensate. Estimates of TKT are made where
the superfluid fraction drops to 1/2, and the lines are a guide
to the eye.

system in the regime where the exciton condensate has
been predicted to exist. We consider the cases of spinless
and spin-1/2 quasiparticles separately, corresponding to
different numbers of fermion flavors: Nf = 2 when the
quasiparticles only have a layer degree of freedom, and
Nf = 4 when the quasiparticles have both layer and spin
degrees of freedom. At each imaginary time slice, we
require that the electron and hole coordinates lead to
a positive Slater determinant, det|φ(re,i − rh,j)|, where

φ = e−r/a is the typical BCS mean-field pairing wave
function used in quantum Monte Carlo simulations of
exciton condensates.10

In Fig. 7, we show the superfluid fraction calculated as
a function of the system temperature. We designate TKT

as the temperature where the superfluid fraction drops to
0.5. We see a clear drop in the transition temperature
from TKT ≈ 580 K in the spinless case to TKT ≈ 300 K
in the spin-1/2 case, illustrating the effect of increased
fermion flavor on the phase transition. This drop in tran-
sition temperature can be explained without screening
arguments. One would expect a decrease in TKT sim-
ply from reduced quantum degeneracy as more fermion
flavors are added. As fermions pair into bosons, there
must be at least Nf distinguishable species of bosons,
decreasing the density, n, and hence, the transition tem-

perature TKT by 1/Nf . This effect of reduced quantum
degeneracy can also be seen by comparing TKT to the
Fermi temperature which, at our density, corresponds to
TKT ≈ 0.19TF when Nf = 4 and TKT ≈ 0.24TF when
Nf = 2 showing that TKT scales closely with TF . These
values indicate that the increased number of fermion fla-
vors in our system are not completely screened by the
condensate.

Conclusion

We have studied the properties of exciton condensates
formed in multilayer graphene nanostructures for possi-
ble applications as a low-power logic device. We find that
this structure has many attractive features for low-power
logic applications. In particular, we find that thermal
effects can lead to enhanced critical interlayer currents.
Furthermore, we find that the system is sensitive to ma-
terials disorder and the width of the constituent mono-
layers with each reducing the overall value of the critical
current. However, we find that at high carrier concen-
trations, the effects of the carrier-phonon interactions is
negligible due to short coherence lengths. Nevertheless,
many-body quantum Monte Carlo calculations show that
the transition temperature depends on the number of
fermion flavors present in the system. We find that this
dependence places the possibility of finding the conden-
sate phase at room temperature in serious doubt.
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