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Phonon-Limited Transport in Graphene
Pseudospintronic Devices
Z. J. Estrada, B. Dellabetta, U. Ravaioli, and M. J. Gilbert

Abstract—A predicted room-temperature phase transition from
Fermi liquid to dissipationless Bose–Einstein exciton superfluid
suggests that graphene pseudospin devices may have the potential
to far outperform traditional CMOS devices. When examining
the possibility of a room-temperature exciton condensate, it is
important to consider scattering of charge carriers by phonons in
each of the constituent graphene monolayers. Using the nonequilibrium Green’s function formalism, we examine the effect that
carrier-phonon scattering has on device performance. We find that
the effect of carrier-phonon scattering has strong dependence on
the device coherence length. As such, for large gate voltages, the
effect of phonons on interlayer transport is negligible.
Index Terms—Critical current, nanoelectronics, phonons,
tunneling.
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Fig. 1. Schematic of the device under consideration in this letter. Here, we
have two monolayers of graphene separated by 1 nm of SiO2 . Each layer
has a separate set of contacts (VTL and VTR for the top layer and VBL and
VBR for the bottom layer) from which current may be injected and extracted.
Top and bottom gates, i.e., VTG and VBG , are used to adjust the layer carrier
concentrations.
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Graphene-based pseudospintronic (G-PsS) devices are predicted to exhibit a high ON-state current with low-power dissipation [4]–[6]. It has been proposed that G-PsS devices could
outperform traditional CMOS as they operate based on coherent interlayer transport rather than on the principle of source
injected charge based on thermionic emission. In some works,
graphene-based pseudospin devices have been predicted to possess a room-temperature phase transition from normal Fermi
liquid behavior to a Bose–Einstein condensate of indirectly
bound excitons formed when electrons present in one layer
bind with an equal number of holes in the other layer [7]–[9].
The transition temperature has not been theoretically resolved
[10], and other works predict an orders-of-magnitude lower
transition temperature [11]. Still, recent Coulomb drag experiments have provided evidence of the interlayer interactions
which may lead to the experimental realization of an exciton
condensate in a double-layer graphene [12]. The formation of
an interlayer coherent state allows for ultralow power operation
as we may switch the device from on to off simply by shifting
the energy of the ensemble of charge rather than shifting each
charge itself. The operation of such a device at room temperature necessitates the examination of the electron–phonon
interaction between the constituent quasi-particles and relevant
phonon modes [13]. In this letter, we investigate the effects
of the electron–phonon interaction on the room-temperature
G-PsS device operation. We find that, at large gate voltages,
the effects of phonon interactions become negligible due to the
short coherence length in G-PsS devices. While at lower gate
voltages, G-PsS device transport properties are significantly
degraded by the phonon interaction.
In Fig. 1, we show a schematic of the graphene pseudospin
device that we consider in this letter. The proposed device

T IS generally accepted that MOSFET scaling cannot continue unabated. In light of this, one of the most active areas
of semiconductor electronics research is post-CMOS device
technology. A variety of post-CMOS devices are under active
consideration. In an effort to reach the smallest possible dimensions, molecular electronics has gained serious attention.
While molecular electronics offers high device density and lowpower operation, issues surrounding the molecule–electrode
coupling, low yield, and three-terminal device fabrication [1]
plague development. Improvements in nanoscale fabrication
techniques have sparked interest in replacing CMOS with
nanoelectromechanical systems (NEMSs). NEMSs offer small
leakage current and a large on–off ratio [2]; however, highfrequency switching speed and reliability remain unsolved
challenges. Beyond these relatively exotic solutions, the tunnel
field-effect transistor (TFET), whose operation is based on
band-to-band tunneling [3], has shown much recent progress.
TFETs showcase a low OFF-state current and a subthreshold
slope experimentally demonstrated to be less than 60 mV/dec
for carbon nanotube TFETs. However, TFETs also possess a
low ON-state current, which must be significantly improved if
these devices are to be implemented in information processing
technologies.
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is composed of two monolayers of graphene with lengths of
30 nm and widths of 10 nm. The layers are considered to
be perfectly registered ideal sheets of zigzag graphene, such
that the lattice sites of each layer are aligned. Each monolayer
is terminated with an independent set of metal contacts from
which current may be injected and extracted. We assume an
ideal model for these contacts, which do not cause unintentional
doping of the graphene layers [14]. The graphene monolayers
are separated by a 1-nm layer of SiO2 , which serves as a
tunnel dielectric with a corresponding single-particle tunneling
amplitude of Δsas = 1 μeV. Each layer is individually gated
to independently control the layer carrier concentrations with
the gates separated from the layers by 20 nm of SiO2 . In order
to most effectively drive the interlayer condensate current, we
apply the bias voltage in the drag–counterflow configuration
[15] in which a positive interlayer voltage is applied to the top
left contact VTL and an equal negative interlayer bias is applied
to the top right contact VTR while the contacts in the bottom
layer remain grounded (VBL = VBR = 0 V). The interlayer
current discussed here is then measured flowing from the top
left contact to the bottom left contact.
To model our system, we use a tight-binding Hamiltonian to
represent each of the layers
Hlayer =



τ |ij| + Vi |ii|

(1)

<i,j>

where lattice points i and j are the first nearest neighbors. τ =
−3.03 eV is the nearest neighbor hopping energy for the pz
orbital of graphene, which allows for the unique low-energy
linear dispersion at the K and K  points in the Brillouin zone.
The full system Hamiltonian is formed as


Hsys

Hlayer
=
0

0
Hlayer


+



 ⊗ σμ
μ̂ · Δ

(2)

μ=x,y,z

with the interlayer interactions, including both single-particle
 coupling
tunneling and mean-field many-body contribution Δ,
the two layers using a local density approximation, which
drives the phase transition [16]. In (2), μ represents a vector
that isolates each of the Cartesian components of the pairing
vector, and σμ represents the Pauli spin matrices in each
of the three spatial directions. On-site potential energy Vi is
calculated via a 3-D Poisson solver. The transport quantities
are calculated via the nonequilibrium Green’s function (NEGF)
formalism [17] self-consistently with the interlayer interactions
and the electrostatics. We introduce carrier-phonon scattering to
our Hamiltonian within the self-consistent Born approximation
[18]. We include the relevant self-energy terms for both elastic
acoustic phonon scattering (with deformation potential Dac =
19 eV) [19] and inelastic optical phonon scattering processes
(with optical deformation potential Dop = 1 × 109 eV/cm and
energy ω0 = 164.6 meV) [20], in which both interband and
intraband scattering are included by utilizing a real-space basis
[21]. We have set the system temperature to be Tsys = 300 K
for all calculations.
In G-PsS devices, the most important parameter to device
performance is critical current Ic or the maximum interlayer

Fig. 2. Current–voltage characteristic obtained from NEGF simulations comparing (dotted lines) ballistic and (solid lines) phonon cases for two gate
voltages, (black) VG = 0.4 V and (red) VG = 0.2 V.

current that the system can sustain by adjusting the interlayer
phase relationship. Ic is defined as [22]
Ic ∼

qW ρs
.
Lc

(3)

In (3), q is the electronic charge, W is the width of the
system, ρs is the pseudospin phase stiffness, and Lc is the
coherence length. The coherence length in pseudospin systems
expected to form a condensate phase defines the maximum
length which quasi-particles propagate in the system before undergoing retroreflection. When a quasi-particle is retroreflected,
the system launches an exciton to conserve current [5]. The
process is similar to Andreev reflections in a superconductor,
except that here electrons are injected in one layer and are
reflected as electrons with opposite momentum in the other
layer. The coherence length is inversely proportional to the
Fermi wavenumber kF and is approximately given by [5]

ρs
1
Lc ∼
.
(4)
kF Δsas
The critical current is defined as the maximum interlayer
current attained before self-consistency is lost. After the system passes the interlayer voltage corresponding to the critical
current, the interlayer current plummets as the system can no
longer sustain the condensate phase and interlayer tunneling
becomes dominated by single-particle tunneling [16], [23]. We
plot the interlayer current–voltage characteristic calculated for
two values of gate voltage in Fig. 2. We first examine the critical
current with a gate voltage of VTG = −VBG (hereafter referred
to as VG ) = 0.40 V, a value chosen to place the system well
within the predicted regime for room-temperature superfluidity
[8]. We find that the critical current for the ballistic case
is Ic ≈ 18.4 μA, in good agreement with the analytic value
of IcA ≈ 19.5 μA, whereas Icph ≈ 17.9 μA when the phonon
interactions are included representing a change of only 2.7%.
At VG = 0.20 V, we find a critical current of Ic ≈ 10.0 μA for
the ballistic case, and Icph ≈ 3.4 μA when phonon interactions
are included, a 66.0% drop in critical current.
To better illustrate the role of phonons in graphene pseudospin device operation, we plot the critical current considering
both the ballistic and phonon interaction cases versus VG in
Fig. 3. Gate voltages below 0.20 V are outside of the predicted
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Fig. 3. Value of critical current Ic found at different values of gate voltage VG
for both (black) the ballistic case and (red) the phonon-limited case. (Inset) Plot
of the average self-consistent value of ρs normalized to ρs at VG = 0.4 V (α =
ρs /ρs (VG = 0.4 V)) with and without phonon interactions.

regime of room-temperature condensation, and values above
0.40 V require fields approaching the dielectric breakdown
potential of SiO2 . Critical current in the ballistic case linearly
decreases with Fermi energy due to the linear dependence of
both Ic and EF on kF .
However, simple changes in Lc are insufficient to explain
the observed drop in Ic with decreasing VG seen when considering phonon interactions. While it is true that Lc does
linearly decrease with decreasing VG in the ballistic case, this is
untrue when phonon interactions are considered. To explain the
nonlinear drop in critical current seen when phonon interactions
are considered, we plot the average self-consistent value of ρs
normalized to ρs at VG = 0.4 V for our device with and without
phonon interactions in the inset of Fig. 3. For the ballistic case,
we see that ρs remains close to unity deviating at lower VG
due to confinement effects. Nevertheless, we see that when
phonons are included, ρs quickly drops as VG decreases. This
is due to the fact that quasi-particles can penetrate farther into
the device before being retroreflected. This leads to carriers
interacting with the phonons in the individual graphene layers
more strongly. The energy changes in the carriers due to scattering serve to energetically separate the excitons prematurely
breaking interlayer coherence and leading to a large drop in the
value of ρs and the corresponding drop in Ic as VG decreases in
the presence of phonons.
In conclusion, we have performed quantum transport simulations to study the impact of carrier-phonon scattering on
device performance in G-PsS devices. We observe that the
effect of phonon scattering on the critical current depends in an
intricate way on both the value of the coherence length and the
pseudospin phase stiffness of the system. At short coherence
lengths, which occur at high gate voltages, we find that the
critical current is not affected by the presence of phonon interactions. However, at lower gate voltages, the critical current is
significantly reduced by the presence of phonon interactions.
This places limits on the operational gate voltages, which
should be used in conjunction with G-PsS devices to achieve
maximum device performance.
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