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TECHNICAL ABSTRACT
Transverse thermoelectrics are anisotropic conductors with large off-diagonal component in the Seebeck tensor,
wherein longitudinal currents induce transverse heat flow. The operating principle behind a new class of transverse
thermoelectrics is reviewed, requiring predominantly n-type conduction in one direction, and p-type orthogonal. The
type II InAs/GaSb broken-gap superlattice is one material whose band-structure manifests this behavior. A novel
transverse thermoelectric geometry for pixel cooling is described, which can be adapted for monolithic integration with
type II superlattice photodetector arrays. Because these thermoelectrics require simultaneous but perpendicular electron
and hole conduction, we call them orthogonally ambipolar transverse thermoelectrics.
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Transverse thermoelectric phenomena [1] hold unique promise
for thermoelectric cooling because the separation of the longitudinal
current direction from the transverse heat flow direction allows for
novel Peltier cooling geometries. The transverse thermoelectric
figure of merit ZT = S132T / ρ33κ11 is defined in terms of the offdiagonal Seebeck tensor component S13, longitudinal resistivity ρ33,
and transverse thermal conductivity κ11. Semiconductors with
anisotropic conductivity whose n-type conduction dominates in the
direction orthogonal to its p-type conduction, define a new class of
materials which we term orthogonally ambipolar transverse
thermoelectrics (OATT).
This new breed of transverse thermoelectrics has a scaling
advantage over standard Peltier coolers. Because the cold terminal
of a transverse thermoelectric lies parallel to the current flow,
smaller device fabrication is achieved with straightforward scaling of
this single thermoelement, making possible solid-state refrigerators
at the nanoscale. By comparison, standard Peltier junction coolers

Figure 1. The type II superlattice
consists of alternating layers of InAs and
GaSb, which serve as quantum wells for
electrons and holes, respectively. By
tuning the width of each layer, the bandgap between electron and hole ground
energies can be tuned, realizing an
artificial narrow-gap semiconductor.

Figure 2. Alternating layers of InAs and
GaSb create a superlattice with transverse
thermoelectric properties. Holes (blue, h+)
can only move in the GaSb plane, whereas
electrons (red, e-) easily move cross-plane. A
net electrical current J made of positive and
negative charge carriers flowing at an angle
to the superlattice induces perpendicular heat
flow Q, defining transverse thermoelectric
behavior.

require much more complex fabrication to achieve small-scale
implementation, for example as on-chip refrigerators for integrated
circuits. The best efforts by Intel for creating a small-scale Peltier
cooler with standard industry materials involved a complicated thinfilm fabrication of n- and p-doped thermoelectric superlattice legs and
ohmic contacts, and demonstrated ΔT = 7.5 K at room temperature. [2]
For comparison, the OATT materials discussed here have been
predicted to achieve the same ΔT with a single tapered 10 μm thick
superlattice layer. [1] Thus it is clear that OATT’s processing
simplicity will have advantages for size scaling, and can thus be
implemented on an individual pixel-level, for example, for
photodetector arrays. In addition, unconventional cooling geometries
such as the one proposed here can also take advantage of the full tensor
dependence of heat and current flow in transverse thermoelectric
materials.

Figure 1 shows a band-diagram schematic of a type II superlattice.
The layers dInAs and dGaSb are narrow enough that the ground energy of
the electron band lies above the ground energy of the hole band,
realizing an artificial narrow-gap semiconductor. Figure 2 illustrates the operating principle of a transverse
thermoelectric for this superlattice. Because holes that populate the GaSb layers have a heavy mass, they cannot tunnel
between wells and conduct only in-plane. Light mass electrons in the InAs layers, on the other hand, can easily tunnel,
resulting in almost isotropic conduction for the electron band. Thus by lowering the electron concentration so that inplane conduction is dominated by the holes (p-type), then out-of-plane conduction will be dominantly n-type, and the
criteria for an OATT thermoelectric are achieved. When an electric field is then applied at a 45° angle to the superlattice
plane, the net current J parallel to the electric field will consist of a pure electron current downwards and a predominant
hole current to the right. The net particle flow, on the other hand, will be down and to the right, resulting in a heat flow
Q perpendicular to the applied current.
Figure 3 shows the unique cooling geometry for individual pixels proposed here. The design consists of an anular
cathode on the surface of a type II superlattice surrounding a small cavity, and a buried central anode on the bottom, with
an optional insulating annulus surrounding the bottom anode to help guide the current flow. By virtue of the vertical ntype conduction in the type II lattice, an upward vertical
current from the central anode at the bottom results in
downwards heat flux density. Similarly at the surface,
the lateral p-type conduction results in horizontal heat
flux parallel to the outward radial current flow at
annular cathode. In between, as the current propagates
at 45° to the superlattice, the transverse thermoelectric
effect sends heat flux down and away from the central
region. Thus for a continuous stream of electrical
current past the cavity, there is a net cooling power of
this central region in all directions. In this manner
Figure 3. Schematic illustration of a novel geometry
individual pixels can be cooled for infrared detectors,
which could exploit transverse thermoelectrics to cool a
and the pixels themselves can also be fabricated out of
single infrared pixel. As conventional current density
type II superlattice, fulfilling the promise of monolithic
(black arrow) passes from the central anode through the
integration of infrared detection and pixel cooling.
type II superlattice to the anular cathode, heat flux density
(red arrow) flows away from the pixel volume at every
ACKNOWLEDGMENT – This work was
point along its trajectory.
supported by AFOSR grant FA9550-12-1-0169.
*mgrayson@eecs.northwestern.edu; phone 1 847 491-8137; http://www.eecs.northwestern.edu/~mgrayson
[1] Chuanle Zhou, S. Birner, Yang Tang, K. Heinselmann, and M. Grayson, preprint (2012), “Thermoelectric paradigm for nanoscale
and cryogenic cooling”.
[2] I. Chowdhury, R. Prasher, K. Lofgreen, G. Chrysler, S. Narasimhan, R. Mahajan, D. Koester, R. Alley, and R.
Venkatasubramanian, Nature Nanotechnology 4, 235 (2009).

