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DEVELOPMENT OF A NEW AND NOVEL THERMO-ELECTRON
BALLISTIC (TEB) COOLER
By
Sang H. Choi

SUMMARY

The proposed invention, thermo-electron ballistic (TEB) cooler, uses electron ballistic transport
property and high current density capacity within single-walled carbon nanotubes (D) or within
the room-temperature superconducting polymers ). The TEB cooler is regarded as a new and
novel cooler concept that promises high efficiency, high cooling power, high power density and
wide range of operational temperature differences as compared to the state-of-the-art cooler
concepts and devices. The TEB can be built as a cooler or vice versa a heater in cither a fixed or
a flexible form and in either micro or macro-scale that are useful for wide cooling applications.

INTRODUCTION:

A recent finding of electron ballistic transport process within single-walled carbon nanotubes
[1~5KD) or within the room-temperature superconducting polymers (RTSP) [6~16]() gives rise
to new opportunities for many applications. So far, there arc no known theories that define why
single-walled carbon nanotube (SWCNT) structure allows electrons to have a ballistic transport
behavior without experiencing any scattering from impurities or phonons as they move from one
end of the nanotubc to the other. Effectively, the electrons encounter no resistance, and dissipate
no energy in the SWCNT. A possible interpretation of the observation is quantum conductance
where electron resistance is independent of conductor length or diameter and electrons act more
like waves as superclectrons behave in superconductors than particles in structures. In
superconductors, ¢lectron transport occurs due to an interaction between electrons, which is
transmitted by phonons. Electrons travel in pairs, interacting with each other through lattice
vibrations, or phonons. The electron motion in pairs is described by the fact that an electron
having spin-up and forward momentum (k, wave vector) pairs with a spin-down electron
traveling in the opposite direction with momentum (-k). Likewisc happening in
superconductors, the usual wave-particle duality normally associaled with a single quantum
particle can now be applicd to the entire ensemble of superelectrons in nanotubes (). This
phenomenon occurs because nanotube size approaches that of the wavelengths of electrons.
Carbon nanotubes show the pseudo-superconductor characteristics and thus allow electron
ballistic motion (or superelectrons). The ballistic transport property of electrons holds only on a
condition of very low energy dissipation through the passage. Carbon nanotubes are dissipation
free unless clectrons arce in oscillatory mode coupling with nanotubes’ vibrations or geometrical
and material defects are present.

Another distinctive nature of CNTQ) is high current carrying capabilities since CNT has high
thermal conductivity and is stable at high temperature. The measured current density capacity®
in multi-walled nanotubes appears to well exceed more than 100 MA/em?. This current density
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capacity is scveral orders of magnitude higher than that of superconducting wires. This unique
featurc of CNT(D has been tried out for various applications, such as field-emission displays.

Room-Temperature Superconducting Polymers (RTSP)@ - Some organic materials exhibit
unique characteristic properties, such as conductivity and current carrying capacity equivalent to
superconductors, but without the need for cryogenic support.

Electrons in polar crystals, organic or inorganic, interact strongly with the polar mode of
vibration (phonon). The phonon-coupled electron that moves along with the induced
polarization is called polaron.

In certain polymers, electric dipole groups have large degrees of freedom of movement, and
can be oricnted casily by moderate clectric ficld. Collectively, they can create itinerant
charge-trapping potential wells, capable of capturing (solvating) electrons and ions in the
bulk material. Over time they can also become spatially ordered, forming domains with
proportionally deeper potentials. These dynamics underlie the electronic separation, and self-
organization, of the conducting structures.

Most importantly, when ionizing irradiation creates semi-free electrons at a higher occupied
level than Fermi level from molecules in the bulk, these polymer electric dipoles can prevent
transition by stably surrounding (solvating) the resulting pseudo-charges (excited to a higher
occupied level). This permits the existence of essentially free electrons (or polarons) in the
dielectric material. Over time, the electronic and kinetic interactions of the polymer chains
results in the self-organization of tubule-like polymer cells - ‘superpolarons’ - with internally
oriented dipoles surrounding an axial clectron ‘thread’ or chain. At sufficient volume
concentration, these cells further sclf-assemble into the larger, contactable features hereafter
referred to as "channels”. These channels or in other words, “superpolaron” effects allow
electrons hopping with fixed quanta under a given potential and consequently result in
coherence mode of electron motions without scattering, exactly acting like a superconductor [6].

Thermionic behavior of electrons (or electrons in ballistic motion) is well distinguished from
thermoelectric (quasi-equilibrium, slow, and diffusive) transport process of electrons. The
thermoelectric transport process is dictated by encrgy transport by an cquilibrium parameter, the
Seebeck coefficient, or by quasi-equilibrium diffusivity of clectrons. Ballistic motion of the
most energetic electrons means a fast energy transport process that can be incorporated into
either a cooling®) or a heating(@) process along with the direction of electron motion since
ballistic motion of electrons (or current) is controlled by the differences in voltage (AV) and
temperature (AT). Current density capacity of CNT is also a significant factor in cooling® or
heating (@ process to determine the amount of energy transport. High current density flow
signifies a large amount of energy transport.

Efficient cooling devices are in great demand for many applications, such as microclectronics,
sensors, and electro-optronic devices, power chips, satellites, “hot” laser-diodes etc.

PROPOSED INVENTION:

Basic principle of the proposed devices can be shown by a pair embodiment of a layer of aligned
carbon nanotube (a-CNT) bundle@ with a semiconductor material Iaycr@ (Fig. 1) to form a.



Schottky barrier as a P-N junction that controls electron flow rate and maintains electrons in a
uni-direction(6). The multilayer formation(3 is possible by serial placement of pairs as shown
in Fig.1. In this concept. the thermally agitated electrons(8) at the hot plate are adiabatically
swept away and channeled through nanotubes (SWCNT)(D or RTSP(D by an applied voltage
differential@ . These hot electrons(® undergo ballistic motion through aligned SWCNT Dor
RTSPQ and reach the interface between layers @ of aligned SWCNT(D and semiconductor
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(® where a barrier structure imposes the work function that energetic electrons(® have to
overcome. In other words, the hot electrons ) gain momentum and become energetic by the
applied voltage to run ballistically through aligned SWCNT(D or RTSP(D. Then these energetic
electrons @) overcome the work function at the interface @ and traverse the barrier G) The
interface, Schottky barricr diode, 3, @ acts likc a onc-way clectron valve @ that allows one
way run of energetic electrons(®. The energetic electrons(® that were successfully wnneled out
through the first layer (12) repeat the same routine through the second layer (I3 and successive
layers (3. Finally, the energetic electrons (®) that arrived at the cold side (@) are removed
through an ohmic contact electrode (I3 at the cold side. Through a closed circuit (8, charge
neutrality is maintained at the hot side(® by adding electrons adiabatically through ohmic
contact electrode @ at the hot side. The bias voltage @ applied at the interfaces (10 controls
the tunneling effect of energetic clectrons(® through barriers (3.



Contact resistance at the Ohmic contact eleclrodes@.@ @ is typically high and poses a
serious obstacle to ballistic motion of energetic electrons@ [17). However. the contact
resistance can be reduced or alleviated by using a metal with a sufficiently large Fermi wave
vector such as aluminum whose Fermi surface extends all the way to the SWCNT Fermi point

[17].

A large number of energetic electrons(® arc in ballistic motion through aligned-SWCNT (e.g.
100 MA/cm?) as reported by P. Avouris [3] or through RTSP [6]. This feature may offer
advantages of & low driving voltage for operation, a very high power density [W/kgl, a very high
cooling power [W/em?], and a very high efficiency to the Camot cycle efficiency limit.

Usually, the material configuration/impurity-associated impedance of SWCNT and RTSP
dictates the overall efficiency and cooling or heating capacity. Thus, fabrication of clean and
pure, highly aligned SWCNT (a-SWCNT) sheet or of RTSP with interfaces is also a major part
of the challenges.

The substrate where a-SWCNT is grown
or RTSP is laid out can be selected as the
hot(3) or cold plate(®) of TEB cooler. A
clean-cut formation of the sheet plane of
a-SWCNT by either growing or cutting is
Surting VGM a key for the interfacial material coating.
Thin-film interface of semiconductor
materials on the a-SWCNT sheet plane
fabrication requires a clean and flat a-
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Balistic (TEB) Cooler SWCNT plane. The overall thickness of
% i - TEB cooler is determined by SWCNT
NPT length (~ 5 um) and layer thickness of
1K 10°K 100°K 100K semiconductor material. The TEB

Fig. 2 Capability of various cryo-coolers cooler would be very thin that a film-like
formation is possible and applicable to
flexible structures.

Fig. 2 shows the capability of various cryo-coolers, including the projection of multi-stage TEB
cooler. In comparison with the thermo-clectric (TE) coolers, the proposed TEB cooler has the
electron mobility (e.g. ballistic in TEB vs. diffusive in TE) and number density (c.g. 100
MA/cm’® in TEB vs. a few tens of A/cm® in TE) by at lcast several orders of magnitudes higher
than those of TE coolers. Also, unlike other coolers, the range of TEB cooling capability could
be wide from thousands of degree Kelvin to cryogenic temperatures since the energetic electrons
could run through the cycle adiabatically without dissipation (due to quantum conduction).

The TEB cooler (or may be called “thermionic”™ cooler) concept is a ncw and novel because it is
based on the newly found quantum-wire-like property of carbon nanotubes. So far, not a single
attempt has been made to realize such a cooler. Thercfore, it is expected that many scientific



questions and technological issucs must be answered and resolved before setting the engineering
layout of the concept.

ADVANTAGES:

Numerous advantages are foreseen once successfully developed. The most notable advantage is
the anticipated high efficiency to the Camot efficiency limit, high power density, and high
cooling power due to a thermionic process resulted in electron ballistics and high current density
capacity within carbon nanotubes. Other advantages are the flexible thin-film structure allows
shaping. patterning, and reconfiguring capabilities, miniaturization for microelectronics and
sensor applications, and small package volume and small interface.

UNIQUENESS OF THE PROPOSED IDEA

A similar concept was proposed by G. D. Mahan, et al. [22] but is based on many semiconductor
superlattices within which electrons might move ballistically under a low work function (¢ ~ 0.3
eV). Itis no doubt that such small barriers (¢.g. ¢ ~ 0.3 eV) are easily attainable in
semiconductor materials. However, the intrinsic resistivity against electron mean-free path (X),
even within p-n junctions, causcs thermal ffects. Otherwise, the mean-frec path (A = 50 ~ 100
nm) of electron must be longer than the barrier thickness (Ly). Another constraint is the barrier
thickness (Ls) that must be greater than the minimum thickness (L, = 5 ~ 10 nm) to prevent the
electrons from tunneling through the barrier. Knowing all these 4 parameters a priori and
ensuring a multilayered superlattice structure that performs as desired are the most grueling
tasks. The proposed idea of using carbon nanotubes, on the other hand, does not impose 2 limit
to the barricr thickness due to the mean-free path and tunneling behaviors of electrons. As
mentioned earlier, the ballistic motion of clectrons within carbon nanotubes is rclated to the
quantum conductance where electron resistance is independent of conductor length or diameter
and, therefore, electrons act more like waves than particles in structures as in superconductors.
The usual wave-particle duality normally associated with a single quantum particle can now be
applied to the entire ensemble of superelectrons. This phenomenon occurs because nanotube
size approaches that of the wavelengths of electrons.
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