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Surface-Plasmon Coupled Nonequilibrium
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Thermoelectric energy conversion devices rely on electron transport for energy conversion, while
phonon heat conduction is usually detrimental for the energy conversion efficiency. Higher energy
conversion efficiency is possible if the electrons and phonons can be decoupled. This paper pro-
poses and investigates surface-plasmon coupled nonequilibrium thermoelectric devices. In such
devices, the energy transport from the heat source of a power generator or the cooling target of
a refrigerator to the thermoelectric element is limited to electrons through the coupling of surface-
plasmons across a vacuum gap of the order of tens of nanometers. In the power generation mode,
this method of thermal-energy coupling allows the creation of hot electrons in the thermoelec-
tric element. In the refrigeration mode, cold electrons created in the thermoelectric element can
be coupled to the cooling target through the surface-plasmons. Under certain conditions, these
surface-plasmon coupled nonequilibrium thermoelectric devices perform significantly better than
conventional thermoelectric devices based on the same materials.
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1. INTRODUCTION

Direct energy conversion between heat and electricity
using thermoelectric effects such as the Seebeck for power
generation and the Peltier effect for refrigeration has been
studied extensively."? In a thermoelectric device, three
competing processes occur simultaneously: the useful
Peltier effect or Seebeck effect, the volumetric Joule heat-
ing, and the heat conduction from the hot end to the cold
end. Device analysis shows that the performance of ther-
moelectric devices is determined by the materials figure
of merit, Z = §?c /k, where S is the Seebeck coefficient,
o is the electrical conductivity, and k is the thermal con-
ductivity. The thermal conductivity has contributions from
both electrons and phonons. That is, k = k, +k,, where
k, and k, are electron and phonon thermal conductivities
respectively. Most research in thermoelectrics has focused
on improving the figure of merit, and significantly progress
has been made in the past decade.”™ In addition to the
materials development, there are also new opportunities
to create novel thermoelectric devices that can potentially
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outperform conventional thermoelectric devices. Different
device configurations have been explored in the past. Past
studies include the investigation of thermoelectric effects
in pn junctions and minority carrier effects,™® multistage
thermoelectric devices,” and transient effects.® Recent
examples are thermionic refrigeration and power genera-
tion based on single and multilayer structures.” '’

In thermoelectric devices it is the electrons that do
the useful energy conversion work and the electron tem-
perature that matters for energy conversion efficiency.
Following the rationale of reducing the phonon thermal
conductivity, if there is a way to impart energy to elec-
trons only (by cutting off the energy transport through
phonons between the heat source or the cooling target
and the thermoclectric element) while minimizing the
energy coupling between electrons and phonons, it is
possible to obtain better performance of thermoelectric
devices. Existing examples are the vacuum thermionic
power generators'! and electron tunneling refrigerators. '?
Electron thermionic emission, however, is limited by the
work function of available materials, and electron tunnel-
ing requires extremely small gaps, of the order of sev-
eral angstroms. An alternative way to decouple electrons
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and phonons is to explore thermal radiation between two
surfaces, for example, using photons to transfer the energy
from the heat source to electrons in the power generation
unit. Along this line, the most apparent way of utilizing
such an effect is to use a thermophotovoltaic converter'? in
which photovoltaic cells convert the energy of the photons
emitted by a thermal source into useful electrical energy.
Thermophotovoltaics, however, is limited to photons with
energy above the bandgap. If radiation can create suffi-
cient non-equilibrium between electrons and phonons in a
thermoelectric power generator or refrigerator the perfor-
mance of such devices can be significantly improved. It
has been long recognized that the nonequilibrium between
electrons and phonons in the thermoelectric element can
be exploited to improve the thermoelectric energy con-
version efficiency,'*'® but there exist no easy ways to
create such nonequilibrium states between electrons and
phonons to benefit from hot electrons for power genera-
tion or to benefit from the cold electrons for refrigeration.
Taking power generation as an example, to take advan-
tage of nonequilibrium between electrons and phonons, a
small thermal radiation resistance is needed (1) to pro-
vide high energy flux to compensate the electron energy
loss to phonons and thus create the nonequilibrium state
of electrons and phonons (2) to reduce the temperature
drop between the heat source and electrons in the thermo-
electric element. The heat flux through far-field thermal
radiation is generally too small to create nonequilibrium
between electrons and phonons. Recent work on phonon—
polariton coupling in the near-field shows that a heat flux
as high as 10’s or 100’s W/cm? can be obtained when two
half-spaces of polar semiconductor (such as silicon car-
bide or boron nitride) are separated by a nanoscale vacuum
gap for a temperature difference of 10’s K between the
two surfaces.!” We anticipate that near-field energy trans-
fer due to surface-plasmons will have a similar behavior
with the additional advantage that only electrons (or plas-
mons) participate in the energy exchange.

In this study, we develop models to investigate the
potential of surface-plasmon coupled nonequilibrium ther-
moelectric refrigerators and power generators. This paper
is organized as follows. In Section 2, we develop models
for surface-plasmon-coupled nonequilibrium thermoelec-
tric devices, including surface-plasmon energy transport
model across a nanoscale vacuum gap and nonequilibrium
electron—phonon energy transport model in the thermo-
electric device, followed by discussion on material prop-
erty selection criteria. Section 3 presents the calculation
results for refrigerators and power generators followed by
a brief summary in Section 4.

2. THEORETICAL MODEL

Figure 1(a) and (b) illustrates schematically a surface-
plasmon coupled nonequilibrium thermoelectric refrigera-
tor and power generator, respectively. A nanoscale vacuum
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Fig. 1. Schematic drawing of surface-plasmon coupled nonequilib-
rium thermoelectric devices: (a) refrigerator, and (b) power generator.
A nanoscale vacuum gap is to avoid the direct contact of the heat source
or the cooling target from thermoelectric device, and thus cut-off the heat
flow through phonons between the heat source or the cooling target and
the thermoelectric device.

is present to avoid the direct contact of heat source or cool-
ing target from thermoelectric element, and thus cutting-
off the heat flow through phonons between the heat source
or the cooling target and the thermoelectric element. The
vacuum gap should range from a few nanometers to a few
tens of nanometers to ensure high radiative energy flux.
The cooling target or heat source should support surface
plasmon polaritons or be coated with a thin film of a mate-
rial that can support surface plasmon polaritons. Similarly,
the side of the thermoelectric element facing the cooling
target or heat source should also be coated with a thin film
of the same material. Having the same material on both
sides of the vacuum gap results in the largest energy trans-
fer due to surface plasmons. Also illustrated in the figure
are the typical electron and phonon temperature distribu-
tions in the devices, which will be justified subsequently.
We will first present the surface-plasmon energy transport
model in Section 2.1, and couple it to a nonequilibrium
electron—phonon transport model for the whole device in
Section 2.2. We will also develop criteria for good device
performance. Section 2.3 outlines the material property
selection rules.
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2.1. Surface-Plasmon Energy Transport Model

Radiative energy transfer between two surfaces separated
by more than a few characteristic wavelengths, as given by
Wien’s displacement law, is too small to create significant
non-equilibrium effects between electrons and phonons
in the thermoelectric element for our proposed appli-
cation. Tunneling of normal evanescent waves can give
rise to an enhancement in the radiative energy transfer,
with a maximum radiative flux proportional to n’> times
of that of the blackbody flux in vacuum, where n is
the material refractive index.?*2! Although the possibil-
ity of utilizing this enhancement for thermophotovoltaic
energy conversion has been studied theoretically as well
as experimentally,?>?* the increase in heat flux is still not
sufficient for the current application. On the other hand, it
has been found recently that excitation of electromagnetic
surface waves, such as surface phonon—polaritons, can lead
to an enhancement of radiative flux orders of magnitude
higher than that of the blackbody limit.>* The possibility of
utilizing this effect for thermophotovoltaic energy conver-
sion has been analyzed theoretically using materials that
support surface phonon—polaritons. Similar enhancement
of energy transfer can be achieved due to near-field cou-
pling between surface plasmon polaritons, which involve
electrons as opposed to phonons.

The radiative energy transfer between the heat source
(or cooling target) and the thermoelectric element by sur-
face plasmons is modeled following the same method
used to model energy transfer between two half-spaces
due to surface phonon—polaritons, using a combination of
dyadic Green’s function technique® and the fluctuation-
dissipation theorem to characterize the spectral strength of
the thermal sources.?® Doped semiconductors with high
electron or hole mobilities can support surface plasmon
waves. A n-type semiconductor with the following dielec-
tric function is assumed

8(“’):800—(3%_800)( wgro

wZ
— I)
wz_w"zr0+iwy/1> w(w+lye)
(1)

The first term on the right hand side of Eq. (1) is due to
atomic polarization, the second term is due to the opti-
cal phonons, and the third term is due to the conduction
electrons. We choose parameters that are close to that of
InSb, with &, = 15.24, epc = 17.76, w1 =0.022 €V, y, =
3.56 x 10~* eV.” The plasma frequency is related to the
doping by the relation
" ne’

w, = 2)

[)
M €

where n is the electron concentration, m is the effective
mass of the electrons, and g, is the electrical permittivity
of free space. The effect of doping on the radiative transfer
is to vary the plasma frequency, w,, and the damping, v,.
Though the entire device could be complicated, the heat
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source (or cooling target) and the thermoelectric element
are modeled as two half-spaces that have the same plas-
mon frequency as shown in Figure 2(a). For comparison,
the spectral “absorptivity” of a 10 nm thin film of InSb
adjacent to a half-space of InSb is shown in Figure 3. The
emitter is a half-space of InSb. Almost the entire energy
incident on the thin film in the spectral range correspond-
ing to transfer by plasmons is absorbed in this very thin
layer. As long the major part of radiative energy transfer
is due to surface plasmon polaritons, the exact configura-
tion of the thermoelectric device can be approximated by
that of two half-spaces separated by a vacuum layer since
the penetration depth of surface plasmons is only around
10 nm. The spectral flux transfer between two half-spaces
of InSb, with w,= 0.18 eV and vy, =5.33 meV, at 400 K
and 390 K with a vacuum gap in-between them is shown
in Figure 4. The two peaks in the figure correspond to
resonances due to surface waves. The smaller peak, which
occurs around the surface phonon—polariton frequency, is
due to the surface phonon polariton and the main peak,
which occurs around the surface plasmon polariton fre-
quency, is due to the surface plasmon of the conduction
electrons. For our application, only radiative transfer by
surface plasmons is desired. By doping InSb appropri-
ately, the fraction of energy transfer due to phonons can
be reduced. To do so, the surface plasmon polariton fre-
quency would have to be sufficiently separated from the
surface phonon polariton frequency. In addition, the opti-
mum plasma frequency is also determined by the tempera-
tures involved. Figure 5 shows the net energy transfer from
one half-space at a constant temperature as a function of
temperature difference between the two half-spaces. For
comparison, the net energy transfer between two black-
bodies, one of them at 500 K, is also shown in the same
figure. The resonance effect of surface plasmon results in
an energy transfer around 4 orders of magnitude higher
than the far-field value. The net surface plasmon energy
transfer is also a function of the distance between hot and
cold surface (as shown in Fig. 4). The smaller the vac-
uum gap d, the larger is the energy transport flux with
given temperature difference. The total energy flux due to
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Fig. 2. (a) Schematic of half-spaces of InSb separated by a vacuum gap
of thickness d, (b) thermal resistance network of the surface-plasmon
coupled nonequilibrium devices.
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Fig. 3. Spectral “absorptivity” 10 nm film of InSb separated from a
InSb half space (emitter) by a 10 nm layer of vacuum. “Absorptivity” is
defined as the ratio (g,c — Gexit)/dine- This figure shows that only 10 nm
of InSb is necessary to absorb all the surface plasmon energy flux. It
confirms that our approximation of treating the thermoelectric device as
two half-spaces of InSb separated by a 10 nm layer of vacuum is valid.

excitation of surface waves is proportional to 1/d*. In the
rest of this paper, 10 nm vacuum is assumed.

2.2. Surface-Plasmon Coupled Nonequilibrium
Thermoelectric Devices

Standard thermoelectric device models assume that elec-
trons and phonons are under local equilibrium. However,
depending on the electron—phonon energy exchange rate
and the rate of heat input, the electrons can be heated
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Fig. 4. Spectral flux between two half-spaces of InSb separated by a
vacuum gap of thickness d = 10 nm and d = 100 nm. The plasma fre-
quency is assumed to be 0.18 eV. The smaller peak corresponds to reso-
nance due to surface phonon polaritons and the bigger peak corresponds
to resonance due to surface plasmon polaritons.
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Fig. 5. Total energy transfer between two half-spaces of InSb. The hot-
ter half-space is maintained at 7, and the temperature of the colder half-
space is varied. The x-axis is the temperature difference between the hot
and cold bodies. The blackbody energy transfer, the hotter half-space
maintained at 500 K, corresponds to the y-axis on the left. The other
curves correspond to the y-axis on the right.

(or cooled) to a much higher (or lower) temperature
than the phonons. Such a nonequilibrium electron—phonon
effect, which is often called hot electron effect in high field
electronics since electrical fields heat up electrons first,
have been extensively studied for high field electronics -
and laser-material interactions where the electrons can
be thrown out of equilibrium from lattice due to exci-
tation by ultra-short laser pulse.’’*> A few papers have
also dealt with nonequilibrium electron and phonon trans-
port in thermoelectric research.'*'® We follow an estab-
lished way to deal with such a nonequilibrium situation,
the two-temperature model, which assumes that electron
and phonons are in equilibrium with their respective sub-
systems and have their own temperature, and that the
boundary conditions can be separately formulated. For
this treatment to be valid, the electron—electron collisions
which randomize the electron energy should be frequent
enough, a condition usually satisfied if the electron con-
centration is 10'® cm™ or higher, as is the case in good
thermoelectric materials. We further restricted our analysis
to monopolar (single carrier) semiconductors and assumed
that there is no electron-hole pair generated and thus
no additional recombination heat needs to be considered.
We also neglected the temperature dependence of thermo-
electric properties (k,,k,, o and S), thus no Thompson
effect is included in the model. Under these approxima-
tions, the governing transport equations for electron and
phonon subsystems in the thermoelectric element are:

deT” G(T. T)+j2—() 3

e dxz € 4 o - ( )
d*T,

ky——L 4+ G(T,—T,)=0 4)

dx?
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where T, and T, are electron and phonon temperatures
respectively, j is the current density pass through the ther-
moelectric element, and G is the volumetric electron—
phonon energy coupling constant, which can also be
viewed as the cooling or heating rate of electrons due to
their interaction with phonons. The first terms in Egs. (3)
and (4) are heat conduction terms due to electron carri-
ers and phonon carriers respectively, G(7, —T,,) describes
the energy coupling or it}teraction between electron and
phonon subsystems, and ’; is the energy input to the elec-
tron subsystem due to Joule heating.

The general solutions for the electron and phonon tem-
peratures are,

T,(x) = T,(x) = 6,+ 6(x) o)
LW =-—t b -—L rrcarc, ©
k,+k, 20(k,+k,)
where
J*k,

6 — _— 0 — C mx C —mx 7
o Golk, +k,) (x) e +Che (7)

and
2. G(ke +k]1)

k.k,

The above general solutions have been obtained before
together with different boundary conditions to determine
coefficients C, to C,. The concept of coupling through sur-
face plasmons requires us to establish new boundary con-
ditions that are difficult to realize in conventional device
configurations. If we look at the time scale, the character-
istic time scale of creating a surface polariton mode is w;l,
which in this case is ~23 fs. Electron—electron scatter-
ing time is also around tens of femto-seconds. Finally, the
characteristic time for energy transfer between electrons
and phonons is given by the electron—phonon coupling
constant, which can range from a pico-second to nano-
seconds at low temperatures. Hence, this paper assumes
that the surface polaritons are regenerated almost instanta-
neously. The radiative energy due to surface polaritons is
first transferred to the electrons, which form a subsystem at
the electron temperature, and finally to the phonons, which
form another subsystem at the phonon or lattice tempera-
ture, through electron—phonon coupling. This scale analy-
sis justifies the boundary conditions established below for
the nonequilibrium thermoelectric devices. Although the
temperature profiles seem different in the surface plasmon
thermoelectric refrigerators [Fig. 1(a)] and power genera-
tors [Fig. 1(b)]. The boundary conditions for the control
equations are actually similar.

At x = L, away from the plasmon coupling surfaces, we
assume that the electrons and phonons are in equilibrium
with each other at 7,. That is,

®)

T=T, ad T,=T, ©)
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At x =0, the phonon subsystem is assumed to be iso-
lated, i.e.
ﬂ =0 (10)
dx
This assumption is used in most of the calculation results
presented in this paper except Figure 11 shown later,
since the surface-plasmon energy transport calculation in
Figure 4 shows that less than 10% of total energy cou-
pling between the surfaces is through phonons and this
percentage can be further reduced by appropriate doping to
control the separation between frequencies of the surface
plasmon and surface phonon—polariton.
The boundary condition for electron subsystem at x =0
can be written as

o (1)

=8jT,|,_o—k
q J elx_O edx A

The first term is the Peltier cooling term, which represents
the heat absorbed from the hot surface of the power gen-
erator or cold surface of the refrigerator. The second term
is the heat conducted by electrons.

It is through ¢ in Eq. (11) that we couple the equa-
tions of nonequilibrium electron—phonon transport model
in thermoelectric devices to the surface-plasmon energy
transport model across the vacuum. Because of this cou-
pling, neither the heat flux nor the temperature at x = 0
(the interface between the vacuum and the thermoelectric
element) are known variables. For power generators, the
heat source temperature 7, at x = —d is usually taken as
the input for efficiency calculation, where d is the size of
the vacuum gap. For refrigerators, either the cooling tar-
get temperature 7, or cooling power density is given for
the performance calculation. Thus numerical iteration is
inherently needed for the calculation of temperature dis-
tribution. After the temperature inside the thermoelectric
element is known, we can determine the performance of
the whole device.

To evaluate the refrigerator performance, the tempera-
ture at the interface of the vacuum and thermoelectric ele-
ment can be calculated for a given cooling load (cooling
rate) at a cooling target temperature 7,. Then the energy
expenditure p,, for cooling can be written as

2
P = ST~ T.]o) + = (12)

The coefficient of performance (COP) ¢ is defined as

o= (13)
Pin
The minimum cooling target temperature is reached when
q is set to zero.

For power generators, the power output depends on the
external electrical load resistance R,. Often the external
resistance is written as R, = uR,, = u(L/0A), where u is
the electrical resistance ratio, R, is the electrical resistance
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of the thermoelectric element and A is the cross-section
area of the thermoelectric element. Then the electric cur-
rent density in power generator can be written as

Ve S(T.l,oo—T) _ So(T|io0o—T)

j=—— = = 14

I A = Woa+R)A~ Lm0
The power output p, is thus,
Py = J’R, _ S?0(T| o= T) m
O A L (1+u)?
kZ(T,\ _o—Ty)*
_ (T —To) H i (15)
L (14+p)?

The energy conversion efficiency 7 can be calculated as

n="1 (16)
q

We will also compare the COP and minimum tempera-
ture for refrigeration and the efficiency for power genera-
tion thus obtained with that of standard devices, for which
the corresponding expressions are well documented.

We note that there are no simple equations for per-
formance evaluation of surface-plasmon coupled nonequi-
librium thermoelectric devices. The numerical simulations
are carried out to obtain various optimum values. Before
presenting any numerical results, however, we will develop
some criteria that serve as guidelines for device design and
materials selection.

From the above discussion, we see that in the proposed
devices, an additional temperature drop between the heat-
ing (cooling) source and the thermoelectric element devel-
ops across the vacuum gap. We define an effective thermal
resistance for the vacuum gap, R,,., due to the surface-
plasmon energy transport, where R, = (T, — T,|,—)/4-
This resistance must be small such that most temperature
drop happens in the thermoelectric element rather than the
vacuum gap, i.e.,

R\‘ac << RTE (17)

where Ry is the total thermal resistance of the thermo-
electric element, which will be determined next.

For conventional thermoelectric devices (both power
generator and refrigerator), the thermal resistance is given
by L/k. In the nonequilibrium thermoelectric devices, a
first order analysis (neglecting the joule heating effect on
thermal resistance model) gives the thermal resistance net-
work as shown in Figure 2(b). When the energy is coupled
from the heat source or the cooling object to the interface
between the vacuum and the thermoelectric element, it is
transported through two channels in the thermoelectric ele-
ment. One is through the electron subsystem and the other
is through the electron—phonon interaction and then the
phonon subsystem. The electron—phonon coupling thermal
resistance can be written as

Ry = (18)
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where L,_, is the length over which electron and phonon
subsystems has distinguishable temperatures. L, , is the
thermoelectric element length or the electron cooling
length, whichever is smaller. The electron cooling length
[ is defined as the distance required for electrons and
phonons to reach equilibrium from the boundary where

electrons is heated or cooled, ">’

1 1 1

e P

The total thermal resistance of the thermoelectric ele-
ment operating in nonequilibrium can be thus be approxi-
mated as,

N am 1 - oL *‘+ke -
e Re R(’A[)—’_R[) B GLyfp kp L

(20)

If (1/GL,_,) is much less than L/k,, the nonequilibrium
effect is not noticeable and Eq. (20) can be simplified to
that of a conventional thermoelectric device, L/k. Thus, to
have distinguishable benefit, Ry must be larger than the
thermal resistance of a conventional device, that is

L
Ry > — (21)
k
In the other hand, when (1/GL,_,+L/k,) — oo, the ther-
moelectric element can be viewed as an almost perfect
one with thermal conductivity of k, and corresponding
7 =So/k,.
Thus one will apparently benefit from nonequilibrium
electron—phonon effect, if

1
GL(’*[)

+ L L (22)
—_> —.
k, ~ k,

Normally &, is larger than k, for thermoelectric materials,
then the criterion can be written as
1 L

= 23
GL,, & )

e

We note that in nanostructured thermoelectric materials,
k, is often reduced to the same order of magnitude as k,.
In such a case, Eq. (22) should be used as a criterion.

In summary, surface-plasmon nonequilibrium device
will have superior performance than a conventional one

when:

(1} R,,. < Ry to reduce the additional temperature drop
due to surface-plasmon energy transfer. This criterion
also explains why the coupling by conventional far
field radiation or the tunneling of regular evanescent
waves is not sufficient for the proposed device con-
figurations.

(2) 1/GL,_, > L/k, to have distinguishable contribution
from nonequilibrium electron—phonon temperatures.
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2.3. Material Property Selection

The efficiency of conventional thermoelectric devices is
determined by ZT. Reviews of past and current research
in thermoelectrics should be consulted for progresses
made.' > Generally a good thermoelectric material has
§ ~200 uV/K, o ~10° Q7 'm~'. For the proposed
devices, the electron—phonon coupling constant G is of
crucial importance, as well as the plasmon frequency. The
electron-phonon interaction is an active research area due
to its important role in solid state physics, notably as
the process that determine the electrical resistance, super-
conductivity, and the equilibrium dynamics of hot elec-
trons. More often, the electron—phonon energy exchange
is presented by electron energy relaxation time 7, in liter-
ature. %3037 Neglecting the electron kinetic energy, the
electron—phonon coupling constant can be written as

_ 3nkg
27

€

(24)

Clearly, G is proportional to the doping concentration in
Eq. (24) and is a very complicated function of both the
electron and phonon temperatures rather than a constant
since 7, depending on both the electron scattering mecha-
nism and the degeneracy. References [ 35] and [ 36] sum-
marize the theoretical form of 7, for various scattering
mechanisms and reference [ 38] for low dimensional sys-
tems. However, the theoretical value agrees only quali-
tatively with experimental results. A number of different
techniques, including electrical transport (steady state) and
optical methods (dynamics) have been used to study the
electron energy relaxation.?*3% 38 Table [ lists some exper-
imental data of the energy relaxation time for various
materials (after [ 29]). Clearly 7, ranges from 0.1 ~ 10 ps
at room temperature. At low temperatures, 7, can be as
long as tens nanoseconds. Depending on the optimum
doping concentration for optimum Z7, G ranges from
10° to 10" W/(m* K). The optimum doping concentra-
tion for thermoelectric material varies from 10" cm™*
or 10" cm™* for narrow bandgap materials (InSb™,
Hg,_,Cd, Te*®) to 10" cm™ or 10 cm™ for wide
bandgap materials (SiGe). Most good thermoelectric semi-
conductors have a G value around 10" or 102 W/(m* K)
at their optimum ZT values. Metals have very high G,
which is around 10'® ~ 10'7 W/(m® K).*

In Russian literature, '* '>!7 the electron—phonon energy
coupling constant is often given as electron cooling length.
The electron—phonon cooling lengths [ vary from 100°s
nanometers to several microns at room temperature. How-
ever it does not give the details about doping concentration
dependence.

In our calculation, we used § =200 uV K!', ¢ =
10° Q"'m™" and k =2.0 Wm~'K~'. G and k,/k vary in
different cases. With such material properties, the mini-
mum temperature the cold end of a conventional thermo-
electric refrigerator can achieve is 241 K at zero cooling
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Table I.  Experimental data of the energy relaxation time (after Ref. 29).

Lattice Electron
Material temperature (K) temperature (K) 7, (1072 sec)
Si 8 29 110.0
107 24.0
222 2.94
505 0.5
77 107 23.0
222 2.6
505 0.43
300 330 2.6
505 0.37
Ge 100 100 27.0
150 150 10.0
200 200 6.0
300 300 6.0
400 6.0
640 97
1500 19.0
InSb 4.2 5 2x 107
10 Ix 107
15 4x10°
1.15 1-15 23533 x 107
20 20 Sx 107
25 25 1.3 107
77 77
122 1.76
192 246
297 3.37
GaAs 50 50 17.3
80 80 1.7
77 150 0.35
300 0.65
700 0.82
1000 1.02
300 350 1.42
500 1.28
800 1.94
1000 1.88

load and a hot side temperature of 300 K. When this mate-
rial is used to make a conventional thermoelectric power
generator operating at 500 K to 300 K, the maximum effi-
ciency is 7.03%.

3. RESULTS AND DISCUSSIONS

The model described in Section 2 has an inherent assump-
tion that the electrons and phonons are well in equilibrium
with each other in the heat source or cooling target while
maintaining their nonequilibrium state in the thermoelec-
tric element. This assumption can be justified through care-
ful design of the surface of the heat source or cooling
target. We can think of that the heat source or cooling
target are made of a very thin surface plasmon mate-
rial (such as InSb), coated on a metal layer. The high
electron—phonon coupling constant of metal, which is usu-
ally around 5 orders of magnitude larger than that of semi-
conductors, ensures that the equilibrium between electrons
and phonons in the metal underneath the material layer
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that supports surface plasmon. Then the thickness of the
surface plasmon supporting material must satisfy two con-
ditions: (1) The thickness is large enough to support all the
surface plasmon energy flux. As discussed in Figure 3, it
should be more than 10 nm. (2) The electron and phonon
temperature drop inside the surface plasmon material layer
should be small. Figure 6(a) shows the temperature drop
in the surface plasmon supporting layer under a cooling
heat flux of g =50 W/cm?. Figure 6(a) shows the electron
temperature drop (7, — 7,,) and phonon temperature drop
(T, —T,,) inside the surface plasmon supporting material
layer, where T, is the temperature at the surface of metal
layer and surface plasmon material. Figure 6(b) shows
the temperature drop at the plasmon material surface as
a function of the thickness of surface-plasmon material.
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Fig. 6. The temperature drop in the surface plamson supporting layer
with a thin metal layer underneath under a cooling heat flux of g =
50 W/cm?: (a) the electron (7, — 7,,) and phonon (7, — 7,,) temperature
drop inside the surface plasmon supporting material layer, and (b) the
temperature drop at the plasmon material surface as a function of the
thickness of surface-plasmon material.
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The smaller the electron—phonon coupling constant, the
larger the electron temperature drop. The temperature drop
is less than 2.5 K if the thickness of the surface plasmon
material is less than 1 wm. Thus we can assume that the
electron temperature and phonon temperature are in equi-
librium and they are the same as cooling target or heat
source temperature if the cooling target or heat source are
coated with tens or several hundred nanometers of surface
plasmon material with a thin metal layer underneath. In
the rest, we present the calculation results for both surface
plasmon coupled nonequilibrium refrigerators and power
generators.

3.1. Refrigerator

Figure 7 shows the variation of several characteristic tem-
peratures as a function of the current density under a cool-
ing load of ¢ =50 W/cm?. In the figure, T;, and T, are
the electron and phonon temperatures at the cold end of
the thermoelectric element (i.e., the interface between the
vacuum gap and the thermoelectric element) respectively,
and 7, is the cooling target temperature. Two most dis-
tinctive features of this figure are: (1) The phonon tem-
perature 7;, at the cold end is much higher than the
electron temperature Tj,,. The phonon temperature at the
cold end can be even higher than the hot end temperature
T, but the electrons at the cold end are still colder than 7.
This is because the Peltier effect cools the electrons first.
(2) By using surface-plasmon coupling, the cooling target
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Fig. 7. Typical temperature and COP change with the applied current
under a cooling load. 7;, and T;, are the electron and phonon temper-
atures at the cold end of the thermoelectric element (i.e., the interface
between the vacuum gap and the thermoelectric device) respectively,
and 7, is the cooling target temperature. Comparing to the minimum
temperature 7 = 250 K that the conventional refrigerator can reach at
such a cooling load at its optimum current density ju,, oy the surface-
plasmon coupled nonequilibrium thermoelectric refrigerator can reach a
much lower temperature.
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can reach as low as the electron temperature at the cold
end. However, due to the additional thermal resistance or
temperature drop at the vacuum side, the cooling target
temperature 7) is always higher than 7}, when there is an
external cooling load. In this figure the cooling load is first
calculated from the maximum cooling power density of a
conventional thermoelectric refrigerator operating at 7, =
300 K and 7; =250 K, which is ¢ =50 W/cm? for L =
50 wm device. Then such a cooling load is applied to the
surface-plasmon coupled device to calculate the tempera-
ture distribution inside the device and the cooling target
temperature by sweeping the applied current. As shown
in the figure, compared to the minimum temperature 7 =
250 K that the conventional refrigerator can reach at such
a cooling load at its optimum current j,,, o, surface-
plasmon coupled nonequilibrium thermoelectric refriger-
ator can reach much lower temperature. The minimum
temperature with a cooling load of ¢ =50 W/cm? surface-
plasmon coupled nonequilibrium thermoelectric refrigera-
tor can achieve is 7} = 201.63 K, which corresponds to
Z =0.00547 K™! or ZT,, = 1.641 (T, = 300 K). If the
cooling target is kept at 7; = 250 K, a much smaller cur-
rent than the conventional optimum current j,,, . can be
applied and thus a much higher COP, as large as 0.40, than
the 0.092 of the conventional refrigerator can be achieved.

When the cooling load is removed, a thermoelectric
refrigerator achieves its minimum temperature if the opti-
mum current is applied. In a surface-plasmon coupled
nonequilibrium thermoelectric refrigerator, this means that
the cooling target temperature (both electrons and phonons
at the cooling target) achieves the same temperature as
the cold end electron temperature of the thermoelectric
element. Figure 8(a) shows the minimum temperature of
the surface-plasmon coupled nonequilibrium thermoelec-
tric refrigerator as a function of thermoelectric element
length for various G values. Apparently the shorter the
thermoelectric element length and the smaller the coupling
constant G, the lower the minimum temperature can be
reached. Interestingly, for same k,/k = 0.1, the minimum
temperature can be grouped as function of dimension-
less parameter GL?/k. Figure 8(b) shows the minimum
temperature as a function of GL*/k for various k,/k.
For given values of Z and GL?/k, the lower the k,/k
ratio, the lower the minimum temperature, which means
the phonon heat flux has been cut off more effectively.
Figure 9 shows the temperature distribution inside a 50 wm
nonequilibrium thermoelectric refrigerator when the mini-
mum cold end temperature is reached. The smaller the
electron phonon coupling constant G, the larger the tempe-
rature difference between electrons and phonons. For small
G values [10® and 10" W/(m? K)], the electron tempera-
ture near the hot end can be larger than the phonon tempe-
rature but electrons are much colder than phonons at the
cold side.

Figure 10 shows the performance of a surface-plasmon
coupled nonequilibrium thermoelectric refrigerator under a
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Fig. 8. (a) The minimum cooling temperature of the surface-plasmon
coupled nonequilibrium thermoelectric refrigerator as a function of ther-
moelectric element length for various G values. The shorter the thermo-
electric element length and the smaller the coupling constant G, the lower
the minimum temperature can be reached. (b) the minimum temperature
as a function of GL?/k for various k,/k.

cooling load of 50 W/cm?, which is same as the maximum
cooling power density of a L =50 wm conventional ther-
moelectric refrigerator with Z = 0.002 K~! operating at
T, =300 K and T, =250 K. Figure 10(a) shows the
cooling target temperature change with thermoelectric ele-
ment length and the electron—phonon coupling constant.
Also shown in the figure is the cooling target tempera-
ture for conventional thermoelectric refrigerators. Clearly,
much lower cooling target temperature can be obtained for
a wide range of G and L combinations than the conven-
tional device with a same given load. For large G value,
a smaller thermoelectric element length is necessary to

83




Surface-Plasmon Coupled Nonequilibrium Thermoelectric Refrigerators and Power Generators Yang et al.

350 ——r—————

= e s e R e e TR

300'-_ _ o’ e
|

\

Z
Q L r“\" : Pig |
© 250 —(_,'f'/ o ]
8 & L, k. /k=0.1
© E2 .
o L yej Z=0.002 K™
g I / T,=300 K
T 200{] & el s
= i 7T G=108 W/(m? K)

X

- T =10 WimBK)

. —_—

150

o8 N
1001 VA S | I W W ) (O W T |
0 10

20 30 40 50

Fig. 9. The temperature distribution inside a 50 wm surface-plasmon
coupled nonequilibrium thermoelectric refrigerator when the minimum
cold end temperature is reached (dashed lines—electron temperature,
solid lines—phonon temperature). The smaller is the electron phonon
coupling constant G, the larger is the temperature difference between
electrons and phonons.

take advantage of the nonequilibrium effect. Figure 10(b)
compares the COP of a surface-plasmon coupled nonequi-
librium thermoelectric refrigerator with conventional ther-
moelectric refrigerator with the cooling target temperature
at 250 K. Compared to the maximum COP = 0.092
for Z = 0.002 K~!' material in conventional thermoelec-
tric refrigerator, which is independent of the thermoelec-
tric element length, the COP of surface-plasmon coupled
nonequilibrium thermoelectric refrigerators is a length
dependent characteristic. For G = 10> W/(m® K) [large
G value], the benefit from the nonequilibrium electron—
phonon effect is much smaller than the degradation due
to additional thermal resistance at the vacuum side. Thus,
the COP is always smaller than the conventional ther-
moelectric refrigerator. For low G values, the COP of
surface-plasmon coupled nonequilibrium thermoelectric
refrigerator can be much higher than the maximum of the
conventional thermoelectric refrigerator.

As discussed in Section 2.2, there is small amount
of energy flux due to the surface phonon polariton (the
smaller peak in Fig. 4). The energy exchange through
surface phonon polariton will degrade the performance
calculated before since, in the case of refrigeration, the
high phonon temperature in the thermoelectric element
will cause a reverse flow of heat from the thermoelec-
tric element to the cooling target. We have calculated the
degradation caused due to this surface phonon polariton
energy exchange. This is done by separating the energy
exchange through surface plasmons and surface phonon
polaritons. The boundary conditions (10) and (11) are
changed accordingly. Figure 11 shows the cooling target
temperature under a cooling load of 50 W/cm? with
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Fig. 10. (a) The cooling target temperature changes with thermoelectric
element length and the electron—phonon coupling constant under a load
of ¢ =50 W/cm?. (b) The COP of surface-plasmon coupled nonequilib-
rium thermoelectric refrigerator as a function of thermoelectric element
length and electron—phonon coupling constant with the cooling target
temperature at 250 K. For low G value, the COP of surface-plasmon
coupled nonequilibrium thermoelectric refrigerator can be much higher
than the maximum of the conventional thermoelectric refrigerator.

(dashed lines) and without (solid lines) consideration of
the degradation. The degradation can be a few degrees for
short thermoelectric elements. However, the overall per-
formance is still much better than the conventional ther-
moelectric refrigerator.

3.2. Power Generator

Figure 12 shows the typical change of the output power
density and the energy conversion efficiency with the
ratio of the external and internal thermal resistances
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Fig. 11.  The cooling target temperature with and without the consider-
ation of the reverse energy flow due to surface phonon polariton (dashed
lines with symbols-without, solid lines with symbols—with) under a cool-
ing load of 50 W/cm®. Though the surface phonon polariton degrades
the cooling performance, the surface-plasmon coupled nonequilibrium
devices have much better performance than conventional devices.

M =R, /Ry operating with heat source temperature at
500 K and the cold side temperature at 300 K. Compared
to the conventional thermoelectric power generator, the
surface-plasmon coupled device has a much higher energy
conversion efficiency over a wide range of u = R, /Rg.
The optimum efficiency is around 1.5 times the optimum
of conventional thermoelectric power generator for given
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Fig. 12.  Typical change of the output power density and the energy
conversion efficiency with the ratio of the external and internal thermal
resistances u = R, /Ry;. Comparing to the conventional thermoelectric
power generator, the surface-plasmon coupled nonequilibrium thermo-
electric power generator has a much higher energy conversion efficiency
over a wide range of u =R, /R .
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parameters. However the high efficiency comes with a
decrease in the output energy density compared to the con-
ventional thermoelectric power generator. The efficiency
gain is more of interest than the loss of energy density
since the device power density must match the external
thermal management capabilities.

Figure 13(a) shows the optimum efficiency as a function
of thermoelectric element length for different electron—
phonon coupling constant with k,/k = 0.10 and Z =
0.002 K" operating at T, = 500 K and T, = 300 K.
For both G = 10* W/(m*® K) and G = 10° W/(m® K),
the efficiency of surface-plasmon coupled device is higher
than the conventional thermoelectric power generator due
to the nonequilibrium electron—phonon effect. The longer
the thermoelectric element, the less the benefit of the
nonequilibrium effect and thus the less the energy con-
version efficiency. For G = 10> W/(m® K), the effec-
tive thermal resistance in the thermoelectric element
side is small and so the performance is limited by the
surface-plasmon energy transport. With longer thermo-
electric elements, the relative thermal resistance of the
vacuum decreases and thus the energy conversion effi-
ciency increases. Figure 13(b) shows the corresponding
electron temperature at the hot end of the thermoelec-
tric element. Apparently, the longer the thermoelectric ele-
ment, the higher is the electron temperature at the hot
end due to the relatively larger thermal resistance of the
thermoelectric element. Figure 13(c) shows the temper-
ature distribution in a 50 um surface-plasmon coupled
nonequilibrium thermoelectric power generator when the
heat source is maintained at 500 K. Again, it shows that the
relative temperature drop at the vacuum side is large for
large G because the contribution of nonequilibrium effect
to the total thermal resistance of thermoelectric device
becomes small. It can also be seen that a small G results
in a large temperature difference at the hot end.

Similar to refrigerator, the ratio of electron thermal
conductivity contribution to the total thermal conductiv-
ity k,/k also plays an important role in the energy con-
version efficiency. Figure 14 shows the energy conversion
efficiency as a function of thermoelectric element length
for different k,/k. It is interesting to see that increasing
k./k results in a change of the device from nonequilibrium
effect dominated regime (k,/k = 0.10) to vacuum thermal
resistance regime (k,/k = 0.50) and results in a conversion
energy decrease.

Comparing the performance calculation of refrigerators
and power generators, we expect that the nonequilibrium
transport favors the realization of refrigerators than power
generators due to: (1) at low temperatures, the electron—
phonon coupling constant G is several orders smaller; (2) at
low temperatures, the thermal wavelength is longer and
thus the vacuum gap can be larger. Finally we note that our
calculation results shown above are not optimized. Though
ZT is a good indicator for the performance of conventional
thermoelectric devices, it is only one of the determining
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and 7, = 300 K, (b) The corresponding electron temperature at the hot
end of the thermoelectric element. (c) The electron and phonon temper-
ature distributions in a 50 um surface-plasmon coupled nonequilibrium
thermoelectric power generator when the heat source is maintained at
500 K.
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factors of the performance of the surface plasmon nonequi-
librium thermoelectric devices. The optimum performance
of such nonequilibrium devices are determined by the
plasma frequency w,, and the damping 7., the electron—
phonon coupling constant G, thermoelectric figure of merit
ZT, and the contribution of the electrons to the total ther-
mal conductivity, i.e., k,/k. All these factors are strong
functions of doping concentration and temperature. Opti-
mization of such devices will be reported in the future.

4. CONCLUSIONS

This paper conceptualizes and investigates the surface-
plasmon coupled nonequilibrium thermoelectric devices.
These devices use surface-plasmon coupling to limit the
energy exchange between the heating source (or cool-
ing target) and the thermoelectric element to electrons
alone, while eliminating direct energy exchange between
phonons. Models for refrigeration and power generation
devices based on this concept are established, together
with simplified criteria to guide the device design and
materials selection. Our simulations show that these
devices can lead to significant improvements in efficiency
over conventional thermoelectric devices.
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