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THE THERMOTUNNEL CONVERTER: A HYBRID THERMOELECTRIC/THERMIONIC

DEVICE.*

Fred N. Huffman - Thermo Electron Corp., Waltham, MA

Zia Haq - Energetics Inc., Columbia, MD

ABSTRACT

The thermotunnel converter (TTC) is an innovative
energy conversion device that utilizes the principle of
electron tunneling to convert thermal energy into electricity.
The TTC consists of a series of hot emitter surfaces spaced
about 10 A away from cooler collector surfaces. An
analytical model indicates that the TTC would operate
efficiently in the temperature range from 300 to 1500 K.
Highly oriented pyrolytic graphite (HOPG) intercalated with
cesium is an appropriate material for making a practical TTC.
Extrapolation of potassium intercalated HOPG data to
temperatures of 800 - 1500 K indicate that intercalated HOPG
has attractive thermoelectric properties at these conditions.

THE TUNNELING CONCEPT

The thermotunnel converter (TTC) is a new direct
energy conversion device that has characteristics in common
with thermionic and thermoelectric converters. The
thermotunnel converter operates at lower temperatures than
thermionic converters, and initial calculations suggest that
greater conversion efficiencies may be obtainable from a TTC
than from existing thermoelectric and thermionic converters.

The thermotunnel converter (TTC) consists of a hot
plate, called an emitter, spaced close to a cooler plate, called
the collector. To this extent it is similar to a thermionic
converter. The fundamental difference is that the emitter-
collector spacings of a TTC are on the order of 10 A,
compared to typical vacuum-close spaced thermionic converter
spacings of 0.001 cm. In the TTC, due to spacings on the
order of atomic dimensions, all electrons above the Fermi
level have some probability to quantum mechanically tunnel
through the potential barrier. Essentially the thermotunnel
converter is a heat engine in which a fraction of the heat
flux through the emitter is expended in raising electrons to
energy levels where the probability of tunneling through the
potential barrier is increased.

Tunneling is a manifestation of the Heisenberg
uncertainty principle, which implies that an electron exists in
a cloud surrounding the nucleus. Given enough energy, and a
sufficiently small potential barrier, there is a probability of
finding the electron on either side of the barrier. The
imposition of a temperature difference across an emitter and
collector surface allows us to utilize tunneling for the
purpose of energy conversion. The temperature difference
ensures that the number of electrons tunneling from the
emitter to collector is greater than the number of electrons
tunneling back from the collector to the emitter. Hence the
thermal gradient acts as a driving force that generates a net
current which can be utilized through a load.

* Sponsored by U.S. Department of Energy, Small Business
Innovation Research Contract No. DE-ACO5-86ER80389.

Some physical insight may be gained by examining
Figure 1. The Fermi function gives the probability that an
allowed state in dE about E will be occupied at the given
temperature. Hence over a restricted range around the Fermi
level energy, the cross hatched area is proportional to the
number of electrons tunneling from the emitter to collector
contributing to the current through the device whereas the
shaded area is proportional to the number of electrons from
the collector to the emitter subtracting from the current
through the device. The higher energy electrons (i.e. those
in the cross-hatched area) are much more likely to tunnel
than the lower energy electrons (i.e. those in the shaded
area). Therefore, for TE > TC there will exist a net
current across the elecirodes provided the output voltage, V,
is less than the open circuit voltage, Voc.

ANALYTICAL MODEL OF
THERMOTUNNEL CONVERTER

An analytical model has been developed which predicts
the performance characteristics of a thermotunnel converter
device. The model assumes a potential diagram in a
thermotunnel converter as shown in Figure 2. For a first
approximation a linear potential barrier is assumed, and the
emitter and collector work functions are considered to be
equal. Penetration coefficients for the one dimensional
potential barrier can be found in the Wentzel- Kramers-
Brillouin (WK B) approximation (Ref. I, 2, 3).

D(E,) = expl (-4ms/h) (2m(Ep+o-eV/2-E )}7]

s = barrier width

h = Plancks constant

m = electron rest mass

E = energy level of electron

o = material work function

Ep = Fermi energy level

V = voltage induced by current

flow

where

The net electron flux through the thermotunnel
converter is found by subtracting the electron flux
penetrating the barrier from the collector to the emitter
from the electron flux penetrating the barrier from the
emitter to the collector. With proper representation of these
quantities as well as an appropriate coordinate change from
rectangular to polar coordinates, it can be shown that the
net current density in the TTC is given by

_ [4mme
J —( 3 >J D(E,) Y(E )dE_ (1)
o




where
oo

Y(E,) = §(f[E,EF,TEI-f[E,<EF+eV>,TcndE
E

X

and D(E) is the same as before. The Fermi function is given
by

f(E) = 1/lexp((E-Eg)/kT}+1]
where k = Boltzmanns constant

Tg = emitter temperature
T¢ = collector temperature

The existing research on tunneling phenomenon has
concentrated on low temperature regimes (< 300 K). In all
cases the tunneling junction measurements of current density
and voltage are made under isothermal conditions. In some
cases a bias potential is imposed on the tunneling junction
which causes the output current density to increase with
increasing bias potential. Our analysis has taken into
account the high-temperature operation, and the imposition of
a temperature gradient across the device. In addition, no
external bias potential is imposed the TTC, and only the
voltage generated by electron transport is calculated with the
above equations.

A FORTRAN program has been written which calculates
the TTC device net current density by numerically integrating
Equation 1. Simpsons composite algorithm is applied over the
limits of integration to arrive at the value of J. All
calculations are performed in double precision format to
minimize roundoff error.

The calculated current density - voltage characteristics
(shown in Figure 3) indicate that a significant power density
can be obtained from such a device with temperature
difference of 800 K - 300 K between the emitter-collector
surfaces. Thermionic converters exhibit similar J-V response
curves, but at much higher temperatures (greater than 1600
K).

Along with the current density, an important
thermotunnel converter parameter is efficiency. The
efficiency equation for a thermotunnel converter is

Ip8 L e
.’[V»sA -u(TE TC)]

W- & T

4nme (M drme (T

.3 f' (E = EFE)D(E‘)JE‘L fITgldE - T ) (E, - Egp)D(E)dE, | fITCIAE + Qg + Q) + Qg
° x

where 0 = resistivity of conductor (Ot E a4y Ten
¢ = length of conductor lead
L9 1 LR g

Sp = cross section per unit tunnel

area of conductor
&« = mean thermoelectric power of

conductor lead
Qg = conduction heat loss
Qg = radiation heat loss
Qp = lead loss

In the numerator, the lead loss in the conductor and
thermoelectric emf due to the temperature difference have
been subtracted from the output voltage. Hence, the
numerator represents the useful output power density. The
first term in the denominator accounts for the power
expended in lifting electrons from the emitter Fermi level to
the E, level where they will tunnel, while the second term in
the denominator is the power returned to the emitter by
electrons tunnelling from the collector to emitter. Qg, Qg,
and Q; represent the thermal losses due to spacer
conduction, radiation, and lead conduction. The TTC
efficiency expression is analogous to that for the thermionic
converter. The variation of efficiency as a function of
output voltage, parametric in emitter temperature, is shown
in Figure 4.

INTERCALATION COMPOUND
EXPERIMENTAL
DATA EXTRAPOLATION

The thermotunnel converter is predicated on several
requirements: (1) multiplicity of extremely close-spaced
electrodes, (2) reduced heat loss by thermal conductivity
through the TTC material, and (3) low work function material
to facilitate electron transport. The concept of the
thermotunnel converter can only now be translated into
practice due to recent advances in the field of material
science. It is possible to "chemically" space materials on the
order of 10 A apart by intercalation. Intercalation
compounds are formed by inserting dopant molecules into the
lattice structure of a host material. Graphite is a host
material that readily forms intercalation compounds. The
structure of pure and intercalated graphite is illustrated in
Figure 5. Pristine graphite layers are spaced 3.35 A apart.
The intercalant atoms or molecules orient themselves in
between the graphite layers thus increasing the adjacent
carbon layer distances up to about 20 A depending on the
size of the intercalant species. The "stage" of a compound is
the number of carbon layers between adjacent intercalant
layers. Intercalated compounds exhibit well defined chemical
compositions with physical and chemical properties
dramatically different from the original host material.
Lattice transport properties are a strong function of
interatomic spacing, and intercalation causes the host atoms
to be spaced further apart, thus causing significant
reductions in thermal conductivity. Graphite intercalation
compounds (GIC) with cesium as the intercalant appears to be
the most suitable material for the thermotunnel converter.

Although there has been an explosion of GIC
investigations over the past decade, few of them are directly
relevant to the question of using GIC’s as intermediate
temperature energy conversion materials. Only one material,
Stage-5 Potassium-GIC, could be found for which the three
thermoelectric  properties (i.e., thermopower, electrical
resistivity, and thermal conductivity) had been measured.
Even in this case, the measurements were only available at
low temperature conditions (< 300 K).

The few thermoelectric data that are available have
been extrapolated to ascertain if there is an experimental
basis, independent of theory, for expecting GIC materials to
provide improved thermal-to-electrical efficiency.

The c-axis thermal conductivity, thermopower, and
electrical resistivity for the Stage-5 K-GIC are given in
Figures 6, 7, and 8, respectively. [Each figure has three
regions, namely - (a) experimental data - solid line,
temperature range from 2-300 K, (b) temperature extrapolated
region - dashed line, temperature range from 300 - 2000 K,
and (c) combined stage and temperature extrapolated region -
dotted line, temperature range from 300 - 2000 K. These
three regions will be discussed individually.

Experimental Data Region

It is evident from the experimental data that
intercalation makes a pronounced reduction in c-axis thermal
conductivity (see Figure 6). From Figure 7, it is evident
that the c-axis thermopower increases linearly with
temperature. The c-axis electrical resistivity of potassium
intercalated graphite drops sharply with temperature as
expected (see Figure 8).

Experimental Extrapolation Region

The temperature region of prime interest for energy
conversion lies between 300 K and 1500 K. The individual
thermoelectric parameters are extrapolated as shown in the
dashed lines in Figures 6, 7, and 8. In each case, an attempt
was made to extrapolate straight lines along a path
consistent with the low temperature data.



Actually, these temperature extrapolations are based on
somewhat more information than is evident from the figures.
For example, the slope of the thermal conductivity
extrapolation in Figure 6 is consistent with that of pyrolytic
graphite at the higher temperatures. In the thermopower
extrapolation, the linear relationship with temperature is in
agreement with an analytical model developed by Huffman as
well as the form of the equation that Sugihara (Ref. ¢) has
derived for the thermopower in GICs. Sugihara has stated
that thermopower should stay linear with temperature to 2000
K.

Stage Extrapolation

Clearly, an important factor that can limit TTC output
in a Stage-5-K-GIC is that many of the pristine carbon
layers are parasitic to the energy conversion mechanisms.
This statement can be appreciated more readily by referring
to Figure 9 which divides the TTC unit cell length, into two
parts - the sandwich section and the bulk section. The
sandwich section consists of the intercalant layer and the
two boundary carbon layers. This is the active energy
conversion region. The bulk section consists of all carbon
layers that are not immediately adjacent to the intercalant
layer. This is the parasitic energy conversion region where
temperature drops contribute little to the output emf and the
bulk resistance consumes power.

Thermal Conductivity and Thermopower Stage Extrapolation

To obtain a physical feel, assume a TTC element with a
length, lg, of 0.5 cm for a Stage-5 K-GIC. Further, assume
a hot junction temperature, Ty, of 1500 K and a cold
junction temperature, Tg, of 500 K. Thus the number of
TTC unit cells, N, is given by

N = lg/I,
(0.5 cm)(10®8 A/cm)/(18.79 A)
=266 x 108

Idealizing to a constant thermal conductivity, the temperature
drop across an individual TTC unit cell, AT,, is given by

ATy = (T, - T,)/N
= (1500 K - 500 K)/2.66 x 10 cells
=3.76 x 107* K /cell

The heat fluxes through the sandwich and bulk sections of
the TTC unit cell are identical. From Figure 9 we can write

a/A = (T, - T.)/[dy/ks + dp/kg]
= k¢ (T, - T)/(dg + dp) (2)

where T,, T, d,, and dp are evident from Figure 9 and k,
and kg are the thermal conductivities of the sandwich and
bulk sections, respectively. The measured c-axis thermal
conductivity is given by k.. One can solve equation 2 to
give

ks = dg/[(dg + dp)/k. - dp /kg] (3)

For K-GICs, dg and dg are known as soon as the stage, n, is
specified. If one makes the approximation that

kp = Kgopg
=2x 102 W/cm-K @ 1000 K

then one may calculate k,. Recall that for a Stage-5 K-GIC,

d, =535A

dg =1344 A

k. =0.0062 W/cm-K (Extrapolated value @
1000 K)

Then, from equation 3

k, = 5.35/[(5.35 + 13.44)/0.0062 - 13.44/0.022]
= 0.0022 W/cm-K
ky/kg = 0.0022/0.022 = 0.1

so that the effective thermal conductivity across the
sandwich layer is only one-tenth of the bulk layer. Since
the heat flux through a TTC element of cross sectional area,
A is identical through both sandwich and bulk regions of
the unit cell, a temperature distribution across the TTC unit
cell can be constructed as shown in Figure 10. These
calculations indicate that about 80 percent of the temperature
difference across the TTC wunit cell occurs across the
sandwich region. Therefore, decreasing the stage number can
markedly decrease the element conductivity, k. as shown in
Figure 11.

A corresponding analysis by Huffman and another model
by Sugihara indicate that thermopower for GICs is expected
to be linear in temperature and a weak function of stage
number (as shown in Figure 12).

Electrical Conductivity Stage Extrapolation

Fortunately, data exists for the stage dependence of
electrical conductivity (Figure 13). Potassium intercalation of
graphite has a remarkable effect on its electrical
conductivity. The ratio of room temperature electrical
conductivities is

T61/OHopG = 1940 (Q-om) /B3 (Qom) ™! = 234

Additional insight may be obtained by applying the
elementary model wused in extrapolating the K-GIC
thermopower and thermal conductivity as a function of stage.
The results of the analysis is shown in Figure 13.

Combined Stage and Temperature Extrapolated Region

If the temperature extrapolated Stage-5
K-GIC thermoelectric property data are multiplied by the
ratios of Stage-1 to Stage-5 values from the elementary
model, one obtains the dotted curves in Figures 6, 7, and 8.

The combined stage and temperature extrapolated
figure-of -merit, Z'c'l, for the Stage-1 K-GIC can be calculated
from the "dotted line" thermoelectric property data in Figures
6, 7, and 8. The result is shown in Figure 14.

This figure-of-merit of Stage-1 K-GIC is compared to
those of conventional thermoelectric materials at 873 K in
Figure 15. Clearly, the comparison is most favorable.

Since the extrapolations” in both temperature and stage
number required to obtain Zcl are extended and based on an
elementary model, the quite favorable results given in Figures
14 and 15 must be taken with a proverbial "grain of salt."
However, the consistent results from the theoretical
calculations and the extrapolated measurements are intriguing
enough to justify an experimental study of the TTC. Such
an investigation is in progress.
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Figure 1 Fermi Function Versus Electron Energy.
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ABSTRACT

High temperature electrical and thermal
transport properties are reported for
Th3P4—type LaTe with nominal composition
between y=4/3 and y=3/2. Electrical
resistivity, Seebeck coefficient, Hall
coefficient, Hall mobility and thermal
conductivity data are presented between 300 K
and 1300 K. The figure of merit is found to
increase with increasing temperature and

exhibits a peak of about 1 x 10”3/K at 1200 K
as a function of composition for y=1.46.
Simple parametric relations ars presented
which describe the Hall factor, electrical
resistivity, Seebeck coefficient, and thermal
conductivity over the entire temperature and
composition range studied.

INTRODUCTION

Rare earth chalcogenides with the Th3P4
defect structure are promising n-type
thermoelectric materials for high temperature
electrical power generation. Values for the
figure of merit (Z-Sz/kP) from 0.42x10°3 [1,2]
to 1.0x10™> at 1300 K have been reported [3]
for the lanthanum telluride system. The high
figure of merit values result in part from the
relatively high effective mass and Hall
mobility values and relatively 1low thermal
conductivity values [1]. Previous studies,
however, have not covered the entire single
phase region with systematic results. In order
to determine the composition which yields the
-optimum figure of merit, a systematic study of
‘all of the high temperature transport
properties has been undertaken covering the
entire composition range. Each transport
property has been found to vary in a
systematic and physically reasonable way as a
function of nominal composition.

EXPERIMENTAL DETAILS

Lanthanum telluride samples were prepared

by reaction of stoichiometric mixtures of high
purity lanthanum and tellurium in sealed
quartz ampules, followed by melting in closed
tungsten crucibles. The resulting slugs were
ground and vacuum hot pressed. The electrical
resistivity was determined from 300 K to 1300
K using a four probe dc technique
simultaneously with a differential Seebeck
coefficient technique, described elsewhere
[4]. Further details on sample preparation,
high temperature electrical resistivity and
Seebeck coefficient results are described in
an accompanying paper in these proceedings
[5]. The thermal conductivity was calculated
from thermal diffusivity and heat capacity
data determined simultaneously using a flash
technique between 600 K and 1300 K [6].
Electrical resistivity and Hall coefficient
measurements were performed between 300 K and
1200 K using a switched dc van der Pauw's
technique [7].

RESULTS

All of the transport properties of LaTe
are strong functions of the composition, y.
An accurate measure of the composition is
therefore essential to an understanding of the

transport properties. In this study, the
value of y refers to the nominal composition
as determined by the ratio of tellurium to
lanthanum employed in the preparation
procedure. The nominal carrier concentration
(ny) is given by

ny/n° = (12/y - 8) (1),
where n, = 4.49 x 1021 is the carrier
concentration of the fully filled structure.

Since the nominal composition is difficult to
control, calculated n, values may provide an
inaccurate estimate of the actual carrier
concentration, particularly for 1low carrier
concentration samples with y near 1.5. Hall
coefficient (RH) measurements provide a direct
estimate of the carrier concentration (n), if



